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In the last ten years, there have been major advances in understand-
ing plant hormone signaling, including for the last discovered class, 
the strigolactones (SLs). SLs initially had been identified in the 

rhizosphere as key signals in both symbiotic and parasitic interac-
tions1. SLs have since been shown to affect shoot branching and many 
other traits2–4. All natural SLs contain a tricyclic lactone (ABC ring) 
connected via an enol ether bridge to a butenolide group (D ring)  
with a 2R` configuration and a methyl group at the 4` position  
(Fig. 1a). The conserved CD component is essential for hormonal 
bioactivity, whereas changes in the A and B rings are tolerated5.

SL receptors (rice D14, Arabidopsis thaliana (At)D14, and petunia 
DECREASED APICAL DOMINANCE (DAD2) (Petunia hybrida))  
belong to the A/B-fold hydrolase superfamily and contain the Ser, 
His and Asp catalytic triad located in a hydrophobic active site6 . 
Binding of the synthetic SL analog GR24 (Fig. 1a) to the SL receptor 
is thought to involve hydrogen bonds and hydrophobic interactions 
with pocket residues of D14. GR24 is then hydrolyzed, yielding inac-
tive ABC and 5-hydroxy-3-methylbutenolide (D-OH) products6 . 
However, the enzymatic activity of the SL receptor appears to be very 
slow6 ,7 , and its role in SL perception is unclear. It has been suggested 
that SL binding and hydrolysis in SL perception would destabilize 
the SL receptor8 , promoting recruitment of the MORE AXILLARY 
GROWTH2 (MAX2) F-box protein. MAX2 is likely the substrate 
recognition subunit of a complex involved in proteasome-mediated 
proteolysis. Different models have been proposed for the role of 
the SL receptor enzymatic activity6 . One study had demonstrated 
an interaction between the rice D14 SL receptor and the unique 
rice DELLA protein, SLENDER RICE1 (SLR1), that is dependent 
on both SL and the hydrolytic activity of D14 (ref. 9 ). D14 crystal-

lization showed that the D-OH reaction product is trapped in the 
binding pocket, but far from the catalytic triad, forming an altered 
surface without large structural differences between the apo-D14 
and the D14 D-OH complex9 . In an alternate model, based on co-
crystallization and ligand soaking, it had been proposed8 ,10  that the 
D ring is maintained close to the catalytic triad at the bottom of the 
binding pocket with the ABC tricycle also retained in the pocket.

We characterized the enzymatic activity of the pea RMS3 SL 
receptor using bioactive, enzyme-activated fluorescent probes 
and compared it to that of the AtD14 SL receptor. This compari-
son allowed the investigation of possible specificities between the 
mycotrophic garden pea, with four natural SLs identified to date, 
and Arabidopsis, a non-host plant for arbuscular mycorrhizal (AM) 
fungi and in which the presence of canonical SL with the ABC rings 
has been discussed11,12. Here we propose a model of SL reception 
where the D-ring product of the RMS3 single-turnover enzymatic 
activity is covalently bound to the histidine of the catalytic triad, 
which seems necessary for SL bioactivity.

RESULTS
RMS3 is the pea ortholog of the D14 SL receptor
Five independent allelic rms3 branching mutants have been iso-
lated in pea (Supplementary Results, Supplementary Fig. 1a–c). 
For the rms3-4 and rms3-5 mutants, levels of SL from root exu-
dates revealed wild-type levels of SL production, indicating that SL 
biosynthesis was not affected (Supplementary Fig. 1d). Whereas 
the synthetic SL (o)-GR24 inhibited branching in the SL-deficient 
rms1-10 biosynthetic mutant (Psccd8), (o)-GR24 treatment did not 
inhibit branching in the five rms3 lines (Supplementary Fig. 1e), 

