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Abstract 

Combretastatin A-4 is a highly potent natural stilbene that can inhibit cancer cell proliferation. Numerous analogues 
of combretastatin A-4 have been proposed for clinical applications. However, structural studies of combretastatin A-2, 
a methylenedioxy derivative of combretastain A-4, are not available. In this study, various analogues of combretastatin 
A-2 with polymethylenedioxy spacer were prepared and their antiproliferative activities to four human cancer cell 
lines (HeLa, SK-OV-3, A549, and HT-29) and two normal cells (HaCaT and MDCK) were evaluated. Binding characteris‑
tics were evaluated based on computational docking and previously reported experimental data. Results suggest that 
their binding conformations are highly dependent on steric volume and electrostatic properties of substituents.
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Introduction
Tubulin association is an important biological process 
targeted by many anti-proliferative agents. Stilbenes are 
well-established pharmacophores in medicinal chemis-
try that play an important role in antitumor treatment 
(Fig.  1a). For example, combretastatin A-2 (CA-2) and 
combretastatin A-4 (CA-4) from Combretum caffrum are 
among the most potent antimitotic agents that can dis-
rupt microtubule homeostasis. CA-4 is as an important 
lead compound for anticancer drug development because 
of its strong cytotoxicity and simple structure [1–5]. 
Numerous structural modifications of CA-4 have been 
made to improve their efficacy based on structure-activ-
ity relationships (SARs) [1–8]. Recent SAR studies have 
shown some essential features of bioactive CA-4 deriva-
tives [2–8]. For example, the cis-olefinic bridge between 
ring A and ring B is strictly required and the 3,4,5-tri-
methoxy group on ring A and 4-methoxy group on ring 
B are preferred substituents for strong activity [1, 3, 6]. 
In addition, 3-hydroxy substitution on ring B usually 

enhances the activity. Substituent at this position can be 
replaced by bromine or fluorine atom without significant 
loss of activity [1, 6]. Analogues with naphthyl group also 
have reasonable efficacy on various tumor cell lines [2]. 
In addition to stilbenes, analogues with conformation-
ally restricted olefinic bond (e.g., imidazole, oxazole, 
and pyrazole) have also been prepared [7, 9, 10]. Binding 
site of CA-4 has been hypothesized to be the colchicine 
domain of β-tubulin through displacement studies [6]. A 
recent structural study has proven such hypothesis [11]. 
Crystallographic data have provided detailed features of 
binding sites. For example, CA-4 is more deeply buried in 
the binding domain than colchicine. The 3,4,5-trimeth-
oxyphenyl unit of CA-4 was moved inward than that of 
colchicine (approximately 1.22 angstrom) [11]. Molecu-
lar dynamic simulation has shown that the superior 
activity of CA-4 over its trans-isomer may result from 
stronger interaction between CA-4 and β-tubulin. Sev-
eral amino acids can interact with the trimethoxy group 
of CA-4 mainly through hydrophobic interactions. SAR 
studies with bulkier analogues (e.g., 3,4,5-triethoxy in 
ring A) have shown lower activity which is indicative of 
small binding space around ring A [6]. However, some 
analogues with much smaller substituents (e.g., 3,4,5-tri-
fluoro substituents in ring A) are known to be equally 
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potent [6]. These results suggest that steric complemen-
tarity alone cannot explain cytotoxicities of CA-4 deriva-
tives. In comparison with CA-4, SARs with CA-2 have 
been scarcely studied. Semenov et al. [12] have reported 
that CA-2 analogue with benzodioxin ring is almost 
equally potent to CA-4 in sea urchin embryo assay. How-
ever, there were no additional researches. 

In this study, several polymethylenedioxy analogues of 
CA-2 were prepared and their cytotoxicities to several 
human cancer cell lines and normal cells were evaluated.

