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The phytohormone (+)-7-iso-jasmonoyl-L-isoleucine regu-
lates many developmental and stress responses in plants and
induces protein—protein interactions between COI1, the F-box
component of E3 ubiquitin ligase, and jasmonate ZIM domain
(JAZ) repressors. These interactions cause JAZ degradation and
activate jasmonate (JA), leading to plant defense responses,
growth inhibition, and senescence. Thirteen JAZ subtypes are
encoded in the Arabidopsis thaliana genome, but a detailed
understanding of the physiological functions of these JAZ sub-
types remains unclear, partially because of the genetic redun-
dancy of JAZ genes. One strategy to elucidate the complex JA
signaling pathways is to develop a reliable and comprehensive
binding assay system of the ligands with all combinations of the
co-receptors. Herein, we report the development of a fluores-
cence anisotropy—based in vitro binding assay system to screen
for the ligands of the COI1-JAZ co-receptors. Our assay
enabled the first quantitative analysis of the affinity values and
JAZ-subtype selectivity of various endogenous JA derivatives,
such as coronatine, jasmonic acid, and 12-hydroxyjasmonoyl-L-
isoleucine. Because of its high signal-to-noise ratio and conven-
ient mix-and-read assay system, our screening approach can be
used in plate reader—based assays of both agonists and antago-
nists of COI1-JAZ co-receptors.
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The phytohormone (+)-7-iso-jasmonoyl-L-isoleucine (JA-
Ile?; 1) regulates many developmental and stress responses in
plants (1-4). Upon attack by insects or fungal pathogens, JA-Ile
(1) is biosynthesized and induces protein—protein interaction
(PPI) among COI1, the F-box component of Skip/Cullin/F-box
(SCF<°™) E3 ubiquitin ligase, and the JAZ repressors, which
are ubiquitinated and then targeted for degradation by the 26S
proteasome. Subsequently, a different set of transcription fac-
tors targeted by JAZs activate the expression of JA-responsive
genes, leading to plant defense and growth inhibition or senes-
cence responses (5-7). COIl and 13 subtypes of JAZ are
encoded in the genome of Arabidopsis thaliana, and 1 can
induce PPI between COI1 and most JAZ subtypes to cause var-
ious physiological responses. However, the detailed physiolog-
ical functions of these JAZ subtypes remain unclear, mainly due
to the complexity of the JA-mediated signaling cascade, the
genetic redundancy of JAZ genes, and signaling cross-talk with
other phytohormones (8). In addition, functional compensa-
tion by other JAZ subtype in jaz knockout mutants cause diffi-
culties in the functional analysis of each JAZ subtype (9). None-
theless, a few examples of specific functions of JAZ proteins
have been described, e.g. JAZ2 as a controlling factor of stomata
dynamics and JAZ9 as a key regulator for defense responses
against necrotrophic pathogens (8, 10-13), indicating that spe-
cific JAZ proteins regulate distinct transcription factors and
downstream responses. The balance between redundant and
specific mechanisms of JA signaling likely contributes to fine-
tuning of the numerous JA-regulated responses and plant adap-
tation to the environment. Accordingly, practical chemical
tools for the study of JA-mediated signaling cascades such as
JAZ subtype—selective ligands are needed (13).

To discover such ligands, reliable and high-throughput in
vitro assay systems of the ligands for all combinations of COI1-
JAZ co-receptors must be prepared. One conventional method
is the yeast two-hybrid system. Although capable of screening

