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ABSTRACT: Combretastatin A-4, first isolated from the African willow tree Combretum caffrum, is a tubulin polymerization
inhibitor in medicine. It was first postulated as a potential fungicide targeting fungal tubulin for plant disease control in this study.
Combretastatin A-4 and its derivatives were synthesized and tested against Rhizoctonia solani and Pyricularia oryzae. Several
compounds have ECy, values similar to or better than that of isoprothiolane, which is widely used for rice disease control.
Structure—activity relationship study indicated the the cis configuration and hydroxyl group in combretastatin A-4 are crucial to
the antifungal effect. Molecular modeling indicated the binding sites of combretastatin A-4 and carbendazim on fungal tubulin are
totally different. The bioactivity of combretastatin A-4 and its derivatives against carbendazim-resistant strains was demonstrated
in this study. The results provide a new approach for fungicide discovery and fungicide resistance management.
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B INTRODUCTION

Fungi can cause serious crop diseases, resulting in critical losses
of yield and quality. Use of resistant varieties, biological control,
and chemical fungicides are the common strategies for managing
crop diseases. At present, chemical treatment with fungicides is
the most common method to control those diseases. However,
fungicide resistance has been detected in many fungal species
and causes unsatisfactory control efficacy. It is necessary to
develop new fungicides that have new structures and new
antifungal mechanisms to address this problem.

Combretastatin A-4, which was first isolated from the African
willow tree Combretum caﬁmm,1 was identified as an attractive
lead compound for the development of novel anticancer agents
that utilize starvation tactics to attack widespread necrosis of
solid tumors, including multidrug-resistant ones. It exerts a
potent inhibition of tubulin polymerization by binding to the
colchicine site and, as a consequence, demonstrates strong
suppressive activity on tumor blood flow (TBF).”™*

Microtubules are biopolymers that are composed of self-
associating a- and f-tubulin heterodimers. Because they play
an important role in a number of cellular processes, including
maintaining the structure of the cell, cell movement, intra-
cellular transportation, and cell division, microtubules are
attractive targets for drug and pesticide design.” Carbendazim
and other benzimidazole fungicides, well-known f-tubulin inter-
ferers, have been widely used to control various plant diseases
for decades in China and in many other parts of the world.
However, these fungicides have generally lost their efficacy
because of the resistance after being used for 2 or 3 years.’
Resistance to benzimidazole fungicides usually resulted from
certain point mutations in the target S-tubulin gene.”

As combretastatin A-4 is a tubulin polymerization inhibitor
in medicine, we postulated it also has an effect on the fungal
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tubulin. Herein we report the syntheses of combretastatin A-4
and its derivatives via the Wittig reaction and the evaluation of
their in vitro antifungal bioactivities. Molecular modeling was
performed to determine the binding site of combretastatin A-4.
The potential use of combretastatin A-4 and its derivatives for
fungal resistance management was also evaluated in this study.

B MATERIALS AND METHODS

General Experimental Procedures. All of the chemicals and
reagents were commercially available and required no further purifi-
cations. Solvents were dried and freshly distilled before use according
to literature procedures. Isoprothiolane (98% purity) was purchased
from Lianyungang Liben Agro-chemical Co. Ltd. (Liangyungang,
China). Carbendazim (98% purity) was purchased from Zhejiang
Yifan Chemical Industry Co., Ltd. (Wenzhou, China). Melting points
were determined using a WRS-2A melting point apparatus (Shanghai
ShenGuang Instrument Co., Ltd., Shanghai, China). TLC analyses
were performed on precoated silica gel polyester plates (Yantai Jiang
You Silicone Development Co., Ltd., Yantai, China) with a fluorescent
indicator UV 254. Chromatographic separations were performed on
silica gel flash columns. "H NMR and *C NMR spectra were recorded
on an AVANCE III at 500 MHz or on an Avance DMXS500 spectro-
meter (Bruker, Fillanden, Switzerland) at 101 Hz in chloroform-d
using TMS (6 0.0 ppm) as an internal standard. IR was recorded on a
6700 FT-IR (Nicolet, Madison, WI, USA). HRMS were recorded on
a solariX 70 FT-MS spectrometer (Bruker) using methanol/water
(1:1, v/v) as solvent. LC-mass spectra were recorded on an LCMS-
2020 spectrometer from Shimadzu Corp. (Kyoto, Japan) with aceto-
nitrile and water as the mobile phase, and the gradient was from 5%
acetonitrile at 0 min to 100% acetonitrile at 10 min. The column used
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Figure 1. Chemical structures of combretastatin A-4 and derivatives.
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Figure 2. Synthesis of combretastatin A-4 derivatives.
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was a 150 mm X 4.6 mm id, 5 ym, Gemini RP-18 (Phenomenex,
Torrance, CA, USA).

