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The hydroxylation of gibberellin (GA) at the 2-position is known as the major cause of inactivation of GAs,
whose reaction is catalyzed by 2-oxoglutarate dependent dioxygenases, also termed GA 2-oxidases
(GA2o0xs). To block GA catabolism in plants, a few chemicals can be used. To obtain novel inhibitors spe-
cific to GA2oxs, we performed in vitro random screenings by using *H-16,17-dihydro-GA, and recombi-
nant Arabidopsis GA20x2. As a result, one candidate, methyl 6-chloro-3H-1,2,3-benzodithiazole-4-
carboxylate 2-oxide (CBTC), was selected from the screening, and was subjected to in-planta evaluations.
CBTC promoted both the germination and elongation of Arabidopsis seedlings. This strongly suggests that
CBTC inhibits GA2o0xs in Arabidopsis with high specificity.

© 2010 Elsevier Ltd. All rights reserved.

Gibberellin (GA) is a plant hormone that regulates various
developmental processes in plants like seed germination, stem
elongation, flowering, and fruit ripening.!? For those phenomena,
the fluctuation pattern of GAs and their related gene expression
are precisely regulated. The biosynthetic pathway of GA in plants
is generally illustrated in Fig. 1. GA4, which shows the highest
affinity to GA receptors, is thought to be the most active form of
GA.? The endogenous amount of biologically active GA depends
on the balance of its metabolism and catabolism. For the catabo-
lism of GA, hydroxylation at the 2-position by GA 2-oxidase
(GA20x) was initially reported.* Besides the GA2oxs, other en-
zymes which catalyze the methylation of the 6-carboxy group,’
or the epoxydation of exo-methylene at C-16 and 17,% have also
been identified (Fig. 1).

The analysis of multiple loss-of-function mutants revealed that
GA2oxs are the major enzymes for GA inactivation in the growth of
Arabidopsis.” The orthologous genes for GA20x were cloned from
various plants.*® GA20x is classified as a 2-oxoglutarate dependent
dioxygenase (20DD). Other 20DDs, GA 3-oxidase (GA3ox) and GA
20-oxidase (GA200x) function in GA biosynthesis (Fig. 1).1"° Conse-
quently, the two 20DDs and GA2ox are homologous to each other
in their amino acid sequences.*

Abbreviations: GA, gibberellin; GA20x, gibberellin 2-oxidase; 20DD, 2-oxoglu-
tarate dependent dioxygenase; PHX, prohexadione.
* Corresponding author. Tel.: +81 3 5841 5192; fax: +81 3 5841 8025.
E-mail address: nkjm@pgr1.ch.a.u-tokyo.ac.jp (M. Nakajima).
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Prohexadione (PHX, 1 shown in Fig. 2) is a universal inhibitor of
20DDs carrying a cyclohexadione moiety.'®!! The target of PHX is
the binding site of 2-oxoglutarate,'®!? and therefore the chemical
is effective for other 20DDs, for example, biosynthetic enzymes
for flavonoids.'? So GA200x, GA30x, and GA2ox are all inhibited
by PHX.'° This implies that the application of PHX to plants leads
to a starvation of endogenous GAs caused by the inhibition of the
GA-biosynthetic enzymes, GA20ox and GA3ox (Fig. 1). This broad
characteristic of PHX is advantageous for the application to various
kinds of crops to reduce the endogenous GAs, although its low
specificity may be a weak point to the fine regulation of GAs. In this
report, by using a recombinant GA2ox from Arabidopsis and its
radio-labeled substrate 3H-16,17-dihydro-GA,4, we tried to screen
new inhibitors for GA2ox having more specificity than PHX.

Firstly, we selected one Arabidopsis GA20x as a tool.'*> Seven
genes (GA2o0x1 through GA20x8, excluding GA20x5) encoding
GA2o0x exist in the Arabidopsis genome.! After the biochemical
characterization of those gene products, they were divided into
two groups; the first shows a preference to biologically active
GAs (GA4/GA,) or to their direct precursors (GAg/GAsp),* while
the second shows a preference to precursors distant from active
GAs (GA1zs3) (Fig. 1)."* We focused on GA20x2 which belongs to
the first group and has a major function in Arabidopsis seed germi-
nation.!”> Recombinant GA20x2 fused with thioredoxin- and His-
tags was prepared and confirmed by an SDS-PAGE profile
(60 kDa, data not shown).