1Institut Jean-Pierre Bourgin, INRA, Versailles, France. 2Institut Jean-Pierre Bourgin, AgroParisTech, Versailles, France. 3Institut Jean-Pierre Bourgin, CNRS, 
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An histidine covalent receptor and butenolide 
complex mediates strigolactone perception
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Strigolactone plant hormones control plant architecture and are key players in both symbiotic and parasitic interactions. They 
contain an ABC tricyclic lactone connected to a butenolide group, the D ring. The DWARF14 (D14) strigolactone receptor 
belongs to the superfamily of a/b-hydrolases, and is known to hydrolyze the bond between the ABC lactone and the D ring. 
Here we characterized the binding and catalytic functions of RAMOSUS3 (RMS3), the pea (Pisum sativum) ortholog of rice 
(Oryza sativa) D14 strigolactone receptor. Using new profluorescent probes with strigolactone-like bioactivity, we found that 
RMS3 acts as a single-turnover enzyme that explains its apparent low enzymatic rate. We demonstrated the formation of a 
covalent RMS3-D-ring complex, essential for bioactivity, in which the D ring was attached to histidine 247 of the catalytic triad. 
These results reveal an undescribed mechanism of plant hormone reception in which the receptor performs an irreversible 
enzymatic reaction to generate its own ligand. 
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confirming that the wild-type RMS3 gene is 
involved in SL signaling13. We hypothesized 
that RMS3 corresponded to P. sativum (Ps)D14, 
the pea ortholog of the rice D14 encoding the 
SL receptor14. Phylogenic analysis showed that 
the predicted 267-amino acid P. sativum (Ps)
D14 protein is clearly related to the D14 clade 
(Supplementary Fig. 2 and Supplementary 
Table 1). Sequencing of PsD14 revealed muta-
tions in the PsD14 gene of each rms3 mutant. 
In the rms3-5 mutant, Ser in the catalytic triad 
(position 96) was replaced by Phe. For rms3-3 
and rms3-4, Gly and Asp substitutions at posi-
tions 15 and 28, respectively, likely destabi-
lized the protein, as suggested by differences in 
free energies between wild-type and mutant-
encoded proteins (Supplementary Figs. 1f 
and 3a, and Supplementary Table 2). In the 
rms3-2 mutant line, a point mutation at the 
exon-intron junction led to nonsplicing of the 
intron (Supplementary Fig. 3b) and to a trun-
cated protein after amino acid 124. Branching 
phenotypes of the rms3 pea mutants15,16 and 
the identification of mutations in the PsD14 
sequence from all five independent rms3 
mutant alleles, strongly support the conclu-
sion that RMS3 is PsD14.

We next compared the predicted RMS3 
protein structure with AtD14 and a paralog of 
AtD14, hyposensitive to light (AtHTL)17 (also 
known as karrikin insensitive2 (AtKAI2)). 
AtHTL is required for karrikin signaling. 
Karrikins, found in the smoke of burning 
vegetation16,18,19, stimulate seed germination 
and photomorphogenesis by repressing hypo-
cotyl elongation16. Protein alignment of the 
D14 homologs revealed a potential RMS3 cat-
alytic triad (Ser96, Asp218 and His247), and 
six conserved hydrophobic phenylalanine res-
idues surrounding the entrance to the ligand-
binding pocket (Supplementary Fig. 4).

RMS3 can interact and hydrolyze SLs
We assessed interactions between RMS3 and 
SL analog using differential scanning fluo-
rimetry (DSF) and intrinsic fluorescence for 
estimating apparent dissociation coefficients 
(Kd). DSF revealed a shift in RMS3 melting 
temperature with all tested bioactive SL ana-
logs for shoot branching, whereas we observed 
no shift for the inactive compounds (o)-4`-
desmethyl-2`-epi-GR24 (lacking a methyl 
group on the D ring), ABC tricycle or D-OH 
(Supplementary Fig. 5), suggesting that 
RMS3 interacts with SLs and that SL-mediated 
destabilization and bioactivity are highly cor-
related. The 8 °C decrease in RMS3 melting 
temperature was consistent with the GR24-mediated destabiliza-
tion observed in other SL receptors6,8 (Fig. 1b and Supplementary  
Fig. 6). SL stereochemistry mediates various biological responses with 
(+)-GR24 highly active for repressing shoot branching in compari-
son to those with (−)-GR24 (ref. 20). Kd values varied from 15.7 MM  
for the highly active analog (+)-GR24, 35.9 MM for (−)-GR24 to 
137.1 MM for (o)-solanacol (Fig. 1a), which has low bioactivity for 
shoot branching in pea21 (Fig. 1c, Supplementary Figs. 7 and 8, and 
Table 1). DSF and intrinsic fluorescence experiments revealed that 

