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In order to establish the chemical biological technology for production of valuable secondary
metabolites, a novel family of unnatural elicitors derived from the plant activator benzo-1,2,3-
thiadiazole-7-carboxylic acid were designed and synthesized. New synthetic elicitors that showed
powerful eliciting activities upon taxoid biosynthesis by Taxus chinensis suspension cells were
obtained. For example, benzo-1,2,3-thiadiazole-7-carboxylic acid 2-(2-hydroxybenzoxyl)ethyl ester
was more effective and resulted in nearly 40% increase in taxuyunnanine C content and production
in comparison with methyl jasmonate, which was previously reported as the most powerful chemical
elicitor for taxoid biosynthesis. The novel class of elicitors was found to induce plant defense
responses, including promotion of H2O2 levels originating from oxidative burst and activation of
phenylalanine ammonia lyase. Interestingly the plant defense responses induced corresponded well
to the superior stimulating activity in T. chinensis cell cultures. The work indicates that the newly
synthesized benzothiadiazoles can act as a new family of elicitors for taxoid biosynthesis in plant
cells.
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INTRODUCTION

Plant cell culture is a promising alternative for mass produc-
tion of valuable plant products. Among the manipulative
techniques available to promote the productivity of useful
secondary metabolites from plant cell cultures, the use of
elicitors has been one of the best approaches for dramatically
increasing product yields (1-3). Jasmonic acid and its methyl
ester (methyl jasmonate) (Figure 1) are important members of
the family of jasmonates that are linolenic acid-derived cyclo-
pentanone-based compounds of wide distribution in higher
plants. Exogenously applied methyl jasmonate was shown to
result in enhanced production of secondary metabolites by a
variety of plant species, and it was especially demonstrated as
the most effective abiotic elicitors inTaxuscell cultures to
produce the effective anticancer drug taxol and the neuron
growth factor (NGF) active material taxuyunnanine C (4-8).
Our recent work showed that new methyl jasmonate derivatives
were more efficient than methyl jasmonate (9-13). However,
it is very difficult to isolate, purify, and synthesize methyl
jasmonate because of the two chiral carbons in the methyl
jasmonate molecule (14, 15). Therefore, the design and synthesis

of novel unnatural elicitors are a great challenge to chemists.
As a long-term interest, it is very important to establish the
chemical biological technology for valuable secondary metabo-
lites through the design and application of elicitors with new
backbone structure.

Salicylic acid (Figure 1) is also an important signal molecule
to cause systemic acquired resistance (SAR) in plants to
pathogens and pests (16). Salicylic acid and its derivatives could
also elicit secondary metabolism inTaxuscell cultures as with
methyl jasmonate (17, 18). It was noticed thatS-methyl benzo-
1,2,3-thiadiazole-7-carboxylate, the first commercial SAR ac-
tivator for plants, could induce the same set of defense responses
as salicylic acid in signal transduction (19). Therefore, it was
interesting to prove whether or not theS-methyl benzo-1,2,3-
thiadiazole-7-carboxylate derivatives could also induce second-
ary metabolism in plant cell cultures besides their effect on crop
protection as reported.
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Figure 1. Three inducers of plant SAR (systemic acquired resistance).
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Systemic acquired resistance occurs during stress environment
stimuli, including addition of elicitors, and leads to the increased
amount of secondary metabolites such as phytoalexins (20). It
is reasonable to assume that identical characteristics for defense
responses exist in cells in vitro as in plants. Enhanced levels of
H2O2 production and phenylalanine ammonia lyase (PAL)
activity are two typical events related to defense responses. The
production of H2O2 originating from oxidative burst is consid-
ered to be one important event in plant cell defense response
(21). Our previous work proved that eliciting efficiency of
methyl jasmonate derivatives inTaxus chinensiscell cultures
corresponded well to the H2O2 level (22). As a key enzyme
required for biosynthesis of phenolic defense compounds, PAL
was reported to be a plant cell defense response marker caused
by specific external stimuli, including additions of elicitors (23,
24). S-Methyl benzo-1,2,3-thiadiazole-7-carboxylate as a SAR
activator enhanced the elicitation of PAL mRNA and the
induction of coumarin secretion in parsley cells (25). However,
few reports have been published aboutS-methyl benzo-1,2,3-
thiadiazole-7-carboxylate as elicitor in the production of second-
ary metabolites. WhenS-methyl benzo-1,2,3-thiadiazole-7-
carboxylate was added to medium on whichAmni majuscultures
were planted, the growth rates of the elicited and the nonelicited
tissues were not significantly different, suggesting thatS-methyl
benzo-1,2,3-thiadiazole-7-carboxylate was an activator of SAR
but not an elicitor (26). However, a mixture ofS-methyl benzo-
1,2,3-thiadiazole-7-carboxylate and yeast enhanced rosmarinic
acid production in a suspension culture ofAgastache rugosa
(27).

In this study of the important anticancer drug taxol and other
taxoids, aT. chinensiscell system was selected to evaluate the
eliciting efficiency of new syntheticS-methyl benzo-1,2,3-
thiadiazole-7-carboxylate derivatives and the relationship be-
tween the defense response and metabolite production. A series
of novel benzo-1,2,3-thiadiazole-7-carboxylate derivatives was
designed and synthesized, and their eliciting activities in
suspension cultures ofT. chinensiswere evaluated. In addition,
two early and important events in plant defense responses,
oxidative burst and activation of PAL, were also evaluated to
investigate the relationship between the defense response and
the metabolite production.

