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a b s t r a c t

As promising colchicine binding site inhibitors, SMART and its analogues have attracted many research
efforts in recent years. A large number of SMART analogues with different B-rings have been reported;
however, the effects of B-ring on the bioactivity are still unclear so far. Herein, we speculated that the
conformational preference caused by B-rings was crucial for active SMART analogues. Our assumption
was supported by the molecular docking studies, molecular dynamic simulation and DFT computations
of SMART and its analogues reported by other and our research groups. Moreover, several novel SMART
analogues with different conformational preferences were designed and synthesized to disclose the
conformation impacts, and the preliminary biological evaluation was in accordance with our assumption.

© 2018 Published by Elsevier Masson SAS.
1. Introduction

Microtubules are protein biopolymers formed through poly-
merization of heterodimers of a- and b-tubulin [1]. The polymeri-
zation dynamics of tubulin relates to a number of cell functions
including mitosis. Thus tubulin is a promising target for new
chemotherapeutic agents since cancer cells undergo mitosis at a
significantly increased rate [2]. As the first tubulin depolymerizing
agent, colchicine inhibits polymerization of tubulin by a steric clash
between a- and b-tubulin. Although colchicine (1, Fig. 1) is not used
as an anticancer agent due to its low therapeutic index, its binding
site still attracts many attentions [3]. Over decades, a large number
of colchicine binding site inhibitors (CBSIs) have been reported.
Among them, agents with 3,4,5-trimethoxyphenyl (TMP) moiety
(2e4, 4 possesses a semi-TMPmoiety) represent an important class
of CBSIs. Structure-activity relationship (SAR) indicates that all
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three methoxy groups are necessary for high potency. Crystal
structures of these compounds in complex with tubulin dimer
proved that TMP (or semi-TMP) moiety is located in domain II of
colchicine binding site, and one methoxy group could contribute a
hydrogen bond with b-CYS241 [4].

4-Substituted methoxybenzoyl-aryl-thiazole (SMART, 5, Fig. 2)
[5] could strongly inhibit tubulin polymerization through binding
to the colchicine site of tubulin and significantly enhance the
growth inhibition against a variety of cancer cells, including
multidrug resistant cancer cell lines. Previous studies have yielded
a series of chemically diverse SMART analogues (6~25) [6e17] that
generally have a three-ring scaffold (A, B and C conjugated aromatic
rings) with a carbonyl group between A- and B-ring. SAR of SMART
analogues revealed that TMP moiety as A-ring is crucial for optimal
activity. As for C-ring, there is no specific requirement for substi-
tution, but p-methylphenyl or nonsubstituted rings are preferred
[18]. Modifications of B-ring are generally tolerated for SMART
analogues and the thiazole ring of 5 could be replaced with other
heteroaromatic rings.

The effects of different B-rings have not acquired enough
attention yet, as most of the previous studies focus on a series of
analogues with a particular B-ring. As shown in Figs. 2, 21~25 show
low antiproliferative activity (>10 mM), in spite of their structures
that are similar to other SMART analogues [15e17]. 5 and 23 both
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Fig. 1. Structures of reported CBSIs.

Fig. 2. Structures of SMART analogues.
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have a thiazole B-ring [5]; however, 5 shows nanomoles level ac-
tivity and 23 has no activity against several cancer cell lines [15].
Miller et al. investigated the effects of different B-rings (15~20,
23~25) [15] and obtained some interesting SAR results. A further
systematic study is still necessary for the insightful understanding
of the role of B-ring.

Conformational isomerism plays a key role in the activity of
drug molecules and is an important consideration for rational drug
design. In the absence of a co-crystal structure of SMART analogues
complex with tubulin dimer, the determination of the ligands
conformation at the binding site is challenging. To date, no binding
mode has been proposed to satisfy all SMART analogues and detail
the role of B-ring. On the other hand, because of the rotatable bond
between the carbonyl group and B-ring, SMART analogues have
two relatively stable conformations, “straight” and “bent” (Fig. 3).
Both of them were considered as possible binding conformations
by independent studies [6e11,13,14,16]. In the present work, we
aimed to establish a binding mode for all SMART analogues and
reveal the necessity of B-ring induced “bent” conformation for
potency. Moreover, we designed and synthesized several SMART
analogues with different conformational preference and compared
their bioactivities to support our assumptions.
2. Results and discussion

2.1. Molecular modeling studies

Previous SAR studies revealed that all three methoxy groups are
crucial for the potency of both compound 1~4 and SMART ana-
logues. Therefore, we assumed that TMP moiety of SMART ana-
logues should be located in the same domain when binding to the
tubulin dimer. Initially, we tried to use the crystal structures of
tubulin in complex with colchicine analogues (PDB codes: 1SA0
[19], 3UT5 [20], 4O2B [21] etc.) for molecular docking study.
However, it was difficult to find a common mode of these reported
crystal structures. To our delight, when crystal structures of tubulin
in complex with 2~4 (PDB codes: 5LYJ [22], 5GON [23] and 5JVD
[24]) were used, the top-ranked docking poses of all SMART ana-
logues in Fig. 2 could be perfectly superposed to the corresponding
native ligands (Fig. 4A and C, S1A, and Table S1).