(o)-4`-desmethyl-2`-epi-GR24 and, to our surprise, ABC bound 
RMS3 without inducing destabilization, as observed for karrikin 
with AtHTL22 (Supplementary Fig. 7). These results indicated 
that SL-mediated destabilization is required for bioactivity as sug-
gested for OsD14 (ref. 8). (o)-GR24 induced a shift in melting tem-
perature of the RMS3S96C protein but not of RMS3S96A. Estimation 
of the apparent Kd of (o)-GR24 with RMS3S96C (153.5 MM vs. 22.0 
MM with RMS3) (Supplementary Fig. 7 and Table 1) indicated 
that modification of the nucleophilic residue of the triad did not 

0 200 400 600 800
0

0.2

0.4

0.6

0.8

1.0

1.2

(o)-GR24 (MM)

dF
/d

F m
ax

0

2.0 r�106
4.0 r�106
6.0 r�106
8.0 r�106
1.0 r�107
1.2 r�107

2.0 2.5 3.0 3.5 4.0

A
bs

or
ba

nc
e

Retention time (min)

ABC tricycle

MW 270

c

(o)-GR24 + RMS3

(o)-GR24 + RMS3S96A

(o)-GR24

d

1.0 r�106

2.0 r�106

3.0 r�106

4.0 r�106

2 2.5 3 3.5

A
bs

or
ba

nc
e

Retention time (min)

(+)-GR24 + RMS3
(–)-GR24 + RMS3

1.0 r�106

4.0 r�106

7.0 r�106

1.0 r�107

1.3 r�107

1.6 r�107

2 2.5 3 3.5 4

A
bs

or
ba

nc
e

Retention time (min)

(o)-2`-epi-GR24 + RMS3

MW 270

ABC tricycle

e

(o)-2`-epi-GR24

(o)-2`-epi-GR24 + RMS3S96A

MW 270

ABC tricycle

f

Temperature (nC)
–200

–100

0

100

20 40 60 80

0 MM
12.5 MM
25 MM
50 MM
100 MM
200 MM
400 MM

–200

–150

–100

–50

0

50

100

20 40 60 80

RMS3 RMS3S96A RMS3S96Cb

–d
(R

FU
)/

dt

–200

–150

–100

–50

0

50

100

20 40 60 80

Temperature (nC)

[(o)-GR24]

Temperature (nC)

