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Strigolactones (SLs) are plant hormones that suppress shoot
branching through the perception by their receptor protein DWARF
14 (D14). The artificial regulation of SL signaling has been
considered a potent agricultural technique because plant
architecture is strongly related to crop vyield. In this paper, we
describe the development of a small-molecule D14 inhibitor that
functions at sub-micromolar levels. This potent inhibitor may be a
lead compound for a first-in-class plant growth regulator.

Strigolactones (SLs) are sesquiterpene lactones that function as
plant hormones to suppress shoot branching.! SLs are
composed of a tricyclic lactone (ABC-rings) and a butenolide (D-
ring), which are connected via an enol ether bond.? The
biological activity of SLs in plants is triggered by their perception
by a member of the o/f hydrolase fold family, DWARF 14
(D14).3 D14 was initially identified in rice, and its orthologues
have been discovered in Arabidopsis (AtD14), petunia (DAD2),
and pea (RMS3). Because D14 family conserves hydrolase
activity, SLs are hydrolyzed upon the perception.* In addition to
shoot branching, SLs are implicated in the regulation of root
system architecture,® secondary stem growth,® and leaf
senescence.” Moreover, SLs play important roles in the
rhizosphere, as SLs exudated from the roots attract arbuscular
mycorrhizal (AM) fungi that supply water and nutrients to the
plant and parasitic plants that cause huge agricultural damage.®

Since all these biological effects of SLs are associated with crop
yield, precise control of SL signaling could be an innovative
technology for enhancement of crop production.® Especially in
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highly fertilized fields, dwarf and highly branched structures are
desirable traits for increasing biomass.l1® To this end, we
previously developed DL1, a small-molecule antagonist for
AtD14.11 DL1 was identified via chemical screening for inhibitors
of D14-mediated hydrolysis of fluorescence turn-on
strigolactone analog, Yoshimulactone Green (YLG).}2 DL1
inhibits the expression of SL-inducible genes in planta and
enhances shoot branching in Arabidopsis and rice. So far,
regulation of plant trait has been achieved mainly by breeding
or genetic modification, which irreversibly alters the trait. On
the other hand, the use of a D14 inhibitor would be a chemical-
based approach that enables the adjustable control of plant
architecture in desired situations without any permanent
genetic modifications. In addition, DL1 is anticipated to enhance
symbiosis between plants and AM fungi because the di4
mutant shows higher AM fungal colonization.’®* However, to
realize the practical applications of a D14 inhibitor, compounds
with higher affinity to D14 than DL1 are required.'* In this paper,
we describe the development of DL1 analogs with higher
potency discovered through a structure-activity relationship
study.

Figure 1. Structure of D14 ligands. DL1 was docked into the SL binding pocket which was
created by removing GR24 from D14-GR24 complex (PDB: 5DJ5).
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First, we created a docking model of the D14-DL1 complex
based on the reported crystal structure of D14 in complex with
synthetic SL GR24.'° The binding pocket of D14 was created by
removing GR24 from the D14-GR24 complex. Computationally
generated conformational isomers of DL1 were docked into the
binding pocket, and energy minimization was performed on
each structure. The most stable conformation obtained through
the docking study is shown in Figure 1 — the ethyl indole moiety
sits in the inner binding pocket instead of the SL D-ring, and the
bromoadamantane moiety in the outer pocket forms a
hydrogen bond with W155 of D14. To validate this model
binding structure, we replaced various substituents on DL1 with
hydrogen atom, then quantified the inhibitory activity of the
DL1 derivatives using ICso values for YLG hydrolysis by AtD14
(Table 1 and Figure S5). Although the ethyl group of DL1 was
expected to be important for the binding to AtD14, its
replacement with hydrogen atom resulted in only a slight
decrease in activity. The retention of activity may be explained
by the docking model of DL1d, in which the indole ring is
accommodated in a reversed orientation (Fig S2). On the other
hand, an additional methyl group on the indole nitrogen
significantly decreased affinity, suggesting that the methyl
group of DL1e causes steric repulsion with the structurally rigid
conserved catalytic site of D14 (Figure S3). The bromine atom is
crucial for binding, indicating that its hydrogen bonding ability
plays an important role in the DL1-D14 interaction.'® These data
all support the plausibility of the docking model.

Table 1. Structure activity relationship of DL1 derivatives.