To validate the enzymatic activity of GA20x2, GA; or
16,17-dihydro-GA, were incubated with the affinity-purified
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Figure 1. Biosynthesis of gibberellin in higher plants. The inhibition sites of
prohexadione (PHX, 1) are indicated with an asterisk (*). The inhibition site of
paclobutrazol is indicated with double asterisks (**). GA200x, gibberellin 20-
oxidase; GA3ox, gibberellin 3-oxidase, and GA2ox, gibberellin 2-oxidase.

recombinant GA20x2 and other required adjuncts. Each metabolite
was then identified by using GC/MS on the basis of Kovats’ reten-
tion index (KRI) and the full-scan mass spectra of each methyl ester
trimethylsilyl ether derivative.'® As a result, the 2 beta-hydroxyl-
ated metabolite for each examined GA was identified; GAs4 (as
for the substrate GA,), KRI 2721, 506 (100), 459 (15), 416 (12),
387 (18), 372 (18), 356 (11), 313 (15), 288 (13), 272 (17), 241
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Figure 2. Chemical structures appearing in this Letter. (1) Prohexadione (PHX); (2)
methyl 6-chloro-3H-1,2,3-benzodithiazole-4-carboxylate 2-oxide (CBTC); (3) 2-
acetamido-5-chlorobenzoic acid methylester; (4) 5-chlorooxindole; (5) 6-chloro-2-
mercaptobenzothiazole; (6) 7-chloro-2H-1,4-benzothiazin-3(4H)-one; (7) methyl
5-chloroanthranilate; (8) methyl 5-chloro-2-nitrobenzoate; and (9) methyl 3-
chlorobenzoate.

(20), 223 (38), 217 (36); 16,17-dihydro-GAs4 (as for the substrate
16,17-dihydro-GA,), KRI 2769, 508 (100), 461 (9), 420 (15), 374
(13), 345 (9), 315 (9), 291 (24), 263 (15), 235 (17), 181 (14), 129
(18), 103 (45). As a negative control, no 2 beta-hydroxylated
metabolite was detected in the reaction mixture when the affin-
ity-purified negative control fraction (vector only) was used in-
stead of the GA20x2 fraction. Hereby we confirmed that the
recombinant GA20x2 has enzymatic activity, just as other GA20xs.

The enzymatic activity of GA20x2 is also visible by using radio-
labeled substrate 3H-16,17-dihydro-GA, and an imaging analyzer.®
To evaluate the concentration of inhibitors, different amounts (0,
1-3000 uM) of PHX were added to the reaction mixture as a posi-
tive control assigning an inhibitory effect to GA2ox. As shown in
Figure 3a, PHX surely inhibited the production of the metabolite
from 3H-16,17-dihydro-GA, in a dose-dependent manner.!” In this
system, the ICso of PHX was estimated to be ca. 30 uM.
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Figure 3. A comparison of the in vitro and in-planta effects caused by CBTC and
PHX. (a) Dose responses of the inhibition to GA20x2 activity in vitro. The values
represent the mean of three independent experiments and SE. (b) Effect on
Arabidopsis seed germination. In imbibition, seeds were treated with a solution of
paclobutrazol (10 uM) to reduce the endogenous GAs moderately. The values
(n=ca. 60) represent the mean of six independent experiments and SE. (*) value
means p <0.05, and (**) value means p <0.01 compared with mock treatment, as
determined with the Z-test. (c) Effect on the growth of Arabidopsis seedlings. We
measured the aerial part of each seedling. The values (n = 20) represent the mean of
three independent experiments and SE. (**) value means p <0.01 compared with
mock treatment, as determined with the student’s t-test.
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Table 1
Inhibitory activities of CBTC-related chemicals to GA20x2 in vitro

1Cs0% (M) Relative activity®

1 (PHX) 3x10°° 100

2 (CBTC) 3x10°° 100

3 >3 x 1073 <1

4 >3 x 1073 <1

5 6x 1074 5

6 >3 x 1073 <1

7 9x 104 3

8 >3 x 1073 <1

9 3x10°° 1

2 Experiment was repeated twice, and very similar values were obtained. Values
from one experiment are listed as a representative.
b Each relative activity was calculated based on the value for CBTC (2).