a
O

O

O O
O

(+)-GR24

O
O

O O
O

()-GR24

O
O

O O
O

()-2`-epi-GR24

O
O

O O
O

(+)-2`-epi-GR24

(±)-GR24 (±)-2`-epi-GR24

O
O

O O
OOH

Solanacol

A B
C

2`

3`
4`

5`

1`

D

Figure 1 | RMS3 interacted with and hydrolyzed GR24 enantiomers, and was stabilized  
by these compounds. (a) Chemical structures of one natural strigolactone, (o)-solanacol, 
and GR24 stereoisomers. (b) Melting temperature curves of RMS3 and variant proteins in 
the presence of indicated concentrations of (o)-GR24, assessed by DSF. Each line represents 
the average protein melting curve for three technical replicates, and data shown are for one of 
two independent experiments. (c) Titration of RMS3 interaction with (o)-GR24, monitored by 
measuring intrinsic fluorescence at 340 nm. Changes in fluorescence were used to calculate  
the dissociation coefficient (Kd) of (o)-GR24 with RMS3. Each data point is the mean of two 
technical replicates. (d–f) Elution profile of the enzymatic assay with buffer, RMS3 or RMS3S96A 
and GR24 analogs. UPLC with diode array detection (200–400 nm) analysis shows the  
formation of ABC and an unknown derivative (molecular weight (MW) of 270) (confirmed 
by mass spectrometry analyses) from (o)-GR24 (d), (o)-2`-epi-GR24 (e) and (+)-GR24 and 
(−)-GR24 (f). The chromatograms show representative results observed in two independent 
experiments with two technical replicates. 
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confirming that the wild-type RMS3 gene is 
involved in SL signaling13. We hypothesized 
that RMS3 corresponded to P. sativum (Ps)D14, 
the pea ortholog of the rice D14 encoding the 
SL receptor14. Phylogenic analysis showed that 
the predicted 267-amino acid P. sativum (Ps)
D14 protein is clearly related to the D14 clade 
(Supplementary Fig. 2 and Supplementary 
Table 1). Sequencing of PsD14 revealed muta-
tions in the PsD14 gene of each rms3 mutant. 
In the rms3-5 mutant, Ser in the catalytic triad 
(position 96) was replaced by Phe. For rms3-3 
and rms3-4, Gly and Asp substitutions at posi-
tions 15 and 28, respectively, likely destabi-
lized the protein, as suggested by differences in 
free energies between wild-type and mutant-
encoded proteins (Supplementary Figs. 1f 
and 3a, and Supplementary Table 2). In the 
rms3-2 mutant line, a point mutation at the 
exon-intron junction led to nonsplicing of the 
intron (Supplementary Fig. 3b) and to a trun-
cated protein after amino acid 124. Branching 
phenotypes of the rms3 pea mutants15,16 and 
the identification of mutations in the PsD14 
sequence from all five independent rms3 
mutant alleles, strongly support the conclu-
sion that RMS3 is PsD14.

We next compared the predicted RMS3 
protein structure with AtD14 and a paralog of 
AtD14, hyposensitive to light (AtHTL)17 (also 
known as karrikin insensitive2 (AtKAI2)). 
AtHTL is required for karrikin signaling. 
Karrikins, found in the smoke of burning 
vegetation16,18,19, stimulate seed germination 
and photomorphogenesis by repressing hypo-
cotyl elongation16. Protein alignment of the 
D14 homologs revealed a potential RMS3 cat-
alytic triad (Ser96, Asp218 and His247), and 
six conserved hydrophobic phenylalanine res-
idues surrounding the entrance to the ligand-
binding pocket (Supplementary Fig. 4).

RMS3 can interact and hydrolyze SLs
We assessed interactions between RMS3 and 
SL analog using differential scanning fluo-
rimetry (DSF) and intrinsic fluorescence for 
estimating apparent dissociation coefficients 
(Kd). DSF revealed a shift in RMS3 melting 
temperature with all tested bioactive SL ana-
logs for shoot branching, whereas we observed 
no shift for the inactive compounds (o)-4`-
desmethyl-2`-epi-GR24 (lacking a methyl 
group on the D ring), ABC tricycle or D-OH 
(Supplementary Fig. 5), suggesting that 
RMS3 interacts with SLs and that SL-mediated 
destabilization and bioactivity are highly cor-
related. The 8 °C decrease in RMS3 melting 
temperature was consistent with the GR24-mediated destabiliza-
tion observed in other SL receptors6,8 (Fig. 1b and Supplementary  
Fig. 6). SL stereochemistry mediates various biological responses with 
(+)-GR24 highly active for repressing shoot branching in compari-
son to those with (−)-GR24 (ref. 20). Kd values varied from 15.7 MM  
for the highly active analog (+)-GR24, 35.9 MM for (−)-GR24 to 
137.1 MM for (o)-solanacol (Fig. 1a), which has low bioactivity for 
shoot branching in pea21 (Fig. 1c, Supplementary Figs. 7 and 8, and 
Table 1). DSF and intrinsic fluorescence experiments revealed that 