MATERIALS AND METHODS

Triethylamine was dried over KOH and distilled. Methyl jasmonate
was purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, Japan).
Trifluoroethanol, pentafluoropropanol, and pentafluorobenzyl alcohol
were purchased from Fluka Chem. Co. All other solvents and chemicals
were reagent grade and used without further purification. Melting Points
were recorded by an electrothermal digital apparatus and are uncor-
rected. The1H NMR spectra were recorded with a Brucker AM-500
spectrometer. The MS spectra were measured with a HRMS Micromass
GCT CA 055 spectrometer. The elemental analysis data was measured
by an Elementar vario EL III analyzer.

Syntheses of New Elicitors.The compound3c (Figure 2) was
prepared from benzo-1,2,3-thiadiazole-7-carboxylic acid chloride2 and
CH3SNa solution instead of CH3SH as in the literature (28-30). 3d-f
were obtained by the acylation of fluorine-containing alcohols and2.
5a-d were prepared from benzo-1,2,3-thiadiazole-7-carboxylic acid
chloride2 and corresponding monoesterification of aromatic acids and
diols (4) (31). Specific detailed data for each of the new compounds
are given below.

Synthesis ofS-Methyl Benzo-1,2,3-thiadiazole-7-carboxylate (3c)
(28). A mixture of 0.3 g (1.7mmol) of benzo-1,2,3-thiadiazole-7-
carboxylic acid and thionyl chloride (5 mL) was heated and maintained
at refluxing temperature of 90°C for 8 h. The resulting oil was solidified
when the excess thionyl chloride was removed by vacuum distillation.

The benzo-1,2,3-thiadiazole-7-carboxylic acid chloride was dissolved
in methylene chloride (20 mL) and cooled by ice-water bath, 15%
methyl methyl mercaptan sodium solution (3 mL) was added dropwise
with stirring during 0.5 h, and the mixture stirred at room temperature
for another 5 h. The mixture was washed with water three times and
dried with anhydrous MgSO4 overnight. The filtrate was concentrated
by vacuum distillation and the brown oil obtained was purified by silica
gel column chromatography and eluted with ethyl acetate/petroleum
(1:4). Light yellow crystals (0.12 g, 34% yield) were obtained. Mp:
134-135 °C. 1H NMR (500 MHz, DMSO-d6): δ 2.59 (s, 3H, SCH3),
7.98 (dd, 1H,J ) 7.26 and 7.89 Hz, 5-Ar-H), 8.60 (d, 1H,J ) 7.26
Hz, 4-Ar-H), 9.08 (d, 1H,J ) 7.88 Hz, 6-Ar-H). IR (KBr): ν 3000,
1625, 1524, 1470, 1398, 1087, 1071, 908, 780, 730 cm-1.

Synthesis of 2,2,2-Trifluoroethyl Benzo-1,2,3-thiadiazole-7-car-
boxylate (3d) (General Procedures for 3e and 3f) (28). Benzo-1,2,3-
thiadiazole-7-carboxylic acid chloride prepared as above was dissolved
in dry toluene (4 mL) and then dropped into to a mixture of
trifluoroethanol (2 mL), toluene (4 mL), and triethylamine (0.8 mL)
with stirring at room temperature. After 4 h, the mixture was poured
into water (20 mL), extracted with ethyl acetate, washed with water,
and dried with anhydrous MgSO4 overnight. The filtrate obtained was
concentrated by vacuum distillation and the brown solid obtained was
purified by silica gel column chromatography and eluted with benzene.
Light yellow crystals (0.24 g, 54%) were obtained. Mp: 119-121°C.
1H NMR (500 MHz, DMSO-d6): δ 5.16 (q, 2H,J ) 9.0 Hz, CH2CF3),
7.98 (dd, 1H,J ) 8.35 and 7.36 Hz, 5-Ar-H), 8.49 (d, 1H,J ) 7.37
Hz, 4-Ar-H), 9.10 (d, 1H,J ) 8.35 Hz, 6-Ar-H). IR (KBr): ν 3074,
2978, 1718, 1558, 1410, 1305, 1180, 1135, 1050, 980, 820, 753 cm-1.
HRMS (EI): m/z: 262.0026 [M+], C9H5F3N2O2S requires 262.0024.

3e: 1H NMR (500 MHz, DMSO-d6): δ 5.25 (t, 2H,J ) 9.0 Hz,
CH2CF2CF3), 8.00 (dd, 1H,J ) 8.13 Hz and 7.32 Hz, 5-Ar-H), 8.45
(d, 1H,J ) 7.32 Hz, 4-Ar-H), 9.11 (d, 1H,J ) 8.12 Hz, 6-Ar-H). IR
(KBr): ν 3081, 2963, 1710, 1558, 1454, 1298, 1190, 1130, 1070, 870,
830, 764 cm-1. HRMS (EI): m/z 311.9613 [M+], C10H5F5N2O2S
requires 311.9963.

3f: 1H NMR (500 MHz, DMSO-d6): δ 5.62 (s, 2H, CH2), 7.93 (dd,
1H, J ) 7.35 and 8.11 Hz, 5-Ar-H), 8.40 (d, 1H,J ) 7.35 Hz, 4-Ar-
H), 9.04 (d, 1H,J ) 8.10 Hz, 6-Ar-H). IR (KBr): ν 3059, 2978, 1707,
1506, 1410, 1291, 1135, 1040, 935, 870, 770, 615 cm-1. HRMS (EI):
m/z359.9983 [M+], C14H5F5N2O2S requires 359.9992.