Materials and methods
Chemical syntheses of stilbenes
Substituted stilbenes were prepared by Wittig reaction 
from substituted benzaldehydes and triphenylphospho-
nium salts of substituted benzyl bromide (TPP salt). 
In detail, a mixture of TPP salts (5  mmol) and benza-
ldehydes (5  mmol) in dry DMF (15  mL) was dropwise 
added to a suspension of Kt-BuO (10  mmol) in dry 
DMF (20  mL) in ice bath. After addition, the mixture 
was further stirred for 15 min and heated to 80  °C for 
5–10 h. The cooled mixture was diluted with 5% brine 
(400  mL) and extracted with ether (400  mL, three 
times). Combined extracts were washed with 5% brine 
(400  mL, 3 times) and dried over anhydrous Na2SO4. 
After removal of solvent, the residue was purified by 
silica gel column chromatography with a mixture of 
ethyl acetate and hexane. The structures of synthetic 

stilbenes are presented in Fig.  1b. Detailed synthetic 
methods and results of instrumental analyses are pro-
vided in additional file.

Antiproliferative activity and antioxidant activity 
of synthetic stilbenes
Antiproliferative activity of title compounds (1–14) was 
evaluated with sulforhodamine B (SRB) assay, while anti-
oxidant activity (ABTS and DPPH assays) was tested 
using literature methods [13].

Molecular property calculation and docking studies
Ligand-receptor docking study was carried out with 
CA-4 and derivatives using SwissDock [14, 15]. Energy-
minimized ligand structures and its partial charges were 
calculated with HyperChem ver. 8.0 (Hypercube Inc.). 
The crystal structure of β-tubulin complexed with CA-4 
(accession code: 5LYJ) was obtained from RCSB Protein 
Data Bank (PDB, https​://www.rcsb.org). Heteroatoms 
(e.g., CA-4, water, GTPs, etc.) and α-tubulin subunit were 
removed. Polar hydrogens were added to the β-subunit 
using Molecular Discovery Studio ver. 3.0 (Accelrys Soft-
ware Inc.). Ligand was docked to the β-subunit in 5LYJ 
with default option. Docking results were visualized with 
Chimera or Molecular Discovery Studio [16]. Molecular 
surface area (square angstrom, SA) was estimated from 
the energy minimized structure using HyperChem.
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Results and discussion
Among the four cancer cell lines, HT-29, human colon 
colorectal adenocarcinoma cells were strongly inhib-
ited by most synthetic stilbenes (IC50s = 0.009–1.9  μM), 
while the stilbenes showed a moderate antiproliferative 
activity on HeLa cells. However, the inhibitory activity 
of stilbenes was limited in SK-OV-3 and A549 cell lines 
(Table  1). In comparison with cancer cell lines, normal 
cells (canine kidney cell, MDCK and human keratino-
cyte, HaCaT) were resistant to stilbenes-mediated cell 
growth inhibition. In general, cis-isomers gave much 
stronger antiproliferative activities over their trans-
isomers. For example, IC50 of analogue 2 was 10 fold 
less than that of its trans-isomer (9).Among derivatives, 
CA-4 (1) and its 4-methoxy analogue (2) were the most 
potent derivatives (e.g., IC50s for HT-29, 9 and 20  nM, 
respectively). Polymethylenedioxy analogues of 2 (4–7) 
showed reduced activities over 2. Methylenedioxy stil-
bene (4) was the least active analogue. Compounds 5–6 
with bulkier substituents showed enhanced activities 
against some cancer cell lines. For example, 5 was almost 
equally potent to 2 against HeLa cells (IC50s, 1.19 and 
3.59 μM for 2 and 5, respectively). In case of A549 cells, 
propylenedioxy compound (6) was the most potent ana-
logue among all test compounds. However, the decreased 
activity of 7 indicated that there are optimum values of 
steric bulkiness of the substituents. In general, cancer 
cell lines showed larger variability of cytotoxicity than 
those of normal cells (Table 1). For example, there were 
approximately 200-fold differences between analogues 

against HT-29 cells (9  nM and 1.907  μM for 1 and 12, 
respectively) while only three-fold differences were found 
against HaCaT cells (41.07 μM and 135.57 μM for 8 and 
14, respectively). 4-Trifluoromethoxy stilbene (3) showed 
an interesting response. Although the SAs of 2 and 3 
were slightly different (3 was 1.5% larger than 2), 3 was 
approximately 100-fold less active than its closely related 
analogue 2 (Tables 1, 2).