DL1  DLic DLid DLie
ﬁ"’ R'= Br H Br Br
o Re= Et Et H Et
o]
Ro= H H H Me
N
N
RS ICso/tM 13207 >10 1715 >20

Next, we substituted the adamantane moiety of DL1 with other
groups that would allow for efficient derivatization. Among the
carbon frameworks tested, only the 1-naphthyl group was
found to be comparable to bromoadamantane (Table 2a).
Although swapping in a simple phenyl ring yielded a poor
inhibitor, the addition of an ortho- or meta- bromine
significantly improved inhibitory activity, and meta-dibromo
substitution afforded even higher activity (Table 2b). These data
indicate that having a hydrogen bond acceptor at these
positions is important for the interaction between D14 and DL1
analogs. Correspondingly, the meta-dimethoxy analog DL1la
showed even higher inhibitory activity than DL1m, whereas the
dimethyl analog DL1p and di(trifluoromethyl) analog DL1o had
negligible activity. The addition of a substituent larger than a
methyl group at the ortho-position (DL1g and DL1r) may cause
steric repulsion with the binding pocket. Consequently, DL1a
was found to be the most potent D14 inhibitor with a benzene
scaffold.

2| J. Name., 2012, 00, 1-3

The effect of halogen substitution was further corroborated
with naphthyl derivatives of DL1. The inhibitory activity of 2-
naphthyl derivative DL1h was increased by an order of
magnitude with bromine substitution. The bromonaphthalene
derivative DL1b exhibited the highest inhibitory activity (ICsg =
0.29 uM) among the compounds tested in this study.

Table 2. ICs values of DL1 derivatives.

(a) DL1 DL1c DL1f DL1g DL1h DL1i
5( ¢
L EQL é@ 5 O OO *
N
NH
ICs0/pM 1.3+0.7 >10 >10 >10 13+02 >10
(b) DL1g DL1j DL1k DLil DLim  DLin
? Br Br, (o]}
0Py Ar = Q Q Qar Q QB: p—cx
o Br
Q
NH
ICso/pyM  >10 >10 51+64 43+9.7 1.7+0.7 1.4+06
DL1o DL1p DL1a DL1q DL1r DL1s DL1b
FsC Me MeO, Br
QCF: pm pﬂ)me QOMe Meo—Q—OMe Qom
OMe OMe Me
>10 >10 0.77 +0.11 >5 >5 0.89+0.84 0.29+0.3

The actual shoot branching enhancement caused by DL1a and
DL1b, which both exhibited high inhibitory activity against D14
in YLG assay, is shown in Figure 2. Arabidopsis thaliana seeds
were cultured in the presence of DL1, DL1a, or DL1b for 30 days,
then the number of primary rosette leaf branches longer than 5
mm were counted (Fig. 2, Fig. S2). In the absence of compound,
the rosette leaf branch rarely appeared (two single-branching
plants out of six plants), whereas some cauline leaf branches
were observed in all plants. In contrast, it is visually apparent
that D14 inhibitors enhanced rosette bud outgrowth. In the
previous report, we demonstrated that DL1 suppresses the SL-
induced expression of BRC1, which functions locally within the
bud to prevent rosette branch outgrowth.!! The results of this
present study are consistent with the conclusion that BRC1
downregulation is necessary to allow branches to develop.'”
The parent compound DL1 caused on average one branch in
each plant. DL1a, which showed higher in vitro D14 inhibitory
activity than DL1, enhanced branching more than DL1 (1.6
branches on average), and the strongest inhibitor DL1b caused
on average two branches per plant. Comparable number of
branching was observed even in the presence of 0.1 uM DL1b,
reflecting the high affinity of DL1b to AtD14 (Fig. S6). On the
other hand, we observed less branching at 10 uM DL1b. This is
likely due to the low solubility of DL1b, as the medium turned
cloudy when the compound was added to the medium at 10 uM.

This journal is © The Royal Society of Chemistry 20xx
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The solubility of the compound should be the next problem to
be solved.
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Figure 2. Shoot branching enhancement caused by DL1 analogs. (a) 30-day-old wild-type
Arabidopsis plants treated with DMSO or 1 uM DL1 analogues. The yellow arrowheads

indicate primary rosette buds. (b) Distribution diagram of plants with the indicated
number of primary rosette leaf branches (n =9).

Conclusions

We have conducted a structure-activity relationship study of
the D14 inhibitor DL1. The data support the plausibility of the
docking model in which the ethyl indole moiety of DL1 is
accommodated proximately to the D14 catalytic site. The
substitution of bromoadamantane with bromonaphthalene
resulted in significant enhancement of D14 inhibitory activity.
The compound DL1b demonstrates high potency for in vivo
branching induction and should be a lead compound for
developing a first-in-class plant growth regulator.
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