Synthesis of Benzo-1,2,3-thiadiazole-7-carboxylic Acid 2-Benzoyl-
oxyethyl Ester (5a) (General Procedures for 5b, 5c and 5d) (28).
Sulfuric acid (98%, 0.5 mL) was added to a mixture of benzoic acid

Figure 2. Preparation of S-methyl benzo-1,2,3-thiadiazole-7-carboxylate
derivatives.
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(2.4 g, 0.02 mol) and ethylene glycol (6 mL). The mixture was heated
to 120 °C with stirring for 2.5 h. After cooling, water (40 mL) was
added and the mixture was neutralized with NaHCO3. The separated
oil was washed with NaHCO3 solution and water and then dissolved
in ethyl acetate and dried with MgSO4. The 2-hydroxyethyl benzoate
was obtained as a colorless oil after concentration (87%) (31).

Benzo-1,2,3-thiadiazole-7-carboxylic acid chloride was dissolved in
dry toluene (4 mL) and then dropped into a mixture of 2-hydroxyethyl
benzoate (0.3 g, 1.7 mmol), toluene (6 mL), and triethylamine (0.36
mL) with stirring at room temperature. After 16 h of stirring, the mixture
was poured into water (20 mL), extracted with ethyl acetate, washed
with water, and dried with anhydrous MgSO4 overnight. The filtrate
was concentrated by vacuum distillation and the brown solid obtained
was purified by silica gel column chromatography, eluted with ethyl
acetate/hexane (2:1) as white crystals (0.24 g, 55%). Mp: 79-82 °C.
1H NMR (500 MHz, DMSO-d6): δ 4.67-4.78 (m, 4H, OCH2CH2O),
7.48 (dd, 2H,J ) 7.77 Hz and 7.38 Hz, 3′,5′-Ar-H), 7.63 (t, 1H,J )
7.39 Hz, 4′-Ar-H), 7.92 (dd, 1H,J ) 7.35 and 7.87 Hz, 5-Ar-H), 7.95
(d, 2H,J ) 7.78 Hz, 2′, 6′-Ar-H), 8.42 (d, 1H,J ) 7.30 Hz, 4-Ar-H),
9.01 (d, 1H,J ) 7.99 Hz, 6-Ar-H). IR (KBr): ν 3070, 2945, 1720,
1570, 1460, 1270, 1120, 1070, 860, 760, 720 cm-1. HRMS (EI): m/z
328.0503 [M+], C16H12N2O4S requires 328.0518. Elemental analysis
(%) found: C 58.66, H 3.54, N 8.49. Requires: C 58.53, H 3.68, N
8.53.

5b: 1H NMR (500 MHz, DMSO-d6): δ 4.75-4.80 (m, 4H, OCH2-
CH2O), 7.96 (dd, 1H,J ) 7.31 and 8.37 Hz, 5-Ar-H), 8.42 (d, 1H,J
) 7.30 Hz, 4-Ar-H), 9.0 (d, 1H,J ) 8.37 Hz, 6-Ar-H). HRMS (EI):
m/z418.0373 [M+], C16H7F5N2O4S requires 418.0358.

5c: 1H NMR (500 MHz, DMSO-d6): δ 4.69-4.77 (m, 4H, OCH2-
CH2O), 7.40-7.44 (m, 1H, Ar-H), 7.53-7.55 (m, 2H, Ar-H), 7.82 (d,
1H, J ) 8.53 Hz, Ar-H), 7.94 (dd, 1H,J ) 7.29 and 7.88 Hz, 5-Ar-H),
8.43 (d, 1H,J ) 7.28 Hz, 4-Ar-H), 9.03 (d, 1H,J ) 7.90 Hz, 6-Ar-H).
IR (KBr): ν 3067, 2956, 1703, 1558, 1436, 1284, 1135, 1060, 860,
749, 695 cm-1. HRMS (EI): m/z 362.0092 [M+], C16H11ClN2O4S
requires 362.0128. Elemental analysis (%) found: C 53.20, H 3.06, N
7.59. Requires: C 52.97, H 3.06, N 7.72.

5d: 1H NMR (500 MHz, DMSO-d6): δ 4.71-4.80 (m, 4H, OCH2-
CH2O), 6.88-6.91 (m, 1H, Ar-H), 6.95-6.97 (m, 1H, Ar-H), 7.48-
7.51 (m, 1H, Ar-H), 7.77-7.80 (m, 1H, Ar-H), 7.94 (dd, 1H,J ) 7.34
and 8.34 Hz, 5-Ar-H), 8.45 (d, 1H,J ) 7.33 Hz, 4-Ar-H), 9.04 (d, 1H,
J ) 8.34 Hz, 6-Ar-H), 10.38 (s, 1H, OH). IR (KBr):ν 3280 (OH),
3059, 2963, 1722, 1666, 1606, 1580, 1480, 1400, 1290, 1250, 1161,
1080, 860, 756, 700 cm-1. HRMS (EI): m/z344.0451 [M+], C17H12-
Cl2N2O5S requires 344.0467. Elemental analysis (%) found: C 55.88,
H 3.53, N 7.99. Requires: C 55.81, H 3.51, N 8.14.