Next, we decided to use this system for random screening of the
GA2o0x inhibitors from a commercially-available chemical library.
Each chemical (0.01 mg, 0.3 mM in average) was added to the
reaction mixture. In this screening, we found that one chemical,
methyl 6-chloro-3H-1,2,3-benzodithiazole-4-carboxylate 2-oxide
(2 shown in Fig. 2), showed inhibition against recombinant GA20x
enzyme activity. We designate this chemical CBTC. The IC5q of
CBTC was comparable (ca. 30 M) to that of PHX (Fig. 3a). Struc-
tural variations in CBTC are commercially available (3-9 shown
in Fig. 2) and, to assess the structure-activity relation, we evalu-
ated their ICs5q values in the GA20x2 reaction. The values are listed
in Table 1. CBTC showed the highest activity in them. 5-chloroox-
indole (5) and 7-chloro-2H-1,4-benzothiazin-3(4H)-one (7) had 1/
20-1/30 of the activity of CBTC, although other chemicals exam-
ined showed very low activities.

Hereafter, we focus on CBTC. To evaluate CBTC in-planta,'® we
studied its effect on the growth of Arabidopsis. It is known that
the GA20x2 gene expresses during Arabidopsis seed germination,
and the gene product has a decisive function to regulate the
amount of endogenous GAs among GA20xs. ! Firstly, we examined
the effect of CBTC on Arabidopsis (Columbia) seed germination.
CBTC (10-100 uM) was absorbed by seeds after imbibition with a
known GA-biosynthetic inhibitor, paclobutrazol (10 uM, Fig. 1)
and cold treatment (2 d, 4 °C). The germination rate was calculated
after 45 h-incubation at 23 °C under continuous light. As shown in
Figure 3b, CBTC promoted seed germination at 100 ptM, whereas
PHX strongly inhibited it in the range of 10-100 pM. In this exper-
iment, paclobutrazol was used to reduce the amount of endoge-
nous GAs moderately, which treatment was effective to evaluate
the promotive effect of CBTC because all seeds germinate if we
use distilled water for their imbibition.

We also examined the effect of CBTC on the growth of Arabid-
opsis seedlings in a similar fashion to the above-mentioned exper-
iment for germination. Unlike the germination test, we did not use
paclobutrazol in this experiment. As expected (Fig. 3c), CBTC clear
promoted the growth of seedlings, even at 10 uM whereas PHX
inhibitory growth, just as in the germination test (Fig. 3b). Taking
both in-planta experiments into consideration, the results strongly
suggest that CBTC inhibits only GA2o0xs but not GA30xs or
GA200xs, whereas we have not yet confirmed that in vitro.

As an additional point, we examined whether CBTC may also
have agonist activity to GA receptors, because, in principle, CBTC
should show promotive activity in-planta if it were to bind to
any GA receptor like GA. We have already established a monitoring
system for the GA-binding activity of GA receptors in vitro.> After
the application of CBTC to the system, we confirmed that CBTC
had no effect on the perception of the receptors to GA (data not
shown). We concluded that CBTC is not an agonist of GA.

In general, we succeeded in finding one chemical, CBTC, which
was able to fulfill our initial aim, that is, to promote both Arabid-

opsis seed germination and seedling growth, which strongly sug-
gests that CBTC has a inhibitory effect only on GA2oxs with a
high specificity, but not on other 20DDs. We can expect that the
selective inhibition of GA20xs’ activity will lead to the delay of
GA catabolism in plants, and therefore the life of endogenous GA
will be prolonged unlike the case where CBTC is not applied.
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