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Simple p-lactones are potent irreversible antagonists for

strigolactone receptors
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Dear Editor,

Strigolactones (SLs) are a class of plant hormones that
play vital roles not only in the control of plant branching
and early seedling growth, but also in mediating rhizo-
spheric communication with root parasitic plants and
symbiotic fungi [1]. SL receptors in host and parasitic
plants have recently been identified to be a group of o/P
hydrolases [2-7], but not in arbuscular mycorrhizal fungi,
which form symbiosis with more than 80% of land plants
[8].

Small-molecule inhibitors of SL signaling could be
valuable research tools as well as lead compounds for
agrochemical development to eradicate root parasitic
plants. In this regard, a triazole-containing small mole-
cule has been reported to inhibit the biosynthesis of SLs
[9]. Recently, McCourt and co-workers [10] have report-
ed non-covalent antagonists of SL receptors with micro-
molar ICs,s by using small-molecule high-throughput
screening. Based on the mechanistic understanding of SL
perception [2, 3], here we developed a group of B-lac-
tones as potent covalent antagonists for strigolactone
receptors with nanomolar 1Css.

The serine residue of the catalytic triad Ser-His-Asp in
SL receptors attacks the carbonyl group of the SL D-ring
to initiate the hydrolysis, resulting in a His covalently
linked intermediate molecule that activates downstream
signaling. We hypothesized that f-lactones, with the ring
strain energy around 20 kcal/mol, could readily react
with the conserved serine residue in the active site and
thus block the perception of SL (Figure 1H). Given the
variation in the active sites of SL receptors in host and
parasitic plants [4, 5], which is also reflected by the dif-
ferent bioactivities of SLs [5, 6], we envisioned that the
potency and selectivity of these perspective inhibitors
would be fine-tuned by substituents and their stereo-
chemistry.

To probe this hypothesis, we synthesized six cis-p-lac-
tones (Figure 1A) using the enantioselective ketene-al-
dehyde cyclocondensation reactions catalyzed by asym-
metric cinchona alkaloids [11]. This method developed

by the Nelson group enabled the efficient preparation of
both enantiomers of cis-B-lactones, the enantiopurity of
which was determined by chiral-HPLC (Supplementary
information, Data S1). The biological function of SL
receptors is dependent on the hydrolase activity, which
could be readily measured using a profluorescent probe,
Yoshimulactone green (YLG) [6]. We therefore estab-
lished this biochemical assay using AtD14 as the repre-
sentative receptor that perceives SLs as a plant hormone,
and ShHTL7 that shows the highest activity among Stri-
ga SL receptors [5]. The apparent K, (YLG) values of
AtD14 and ShHTL7 were determined to be 0.47 and 2.4
UM respectively, which were consistent with those in the
literature [6] (Supplementary information, Figure S1).
The ICs, values of synthesized cis-p-lactones and a trans-
B-lactone, Palmostatin B (a known acyl protein thioes-
terase inhibitor) [12] were determined under either 1 or 5
uM YLG concentrations (Figure 1B and Supplementary
information, Figure S2).