Interestingly, all of the three molecular modeling studies sug-
gested that “bent” conformation is a preferred conformation for



Fig. 3. Two relatively stable conformations of SMART and CA-4. A. “Straight” conformation of SMART analogues and trans-CA-4; B. “Bent” conformation of SMART analogues and cis-
CA-4.
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binding. In our binding models, a hydrogen bond between the
oxygen of 4-OMe in 5 (also found in all other SMARTanalogues) and
the SH group of b-CYS241 was found in all three crystals (Fig. 4B
and D and S1B). Besides, another hydrogen bond could be formed
between the carbonyl group of SMART analogues and b-ASN251 in
the crystal complex with 4 (Fig. 4D, PDB Code: 5JVD), which could
explain the descent of potency when the carbonyl group was
substituted [5,7,15].

To further validate the binding mode, a 25-ns molecular dy-
namic (MD) simulation was carried out for the tubulin (PDB Code:
5LYJ) with a docked pose of 5 and native ligand CA-4, corre-
spondingly. During MD simulation, root mean square deviations
(RMSD), the radius of gyration (Rg) and root mean square fluctua-
tions (RMSF) were recorded for the purpose of subsequent analysis
[25]. RMSDs of all atoms of two binding models have been calcu-
lated and shown in Fig. 4E, which indicated that the binding model
between 5 and tubulin dimer was as stable as the binding model of
between CA-4 and tubulin dimer. The Rg of the backbone atoms of
a, b-tubulin in the presence 5 and CA-4 showed similar level of
decrease (Fig. 4F), which also showed that stability of the backbone
atoms of tubulin dimerwas comparable between these two binding
models during the MD simulations. The RMSF analysis of a, b-
tubulin atoms in the presence of 5 and CA-4 suggested that fluc-
tuations of residues are similar in these two binding models,
especially for b-tubulin (Fig. 4G).

It is difficult to make a satisfactory explanation for the effect of
B-ring from the scores of molecular docking and physical property
like AlogP [26], which is commonly used for logP predication
(Table S1). However, it was noticed that all compounds binding
with tubulin dimer with a “bent” conformation. Inspired by the
binding mode from the complex between tubulin dimer and CA-4,
we realized that geometric feature of “bent” SMART analogues was
similar to cis-CA-4, while “straight” SMART analogues were similar
to trans-CA-4 (Fig. 3) that was inactive according to previously
studies [27]. In addition, Miller et al. reported the crystal structure
of compound 5 with “bent” conformation in their study [5]. Thus,
we hypothesized that the “bent” conformation may be necessary
for the activity of SMART analogues and decided to investigate the
relationship between the activity and conformational preference of
SMART analogues.

2.2. DFT computations and energy comparisons between different
conformations

To explain the necessity of “bent” conformation for the bioac-
tivity of SMART analogues, conformational preference of each in-
dividual analogue (5~25) was investigated. The density functional
theory (DFT) computations were carried out for the two confor-
mations of each compound. The energy of each conformation was
obtained after full optimization (Table 1). We further used
thermodynamic equilibrium theory to estimate the proportion of
“bent” conformations (the formulas were shown in the Experi-
mental section), and its relationships with the reported anti-
proliferative activities and tubulin assembly activities.

In general, computation study showed that most compounds
with high activity have a considerable proportion of “bent”
conformation, while compounds with low activity prefer to have
less proportion of “bent” conformation (nanomole activity of 5~10,
12~14 and 16~20 vs micromole or no activity of 21~25). These re-
sults obviously displayed the necessity of “bent” conformation for
SMART analogues, although we could not establish a quantitative
correlativity between the ratio of “bent” conformation and activity.
11 and 15 both have a thiophene B-ring and less than 50% “bent”
conformations. The reasons for the high activity of 11 and 15 need
more investigation. On the other hand, it was found that 15 shows
about 10-fold higher activity than 11. The proportion of “bent”
conformation of 15 was higher than that of 11 (22.2% vs 12.2%),
which still indicated the conformation effect of “bent”
conformation.

