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A B S T R A C T   

The ability of monomethoxy-substituted o-diphenylisoxazoles 2a-d to interact with the colchicine site of tubulin 
was predicted using computational modeling, docking studies, and calculation of binding affinity. The respective 
molecules were synthesized in high yields by three steps reaction using easily available benzaldehydes, acet-
ophenones, and arylnitromethanes as starting material. The calculated antitubulin effect was confirmed in vivo in 
a sea urchin embryo model. Compounds 2a and 2c showed high antimitotic microtubule destabilizing activity 
compared to that of CA4. Isoxazole 2a also exhibited significant cytotoxicity against human cancer cells in NCI60 
screen. For the first time, isoxazole-linked CA4 derivatives 2a and 2c with only one methoxy substituent were 
identified as potent antimitotic microtubule destabilizing agents. These molecules could be considered as pro-
mising structures for further optimization.    

A study of relationship between molecular structure and biological 
activity of a compound (structure–activity relationship, SAR) is an 
important methodological approach in drug discovery, allowing for 
identification of structural fragments, pharmacophores, which are re-
sponsible for a particular biological effect. Virtual screening using 
molecular docking is one of the computational techniques in SAR stu-
dies, providing data about spatial configuration of a molecule required 
for the optimal binding to an active site of a target protein.1 Selective 
targeting tubulin and microtubules is a well validated approach for 
chemotherapy of malignancies.2,3 A large number of small molecule 
ligands interact with one of four known specific binding sites in tubulin 
molecule: taxane/epothilone, laulimalide, vinca alkaloid, and colchi-
cine sites.4 Several potent natural antimitotics that inhibit tubulin 
polymerization by interacting with colchicine binding site, such as 
colchicine, combretastatin A-4 (CA4), steganacin, and podophyllotoxin, 
feature trimethoxyphenyl functionality, an important pharmacophore 
for occupation of the relevant space in tubulin molecule (Fig. 1).4–6 

Numerous SAR studies suggest that the presence of trimethoxyphenyl 
ring in a compound structure can serve as an evidence of antitubulin 
effect. For example, known potent type 1 bone morphogenetic protein 

receptor inhibitor K02288 (Fig. 1),7 showed strong antimitotic micro-
tubule destabilizing activity (Table 1).8 Similarly, the 3,4,5-trimethox-
yphenyl moiety of CA4 (Fig. 1), a stilbene originally isolated from the 
bark of African willow tree Combretum caffrum,9 is considered to be 
fundamental for antimitotic microtubule destabilizing potential.10,11 As 
an evidence, monomethoxy-substituted CA4 analogue, 1-(4-methox-
yphenyl)-2-phenylethene (MPE, Fig. 1), was not cytotoxic against B16 
murine melanoma cells,12 exhibited five order of magnitude less cyto-
toxicity against K562 human leukemia cell line than the parent CA4, 
and did not inhibit in vitro tubulin polymerization.13 The removal of m- 
or p-methoxy groups from CA4 ring A markedly reduced cytotoxicity as 
well, although the ability to inhibit purified tubulin polymerization was 
much less affected.14 CA4 derivatives with the trifluoro-substituted ring 
A retained cytotoxicity and inhibition of tubulin polymerization, but 
were unable to cause colchicine displacement from the binding site of 
tubulin, whereas compounds with the ethoxy- and methyl-substituted A 
ring were able to interact with colchicine site of tubulin.13,15 