(o)-4`-desmethyl-2`-epi-GR24 and, to our surprise, ABC bound 
RMS3 without inducing destabilization, as observed for karrikin 
with AtHTL22 (Supplementary Fig. 7). These results indicated 
that SL-mediated destabilization is required for bioactivity as sug-
gested for OsD14 (ref. 8). (o)-GR24 induced a shift in melting tem-
perature of the RMS3S96C protein but not of RMS3S96A. Estimation 
of the apparent Kd of (o)-GR24 with RMS3S96C (153.5 MM vs. 22.0 
MM with RMS3) (Supplementary Fig. 7 and Table 1) indicated 
that modification of the nucleophilic residue of the triad did not 
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Figure 1 | RMS3 interacted with and hydrolyzed GR24 enantiomers, and was stabilized  
by these compounds. (a) Chemical structures of one natural strigolactone, (o)-solanacol, 
and GR24 stereoisomers. (b) Melting temperature curves of RMS3 and variant proteins in 
the presence of indicated concentrations of (o)-GR24, assessed by DSF. Each line represents 
the average protein melting curve for three technical replicates, and data shown are for one of 
two independent experiments. (c) Titration of RMS3 interaction with (o)-GR24, monitored by 
measuring intrinsic fluorescence at 340 nm. Changes in fluorescence were used to calculate  
the dissociation coefficient (Kd) of (o)-GR24 with RMS3. Each data point is the mean of two 
technical replicates. (d–f) Elution profile of the enzymatic assay with buffer, RMS3 or RMS3S96A 
and GR24 analogs. UPLC with diode array detection (200–400 nm) analysis shows the  
formation of ABC and an unknown derivative (molecular weight (MW) of 270) (confirmed 
by mass spectrometry analyses) from (o)-GR24 (d), (o)-2`-epi-GR24 (e) and (+)-GR24 and 
(−)-GR24 (f). The chromatograms show representative results observed in two independent 
experiments with two technical replicates. 



NATURE CHEMICAL BIOLOGY | VOL 12 | OCTOBER 2016 | www.nature.com/naturechemicalbiology 787

ARTICLE
PUBLISHED ONLINE: 1 AUGUST 2016 | DOI: 10.1038/NCHEMBIO.2147

In the last ten years, there have been major advances in understand-
ing plant hormone signaling, including for the last discovered class, 
the strigolactones (SLs). SLs initially had been identified in the 

rhizosphere as key signals in both symbiotic and parasitic interac-
tions1. SLs have since been shown to affect shoot branching and many 
other traits2–4. All natural SLs contain a tricyclic lactone (ABC ring) 
connected via an enol ether bridge to a butenolide group (D ring)  
with a 2R` configuration and a methyl group at the 4` position  
(Fig. 1a). The conserved CD component is essential for hormonal 
bioactivity, whereas changes in the A and B rings are tolerated5.

SL receptors (rice D14, Arabidopsis thaliana (At)D14, and petunia 
DECREASED APICAL DOMINANCE (DAD2) (Petunia hybrida))  
belong to the A/B-fold hydrolase superfamily and contain the Ser, 
His and Asp catalytic triad located in a hydrophobic active site6 . 
Binding of the synthetic SL analog GR24 (Fig. 1a) to the SL receptor 
is thought to involve hydrogen bonds and hydrophobic interactions 
with pocket residues of D14. GR24 is then hydrolyzed, yielding inac-
tive ABC and 5-hydroxy-3-methylbutenolide (D-OH) products6 . 
However, the enzymatic activity of the SL receptor appears to be very 
slow6 ,7 , and its role in SL perception is unclear. It has been suggested 
that SL binding and hydrolysis in SL perception would destabilize 
the SL receptor8 , promoting recruitment of the MORE AXILLARY 
GROWTH2 (MAX2) F-box protein. MAX2 is likely the substrate 
recognition subunit of a complex involved in proteasome-mediated 
proteolysis. Different models have been proposed for the role of 
the SL receptor enzymatic activity6 . One study had demonstrated 
an interaction between the rice D14 SL receptor and the unique 
rice DELLA protein, SLENDER RICE1 (SLR1), that is dependent 
on both SL and the hydrolytic activity of D14 (ref. 9 ). D14 crystal-

lization showed that the D-OH reaction product is trapped in the 
binding pocket, but far from the catalytic triad, forming an altered 
surface without large structural differences between the apo-D14 
and the D14 D-OH complex9 . In an alternate model, based on co-
crystallization and ligand soaking, it had been proposed8 ,10  that the 
D ring is maintained close to the catalytic triad at the bottom of the 
binding pocket with the ABC tricycle also retained in the pocket.