Ligand-protein docking simulation is frequently used 
in drug development. Reliability of the predictive model 
is strongly dependent on accuracies of protein struc-
tures. There are numerous X-ray crystallographic studies 
of anti-microtubule drugs [17–20]. Results have proven 
that the morphology of binding pockets can be changed 
by ligand. A recent study on CA-4 has shown detailed 
features of its binding site on microtubule [11]. In brief, 
the shape was closely related to that of classical ligand, 
colchicine. For example, trimethoxyphenyl ring of CA-4 
(ring A) give strong interaction with cysteine 241 (deep 
binding pocket), while ring B of CA-4 make hydrogen 
bonds with tyrosine in α-tubulin (αT179) and lysine 
(K352) (shallow binding trench). However, notable dif-
ferences have also been observed, including the depth 
of binding pocket and the amino acid residues in close-
contact with CA-4. According to crystallographic study, 
additional hydrophobic interaction between ligands and 
β-tubulin unit was found-namely interaction between 
CA-4 and alanine/leucine residues [11]. In the present 
study, molecular docking studies were performed using 
crystallographic coordinates of CA-4 and microtubule 

Table 1  Antiproliferative activity of combretastatin A-4 and polymethylenedioxy analogues on various tumor cell lines 
and normal cells and antioxidant activities

a  IC50s of reference compound (ascorbic acid) for DPPH and ABTS assay were 8.43 ± 0.21 and 22.41 ± 0.24 mg/mL, respectively

ID Antiproliferative activity
IC50 (μM ± SD)

Antioxidant activity
IC50 (mg/mL ± SD)a

HeLa SK-OV-3 A549 HT-29 HaCaT MDCK DPPH ABTS

1 7.78 ± 0.50 20.25 ± 2.00 269.11 ± 6.46 0.009 ± 0.000 55.09 ± 0.48 40.31 ± 0.26 4.65 ± 0.02 1.56 ± 0.02

2 1.19 ± 0.25 1.66 ± 0.18 11.26 ± 0.16 0.020 ± 0.003 60.83 ± 1.14 50.1 ± 0.34 72.71 ± 3.02 99.28 ± 2.75

3 17.96 ± 2.23 480.99 ± 5.76 190.46 ± 0.81 0.440 ± 0.081 53.98 ± 0.49 120.07 ± 2.14 90.79 ± 2.22 94.08 ± 0.67

4 6.44 ± 0.64 333.35 ± 6.95 173.18 ± 1.08 0.104 ± 0.030 68.42 ± 3.68 100.47 ± 1.25 33.19 ± 0.26 99.48 ± 0.15

5 3.59 ± 0.30 162.50 ± 1.72 98.02 ± 2.38 0.090 ± 0.001 57.5 ± 3.36 98.59 ± 1.80 30.08 ± 1.12 99.66 ± 0.82

6 5.35 ± 0.26 50.30 ± 0.18 9.29 ± 0.35 0.482 ± 0.021 56.04 ± 0.11 111.10 ± 1.58 67.30 ± 2.64 78.06 ± 1.27

7 130.86 ± 3.01 213.55 ± 5.38 122.37 ± 0.25 0.110 ± 0.001 84.40 ± 0.08 233.45 ± 2.02 66.30 ± 0.25 98.49 ± 1.94

8 52.18 ± 1.00 125.31 ± 0.63 261.52 ± 6.59 0.006 ± 0.000 41.07 ± 3.14 66.84 ± 1.02 5.71 ± 0.05 2.79 ± 0.01

9 26.88 ± .43 147.67 ± 0.16 164.5 ± 8.70 0.280 ± 0.030 107.83 ± 0.80 101.53 ± 1.16 89.81 ± 0.73 98.18 ± 0.96

10 9.73 ± 0.71 460.91 ± 12.1 202.01 ± 2.19 0.479 ± 0.106 135.28 ± 4.39 151.27 ± 0.75 34.78 ± 0.75 84.11 ± 0.35

11 8.55 ± 0.67 165.43 ± 0.54 239.46 ± 9.31 0.047 ± 0.010 131.68 ± 2.53 130.17 ± 2.67 64.12 ± 0.68 93.34 ± 0.94