Along with the 3,4,5-trimethoxy-substituted A-ring, a cis-config-
uration of CA4 biaryl scaffold is essential for efficient coupling with the 
colchicine binding site of tubulin.11,16–18 To avoid the undesirable 
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cis–trans transformation, which leads to a significant decrease in anti-
mitotic antitubulin activity, diverse cis-restricted heterocyclic analo-
gues of CA4 have been synthesized. These compounds were reported to 
retain effects comparable with those of parent CA4.11 Specifically, o- 
diphenylisoxazoles showed both high antimitotic microtubule destabi-
lizing activity and significant cytotoxicity against human cancer cells, 
and 3,4,5-trimethoxy/trialkoxy-substituted benzene ring was identified 
as essential for these effects.19–21 However, in the sea urchin embryo 
assay mono-substituted 3-phenyl-4-methoxyphenylisoxazole 2a (Fig. 1) 
was determined unexpectedly as a more potent microtubule destabilizer 
than 3-(4-methoxyphenyl)-4-(3,4,5-trimethoxyphenyl)isoxazole 1 
(Fig. 1),20 which was inconsistent with generally accepted SAR results. 
This observation prompted us to analyze the capability of the corre-
sponding three monomethoxy-substituted o-diphenylisoxazole isomers 
2b-d (Fig. 1) to affect tubulin. First, molecular docking with subsequent 
molecular dynamic simulation of compounds 2a-d was performed in 
order to study the interaction of the compounds with colchicine binding 
site of tubulin, including the impact of methoxy-substituted benzene 
ring topology in relation to atoms O and N in isoxazole heterocycle. 
Next, a target synthesis of the respective o-diphenylisoxazoles was 
carried out followed by in vivo biological evaluation using a sea urchin 
embryo model. 

Computational modeling 

Initial computer modeling of active structures with their subsequent 
target synthesis can be considered as a promising strategy for the ap-
proach to biologically active compounds. In the present study the mo-
lecular-mechanical simulation for target synthesis of compounds with 
the required properties was applied using modern methods, which de-
monstrated the best performance in various tests.22 To accelerate pro-
cess of hit and lead discovery, a method was required that yields a quick 
and accurate answer to the question: given a chemical structure, what 
affinity would it have to the target? In recent decades, free energy 
perturbation (FEP) calculations based on using molecular dynamics 
(MD) methodology23 with full-atom models and explicit solvation have 

evolved from exotic and expensive alchemical calculations to an useful 
and affordable tool for predicting binding affinity in complex biological 
systems via the most rigorous physical approach. In the present study, 
we sought to evaluate the potential of MD and FEP/MD methods to 
predict the affinity of new tubulin polymerization inhibitors. 

Molecular docking simulations placed all four isomeric molecules 
into colchicine binding site consistently with experimental colchicine 
binding in a way that mono methoxy-substituted benzene ring was 
bound as ring B in corresponding colchicine position.24 Accordingly, 
the position of ring A was occupied by an unsubstituted phenyl (Fig. 2). 
In regard to binding free energies predicted by docking, they were ex-
pected to be almost the same and amounted to approximately −7 kcal/ 
mol (Ki ~ 7.5 μM; hereinafter calculated from dG = -RTlnKi). For 
comparison, the same docking procedure estimated CA4 and compound 
1 binding affinity as −8.7 and −8.1 kcal/mol (0.4 and 1.1 μM, re-
spectively). No hydrogen bonds were formed in binding poses predicted 
by docking, and as a rule of thumb it means poor binding. Another 
possibility to be investigated was the formation of water bridges be-
tween protein and ligand. 

Indeed, molecular dynamics simulations have revealed that com-
pound 2a formed relatively strong hydrogen bond with backbone car-
bonyl oxygen of Asp251 residue through a water molecule, and this 
state was populated around 50% of simulation time (Fig. 3). This in-
teraction was also accompanied by another water molecule bound to 
Asn249 backbone oxygen atom (around 20% of simulation time). These 
interactions provided a good structural basis to explain the unusual 
potency of compound 2a. 

In case of compounds 2b and 2d no such interactions were detected, 
which strongly indicated a significantly less potency. However, the 
most interesting case was with compound 2c. Lacking any significant 
solvation of isoxazole nitrogen, it demonstrated highly stable hydrogen 
bond that involved oxygen atom from methoxy substituent, residues 
Asn349, Lys352, and a water molecule that formed two hydrogen bonds 
with protein and another hydrogen bond with the ligand (Fig. 4). These 
hydrogen bonds did not always co-exist: the bond with Asn349 back-
bone oxygen was strong and occupies around 70% of temporal domain, 

Fig. 1. Structures of antimitotics with trimethoxyphenyl moiety and o-diaryl isoxazoles.  
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whereas the bond with Lys352 side chain was understandably weaker 
(only approximately 25%). These observations suggested that com-
pound 2c might be a potent binder as well. 