We characterized the enzymatic activity of the pea RMS3 SL 
receptor using bioactive, enzyme-activated fluorescent probes 
and compared it to that of the AtD14 SL receptor. This compari-
son allowed the investigation of possible specificities between the 
mycotrophic garden pea, with four natural SLs identified to date, 
and Arabidopsis, a non-host plant for arbuscular mycorrhizal (AM) 
fungi and in which the presence of canonical SL with the ABC rings 
has been discussed11,12. Here we propose a model of SL reception 
where the D-ring product of the RMS3 single-turnover enzymatic 
activity is covalently bound to the histidine of the catalytic triad, 
which seems necessary for SL bioactivity.

RESULTS
RMS3 is the pea ortholog of the D14 SL receptor
Five independent allelic rms3 branching mutants have been iso-
lated in pea (Supplementary Results, Supplementary Fig. 1a–c). 
For the rms3-4 and rms3-5 mutants, levels of SL from root exu-
dates revealed wild-type levels of SL production, indicating that SL 
biosynthesis was not affected (Supplementary Fig. 1d). Whereas 
the synthetic SL (o)-GR24 inhibited branching in the SL-deficient 
rms1-10 biosynthetic mutant (Psccd8), (o)-GR24 treatment did not 
inhibit branching in the five rms3 lines (Supplementary Fig. 1e), 
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An histidine covalent receptor and butenolide 
complex mediates strigolactone perception
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Strigolactone plant hormones control plant architecture and are key players in both symbiotic and parasitic interactions. They 
contain an ABC tricyclic lactone connected to a butenolide group, the D ring. The DWARF14 (D14) strigolactone receptor 
belongs to the superfamily of a/b-hydrolases, and is known to hydrolyze the bond between the ABC lactone and the D ring. 
Here we characterized the binding and catalytic functions of RAMOSUS3 (RMS3), the pea (Pisum sativum) ortholog of rice 
(Oryza sativa) D14 strigolactone receptor. Using new profluorescent probes with strigolactone-like bioactivity, we found that 
RMS3 acts as a single-turnover enzyme that explains its apparent low enzymatic rate. We demonstrated the formation of a 
covalent RMS3-D-ring complex, essential for bioactivity, in which the D ring was attached to histidine 247 of the catalytic triad. 
These results reveal an undescribed mechanism of plant hormone reception in which the receptor performs an irreversible 
enzymatic reaction to generate its own ligand. 
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suppress SL binding to the receptor but strongly decreased the 
affinity for (o)-GR24. This decrease resulted from the low affinity  
of RMS3S96C for (−)-GR24 but not for (+)-GR24 (675.6 MM vs.  
15.7 MM) (Supplementary Fig. 8 ).

We characterized the hydrolysis activity of RMS3 by incubating 
(o)-GR24 with RMS3, followed by ultraperformance liquid chro-
matography tandem mass spectrometry (UPLC-MS) analysis. We 
observed products corresponding to the ABC tricycle, and a com-
pound of 270 gmol−1 (Fig. 1d). We observed the ABC fragment at 
varying levels when we incubated either enantiomer of GR24 or the 
epimer (o)-2`-epi-GR24 with RMS3 (Fig. 1e,f). We observed the 
second product of 270 gmol−1 with (+)-GR24, (−)-GR24 (refs. 6,8) 
and (o)-2`-epi-GR24, and we suspected this resulted from hydroly-
sis of a byproduct of the GR24 synthesis. Indeed, we detected none 
of the compound of 270 g mol−1 in an experiment performed with 
(o)-GR24 purified by preparative HPLC (Supplementary Fig. 9 ).  
RMS3 therefore could hydrolyze the different GR24 enantiomers 
and epimers, but the absolute configuration influenced the level 
of hydrolysis (Fig. 1d,e). The RMS3S96A and RMS3H247A proteins, in 
which key residues of the catalytic triad were substituted, did not 
hydrolyze GR24, whereas the RMS3S96C variant with the more con-
servative substitution retained limited hydrolase activity (Fig. 1d,e 
and Supplementary Fig. 9 ).