(Z)-2-Methoxy-5-(3,4,5-trimethoxystyryl) [phenol (combretastatin
A-4) and (Z)-2-methoxy-5-(3,4,5-trimethoxystyryl) Jphenyl disodium
phosphate (combretastatin A-4P) were synthesized following the
methods of Shen et al.® and Pettit et al.' Combretastatin A-4 derivatives
were synthesized with the methods previously reported.”

Bioassays. Antifungal effects of compounds against Rhizoctonia
solani Kiihn (rice sheath blight disease), Pyricularia oryzae Cav (rice
blast disease), and carbendazim-resistant strains Fusarium oxysporum
Schl. f. sp. vasinfectum (Atk.) Snyd. & Hans (cotton Fusarium wilt)
and Sclerotinia sclerotiorum (Lib.) de Bary (rape Sclerotinia rot) were
evaluated using mycelium growth rate test. All fungal strains were
provided by the Institute of Plant Protection, Chinese Academy of
Agricultural Sciences. Carbendazim was dissolved in 0.1 M HCI at
10 mg/mL as a stock solution and was added to autoclaved potato
sucrose agar (PSA) that had been cooled to 45—50 °C. The pH
value was adjusted with HCI to 6.8 in all media. Isoprothiolane,
combretastatin A-4, and derivatives were dissolved in dimethyl sulfoxide
(DMSO) and then mixed with the autoclaved PSA. A mycelial plug
(7 mm in diameter) taken from the edge of a 4-day-old colony of
strains was grown in the dark for 3 days at 25 °C in a 9 cm diameter
Petri plate containing PSA amended with different concentrations of
fungicides. The radial growth from the edge of the plug to the edge of
the colony of each strain was measured after 3 days at 25 °C. For each
plate, the average colony radial growth, measured in two perpendicular
directions, was used for calculation of the inhibition. Data presented
as percentages were log-transformed before statistical analyses. Data
were analyzed using a one-way analysis of variance (ANOVA) with a
Dunnett’s multiple-comparison test as the post hoc determination of
significance using GraphPad Prism version 5.0 (GraphPad Software,
San Diego, CA, USA). Dose—response curves were also prepared
using the computer program GraphPad Prism. Values are expressed as
mean =+ standard errors (SE) with n indicating the number of samples
measured (1 = 3—5).
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Molecular Modeling. The sequence of R. solani f-tubulin was
retrieved from GenBank using a combination of BLAST and keyword
searches. A crystal structure of cow brain f-tubulin (PDB ID 1Z2Bb)
was used as the 3D coordinate template for the homology modeling.
The homology model for R. solani f-tubulin was generated using
FUGUE'" and ORCHESTRAR module in Sybyl."" The initial model
was optimized energetically using the minimize program with steepest
descent algorithm, AMBER7 FF99 as the force field and Gasteiger—
Huckel as the atomic point charges. The minimization was terminated
when the RMS gradient convergence criterion of 0.05 kcal/(mol-A)
was reached.

Combretastatin A-4 and carbendazim were constructed using the
2D sketcher module in Sybyl. Minimum energy conformations of
all structures were calculated using the Minimize module of Sybyl.
The force field was MMFF94 with an 8 A cutoff for nonbonded
interactions, and the atomic point charges were also calculated with
MMFF94."> Minimizations were achieved using the steepest descent
method for the first 100 steps, followed by the Broyden—Fletcher—
Goldfarb—Shanno (BFGS)"® method until the root-mean-square
(RMS) of the gradient became <0.005 kcal/(mol-A)."*

The Surflex-Dock'® module implemented in the Sybyl program
was used for the docking studies. Each inhibitor was docked into the
corresponding protein’s binding site by an empirical scoring function
and a patented search engine in Surflex-Dock, applied with the automatic
docking. Other parameters were established by default in the software.

B RESULTS AND DISCUSSION

Chemistry. (Z)-2-Methoxy-5-(3,4,5-trimethoxystyryl)]-
phenol (combretastatin A-4) and (Z)-2-methoxy-5-(3,4,5-
trimethoxystyryl) Jphenyl disodium phosphate (combretastatin
A-4P) were synthesized following previously reported methods."’

The double bond in part A of combretastatin A-4 was
hydrogenated, the hydroxyl group in part B was replaced by an
amino or nitro or disodium phosphate group, and the methoxy
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group in part C was replaced by an ethoxy group to afford
12 combretastatin A-4 derivatives, respectively (Figure 1).
The synthesis of the derivatives is outlined in Figure 2 with the
methods previously reported.” All of the structure elucida-
tion data are presented in Table 1. E-Diphenylethene and
Z-diphenylethene were characterized by the different '"H NMR
coupling constants. The ] values of 8 (E-diphenylethene) and
7 (Z-diphenylethene) are 16.0 and 12.0 Hz, respectively.