To compare, CA4 and compound 1, despite their similar starting 
binding pose, behaved slightly different. Both molecules have buried 
their trimethoxyphenyl moiety inside the protein without forming any 
polar interactions. In case of CA4, an extensive hydrogen bond network 
was formed by ring B which involved two water-mediated and one 
direct hydrogen bonds with total occupancy of 200%. Compound 1 
formed only one water-mediated hydrogen bond of 50% occupancy, 
suggesting less activity than that of CA4 (Fig. S1, S2, Supplementary 
Data). 

To assess binding in a quantitative way we have resorted to FEP 
calculations25 to estimate what free binding energy difference we might 
expect from compound 2a-d (Table 1). Calculated and experimentally 
determined values for compound 1 and CA4 as reference were in fairly 
good agreement. Compounds 2b and 2d were of 2–3 kcal/mol less fa-
vorable than 2a, which was consistent with observations made from 
MD trajectories (Fig. S3-S6, Supplementary Data). In case of compound 
2c its potency underestimated by 1.7 kcal/mol, however, this was most 
likely the result of different time frames employed in pure MD and FEP/ 
MD workflows. In pure MD, simulation time of 100 ns was sufficient for 
any conformational changes to happen in ligand/protein system, 
whereas in FEP/MD protocol only 2 ns timeframe was used, and protein 
was additionally restrained to improve convergence. 

To conclude, the calculations have resulted in the following com-
pound activity order: 2a  >  2c  >  2b  >  2d. The data obtained during 
current computational investigation suggest that while no single 
method could provide substantial accuracy in predicting binding free 

energy in ligand/protein system, useful results can still be obtained 
using their combination. Combined application of docking, MD, and 
FEP provide a reasonable approach to directed organic synthesis, 
especially to ligand optimization, and deserve wider application. The 
results of computational modeling allowed us to assume the presence of 
potent structures among four examined diarylisoxazoles. For experi-
mental confirmation of this hypothesis, a synthetic protocol was de-
veloped to afford the respective isomers 2b-d. 

Chemistry. Target synthesis 

Regioselective preparation of 5-unsubstituted diarylisoxazoles is 
challenging due to formation of a mixture of isomers. Recently a 
modified simple synthetic pathway for the single isomer synthesis was 
published,20 which included three main stages (Scheme 1). Initially, 
condensation of arylnitromethanes 3a,b with Schiff bases 4a,b under 
slightly acidic conditions yielded nitrostilbenes 5a,b. Importantly, the 
use of Schiff bases instead of aldehydes duplicated the yields of the 
intermediate nitrostilbenes 5. Subsequent reaction with ethox-
ycarbonylmethylpyridinium bromide afforded isoxazoline-N-oxides 6, 
which were transformed to the target 5-unsubstituted isoxazoles 2a and 
2b through recyclization and decarboxylation steps.20 

More available diarylisoxazoles 2c and 2d were obtained via three- 
stage synthetic route using simple reagents and reactants (Scheme 2). 
Condensation of acetophenones 7 with benzaldehydes 8 yielded 
chalkones 9, the subsequent rearrangement of which under addition of 
diacetoxyiodobenzene (DIB) in acidic media with the 1,2-shift of aryl- 
ring afforded acetals 10.28 Reaction of acetals 10c,d with hydro-
xylamine led to isoxazoles 2c,d with high yields. 

Fig. 2. Molecular docking studies of 2a-d with colchicine binding site in tubulin (PDB ID 1SA0). Experimental binding pose for tubulin is shown in red. Binding poses 
of compounds 2a-d are shown in licorice and colored according to atom type. 
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Biological evaluation 

The targeted diarylisoxazoles 2a–d were evaluated for antimitotic 
microtubule destabilizing activity in a phenotypic sea urchin embryo 
assay.21,26 First, the antimitotic activity could be easily determined by 
cleavage alteration/arrest that was observed after the exposure of fer-
tilized eggs to a tested molecule. Second, after treatment of hatched 
blastulas, a specific change of motility pattern, namely, embryo spin-
ning at the bottom of the culture vessel instead of forward swimming 
near the surface of the seawater, clearly indicated the microtubule 
destabilizing mode of action. The results are presented in Table 1 with 
steganacin, podophyllotoxin, colchicine, and CA4 as a positive control. 