To compare hydrolysis kinetics of D14 homologs, we first incu-
bated the generic esterase reporter p-nitrophenyl acetate (p-NPA) 
with RMS3, AtD14 and AtHTL. All showed a Michaelis-Menten 
kinetics, but with very low efficiency compared with the well-known 
active hydrolase AtMES9 (methyl esterase 9)23. In comparison to 
RMS3S96A, the RMS3S96C variant still exhibited hydrolysis activity,  
with a similar efficiency as the AtD14 SL receptor when using p-NPA 
(Supplementary Fig. 10  and Supplementary Table 3 ), indicating 
that this substitution did not suppress enzymatic activity.

Design of bioactive profluorescent probes
To further investigate the hydrolysis kinetics of SL receptors, we 
synthesized profluorescent molecular probes with SL-like bioactiv-
ity for shoot branching. Probe design was based on the hydrolysis 
of the synthetic SL GR24 by the RMS3 SL receptor, which leads to 
the formation of the ABC tricycle and D-OH derivatives. Previous 
studies have shown that (i) replacement of the SL ABC tricycle 
with a simple aromatic ring led to highly bioactive SL analogs,  
and (ii) substitutions on the D ring (at 4` positions) dramatically 
influenced bioactivity21,24.

Phenol fluorophores are quenched when engaged in a covalent 
bond25. When hydrolyzed, the fluorophore is released, and fluores-
cence is dramatically enhanced, thereby providing a readout of the 

SL receptor hydrolytic activity. We designed several probes with 
varying D-ring structures using the 6,8-difluoro-7-hydroxy-4-
methylcoumarin26 (DiFMU) fluorophore to mimic the ABC tricycle 
of SLs (Fig. 2a). (o)-GC240 (1) had the canonical D-ring structure 
(present in natural SLs) with one methyl group at the 4` position; 
(o)-GC486 (2) had no methyl group (as the nonactive (o)-4`-
desmethyl-2`-epi-GR24), whereas (o)-GC242 (3 ) had two methyl 
groups (as did the highly active (o)-3`-Me-GR24) (Fig. 2a). We sep-
arated the two enantiomers (+)-GC242 (3 a) and (−)-GC242 (3 b) by 
chiral chromatography from the racemic mixture (Supplementary 
Fig. 11a–c), and determined their absolute configurations by single 
crystal X-ray diffraction (Supplementary Fig. 11d).

Only (o)-GC486 was inactive for shoot branching in pea even 
when directly applied to the axillary bud at 5 MM (Supplementary 
Fig. 12a). (o)-GC242 was active on the SL-deficient rms1 mutant, 
but not on the rms3-5 signaling mutant (Fig. 2b), and showed 
higher activity than (o)-GR24 and (o)-GC240, likely because of 
its higher stability (Supplementary Fig. 12a,c). These results sug-
gested that (o)-GC242 was a specific bioactive SL mimic that can 
repress axillary bud outgrowth via RMS3. The bioassay for shoot 
branching in pea revealed a similar bioactivity for (+)-GC242 and 
(−)-GC242 enantiomers at high concentrations (1 MM) (Fig. 2c).  
At lower concentrations (1–0.1 nM), only (−)-GC242, which has  
the same absolute stereochemistry (R) at the C2` position as natural 
SLs, was bioactive.