Comparedwith 11 and 15,12 and 13 have an amino group on the
2-position of B-ring, respectively. The molecular modeling studies
indicated that the four compounds have a similar binding ability
with tubulin dimer (Table S1). However, the proportion of “bent”
conformations of 12 and 13was close to 100% and their activity was
increased by 4e20-fold. The high proportion of “bent” conforma-
tions of 12 and 13 may be caused by the intramolecular hydrogen
bond between the amino and carbonyl group to stabilize the “bent”
conformation. On the other hand, the steric hindrance between the
amino group and A-ring may destabilize the “straight” conforma-
tion of 12 and 13 (Fig. 5 and S2). Similarly, 14 has one more amino
group on B-ring than 23 (Fig. S2), and 14 has a much higher pro-
portion of “bent” conformation and a nanomole to sub-nanomole
activity (99.8% vs 4.9%, 2e360 nM vs> 10 mM). The effects of the
amino group on B-ring may not be limited to its contribution to the
proportion of “bent” conformations and needed to be further
investigated. However, the computation study clearly showed the
relationship between activity and the proportion of “bent”
conformation of the SMART analogues.

Previously, we reported that a SMART analogue (10) displayed
potent cytotoxic activity against various human cancer cells via
microtubule polymerization inhibition by targeting the colchicine
binding site. It is worth mentioning that 10 exhibited comparable



Fig. 4. The molecular modeling studies. For molecular docking (A~D), the color scheme for b-tubulin is lavender, a-tubulin is turquoise, for carbon atoms of SMART analogues and
corresponding native ligands are green and orange, respectively. For MD simulation, the color scheme for the curves of binding model of 2 and 5 are green and orange, respectively.
A. Molecular docking poses of all SMART analogues and 2 in binding pocket (PDB code: 5LYJ); B. The interaction between tubulin dimer and 5 (PDB code: 5LYJ); C. Molecular docking
poses of all SMART analogues and 5 in binding pocket (PDB code: 5JVD); D. The interaction between tubulin dimer and 5 (PDB code: 5JVD); E. RMSD of all atoms (including tubulin
dimer, a Mg2þ ion, a GTP molecule and a ligand) of binding models (5LYJ complex with 5 and 2 during 25-ns MD simulation. F. Rg of backbone atoms of tubulin dimer of binding
models during 25-ns MD simulation; G. RMSF of all atoms of tubulin dimer during 25-ns MD simulation. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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or more potency to induce cancer cell death compared to CA-4 and
SMART. Computations revealed that the energy difference between
10's two conformations was �28.05 kJ/mol and the proportion of
“bent” conformation was >99.9%. The methyl group at the 2-
position of B-ring of 10 may have contributed to the destabiliza-
tion of the “straight” conformation of the molecule and caused the
high activity of 10.

In 2014 and 2015, Miller et al. reported a series of potent and
metabolically stable tubulin inhibitor, which represented by 26~28
[28,29] (Fig. 6). In their continued study, Miller's group investigated
the co-crystal structure of 26 complex with tubulin dimer (PDB
code: 5H7O [30]) as the first direct evidence of 26's direct inter-
action with the colchicine-binding site in tubulin. 26 could be
treated as a SMART analogue carrying the fused heterocyclic scaf-
fold as the bioisosteres of the carbonyl group and B-ring, and 100%
proportion of “bent” conformation. To our delight, the molecular
modeling studies showed that the top-ranked docking poses of all
SMART analogues in Fig. 2 could perfectly be superposed to 26
when 5H7O were used (Figs. S1C and S1D), which suggested that
“bent” conformation was a preferred conformation for binding. By



Table 1
The binding energy, calculated proportion of “bent” conformation and bioactivity of reported SMART analogues.

E(“bent”)-E(“straight”) (kJ/mol) Estimated proportion of “bent” conformationb Antiproliferative activity Tubulin assembly activity (IC50± SD)a

5 [5] �12.89 99.4% 21e71 nM (6 cell lines) 4.23 mM
6 [6] �19.10 >99.9% 8e46 nM (7 cell lines)

10e29 nM (colchicine, 6 cell lines)
N.D.