All monomethoxy-substituted o-diphenylisoxazoles 2a-d exhibited 
antimitotic activity. Embryo spinning after the exposure to compounds 
2a-c served as an evidence of targeting tubulin and microtubule de-
stabilization. Isoxazole 2d could be considered as microtubule desta-
bilizer as well, owing to formation of tuberculate eggs characteristic for 
microtubule destabilizing agents.21,26 The antimitotic antitubulin effect 
of compounds decreased in the following order: 2c  >  2a  >  2b  >  
2d, which was correlated in general with calculated binding affinity of 
these molecules to colchicine site of tubulin (Table 1). Calculated 
higher potency of 2a in comparison with 2c might be a consequence of 
the methodological error. Specifically, underestimated potency of 2c by 
1.7 kcal/mol was most likely the result of different time frames em-
ployed in pure MD and FEP/MD workflows. In pure MD, simulation 
time of 100 ns was sufficient for any conformational changes to happen 
in ligand/protein system, whereas in FEP/MD protocol only 2 ns 

timeframe was used, and protein was additionally restrained to improve 
convergence. Interchange of position of atoms O and N in isoxazole ring 
(2a versus 2c) only slightly affected the activity. On the contrary, 
comparison of effects for diarylisoxazole pairs featuring interchanged 
rings A and B (2a versus 2b and 2c versus 2d) revealed significant ac-
tivity decrease in molecules with 4-methoxyphenyl moiety position 
close to the heteroatom of the isoxazole ring. Noteworthy, in the sea 
urchin embryo assay monomethoxy-substituted isoxazoles 2a and 2c 
showed antimitotic activity higher than activity of trimethoxyphenyl- 
containing natural products steganacin, podophyllotoxin, and colchi-
cine, and was comparable to that of CA4. In addition, compounds 2a 
and 2c were more potent than their close analogue, trimethoxy-sub-
stituted compound 1. The higher activity of monosubstituted isoxazole 
2a with the same position of phenyl rings as in compound 1 in relation 
to isoxazole heteroatoms may be suggestive of the irrelevance of 3,5- 
methoxy groups in the ring A and 4-methoxy group in the ring B, 
particularly for 3,4-o-diphenylisoxazoles. The observed strong anti-
tubulin effect of monomethoxy-substituted o-diphenylisoxazoles to-
gether with an impact of a proper isoxazole ring orientation could be 
explained as follows. The appropriate position of O and N atoms in 
isoxazole linker in relation to methoxy-substituted phenyl ring fa-
cilitated the formation of an additional strong hydrogen bond in the 
colchicine binding site, thereby compensating for the energy loss 
caused by the lack of the 3,4,5-trimethoxyphenyl moiety. 

o-Diarylisoxazole 2a with high antimitotic activity in the sea urchin 
embryo model exhibited considerable cytotoxicity in NCI60 screening 
with mean GI50 value of 0.457 μM for 60 human cancer cell lines 

Fig. 3. Snapshot from molecular dynamics simulation of compound 2a bound to tubulin. A system of hydrogen bonds was formed that involved the ligand, two water 
molecules, and protein residues Asn249 and Asp251. 
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(Supplementary data). MDA-MB-435 melanoma cell line was the most 
sensitive to 2a (GI50 = 0.026 μM). However, in contrast to sea urchin 
embryo assay data, in NCI60 cytotoxicity screen the compound was less 
potent than 3,4,5-trimethoxyphenyl-containing analogue 1 (mean GI50 

value of 0.17 μM20). Comparison of cytotoxicity of CA4 and its deri-
vatives against K562 leukemia cells generated noteworthy results. 
Monomethoxy-substituted stilbene MPE (Fig. 1) exhibited five order of 
magnitude less cytotoxicity (IC50 = 5 μM) than the parent CA4 

Fig. 4. Snapshot from molecular dynamics simulation of compound 2c bound to tubulin. A system of hydrogen bonds was formed that involves the ligand, protein 
residues Asn349 and Lys352 and a water molecule. 