Cell Subculture Conditions. The T. chinensiscell culture was
maintained on Murashige and Skoog medium supplemented with 0.5
mg/L of 6-benzyladenine, 0.2 mg/L of 2,4-dichlorophenoxy acetic acid,
0.5 mg of naphthalene acetic acid, 100 mg/L of ascorbic acid, and 30
g/L of sucrose. The pH was adjusted to 5.8 before autoclaving. The
cells were subcultured at an interval of 2 weeks in a 500-mL Erlenmeyer
flask containing 200 mL of medium on a rotary shaker at 110 rpm and
25 °C in the dark.

Elicitation Study. For elicitation experiments, ca. 5 g of fresh cell
aggregates were incubated into a 250-mL Erlenmeyer flask containing
50 mL of medium with the same culture conditions as in subcultures.
All elicitors were added to the cultures in 1µL of ethanol per 1 mL of
culture medium, sterilized by filtering through 0.22µm polyvinylidene-
difluoride (PVDF) syringe filters (Millipore) and finally added to the
culture medium at day 7 of the subculturing period. The experiments
were performed in triplicate.

Measurement of Cell Mass.The samples from flasks were filtered
under vacuum and washed with several volumes of distilled water to
remove residual medium. The cells were weighed to obtain the fresh
weight, and 5 g was dried at 50°C to a constant weight for the
measurement of cell dry weight (DW).

Taxane Extraction and Analysis.For taxane extraction, 100 mg
of powdered dry cells was soaked in 2 mL of methanol for 2 days and
then the mixture was ultrasonicated twice for 40 min. After centrifuga-
tion at 4000g for 10 min, the extract was removed and the cell debris
was extracted once more with 2 mL of methanol. The combined extracts

were evaporated to dryness at 25°C. The residue was dissolved in 2
mL of dichloromethane and 2 mL of distilled water. After sufficient
mixing, the mixture was centrifuged at 4000g for 10 min. The organic
phase was collected and evaporated to dryness at 25°C. The residue
was dissolved in 1 mL of methanol and filtered through a 0.22µm
PVDF syringe filter (Millipore); 20µL was analyzed by reverse phase
HPLC, using a Hewlett-Packard series 1100 HPLC system (Agilent,
Palo Alto, CA). A 250× 4.6 mm i.d. 5µm Zorbax Phenyl column
(Agilent) with a Zorbax Phenyl guard column was used at 25°C. The
mobile phase consisted of acetonitrile and water (58:42, v/v), and the
flow rate was 1 mL/min. Taxane was monitored at the wavelength of
227 nm by using authentic standards as the reference.

Assay of Oxidative Burst. H2O2, associated with the so-called
oxidative burst, originates from superoxide generated by a plasma
membrane-associated NADH oxidase in challenged plant cells. H2O2

produced by the cells and released into the medium was determined
by the scopoletin fluorescence oxidative quenching method (excitation
wavelength, 350 nm; emission, 460 nm) according to the literature (32).
To measure H2O2 accumulation, samples were taken at various intervals
over the 180-min period following elicitation. Aliquots of 4 mL of
extracellular medium were mixed with 40µL of 5 mM stock solution
of scopoletin in DMSO and 40µL of 1 mg/mL stock solution of
peroxidase (Sino-American Biotechnology Co., Shanghai), respectively.
The concentration of H2O2 in the medium was calculated from the
fluorescence decrease using a calibration curve established in the
presence of H2O2. A standard curve by adding scopoletin to the solutions
at different H2O2 concentrations was prepared by using cell-free
medium.

Effects of various jasmonate elicitors on peroxidase-dependent assay
for H2O2 determination were tested. Various jasmonates were added
to cell-free medium to obtain final concentrations of 10, 50, or 100
µM, respectively. In the assay conditions, an addition of jasmonate
elicitors had no obvious effect on the decrease of scopoletin fluorescence
because of H2O2 addition.

Enzyme Extraction and PAL Activity Analysis. Cells were
harvested as described above, and then samples of 1 g of fresh cells
were frozen in liquid nitrogen. After grinding the cells with a mortar
and pestle, crude enzymes in the frozen powder were extracted by
adding 50 mg of polyvinypyrrolidone and 2 mL of prechilled buffer
of pH 7.2 (0.1 M phosphate buffer, 2 mM ethylenediaminetetraacetic
acid, 4 mM dithiothreitol), and then the mixture was homogenized at
4 °C. The mixture was centrifuged at 10 000g for 30 min at 4°C. The
supernatant was used directly for PAL assay using a method slightly
modified from a previous report (33): 200 µL of the protein extracts
was incubated with 120µL of 0.1 M L-phenylalanine dissolved in 280
µL of 0.1 M borate buffer of pH 8.8 at 30°C for 60 min. The reaction
was stopped by adding 50µL of 5 N trichloroacetic acid. After
centrifugation at 10 000g for 30 min, the supernatant was analyzed by
HPLC under the following conditions: solvent, water:methanol:acetic
acid (40:60:1, v/v/ v); detection, 280 nm; flow, 1 mL/min; column,
250× 4.6 mm i.d., 5µm Zorbax ODS (Agilent); injection volume, 20
µL. Genuine trans-cinnamic acid (Sigma) was used as an external
standard. One unit (U) of enzyme activity is defined as the amount of
enzyme forming 1 pmol oftrans-cinnamic acid from the substrate
L-phenylalanine per min.

RESULTS AND DISCUSSION

Preparation of S-Methyl Benzo-1,2,3-thiadiazole-7-car-
boxylate and Its Derivatives (Figure 2).S-Methyl benzo-1,2,3-
thiadiazole-7-carboxylate derivatives (1, 3a, and 3b) were
synthesized according to the literature (28). Target compounds
3c-f and5a-d were prepared as inFigure 2. Compounds3d-
5d have not been previously reported. All compounds were
separated and purified by recrystallization or silica gel chro-
matography. Their structures were identified by1H NMR,
HRMS, and elemental analyses.