7 [7] �36.23 >99.9% 5e15 nM (8 cell lines) N.D.
8 [8] �0.062 50.6% 20e1300 nM (9 cell lines)

13 nM (CA-4)
1.5± 0.2 mM
1.0± 0.1 mM (CA-4)

9 [9] �13.78 99.6% 280e700 nM (3 cell lines) N.D.
10 [10] �28.05 >99.9% 2.4e30.8 nM (15 cell lines) N.D.
11 [11] 4.92 12.2% 310e560 nM (5 cell lines) 1.5± 0.1 mM
12 [12] �24.58 >99.9% 4.5e11 nM (4 cell lines)

1.6e42 nM (CA-4, 4 cell lines)
1.2± 0.08 mM
1.4± 0.1 mM (CA-4)

13 [13] �27.85 >99.9% 2.5e3.8 nM (2 cell lines) 1.3± 0.01 mM
1.4± 0.1 mM (CA-4)

14 [14] �22.66 >99.9% 2e360 nM (6 cell lines)
4e3100 nm (CA-4)

1.6± 0.2 mM

15 [15] 3.12 22.2% 12e72 nM (6 cell lines) N.D.
16 [15] �11.92 99.2% 84e245 nM (6 cell lines) N.D.
17 [15] �5.42 89.8% 20e151 nM (6 cell lines) N.D.
18 [15] �16.17 99.8% 292e600 nM (6 cell lines) N.D.
19 [15] �0.66 56.5% 52e500 nM (6 cell lines) N.D.
20 [15] �18.62 99.9% 25e39 nM (6 cell lines) N.D.
21 [16] 4.34 14.9% >21.5 mM (3 cell lines) N.D.
22 [17] 25.09 <0.1% No active (no IC50 data) N.D.
23 [15] 6.38 7.2% >10 mM (6 cell lines) N.D.
24 [15] 20.72 <0.1% >10 mM (6 cell lines) N.D.
25 [15] 16.88 0.1% >20 mM (6 cell lines) N.D.

a N.D. means no data available.

Fig. 5. The effect of amino group at 2-position of B-ring. A. The interaction between tubulin dimer and 13 (PDB code: 5LYJ). An intramolecular hydrogen bond between the amino
group and the carbonyl group in the “bent” conformation. B. The steric effect between the amino group and A-ring in the “straight” conformation.
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using a similar strategy, we also designed and developed a series of
potent SMART analogues carrying the fused heterocyclic scaffold
(29~31 [31e33], Fig. 6). This strategy could be considered as an
effective approach to keep the absolute “bent” conformations of the
molecules.
2.3. Molecular design of new SMART analogues

Computations revealed the conformational influences of SMART
analogues caused by B-rings. To verify the findings from compu-
tations, we designed several novel SMART analogues with different
conformational preferences and compared their activity in vitro.
Three compounds attracted our attention since they were very
similar in structure and showed comparable results at the same
computational level. Themolecular modeling studies indicated that
these three compounds have similar binding ability on tubulin
dimer (Table S1), while DFT computations suggested that 32 (1,3,4-
oxadiazole derivative) and 33 (1,3,4-thiadiazole derivative) had a
very small proportion of “bent” conformation (<0.1%), but 34 (1,2,4-
triazole derivative) preferred “bent” conformation (>99.9%).
2.4. Synthesis

The synthetic routes for all compounds 32~34 are outlined in
Scheme 1. As the common starting material for 32 and 33, methyl
3,4,5-trimethoxybenzoate (35) was converted into the 2-(3,4,5-
trimethoxyphenyl)acetohydrazide (36) by hydrazinolysis, fol-
lowed by acylation with 4-methylbenzoyl chloride to obtain 4-
methyl-N'-(2-(3,4,5-trimethoxyphenyl)acetyl)benzohydrazide
(37). Then, different cyclization reactions were carried out for 37 to
obtain 1,3,4-oxadiazole core (38) [34] or 1,3,4-thiadiazole core (39)
[35]. For compound 34, starting material 2-(3,4,5-
trimethoxyphenyl)acetonitrile (40) was condensed with 4-
methylbenzohydrazide under the aid of microwave irradiation to
generate 1,2,4-triazole 41 [36]. Finally, 38, 39 and 41 were oxidized
into desired compounds 32, 33 and 34 by potassium permanganate,
respectively.



Fig. 6. The high potency CBSIs that modified from SMART analogues by fused strategy.