Table 2. Antifungal Activities of Combretastatin A-4 and
Derivatives

EC value (uM)  inhibition at SO pg/mL" (%)

compound R solani  P. oryzae  S. sclerotio  F. oxysporum

combretastatin A-4 46.5 104 27.7 533
combretastatin A-4P  no effect no effect —-0.6 17.2
1 75.6 271 -1.5 15.1
2 51.6 99.6 24.7 319
3 355 383 0.3 16.7
4 238 369 49 21.9
S no effect no effect -12 292
6 no effect  no effect —-0.6 274
7 94.0 159 11.6 36.6
8 no effect  no effect -1.5 16.4
9 261 624 0.9 15.1
10 no effect no effect -3.7 12.0
11 188 291 49 24.0
12 no effect  no effect -09 14.4
carbendazim -t - 5.8 21.7
isoprothiolane 64.5 324 - -

s . . . . b
“Inhibition against carbendazim resistance strains. ~—, not tested.

Biological Evaluations and SAR Assay. The antifungal
effects of combretastatin A-4, combretastatin A-4P, and deriva-
tives were determined from concentration—response curves
with rice sheath blight disease (R. solani) and rice blast disease
(P. oryzae) as the tested strains. The ECy, value of each com-
pound is shown in Table 2. As isoprothiolane is a commercial
fungicide widely used for rice disease control, it was selected as
a positive control in our experiment. For the rice sheath blight
disease control, combretastatin A-4 and 2 showed significant
effects, with ECs, values of 46.5 and 51.6 uM, respectively,
compared with isoprothiolane (ECy, value = 64.5 uM).
Combretastatin A-4, 1, 2, 7, and 11 were more active than
isoprothiolane in the antifungal assay against P. oryzae.

The double bond in part A of combretastatin A-4 was hydro-
genated to afford the final product. The antifungal effects of 1
and combretastatin A-4 are similar, which suggested that the
single bond retains the antifungal activity. It is obvious that the
effect is completely lost when the natural cis configuration is
transformed to the trans configuration. Structural modifications
to the hydroxyl group in part B indicate that the amino group
maintained the activity; however, the nitro and disodium
phosphate groups completely eliminated the antifungal activity.
The bioassay results for compounds 2 and 4 indicated that the
introduction of an ethoxy group replacing the methoxy group
in part C enhanced bioactivity against the rice diseases.

Molecular Modeling. Molecular modeling studies were
undertaken to determine the interaction between combretas-
tatin A-4 and fungal tubulin. The studies were performed
with homology modeling and the Surflex-Dock module in the
Sybyl program. The homology model of S-tubulin of R. solani

-
7

\
SN

{

I

I

I

1

1

I

I

I

1 combretastatin A-4 ==

1 -

. [

I [” N

1 L / ) ) A/Leu246
! N TR 7/

. ~J Y MY
I J )

| -,

1 \
1

I

I

I

1

|
y

/ » A/Asn256

S mm—mmmmmmmm— s — -

L

{

F. graminsarum
R colani

1 MREIVHLATGACGHRIGARFREVVSDEHGT ANDGEYQGNNDLALECT.

151 LISKIREEFPDRMMA
151 LISKIREEYPIRMNC

F. graminsarum
Reolani

VYESPRYSDTVVERYRATLSVHRLVENS)

F. graminsarum
Reolani

— Eat
1 MRET TGQCGHQIGMFWQTISGE}{GLDSNGV‘{NGTSET.QLERM}!"@}TEASRNKYVPRAVLV'DLEPGTMDAVRAGPFGQLFRPDNFV'FGQSGAGNFNAKG}{‘{TEGAEL‘mQVLDWRREAEGCDE[QGFQITHSLGGGTGAGMGTL
SYHTNTVGDEY VERAVLYDLEPGTNISVRSGE LGSLFRE DNF VE GRS GAGHNY AKGHY TEGAELVDAVLDVARKEARGCECLAGRQTTHSLGGGTGAGHGTL.