Compound3cwas prepared by acylation of benzothiadiazole-
7-carboxylic acid chloride and CH3SNa solution instead of
CH3SH (29, 30), which avoids the odor and volatility of CH3SH.
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However, esterification of benzothiadiazole-7-carboxylic acid
and trifluoroethanol did not work in the preparation of3d under
some conditions, because of the acidity of trifluoroethanol, so
condensation of benzothiadiazole-7-carboxylic acid chloride and
trifluoroethanol in the presence of triethylamine was adopted.
In the process of preparing compound5d, the protection of
hydroxyl group with acetic anhydride was not required. Because
of steric factors and intramolecular H-bond (34), the free
phenolic hydroxyl group would not participate in the reaction
as long as no excess acid chloride was added.

Biological Activity of S-Methyl Benzo-1,2,3-thiadiazole-
7-carboxylate and Its Derivatives.For the evaluation of the
newly synthesized derivatives ofS-methyl benzo-1,2,3-thiadia-
zole-7-carboxylate, a suspension culture ofT. chinensiscell was
used. Under the same experiment conditions, no elicitor was
introduced in the culture system as control. To compare the
elicitation efficiency of S-methyl benzo-1,2,3-thiadiazole-7-
carboxylate derivatives, methyl jasmonate, which was the best
chemical elicitor reported earlier, was also used (35, 36). The
optimal concentration and culture time experiments of com-
pound 3a as example are shown inTable 1. The optimal
concentration was 100µm and the maximal taxuyunnanine C
content was reached in 21 days. The taxuyunnanine C content
and production of all the new elicitors are listed inTable 2.

Compounds3a-c are known or commercial SAR activators
for plants. It was shown in our experiments that although
S-methyl benzo-1,2,3-thiadiazole-7-carboxylate (3c) was the
most effective in causing SAR in plants (30), it was not the
most effective elicitor in the cell culture among its derivatives.
Its eliciting activity was a little lower than that of methyl benzo-
1,2,3-thiadiazole-7-carboxylate (3b).

As shown inFigure 3, theS-methyl benzo-1,2,3-thiadiazole-
7-carboxylate derivatives showed different dynamic profiles of
taxuyunnanine C content from methyl jasmonate. Generally, an
increase in taxuyunnanine C content was observed after the
addition of methyl jasmonate at 7 day, but it did not appear in
the case ofS-methyl benzo-1,2,3-thiadiazole-7-carboxylate
derivatives. After 15 days, there was an obvious increase in
taxuyunnanine C content forS-methyl benzo-1,2,3-thiadiazole-
7-carboxylate derivatives. During the cultivation, at 15 days the
taxuyunnanine C content for5d was 16.2 mg/g dry weight
(DW), and 6 days later, their taxuyunnanine C content increased
rapidly to 39.4 mg/g DW.

By comparison of3d with 3b, it was found that the presence
of a trifluoromethyl group (3d) produced nearly a 40% increase
in taxuyunnanine C content, but the eliciting activities of3e
and 3f, which have a pentafluoroethyl or pentafluorophenyl
group, were lower than that of3b. Fluorine-containing com-
pounds usually have higher lipophilicity, and it seemed that
too high a lipophilicity (A log P98 of 3d, 3e and 3f is esti-
mated to be 2.82, 3.31, and 4.42, respectively), might be not
beneficial to their interaction with their receptors in plant cell
membranes.

Introduction of aromatic acids to benzo-1,2,3-thiadiazole-7-
carboxylates gave better results. Activities of5a, 5c and 5d
seemed to relate to 2-position substituents on the benzoic acid
moiety, and the introduction of 2-Cl and 2-OH contributed
remarkably to the eliciting activity. The compound5d is the
only one of the benzo-1,2,3-thiadiazole-7-carboxylates whose
eliciting activity surpassed that of methyl jasmonate, which has
been considered to be one of the most effective abiotic elicitors
in T. chinensiscell cultures. Its bioactivity was also more than
that of two parts of benzo-1,2,3-thiadiazole-7-carboxylic acid
and salicylic acid combined.

To find some biological evidence for our results,3c and3d
were selected to demonstrate typical examples of the investiga-
tion of the elicitor-induced plant defense responses, while the
cultures with nonelicitor addition was used as controls.

Figure 4 shows that increased levels of H2O2 production
followed by increased PAL activity and taxoid overproduction
was observed inT. chinensissuspension cultures elicited with
S-methyl benzo-1,2,3-thiadiazole-7-carboxylate derivatives. There
is an increasing body of evidence that H2O2 can act as a
diffusible signal to activate defense genes and the biosynthesis
of plant secondary metabolites (37-39). The increased PAL
activity provided additional evidence for occurrence of the
oxidative burst in elicited cell cultures. In addition, the time
courses of H2O2 production and PAL activity of cells elicited

Table 1. Effects on the Maximum Cell Concentration of Compound 3a
on the Taxuyunnanine C Content and Production in Cell Cultures of T.
chinensis

taxuyunnanine C (21 d)a

concn of
3a (µM)

cell concn
(g DW/L)

(14 d)
content

(mg/g DW)
production

(mg/L)

0 15.7 ± 0.5 15.3 ± 0.1 160 ± 3.8
1 15.5 ± 0.6 16.2 ± 0.3 226 ± 7

10 16.1 ± 0.6 18.5 ± 1.1 240 ± 15
100 10.9 ± 0.6 18.7 ± 0.5 255 ± 8
200 8.5 ± 0.3 19.4 ± 0.1 151 ± 14

a Data are the means with standard deviations of three flasks.