Scheme 1. Synthetic route of the designed compounds. Reagents and conditions: (a) N2H4$H2O, methanol, reflux, 2 h; (b) 4-methylbenzoyl chloride, THF, reflux, 2 h; (c) TsCl, K2CO3,
acetone, reflux, 4 h; (d) Lawesson reagent, toluene, reflux, 1 h; (e) 4-methylbenzohydrazide, MW, 150 �C, n-BuOH, 25min; (f) KMnO4, acetone, r.t., 2e6 h.
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2.5. Biological evaluation

2.5.1. In vitro antiproliferative activity
The synthesized compounds (32~34) were investigated for their

ability to inhibit cancer cells proliferation by the MTT method,
using three human carcinoma cell lines: gastric adenocarcinoma
SGC-7901 cells, lung adenocarcinoma A549 cells and fibrosarcoma
HT-1080 cells. Moreover, to evaluate selectivity of compounds be-
tween cancer cell lines and non-cancer cell lines, fibroblasts
L929 cells were also tested. As we expected, compound 32 and 33,
both had a low proportion of “bent” conformation, showed low
activity against three cell lines. In contrast, compound 34, which
preferred “bent” conformation, showed much higher activity than
32 and 33, and 4e37 fold lower activity in comparison to that 5.
(Table 3). Interestingly, although the potency of compound 34 is
lower than colchicine and CA-4, it showed a higher selectivity be-
tween the tested cancer cell lines and non-cancer cell lines.
2.5.2. Tubulin polymerization assay
To directly compare the inhibitory ability of tubulin polymeri-

zation, the effects of 33 and 34 on the tubulin polymerization were
investigated in vitro (Fig. 7). 34 caused a dose-dependent inhibition



Table 2
Energy difference between the two conformations of designed compounds.

E(“bent”)-E(“straight”) (kJ/mol) Proportion of “bent” conformation

32 20.19 <0.1%
33 29.70 <0.1%
34 �31.66 >99.9%
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of tubulin assembly with an IC50 value of 7.71 mM, while 33 showed
almost no effect on tubulin polymerization. These results unam-
biguously proved that 34 (with dominate “bent” conformation) has
superior potency to binding with tubulin than 33 (with dominate
“straight” conformation).
Table 3
Bioactivity of the designed compounds.

Bioactivity against cell line, IC50 (mM)

SGC-7901 A549 HT-1080 L92

32 6.77± 0.51 15.3± 0.9 >100 e

33 >100 35.3± 1.5 >100 e

34 0.38± 0.02 1.07± 0.08 0.65± 0.03 42.6

1 0.134± 0.004 0.137± 0.006 0.042± 0.002 1.01

2 0.012± 0.003 0.016± 0.002 0.016± 0.006 0.82

5 0.019± 0.008 0.029± 0.009 0.15± 0.05 e

a Selectivity indexes were calculated by IC50(L929)/IC50(SGC-7901), IC50(L929)/IC50(A5

Fig. 7. Effects of 33 and 34 on tubulin polymerization. Tubulin had been pre-incubated for
DMSO.
3. Conclusion

In this study, the B-ring caused conformational impacts on the
bioactivities of SMART analogues, which were revealed for the first
time through a series of calculations. Molecular modeling studies
established the binding modes, which could satisfy all reported
SMART analogues, and suggested that “bent” conformation was a
preferred conformation for binding. DFT computations for the re-
ported compounds confirmed that most of the active compounds
had a considerable proportion of “bent” conformation. In addition,
the introduction of the intramolecular hydrogen bond, steric effect
and the fused heterocyclic scaffold strategy involved B-ring could
improve the proportion of “bent” conformation or absolutely keep
the “bent” conformation of the molecule. The conformational
impact was validated through the designed and synthesized com-
pounds. Furthermore, compound 34 displayed potent bioactivity
against three types of human cancer cell lines and in tubulin
polymerization assay.

As previously stated, the A-ring (TMP) and C-ring are crucial for
optimal activity, and the spatial relationships of the two pharma-
cophores could be adjusted through the conjugated B-ring. In our
study, we disclosed the “bent” conformational preference of the
Selectivity indexa Tubulin assembly activity, IC50 (mM)

9

e e

e >100
± 0.9 112.1 (SGC-7901)

39.8 (A549)
65.5 (HT-1080)

7.71

± 0.08 7.5 (SGC-7901)
7.4 (A549)
24.0 (HT-1080)

e

± 0.07 68.3 (SGC-7901)
51.3 (A549)
51.3 (HT-1080)

0.64

e 4.23

49) and IC50(L929)/IC50(HT-1080), respectively.