VY SRS D TVYVER Y RATLSVHRLYENSIE TP L TDNEALY DICHRTLKLS K SYGDLIY LVS AVMSGYTTCLRFPGALKSD!
TDNEALYDICFRTLELS TP Ty GDLNHLYSTYMEGYT TCLRFPGQLNS DL RKLAVIMVE FERLHF VG AP LT ARGE VY RAVTVAELTQQWF DAKKMN

301 AASDFRNGRYLTCSATFRGRY AMKEVE DN RNy S KNS Y FYE N TP NN AL AT PP RGL TN S TP TGRS TS I LR KRV GE R TANF RRKAF LW Y TGEGHDEWEF TEAE SHMNDLYSEYQQTADACTDEEEEE T DEEELLEGEE
301 AASDPRHGRYLTVAARFRGKYSNEEVEEQNNVORENS AT FVEN TERNVLT AQC DT P RGHEM AT F TGRS T ATQELFKRY S EQF S AP KRKEAF LYY TQEGHDEWEF TEAESMQDLY AR YQQYQDASVEREGEYEEGVPEEEQ

A/Glu198
-/

\;

A

Phe200

</

\

Q\.-\ Phel 6::\
\

3

150
150
300
300
7
43

VNV FERLHFFMVGE AP LTSRGAHSFRAVSVEELTQQMFDEKEMM

Figure 3. Binding sites of combretastatin A-4 and carbendazim in R solani f-tubulin. Combretastatin A-4 is shown with green spacefill and
carbendazim with red spacefill. Hydrogen bonds are shown with dotted yellow lines. The conserved amino acid residues are highlighted in a red box.

749

DOI: 10.1021/acs jafc.5b05119
J. Agric. Food Chem. 2016, 64, 746—751


http://dx.doi.org/10.1021/acs.jafc.5b05119

Journal of Agricultural and Food Chemistry

(GenBank CUA76508.1) was generated with the crystal
structure of cow’s brain f-tubulin (PDB ID 1Z2Bb) as the
template. A sequence alignment showed their sequence identity
value was 86%. Combretastatin A-4 and carbendazim were used
to identify the receptor binding pockets and to analyze the
binding characteristics with a blind docking calculation in this
study. The colchicine binding site of tubulin has been validated
as the binding pocket of combretastatin A-4 (Figure 3) between
two adjacent subunits of tubulin.'® Thus, the colchicine binding
site was used for the docking simulation of combretastatin
A-4 and derivatives. Hydrogen-bonding interactions show that
combretastatin A-4 is bound to Val236 and Asn256 of subunit
A of the f-tubulin model. This suggested a hydrogen-bonding
interaction between the hydroxyl group of combretastatin A-4
and Val236 is critical for full biological activity, which explains
why the biological activity was lost if the hydroxyl group was
replaced by a nitro or disodium phosphate group. Figure 2
shows that the carbendazim binding site is different from that
of combretastatin A-4. Carbendazim has interactions only
with one subunit of f-tubulin. Qiu et al.'” demonstrated the
possible binding pocket for carbendazim on the f,-tubulin in
Gibberella zeae was formed with residues Tyr50, Phel67,
Glul98, Phe200, and Arg241. Sequence alignment showed
those above residues are conserved (Figure 3). The carbendazim
binding pocket of R. solani f-tubulin was also formed with those
residues. In addition, His6 and Trp21 formed two hydrogen
bonds with carbendazim in our model, explaining why muta-
tions at the codons 6 gene were responsible for resistance to
carbendazim.”

It is obvious that the binding sites of combretastatin A-4
and carbendazim on fungal tubulin are totally different, which
suggested that combretastatin A-4 and derivatives can be the
useful for controlling carbendazim-resistant plant diseases.

Antifungal Effects on Resistant Strains. Two carbenda-
zim-resistant strains (Fusarium oxysporum Schl. f. sp. vasinfectum
(Atk.) Snyd. & Hans and Sclerotinia sclerotiorum (Lib.) de Bary)
were used to test the antifungal effects of combretastatin A-4
and derivatives on the resistant fungi. The results demonstrated
that combretastatin A-4 and 2 have appreciable inhibitory ability
to the resistant fungi, compared with carbendazim (Table 2).
On testing with F. oxysporum, the inhibition by combretastatin
A-4 was 2.5-fold greater than that of carbendazim. Combretas-
tatin A-4 and 2 have nearly 5- and 4-fold more antifungal effects
than carbendazim against S. sclerotiorum. This result showed
that the binding sites of combretastatin A-4 and derivatives
are different from that of carbendazim, which suggested that
combretastatin A-4 is a good lead compound for new fungicide
discovery that can be used for the control of carbendazim-
resistant fungi.

In conclusion, combretastatin A-4 was first isolated from
the African willow tree, and the double bond in part A of
combretastatin A-4 was hydrogenated; the hydroxyl group in
part B was replaced by amino, nitro, or disodium phosphate
group, and the methoxy group in part C was replaced by an
ethoxy group to afford 12 combretastatin A-4 derivatives,
respectively. Combretastatin A-4 and its derivatives were
identified as new potential fungicides targeting fungal tubulin.
Because their binding site is entirely different from that of
carbendazim, they are possibly useful for fungal resistance
management. The results of antifungal assays on resistant
strains confirmed our hypothesis.
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