12 191.63 ± 2.47 136.54 ± 1.46 204.97 ± 5.75 1.907 ± 0.013 102.34 ± 2.06 375.61 ± 6.90 64.18 ± 2.18 88.41 ± 1.04

13 89.52 ± 1.34 121.47 ± 0.52 110.61 ± 0.17 0.433 ± 0.117 71.75 ± 1.12 222.76 ± 1.55 54.80 ± 3.18 83.45 ± 1.19

14 200.65 ± 3.22 288.13 ± 4.22 332.12 ± 9.48 1.218 ± 0.020 135.57 ± 1.68 1540.3 ± 9.98 70.62 ± 3.31 96.93 ± 3.53
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(5LYJ). First of all, binding conformations of CA-4 were 
predicted and compared with experimental data (Fig. 2a). 
Results indicated that the predicted binding conforma-
tion well coincided with crystallographic data-rings A 
and B and its substituents are located at the same posi-
tions. With this in hand, binding energies and other 
molecular properties were evaluated (Table  2). Accord-
ing to simulations, binding conformations of 2–5 closely 
resembled those of CA-4. Ring A of stilbenes was posi-
tioned into a deep binding pocket while ring B (4-meth-
oxyphenyl) was located at a shallow trench (Fig. 2b and 
Additional file 1: Fig. S2). Gaspari et al. pointed out that 
CA-4-β-tublin complex is stabilized by hydrophobic 
interaction and hydrogen bond, among which the inter-
action between methoxy groups of ring A and cysteine 
241 (C241) is one of the most critical determinants. 
Structure–activity relationships (SARs) study with CA-4 
analogues indicated that steric fitness of ring A substitu-
ents is an important factors in stilbene-tubulin-binding 
procedures [6]. CA-4 analogues with smaller steric vol-
ume (e.g., trimethyl and trifluoro derivatives) showed 
reduced cytotoxicity and tubulin assembly inhibition, 
while those with bulky substituents (e.g., triethoxy) also 
gave limited bioactivity [6]. The results indicated that 
there are optimum steric properties (e.g., volume or sur-
face) of stilbene derivatives. Steric volumes of 4 and 5 
are much smaller than CA-4 (Table 2). Thus the interac-
tion with hydrophobic amino acids may be reduced and 
resulted in the loss of antiproliferative activity of 4 and 
5. Interestingly, preferred conformations of compounds 6 
and 7 were quite different from others. Ring A of 6 and 
7 was placed on a shallow pocket while the same rings 
of CA-4 and 2–5 are located in a deep pocket (Fig. 2a–c 
and Additional file 1: Fig. S2). According to experimen-
tal study [11, 17, 18], trimethoxyphenyl unit of CA-4 is 
bound to deeply buried hydrophobic pocket comprised 
of lipophilic residues (e.g., alanine, cysteine, isoleucine, 

leucine, and valine). These residues further stabilize the 
ligand-tubulin complex through hydrophobic interaction. 
The shallow binding pocket around ring B is mainly com-
prised of polar amino acids (asparagine and lysine), where 
hydrogen bond became important for proper binding. 
Low bioactivity of 7 may result from steric incompatibil-
ity of ring A on this polar binding pocket. Additionally, 
limited hydrophobic interaction between ring B and deep 
pocket may also reduce the activity. In comparison with 
7, stilbene 6 showed stronger cytotoxicity over 7, indicat-
ing that the shallow binding pocket cannot accommodate 
ligands larger than propylenedioxy analogue (6). In gen-
eral, binding free energies (ΔG) of trans-isomers were far 
smaller than those of cis-isomers (Table 2). As mentioned 
above, the interaction between ring A and deep bind-
ing pocket is very important. However, simulation stud-
ies showed that ring A of trans-stilbenes, except 11, was 
positioned at the shallow pocket, rather than the deeper 
binding sites (Fig.  2d, e, and Additional file  1: Fig. S3). 
As in the case of 7, such binding conformation reduced 
the interaction and consequently the binding affinity. 
Molecular simulation with stilbene 3 showed the impor-
tance of electrostatic properties of ring B (Fig.  3). The 
shallow binding pocket in experimental structure showed 
slightly negative charges originated from asparagine and 
lysine. According to semi-empirical calculation of CA-4 
and 3, partial positive charge (0.052) was observed in 
the methoxy hydrogen of ring B (CA-4), while strongly 
negative charge was predicted on the fluorine atoms in 
3 (− 0.143) (Fig.  3b, c). From the results, it can be sug-
gested that there are repulsive interaction between 3 and 
its binding pocket. In general, predicted binding free 
energy (ΔG) of CA-4 and cis-isomers showed strong cor-
relation with antiproliferative activity. However, some 
trans-stilbenes with low ΔG showed stronger cytotoxicity 
than cis-isomers (e.g., 3 and 10) (Tables 1, 2). It is note-
worthy that cis–trans isomerization of stilbene has been 