1min with 33 and 34 at various concentrations, CA-4 at 4 mM, Taxol at 5 mM or vehicle
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active SMART analogues through the review and analysis of data
from other research groups and our own study. This work will
inspire people to consider the importance of conformational pref-
erence in the design of novel SMART analogues. Further evaluation
and optimization of 34 and several series of novel compounds with
potent bioactivity discovered by the same strategy are currently in
progress.
4. Materials and methods

4.1. Computations

4.1.1. Molecular modeling studies
The molecular docking was carried out on Discovery Studio 3.5

software by CDOCKER program, and all PDB files were downloaded
from thewebsite of RCSB Protein Data Bank (http://www.rcsb.org/).
The ligands were prepared by Avogadro [37] (Version 1.20) and
optimized by molecular dynamic forcefield MMFF94 [38e42]. In
particular, for the ligands with tautomerism, all tautomers were
calculated by DFT computations (see DFT computations), and the
tautomer with the lowest energy was selected for studies.
Furthermore, The AlogP value of 1, 5~31 were also calculated on
Discovery Studio 3.5 software. The docking images shown in this
paper were possessed by Discovery Studio 4.5 Visualizer.

MD simulation was carried out on Gromacs (Version 2016.4).
GROMOS96 43a1 force field was used for the docked complex be-
tween tubulin (PDB code: 5LYJ) and 5 (including a GTP and a Mg2þ

nearby binding site). The coordinates of the top-rank pose of 5 and
native GTP molecule were submitted to the PRODRG site (http://
davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg) and the initial geom-
etries and topologies were retrieved. A cubic box with the periodic
boundary conditions (PBC) was applied on the system. The simple
point charge (SPC) water molecules were employed and 33 nega-
tive charges were added by replacingwatermolecules to ensure the
overall charge neutrality of the simulated system. Each systemwas
firstly energy minimized using the steepest descent method. Then,
position restraint procedure was performed in association with
200-ps NVT (constant-temperature, constant-volume) and 200-ps
NPT (constant-temperature, constant-pressure) ensembles.
Finally, a 25-ns MD simulation was performed. The output trajec-
tories were recorded every 2 ps for the purpose of subsequent
analysis.
4.1.2. DFT computations
The “bent” conformations of SMART analogues came from mo-

lecular docking poses in 5LYJ. The “straight” conformations were
obtained by the manually modified bond angle between carbonyl
and B-ring and further optimized by molecular dynamic forcefield
MMFF94. All molecules were fully optimized by DFT basic set
B3LYP/6-31G(d) on Gaussian 09 [43]. The result of optimization
showed the energy of both two conformations for all molecules.
The raw data with unit a.u. was transformed to kJ/mol (1
a.u.¼ 2625.5 kJ/mol) as shown in Tables 1 and 2.

Thermodynamic equilibrium was calculated according to the
following formulas, and the results were also given on Tables 1 and
2.

DGz EðbentÞ � EðstraightÞ ¼ �RTlnK

Here, E(bent) and E(straight) are come from DFT computations,
R and T are constant,

R ¼ 8:314 J,mol�1,K�1; T ¼ 300K

Thus, equilibrium constant K could obtain, and
K ¼ ½bent�
½straight� ¼

nðbentÞ
nðstraightÞ

Here, [bent] and [straight] are the concentration of each
conformation, n(bent) and n(straight) are amount of each confor-
mation. Thus,

Estimated proportion of “bent” conformation

¼ nðbentÞ
nðstraightÞ þ nðbentÞ ¼

K
K þ 1
4.2. Chemistry

4.2.1. Reagents and equipment
All the solvents and chemical materials were commercially

available and were used without further purification. Silica gel H
(200e300 mesh) from Qingdao Haiyang Chemical Company was
used for column chromatography. 1H and 13C NMR spectra were
recorded in CDCl3 or DMSO‑d6 (TMS as internal standard) using a
Bruker Avance 600 spectrometers (1H at 600MHz, 13C at 150MHz).
Chemical shifts d are in ppm, and the following abbreviations are
used: singlet (s), doublet (d), triplet (t), multiplet (m), broad singlet
(brs). Mass spectra (MS) were determined on an Agilent 1100-sl
mass spectrometer (ESI) from Agilent Co., Ltd. HPLC (HPLC-LC-
20AT, Shimadzu) using SPD-20A UV as the detector (UV light at
254 nm), C18 (4.6 ⅹ 250mm, 0.45mm) as HPLC analysis column.
4.2.2. Synthetic procedures for 2-(3,4,5-trimethoxyphenyl)
acetohydrazide (36)

To a solution of methyl 2-(3,4,5-trimethoxyphenyl)acetate (35,
1201mg, 5mmol) in methanol (30mL), 80% hydrazine hydrate
(0.78mL, 12.5mmol) was added. The reaction was monitored by
TLC, and the mixture was concentrated under reduced pressure
after 2 h. The crude product was purified by flash column chro-
matography (silica gel, DCM/MeOH, 50/1 to 20/1) to give the pure
product as a white solid in 91% yield.
4.2.3. Synthetic procedures for 4-methyl-N'-(2-(3,4,5-
trimethoxyphenyl)acetyl)benzohydrazide (37)