To our delight, TFQ0010 turned out to be a very po-
tent inhibitor of AtD14, while the potency of its enan-
tiomer, TFQ0011, was a magnitude lower, suggesting
a specific chiral environment of the binding pocket is
involved. Similar stereoselectivity of AtD14 towards
its agonists has been reported in previous studies [13,
14]. Replacing the phenylethyl side chain on C4 with
a phenyl group (TFQO0020) significantly reduced the
potency, but replacing the methyl group on C3 with eth-
yl (TFQO0021) and propyl group (TFQ0022) conferred
three- and four-fold improvement in potency, respective-
ly. Notably, similar potency was obtained in TFQ0023
with a propargyl group on C3, which provides a handle
for bioorthogonal conjugation. Interestingly, Palmostatin
B, as a trans-B-lactone with the 38, 4S5 stereochemistry
and a much longer substituent on C3, could also potently
inhibit the hydrolase activity of AtD14. In comparison,
the structure-activity relationship of p-lactones in inhib-
iting ShHTL7 revealed a totally different trend. Only
TFQOO011 with the 3S, 4R stereochemistry inhibited the
hydrolase activity of ShHTL7 with submicromolar 1C,.
This observation, together with the ICy, of Palmostatin
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B around 1 pM, argued for the preference of ShHTL7
toward B-lactones with the 35 stereochemistry, which
could be exploited to develop more selective inhibitors
for Striga SL receptors. For all inhibitors, similar 1Cs,
values were obtained using 1 and 5 uM YLG for both
AtD14 and ShHTL7, which was consistent with the ir-
reversible inhibitor hypothesis. As a preliminary counter
screening to evaluate the selectivity of these B-lactones,
we measured their inhibitory activities against another o/
B hydrolase, salicylic acid binding protein 2 (SABP2),
which was used as a negative control in the SL hydroly-
sis assay [15]. The IC;,0f TFQ0010 turned out to be 25.3
uM, demonstrating a ~40-fold selectivity for AtD14 over
SABP2, whereas the 1Cs, values of all the other tested
B-lactones were over 300 uM (Supplementary informa-
tion, Table S1).

To further elucidate the inhibitory mechanism of
B-lactones, we employed liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) to investigate the
covalent modification of SL receptors by these putative
irreversible inhibitors. As expected, the covalent modifi-
cations on Ser95 of ShHTL7 were readily detected after
incubating ShHTL7 with the inhibitors TFQ0022 (Figure
1C) and TFQ0023 (Figure 1D), unequivocally confirm-
ing the stable acylation of the conserved serine in the
catalytic triad by B-lactones (Figure 1H). Similarly, the
modifications were also successfully detected on Ser97
of AtD14 (Supplementary information, Figure S3).

To investigate whether the blockage of Ser95 by B-lac-
tones is sufficient to prevent the interaction of the SL re-
ceptor with interacting partners, we set up a competitive
pull-down assay to examine the influence of TFQ0023
on SL-induced AtD14-MAX2 interaction. As shown in
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Figure 1E, TFQO0023 effectively inhibited the SL analog
GR24-induced AtD14 interaction with MAX2, while an
inactive SL mimic Carba-GR24 did not. These results
suggest that these P-lactones may have the capacity to
impede the SL signaling pathway in planta. Indeed, the
application of TFQ0022 on wild-type Arabidopsis seed-
lings (Col-0) relieved the SL repression on hypocotyl
elongation not only in the absence of GR24 but also in
the presence of GR24 (Figure 1F). These results also
indicate that TFQO0022 may have the capacity to outcom-
pete the endogenous SLs.

Moreover, the irreversible inhibitors developed by
us could be used to isolate SL receptors. We validat-
ed this approach by using TFQ0023 to label and pull
down the Arabidopsis SL receptor AtD14 from the
total plant extracts (Figure 1G). Total extracts of 35S
promoter-driven AtD14-Flag transgenic plants were
incubated with TFQ0023 at room temperature, after
which the TFQO0023-labeled proteins were denatured
and subjected to subsequent click reaction for tagging
the terminal alkyne in TFQO0023 with an azide-biotin.
Magnetic streptavidin beads were then used to enrich
the biotin-tagged TFQO0023 and its associated proteins
for further western blot analysis. The results shown in
Figure 1G indicate that the SL receptor AtD14 in crude
plant extracts could be successfully labeled and pulled
down by TFQO0023, and the reaction could be inhibited
by the addition of a more potent B-lactone antagonist,
TFQO0022.