Table 2. Compounds Prepared and Their Eliciting Activity Comparison
with Controls, Methyl Jasmonate, and Salicylic Acid in Taxus chinensis
Cell Suspension Culture

taxuyunnanine C

compd R

cell growth
(elicitor/
control)

content
(elicitor/
control)

production
(elicitor/
control)

activity
score

3a OH 0.81 1.40 1.52 1.00
3b OCH3 0.86 1.48 1.72 1.13
3c SCH3 0.85 1.44 1.62 1.07
3d OCH2CF3 0.96 2.07 1.87 1.23
3e OCH2CF2CF3 0.83 1.39 1.35 0.89
3f OCH2C6F5 1.01 1.28 1.25 0.82
5a C6H5 1.07 1.26 1.13 0.74
5b C6F5 0.95 1.38 1.34 0.88
5c C6H4Cl(2-) 1.11 1.96 1.90 1.25
5d C6H4OH(2-) 1.04 3.37 3.36 2.21
MJA − 0.95 2.44 2.44 1.60
SA − 0.98 1.48 1.68 1.10

Figure 3. Eliciting activity of S-methyl benzo-1,2,3-thiadiazole-7-carboxylate
derivatives on taxuyunnanine C content (control, methyl jasmonate, 3b,
3d, and 5d).
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with syntheticS-methyl benzo-1,2,3-thiadiazole-7-carboxylate
derivatives were almost the same as those of methyl jasmonate-
treated cells in our previous work (data not shown). Our results
are also different from other reports. Thaler et al. (19) claimed
that S-methyl benzo-1,2,3-thiadiazole-7-carboxylate could at-
tenuate the methyl jasmonate-related expression of the anti-
herbivore defense-related enzyme polyphenol oxidase in plants,
while Kim et al. (27) reported that in elicited secondary
metabolites, the addition of methyl jasmonate could increase
rosmarinic acid accumulation inColeus blumei, but S-methyl
benzo-1,2,3-thiadiazole-7-carboxylate alone did not. This sug-
gests that methyl jasmonate andS-methyl benzo-1,2,3-thia-
diazole-7-carboxylate may act in different ways in plant cells,
but they displayed almost similar activities in eliciting taxuy-
unnanine C production inT. chinensiscell cultures in our work.

Interestingly, the H2O2 level and PAL activity were induced
to a higher level in the cells treated with3d than those in
S-methyl benzo-1,2,3-thiadiazole-7-carboxylate-treated cells,
which corresponded well to the superior stimulating activity for
the former versus the latter. It indicates that the synthetic
S-methyl benzo-1,2,3-thiadiazole-7-carboxylate derivative (3d)
can act as a more powerful inducing signal thanS-methyl benzo-
1,2,3-thiadiazole-7-carboxylate for secondary metabolite produc-
tion by plant cell cultures. The results also implied that the
measurement of H2O2 level and PAL activity of elicitors might

provide another method to evaluate efficiency of new elicitors
in plant cell cultures.

Compounds3d, 5c, and5d had excellent eliciting activities.
By comparison with methyl jasmonate,5d was more effective
and resulted in 38% increase in taxuyunnanine C content and
production. It is much easier to synthesize these compounds
than to synthesize methyl jasmonate derivatives (40-45). To
the best of our knowledge, this is the first report that new
S-methyl benzo-1,2,3-thiadiazole-7-carboxylate derivatives ef-
fectively enhanced both taxuyunnanine C content and produc-
tion. In addition,S-methyl benzo-1,2,3-thiadiazole-7-carboxylate
derivatives were found to induce plant defense responses as
effectively as methyl jasmonate, including oxidative burst and
activation of PAL. The work indicates that the newly synthesized
S-methyl benzo-1,2,3-thiadiazole-7-carboxylate derivatives may
act as powerful inducing signals for secondary metabolite
biosynthesis in plant cell cultures.

LITERATURE CITED

(1) Linden, J. C.; Haigh, J. R.; Mirjalili, N.; Phisalaphong, M. Gas
concentration effects on secondary metabolite production by plant
cell cultures.AdV. Biochem. Eng. Biotechnol. 2001, 72, 28-62.

(2) Pedapudi, S.; Chin, C. K.; Pedersen, H. Production and elicitation
of benzalacetone and the raspberry ketone in cell suspension
cultures of Rubus idaeus.Biotechnol. Prog.2000, 16, 346-349.

(3) Zhong, J. J. Plant cell culture for production of paclitaxel and
other taxanes.J. Biosci. Bioeng. 2002, 94, 591-599.

(4) Yukimune, Y.; Tabata, H.; Higashi, Y.; Hara, Y. Methyl
jasmonate-induced overproduction of paclitaxel and baccatin III
in Taxuscell suspension cultures.Nat. Biotechnol.1996, 14,
1129-1132.

(5) Wang, Z. Y.; Zhong, J. J. Repeated elicitation enhances taxane
production in suspension cultures ofTaxus chinensisin bio-
reactors. Biotechnol. Lett.2002, 24, 445-448.

(6) Mirjalili, N.; Linden, J. C. Methyl jasmonate induced production
of taxol in suspension cultures ofTaxus cuspidata: Ethylene
interaction and induction models.Biotechnol. Prog.1996, 12,
110-118.