To a suspended of 36 (1201mg, 5mmol) in toluene (20mL), 4-
methylbenzoyl chloride (773mg, 5mmol) in toluene (10mL) was
added under nitrogen. The reaction mixture was heated to reflux
for 1 h and was concentrated under reduced pressure. The crude
products were used in next step without further purification.
4.2.4. Synthetic procedures for 2-(4-methylphenyl)-5-(3,4,5-
trimethoxybenzyl)-1,3,4-oxadiazole (38)

A mixture of 37 (358mg, 1mmol), the K2CO3 (415mg, 3mmol)
and TsCl (286mg, 1.5mmol) in the acetone (10mL) was stirred at
40 �C for 4 h. Then, 60mL water was added, and the mixture was
extracted with EtOAc. Then the combined organic layers were
washed with brine, dried, filtered, and concentrated. The resultant
residue was purified by flash column chromatography (silica gel,
PE/EA, 10/1 to 4/1) to afford the desired product 38 (yield: 85%) as a
white soild. 1H NMR (600MHz, CDCl3) d 7.89 (2H, d, J¼ 8.2 Hz), 7.28
(2H, d, J¼ 8.0 Hz), 6.57 (2H, s), 4.19 (2H, s), 3.85 (6H, s), 3.82 (3H, s),
2.40 (3H, s); 13C NMR (150MHz, CDCl3) d 165.29, 164.85, 153.45,
142.18, 137.33, 129.66, 129.43, 126.72, 121.02, 105.83, 60.79, 56.12,
32.09, 21.56. MS (ESI) m/z 341.1 [MþH]þ, 363.1 [MþNa]þ.
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4.2.5. Synthetic procedures for 2-(4-methylphenyl)-5-(3,4,5-
trimethoxybenzyl)-1,3,4- thiadiazole (39)

A mixture of 37 (358mg, 1mmol) and Lawesson reagent
(809mg, 2mmol) in toluene (20mL) was allow to reflux for 1 h.
Then, the mixture was filtered and concentrated. The resultant
residue was purified by flash column chromatography (silica gel,
PE/EA, 10/1 to 4/1) to afford the desired product 39 (yield: 70%) as a
yellow soild. 1H NMR (600MHz, CDCl3) d 7.77 (2H, d, J¼ 8.0 Hz),
7.27 (2H, d, J¼ 8.0 Hz), 6.54 (2H, s), 4.34 (2H, s), 3.82 (6H, s), 3.81
(3H, s), 2.36 (3H, s); 13C NMR (150MHz, CDCl3) d 169.36, 169.08,
153.46, 141.36, 137.19, 132.70, 129.67, 127.61, 127.33, 105.72, 60.75,
56.07, 36.76, 21.35. MS (ESI) m/z 357.1 [MþH]þ, 379.1 [MþNa]þ.
4.2.6. Synthetic procedures for 3-(4-methylphenyl)-5-(3,4,5-
trimethoxybenzyl)-4H-1,2,4-triazole (41)

A mixture of 2-(3,4,5-trimethoxyphenyl)acetonitrile (40,
414mg, 2mmol), 4-methylbenzohydrazide (300mg, 2mmol) and
K2CO3 (415mg, 3mmol) in n-BuOH (15mL) was stirred under mi-
crowave irradiation (150 �C, 25min). Then, 25mL water was added,
and the mixture was extracted with EtOAc. The combined organic
layers were then washed with brine, dried, filtered, and concen-
trated. The resultant residue was purified by flash column chro-
matography (silica gel, PE/EA, 6/1 to 2/1) to afford the desired
product 41 (yield: 72%) as a white soild.1H NMR (600MHz, CDCl3)
d 7.83 (2H, d, J¼ 8.1 Hz), 7.13 (2H, d, J¼ 8.0 Hz), 6.45 (2H, s), 4.01
(2H, s), 3.73 (3H, s), 3.67 (6H, s), 2.32 (3H, s); 13C NMR (150MHz,
CDCl3) d 167.72, 159.20, 152.97, 139.68, 132.26, 129.29, 128.66,
127.28, 126.14, 105.53, 60.59, 57.93, 33.77, 21.21. MS (ESI) m/z 340.1
[MþH]þ, 362.1 [MþNa]þ, 338.1 [M�H]-.
4.2.7. General synthetic procedures for designed compounds (32, 33
and 34)

To a solution of the corresponding reactant (38, 39 or 41,
1 mmol) in acetone (10mL), KMnO4 (316mg, 2mmol) was added.
The mixture was stirred at room temperature for 2e6 h. The reac-
tion was monitored by TLC. After completion, the mixture was
filtered and concentrated. The resultant residue was purified by
PTLC to afford the desired product.