In Arabidopsis, 1 MM (o)-GC242 repressed shoot branching 
of the SL-deficient mutant max4-1 as well as (o)-GR24 (Fig. 2d). 
We also tested bioactivity of the probes on hypocotyl elongation. 
In Arabidopsis, (o)-GR24 and karrikins inhibit hypocotyl growth 
via AtD14 and HTL16. For hypocotyl growth, (o)-GR24 suppressed 
hypocotyl elongation in wild-type, Atd14-1 and htl-3 single-mutant 
seedlings, but not in the max2-1 mutant or Atd14-1,htl-3 double 
mutant. Thus, we confirmed that (o)-GR24 repressed hypocotyl 
elongation via AtMAX2, and redundantly via AtD14 and AtHTL 
(Fig. 2e). We obtained similar results for (o)-GC242, except that 
we observed no effect on the Atd14-1 mutant, suggesting that 
(o)-GC242 inhibits hypocotyl elongation primarily via AtD14 and 
AtMAX2. The Atd14-1,htl-3 double mutant treated with (o)-GC242 
showed longer hypocotyls (Fig. 2e). Similarly, (o)-GC240 repressed 
hypocotyl elongation in the htl-3 mutant in contrast to (o)-GC486, 
and we observed a slight increase in hypocotyl growth on max2-1 
(Supplementary Fig. 12d). This increase, still not understood, is 
reminiscent to what has been observed in the analysis of SL response 
in the rms4 (also known as Psmax2) pea mutant27. Together these 
data demonstrated SL-like bioactivity of the profluorescent probes 
acting via the SL receptor.

Table 1 | Thermodynamic and kinetic constants of ligands and probes toward RMS3
Protein RMS3

Ligand (o)-GR24
(o)-2`-epi- 

GR24 (+)-GR24 (−)-GR24 (o)-Solanacol
(o)-3`- 

Me-GR24
(o)-4`-Desmethyl-

2’-epi-GR24 (o)-ABC

Kd (MM) 22.0 o 4.8 71.0 o 15.2 15.7 o 3.7 35.9 o 3.6 137.1 o 33.2 30.9 o 5.2 295.7 o 27.9 271.2 o 29.8
Ki (MM)  0.10 o 0.07 0.23 o 0.03 0.07 o 0.01 5.17 o 1.01 21.5 o 2.6 n.d. n.d. 28.8 o 17.6

Protein RMS3 AtD14
Probe  (o)-GC242  (−)-GC242  (+)-GC242  (o)-GC240  (o)-GC486  DiFMU  (o)-GC242 

Kd (MM) 58.9 o 9.6 82.6 o 7.6 581.1 o 194.3 74.1 o 5.9 21.0 o 1.4 19.9 o 1.1 n.d.
K1/2 (MM) 0.49 o 0.05 1.56 o 0.32 17.42 o 4.17 3.83 o 1.80 n.d. n.d. 1.19 o 0.21
kcat (min−1) 0.012 o 0.005 0.184 o 0.017 0.136 o 0.027 0.054 o 0.015 n.d. n.d. 0.030 o 0.002
kcat!"/K1/2 (MM−1 min−1) 0.024 0.118 0.007 0.014 n.d. n.d. 0.025
Binding properties of RMS3 protein in the presence of different SL analogs were estimated by the apparent dissociation coefficients (Kd) derived from intrinsic fluorescence measurements. Ki values were 
determined using a competition test with (o)-GC242. K1/2 and kcat are pre-steady-state kinetic constants for RMS3 and AtD14 with different profluorescent probes. n.d., not determined. Kd values represent 
the mean o s.e.m. of two replicates and K1/2, kcat and Ki values represent the mean o s.e.m. of three replicates.

summary table of data



Implications and Future Work
Why is your work impactful and what would you do next? 

Topic: Was your FKBP12 pure or active? If not, provide a putative 
explanation and explain how you might change the protocol if given 
another shot.

Topic: Did you have any compounds that confirmed as binders? Is this 
consistent with similar research? If not, provide a putative explanation.

Topic: How might you further validate that your SMM positive are binders 
and measure affinity values for the protein-ligand interaction? Other 
methods to complement DSF?

Topic: How can you use your FKBP12 binders to further research focused 
on this protein?

Topic: How might this method be improved?

Topic: How might this assay be used in the clinic? in industry?