(7) Ketchum, R. E. B.; Gibson, D. M.; Croteau, R. B.; Shuler, M.
L. The kinetics of taxoid accumulation in cell suspension cultures
of Taxusfollowing elicitation with methyl jasmonate.Biotechnol.
Bioeng.1999, 62, 97-105.

(8) Choi, H. K.; Kim, S. I.; Son, J. S.; Hong, S. S.; Lee, H. S.;
Chung, I. S.; Lee, H. J. Intermittent maltose feeding enhances
paclitaxel production in suspension cultures ofTaxus chinensis
cells.Biotechnol. Lett.2000, 22, 1793-1796.

(9) Qian, Z. G.; Zhao, Z. J.; Xu, Y. F; Qian, X. H.; Zhong, J. J.
Novel chemically synthesized hydroxyl-containing jasmonates
as powerful inducing signals for plant secondary metabolism.
Biotechnol. Bioeng.2004, 86, 809-816.

(10) Qian, Z.G.; Zhao, Z. J.; Xu, Y. F; Qian, X. H.; Zhong, J. J.
Novel synthetic jasmonates as highly efficient elicitors for taxoid
production by suspension cultures ofTaxus chinensis. Biotechnol.
Bioeng.2004, 86, 594-599.

(11) Qian, Z. G.; Zhao, Z. J.; Xu, Y. F; Qian, X. H.; Zhong, J. J.
Novel synthetic 2,6-dichloroisonicotinate derivatives as effective
elicitors for inducing the biosynthesis of plant secondary
metabolitesAppl. Microbiol. Biotechnol.2006, 71, 164-167.

(12) Qian, Z. G.; Zhao, Z. J.; Xu, Y. F; Qian, X. H.; Zhong, J. J. A
novel synthetic fluoro-containing jasmonate derivative acts as a
chemical inducing signal for plant secondary metabolism.Appl.
Microbiol. Biotechnol.2005, 68, 98-103.

(13) Qian, Z. G.; Zhao, Z. J.; Xu, Y. F; Qian, X. H.; Zhong, J. J. A
highly efficient strategy for enhancing taxoid production by
repeated elicitation with a newly synthesized jasmonate in fed-
batch cultivation ofTaxus chinensiscells. Biotechnol. Bioeng.
2005, 90, 516-521.

(14) Vick, B. A.; Zimmerman, D. C. Biosynthesis of jasmonic acid
by several plant species.Plant Physiol.1984, 75, 458-461.

Figure 4. Comparison of (A) 3d and S-methyl benzo-1,2,3-thiadiazole-
7-carboxylate-induced H2O2 production and (B) PAL activity in T. chinensis
suspension cultures.

Novel, Unnatural Elicitors of Taxoid Biosynthesis J. Agric. Food Chem., Vol. 54, No. 23, 2006 8797

http://pubs.acs.org/action/showImage?doi=10.1021/jf0618574&iName=master.img-003.png&w=239&h=388


(15) Yukimune, Y.; Hara, Y.; Nomura, E.; Seto, H.; Yoshida, S. The
configuration of methyl jasmonate affects paclitaxel and baccatin
III production in Taxuscells.Phytochemstry2000, 54, 13-17.

(16) Enyedi, A. J.; Yalpanl, N.; Silverman, P.; Raskin, L. Signal
molecules in systemic plant resistance to pathogens and pests.
Cell 1992, 70, 879-886.

(17) Yu, L. Z.; Lan, W. Z.; Qin, W. M.; Xu, H. B. Effects of salicylic
acid on fungal elicitor-induced membrane-lipid peroxidation and
taxol production in cell suspension cultures ofTaxus chinensis.
Process Biochem.2001, 37, 477-482.

(18) Qian, Z. G., Zhao; Z. J.; Xu, Y. F.; Qian, X. H.; Zhong, J. J.
Novel chemically synthesized salicylate derivative as an effective
elicitor for inducing the biosynthesis of plant secondary me-
tabolites.Biotechnol. Prog. 2006, 22, 331-333.

(19) Thaler, J. S.; Fidaantsef, A. L.; Duffey, S. S.; Bostock, R. M.
Trade-offs in plant defense against pathogens and herbivores:
A field demonstration of chemical elicitors of induced resistance.
J. Chem. Ecol.1999, 25, 1597-1608.

(20) Kessmann, H.; Staub, T.; Hofmann, C. Induction of systemic
acquired disease resistance in plants by chemicals.Annu. ReV.
Phytopathol.1994, 32, 439-459.

(21) Rao, M. V.; Paliyath, G.; Ormrod, D. P.; et al. Influence of
salicylic acid on production, oxidative stress, and metabolizing
enzymes.Plant Physiol.1997, 115, 137-149.

(22) Zhao, Z. J.; Xu, Y. F.; Qian, Z. G.; Tian, W. H.; Qian, X. H.;
Zhong, J. J. Novel fluoro- and hydroxyl-containing jasmonate
derivatives as highly efficient elicitors in suspension cultures of
Taxus chinensis. Bioorg. Med. Chem. Lett. 2004, 14, 4755-4758.

(23) Jabs, T.; Tscho¨pe, M.; Colling, C.; Hahlbrock, K.; Scheel, D.
Elicitor-stimulated ion fluxes and O2- from the oxidative burst
are essential components in triggering defense gene activation
and phytoalexin synthesis in parsley.Proc. Natl. Acad. Sci.
U.S.A.1997, 94, 4800-4805.