(5-(4-methylphenyl)-1,3,4-oxadiazol-2-yl)(3,4,5-
trimethoxyphenyl)methanone (32). White solid, yield: 43%; HPLC
Purity: 98.7%. 1H NMR (600MHz, CDCl3) d 8.11 (2H, d, J¼ 12.1 Hz),
7.97 (2H, s), 7.37 (2H, d, J¼ 12.1 Hz), 3.99 (3H, s), 3.98 (6H, s), 2.46
(3H, s); 13C NMR (150MHz, CDCl3) d 175.94, 166.05, 160.91, 153.03,
144.26, 143.69, 130.88, 129.97, 129.11, 127.72, 108.40, 61.06, 56.32,
21.75. HRMS calcd for C19H19N2O5

þ [MþH]þ 355.1288, found
355.1304.

(5-(4-methylphenyl)-1,3,4-thiadiazol-2-yl)(3,4,5-
trimethoxyphenyl)methanone (33). Yellow solid, yield: 61%; HPLC
Purity: 97.9%. 1H NMR (600MHz, CDCl3) d 8.00 (2H, s), 7.97 (2H, d,
J¼ 12.2 Hz), 7.33 (2H, d, J¼ 12.1 Hz), 3.99 (3H, s), 3.98 (6H, s), 2.44
(3H, s); 13C NMR (150MHz, CDCl3) d 181.40, 172.75, 169.22, 152.94,
143.88, 142.88, 130.07, 129.26, 128.27, 126.71, 108.80, 61.03, 56.31,
21.59. HRMS calcd for C19H19N2O4Sþ [MþH]þ 371.1060, found
371.1080.

(3-(4-methylphenyl)-1H-1,2,4-triazol-5-yl)(3,4,5-
trimethoxyphenyl)methanone (34). White solid, yield: 66%; HPLC
Purity: 97.0%. 1H NMR (600MHz, CDCl3) d 8.10 (2H, s), 8.04 (2H, d,
J¼ 11.6 Hz), 7.29 (2H, d, J¼ 11.5 Hz), 3.98 (9H, s), 2.41 (3H, s); 13C
NMR (150MHz, CDCl3) d 180.90, 160.84, 155.17, 152.78, 143.59,
140.36, 129.96, 129.53, 126.47, 126.36, 108.75, 60.99, 56.17, 21.41.
HRMS calcd for C19H20N3O4

þ [MþH]þ 354.1448, found 354.1482,
calcd for C19H19N3O4

� [M�H]- 352.1303, found 352.1334.
4.3. Biology

4.3.1. MTT assay
MTT assays were used to measure the cell viability after treat-

ment. Briefly, 4e10� 103 cells/well were seeded in 96-well plates
(Corning, NY, USA), cultured for 24 h, and treated with various
concentrations of compounds for 72 h or incubated with SNP
(10mM) or Haemoglobin (10mM) for 2 h. Then, it was treated with
5, 32, 33 or 34 (in different concentrates) for the indicated times.
The DMSO concentration was kept below 0.05% in cell culture so it
did not affect on cell growth. Then, MTT solution (5mg/mL in PBS)
was added (20 mL/well) to each well and incubated for another
4 h at 37 �C. The purple formazan crystals were dissolved in 100mL
dimethyl sulfoxide, and the plates were read on a plate reader
(MK3, Thermo, German) at 492 nm. Experiments were repeated
three times.

4.3.2. Tubulin polymerization assay
In vitro tubulin polymerization assays were conducted as

described in the manufacturer's protocol (Cytoskeleton,
Cat.#BK011P) using 96-well plates. Briefly, 33, 34, CA-4 or Taxol
were incubated with purified porcine tubulin (2mg/mL) and buffer
containing 10% glycerol and 1mM GTP at 37 �C, and the effects of
these compounds on tubulin polymerization were monitored
kinetically for 82min using a plate reader (Biotek Synergy HT,
Winoo-skin, VT, USA). The increase in the relative fluorescence unit
(RFU) was measured at an excitation of 340± 20 nm and emission
of 415± 20 nm every minute. Experiments were repeated three
times.
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