Table 1 
Tubulin binding parameters of o-diarylisoxazoles and their effects on sea urchin embryos.         

Compd dG (kcal-mol−1)a Calculated binding affinity to tubulin (μM) Sea urchin embryo effects, EC (μM)b 

Calculated Experimental Cleavage alteration Cleavage arrest Embryo spinning  

K02288c NDd NDd NDd 0.1 1 1 
Steganacinc NDd NDd NDd NDd 0.3e NDd 

Podophyllotoxinc NDd NDd NDd 0.02 0.05 0.5 
Colchicinec NDd NDd NDd 0.05 0.1 0.05 
CA4c −11.35 −11.88 0.005 0.002 0.01 0.05 
1 −10.38 −10.92 0.025 0.01f 0.1f 1f 

2a −10.96 −11.33 0.01 0.005 0.05 0.1 
2b −8.91 −9.15 0.298 0.2 2 2 
2c −9.78 −11.88 0.069 0.002 0.02 0.1 
2d −8.08 −9.15 1.210 0.2 2 (TE)g  > 5 

a dG: Gibbs free energy of binding. 
b The sea urchin embryo assay was conducted as described previously.21,26 Fertilized eggs and hatched blastulae were exposed to 2-fold decreasing concentrations of 
compounds. Duplicate measurements showed no differences in effective threshold concentration (EC) values. 
c Structures of K02288, steganacin, podophyllotoxin, cholchicine, and CA4 are presented in Fig. 1. 
d ND: not determined. 
e Data from27. 
f Data from20. 
gTE: tuberculate eggs typical of microtubule destabilizing agents.  
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(IC50 = 0.001 μM),13 which confirmed well-established value of the 
3,4,5-trimethoxyphenyl pharmacophore. However, isoxazole derivative 
of CA4, compound 1, was only a little more active than its mono-
methoxy-substituted analogue 2a (GI50 value of 0.035 μM20 and 
0.047 μM (Supplementary data), respectively). Hence, the replacement 
of ethene linker in MPE by isoxazole heterocycle (2a) enhanced cyto-
toxicity against K562 cells by ~ 100 times. It could be assumed that 
monomethoxy-substituted isoxazole derivative of CA4 acquired struc-
tural features favorable for interaction with tubulin even in the absence 
of the 3,4,5-trimethoxyphenyl moiety due to formation of additional 
water-mediated hydrogen bonds between isoxazole heterocycle and 
amino acid residues in binding site (Fig. S3, Supplementary Data). 

Conclusions 

Isoxazole linked CA4 analogues 2a-d without 3,4,5-trimethox-
yphenyl pharmacophore were identified as potent antimitotic micro-
tubule destabilizing agents. Their antitubulin effects were predicted 
using computational modeling by MD and FEP/MD methods, docking 
studies and calculated affinity with colchicine site of tubulin. The cor-
responding isomers were selectively synthesized with high yields using 
easily available benzaldehydes, acetophenones, and arylnitromethanes. 
The calculated antitubulin effects have been validated in vivo using the 
phenotypic sea urchin embryo assay. Compounds 2a and 2c with the 
unsubstituted phenyl ring position close to heteroatoms N or O of the 
isoxazole linker showed antimitotic microtubule destabilizing activity 

comparable to that of the parent CA4. Effects of compound 2a, observed 
in the sea urchin embryo model, were confirmed by its considerable 
cytotoxicity in NCI60 screening against 60 human cancer cell lines. 
Therefore, for the first time it was shown that the 3,4,5-trimethox-
yphenyl motif was not necessary for interaction with colchicine site of 
tubulin. It was suggested that a certain relative position of the isoxazole 
heterocycle and the p-methoxyphenyl ring provided structural hall-
marks for the formation of the additional strong hydrogen bond in the 
colchicine binding site of tubulin, providing high binding affinity in the 
absence of the 3,4,5-trimethoxyphenyl pharmacophore. 

Thus, simple isomers of o-diphenylisoxazoles, 2a and 2c, synthe-
sized by a facile procedure could be considered as promising molecules 
for further research and optimization. 
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