(24) Dorey, S.; Kopp, M.; Geoffroy, P.; Fritig, B.; Kauffmann, S.
Hydrogen peroxide from the oxidative burst is neither necessary
nor sufficient for hypersensitive cell death induction, phenyl-
alanine ammonia lyase stimulation, salicylic acid accumulation,
or scopoletin consumption in cultured tobacco cells treated with
elicitin. Plant Physiol.1999, 121, 163-172.

(25) Katz, V. A.; Thulke, O. U.; Conrath, U. A benzothiadiazole
primes parsley cells for augmented elicitation of defense
responses.Plant Physiol.1998, 117, 1333-13339.

(26) Staniszewska, I.; Kro´licka, A.; Maliski, E.; ojkowska, E.;
Szafranek, J. Elicitation of secondary metabolites in in vitro
cultures ofAmni majusL. Enzyme Microb. Technol.2003, 33,
565-568.

(27) Kim, H-K.; Oh, S-R.; Lee, H-K.; Huh, H. Benzothiadiazole
enhances the elicition of rosmarinic acid production in a
suspension culture ofAgastache rugosaO. Kuntze.Biotechnol.
Lett. 2001, 23, 55-60.

(28) Binningen, R. S., Oberwil, W. K., Nyfeler, R. Process and a
composition for immunizing plants against diseases. US patent,
4931581,1990.

(29) Kuntz, W.; Schurter, R.; Maetzke, T. The chemistry of benzo-
thiadiazole plant activators.Pestic. Sci.1997, 50, 275-282.

(30) Schurter, R.; Kuntz, W.; Nyfeler, R. New and known 1,2,3-
benzothiadiazole derivatives-useful for immunizing plants against
microbial infection. Eur Pat Appl EP. 313512, 1989.

(31) Heim, C. H.; Charles, F. P. Preparation of some glycol
benzonates.J. Org. Chem.1944, 9, 299-301.

(32) Cazale´, A. C.; Rouet-Mayer, M. A.; Barbier-Brygoo, H.; Mathieu,
Y.; Laurière, C. Oxidative burst and hypoosmotic stress in
tobacco cell suspensions.Plant Physiol.1998, 116, 659-669.

(33) Heide, L.; Nishioka, N.; Fukuki, H.; Tabata, M. Enzymatic
regulation of shikonin biosynthesis in Lithospermum eryth-
rorhizon cell cultures.Phytochemistry1989, 28, 1873-1877.

(34) Rizzi, G. P. An improved synthesis of 2′-hydroxy-3′,4′,6′-
trimethoxy-acylophenones.Synth. Commun.1983, 13, 1173-
1179.

(35) Dong, H. D.; Zhong, J. J. Significant improvement of taxane
production in suspension cultures ofTaxus chinensisby com-
bining elicitation with sucrose feed.Biochem. Eng. J.2000, 8,
145-150.

(36) Pan, Z. W.; Wang, H. Q.; Zhong, J. J. Scale-up study on
suspension cultures ofTaxus chinensiscells for production
of taxane diterpene.Enzyme Microb. Technol.2000, 27, 714-
723.

(37) Mehdy, M. C. Active oxygen species in plant defense against
pathogens.Plant Physiol.1994, 105, 467-472.

(38) Sharan, M.; Taguchi, G.; Gonda, K.; Jouke, T.; Shimosaka, M.;
Hayashida, N.; Okazaki, M. Effects of methyl jasmonate and
elicitor on the activation of phenylalanine ammonia-lyase and
the accumulation of scopoletin and scopolin in tobacco cell
cultures.Plant Sci.1998, 132, 13-19.

(39) Mithofer, A.; Daxberger, A.; Fromhold-Treu, D.; Ebel, J.
Involvement of an NAD(P)H oxidase in the elicitor-inducible
oxidative burst of soybean. Phytochemistry1997, 45, 1101-
1107.

(40) Kiyota, H.; Saitoh, M.; Oritani, T.; Yoshihara, T. Synthesis and
potato tuber-inducing activity of methyl 5′,5′,5′-trifluoro-
jasmonate.Phytochemistry1996, 42, 1259-262.

(41) Blechert, S.; Bockelmann, C.; Bru¨mmer, O.; Fu¨sslein, M.;
Gundlach, H.; Haider, G.; Ho¨lder, S.; Kutchan, T. M.; Weiler,
E. W.; Zenk, M. H. Structural separation of biological activities
of jasmonates and related compounds.J. Chem. Soc. Perkin
Trans 11997, 1, 3549-3559.

(42) Krumm, T.; Bandemer, K.; Boland, W. Induction of volatile
biosynthesis in the Lima bean (Phaseolus lunatus) by leucine-
and isoleucine conjugates of 1-oxo-and 1-hydroxyindan-4-
carboxylic acid: Evidence for amino acid conjugates of jasmonic
acid as intermediates in the octadecanoid signaling pathway.
FEBS Lett.1995, 377, 523-529.

(43) Lauchli, R.; Schu¨ler, G.; Boland, W. Selective induction of
secondary metabolism inPhaseolus lunatusby 6-substituted
indanoyl isoleucine conjugates.Phytochemistry2002, 61, 807-
817.

(44) Ichihara, A.; Toshima, H. Coronatine: Chemistry and biological
activities. InBiologically ActiVe Natural Products: Agrochemi-
cals; Cutler, H. G., Cutler, S. J.; CRC Press: Boca Raton, FL,
1999, pp 93-105.
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