In conclusion, we have developed potent irreversible
inhibitors of SL receptors on the basis of SL perception
mechanism [2, 3] and the structural similarity of B-lac-
tones and the D-ring of SLs. In comparison to the prior

Figure 1 (A) Chemical structures of B-lactones evaluated in this report. (B) Biochemical activity of f-lactones in inhibiting YLG
hydrolysis by the SL receptors AtD14 and ShHTL7. Corresponding curves were shown in Supplementary information, Figure
S2. (C, D) p-Lactones covalently modify Ser95 of the catalytic triad in the SL receptor ShHTL7. (C) The MS spectrum of a
quadruply charged ShHTL7 peptide at mass-to-charge ratio (m/z) 779.3887 (left panel) corresponding to the TFQ0022 modi-
fication on Ser95 (right panel) of the peptide. (D) The MS spectrum of a quadruply charged ShHTL7 peptide at m/z 778.3814
(left panel) corresponding to the TFQ0023 modification on Ser95 (right panel) of the peptide. Carbamidomethylation on Cys
was carried out. The ShHTL7 peptides were produced by trypsin digestion. (E) B-Lactone inhibited the SL-induced AtD14-
MAX2 interaction. Pull-down assays were carried out using recombinant Hiss-MAX2 and GST-AtD14 in the absence or pres-
ence of GR24, Carba-GR24 and TFQ0023. The pulled down GST-AtD14 was detected by anti-GST antibody and the PVDF
membrane was stained with Memstain to show equal loading of His;-MAX2. (F) p-Lactone relieved the SL repression on
hypocotyl elongation. Representative hypocotyl phenotype (upper panel) and relative hypocotyl lengths (lower panel) of wild-
type Arabidopsis Col-0 under the treatment with indicated chemicals. Scale bar, 5 mm. Data are means + sd (n = 40 plants
per treatment); **P < 0.01 (t-test). (G) TFQ0023 efficiently targeted and modified AtD14 in plant extracts. AtD14-Flag trans-
genic plant extracts were treated with TFQ0023 in the absence or presence of competitor TFQ0022, and subsequent click re-
action was carried out to attach the biotin tag on TFQ0023. After purification through the biotin tag (PD: Biotin), the enriched
AtD14-Flag proteins were detected by anti-Flag antibody (upper panel, western blotting against Flag tag, i.e., IB: Flag). Input
represents one percent of the plant extracts used for each set of trial (detected by anti-Flag antibody as shown in the lower
panel). (H) A proposed mechanism of action of B-lactones. Acylation of the serine residue within the catalytic triad (Ser-His-Asp)
in the active site leads to the inhibition of SL receptors.
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art (soporidine) that targets AtHTL and ShHTL7 [10],
this group of rationally designed B-lactones can act as
potent antagonists for AtD14 and ShHTL7 and their
mode of inhibition involves irreversible attachment to
the conserved serine of the catalytic triad. Unlike the
butenolides in SLs and SL mimetics, the reaction of
strained PB-lactones with AtD14 does not lead to receptor
activation. The divergent structure-activity relationship
of these compounds toward AtD14 and ShHTL7 implies
that selective inhibition of Striga germination while
sparing the SL receptors in host plants is possible. This
possibility could be further strengthened by the variation
in the active sites of SL receptors in host and parasitic
plants: the ligand binding pockets of weed SL recep-
tors are much larger than that of the rice or Arabidopsis
receptor, and the key amino acids in the pockets differ
from each other to some extent [4, 5]. Given the advan-
tage of prolonged duration of inhibition provided by this
kind of covalent inhibitors and the ease of synthesis, the
preparation of a focus library of pB-lactones is warrant-
ed to further optimize this series of inhibitors for field
trials. Furthermore, a proof-of-concept study labeling
the SL receptor AtD14 in Arabidopsis suggests a new
approach to identify SL receptors by means of the devel-
opment of small-molecule probes in combination with
activity-based proteome profiling. We hope that these
readily prepared compounds will help researchers in the
strigolactone community to further elucidate the biology
of this fascinating family of plant hormones and develop
agricultural applications in the near future.
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