Table 2  Binding free energies and  surface area of  combretastatin A-4 and  polymethylenedioxy analogues 
of combretastatin A-2

a  The geometry of stilbenes were described as (Z) for cis-isomers and (E) for trans-isomers
b  Binding free energy ΔG in kcal/mol
c  Surface area (square angstrom/mol)

Compounds Free energyb Surface areac Compounds Free energy Surface area

1(Z)a − 8.9149 562.98 8(E) − 8.2185 574.25

2(Z) − 8.5054 555.73 9(E) − 7.9875 567.55

3(Z) − 8.0018 564.28 10(E) − 7.8679 585.66

4(Z) − 8.06606 500.69 11(E) − 7.8868 522.57

5(Z) − 8.1496 539.12 12(E) − 7.7385 546.08

6(Z) − 8.0908 561.26 13(E) − 7.6235 570.91

7(Z) − 8.2103 585.55 14(E) − 7.5486 589.23
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found in human colon cancer study [21]. Although free-
energy barriers between cis- and trans-isomers are quite 
high, molecular dynamics study has suggested possibili-
ties of such isomerization [11]. According to an in  vivo 
study with mouse, isomerization is clearly observed and 
the extent is variable, depending on substituents [21]. 
Discrepancy between cytotoxicity and ΔG-based predic-
tion may in part result from such metabolic transforma-
tion. However, detailed studies are required to confirm 
isomerization.

Resveratrol, a natural stilbene is well-known for its 
antioxidant activities [22]. It has to be mentioned that 
fully methylated resveratrol analogue has also strong 
hydroxyl radical scavenging activity and protective 

effects against radical-mediated DNA damage [23]. 
The findings indicate that synthetic stilbenes (1–14) 
may also give similar activity. Antioxidant activities of 
stilbenes (1–14) were evaluated by DPPH and ABTS 
methods (Table  1). CA-4 was found to be a strong 
antioxidant while other analogues showed marginal 
activities in ABTS and DPPH assays. The results well 
coincided with those of other resveratrol analogues 
[24, 25]. Multiple hydroxy substituents are common 
features of natural antioxidants, including stilbenes 
and flavonoids [24–26]. According to theoretical study, 
the phenolic hydroxy group is an important determi-
nant for radical scavengers (e.g., resveratrol) since the 
functional group can be a good source of hydride (an 

Fig. 2  Predicted binding conformations of CA-4 (yellow), overlaid on surface area of crystallographic structures of CA-4 (green) and β-tubulin with 
description of binding pocket (a), and polymethylenedioxy compounds 4 (red) and 5 (blue) (b), 6 (yellow) and 7(pink) (c), 11 (brown) and 12 (pale 
blue) (d), and 13 (dark green) and 14 (violet) (e) on β-tubulin overlaid on crystallographic structure of CA-4 in 5LYJ (green)
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efficient reducing reagent in radical removal), while the 
methoxy group cannot provide the same reductant [27].

In summary, polymethylenedioxy analogues of CA-2 
were prepared and their antiproliferative activity was 
evaluated. Their bioactivities were explained by molecu-
lar docking studies. Results indicated that binding con-
formations of title compounds were highly dependent 
on steric properties of ring A substituents. Electrostatic 
complementarity between ring B and tubulin was also an 
important factor that determines the cytotoxicity.

Additional file

Additional file 1. In the additional file, the following data were included; 
analytical results of synthetic stilbenes, figures of ligand–protein docking 
study, and details of antioxidant activity of synthetic stilbenes.
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