3 The abbreviations used are: JA-lle, (+)-7-iso-jasmonoyl-L-isoleucine; JA, jas-
monate; JAZ, jasmonate ZIM domain; FA, fluorescence anisotropy; PPI,
protein—protein interaction; HTS, high-throughput screening; OG, Oregon
Green; COR, coronatine; ent, enantiomer; Fl, fluorescein; TMR, tetramethyl-
rhodamine; COR-MO, coronatine O-methyloxime; SPR, surface plasmon reso-
nance; DIPEA, N,N-diisopropylethylamine; DMF, N,N-dimethylformamide; EG,
ethylene glycol.
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ligands against most combinations of COI1-JAZ co-receptors,
false positives and negatives could also be found, in part due to
the use of live yeast cells, the performance of which is affected
by factors unrelated to binding affinity such as cell-penetration
efficiency of the ligands and cell growth inhibition. In vitro or
semi-in vivo pulldown assays can also be used for direct analy-
ses for PPI between phytohormone co-receptors, although they
are qualitative in nature and of low-throughput performance.
Herein, we disclose a fluorescence anisotropy (FA)-based in
vitro binding assay system for the ligands of COI1-JAZ co-re-
ceptors. FA has been widely used for the quantitative and high-
throughput screening (HTS) of PPI inducers or inhibitors (14,
15), and by applying it to the assay system for COI1-JAZ co-re-
ceptors, quantitative analyses of the affinity values of endoge-
nous JA derivatives covering almost all the combinations of
COI1-JAZ co-receptors were achieved for the first time. More-
over, this system has a sufficiently good signal-to-noise ratio
and is capable of mix-and-read assay, and thus is amenable to a
plate reader-based assay of COI1-JAZ co-receptor agonists and
antagonists.

Results

Fluorescent anisotropy- based binding assay for ligand of
COI1-JAZ co-receptors

Short (27-amino-acid) peptide fragments composed of Jas
motifs of a JAZ protein were previously found to be sufficient
for co-receptor formation, and so we designed a fluorophore-
conjugated JAZ peptide for PPI detection of COI1-JAZ co-re-
ceptors according to the previously reported crystal structure
of COI1-1-JAZ1 complex (7). The conjugated peptide was
composed of 27 amino acids (~3,500 Da; Fig. S1), and Oregon
Green (OG) was attached to the additional Cys on the N termi-
nus of the Jas motif (OG-Cys-JAZ) (13), a binding domain of
JAZ proteins with COI1. The molecular masses of these conju-
gated peptides were significantly smaller than those of PPI
complexes (Fig. 15; ~100 kDa), and thus a dramatic increase in
FA can be expected upon formation of the COI1-ligand-JAZ
peptide ternary complex (Fig. 1, b and ¢). Initially, in a proof-of-
principle, positive control experiment, we observed the FA (r
value) change of OG-Cys-JAZ1 and COI1-GST upon addition
of coronatine (COR; 2), a functional mimic of JA-Ile and strong
binder of COI1-JAZ co-receptor (16). As shown in Fig. 1d, the
r value was relatively low (~0.092) when OG-Cys-JAZ1 and
COI1-GST were dissolved but increased by 1.9-fold upon the
addition of 2. In contrast, little or no anisotropy change was
observed upon addition of ent2 as the negative control. There-
fore, OG-Cys-JAZ1 can monitor the formation of COI1-2-
JAZ ternary complex.

We next sought to enhance the sensitivity of this assay sys-
tem by examination of the structures of fluorescently labeled
JAZ peptides, specifically (i) the position of the fluorophore (N
or C terminus of the peptide), (ii) the linker structures between
fluorophores and peptides, and (iii) the structures of the fluo-
rophores (Figs. 2a and S2). In the case of JAZ1-Cys-OG, in
which OG was introduced at the C terminus through Cys (Fig.
2b), almost no anisotropy change was observed upon addition
of 2 (Fig. S3a), although 2 caused PPI between co-receptors,
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Figure 1. FA-based binding assay for the ligands of COI1-JAZ co-recep-
tors. a, chemical structures of JA-lle (1), COR (2), and enantiomer of COR
(ent2). b, schematic of FA-based binding assay for COI1-JAZ co-receptors. ¢,
chemical structure of Oregon Green-conjugated JAZ1 degron peptide (OG-
N-Cys-JAZ1).d, FA change of OG-N-Cys-JAZ1 with GST-COI1 upon addition of
2 (black circles) or ent2 (red squares) (0-2 um). Experiments were performed in
triplicate to obtain mean and S.D. (shown as error bars).

similar to the case of OG-Cys-JAZ1 (Fig. S3b), indicating that
the fluorophore should be conjugated to the N-terminal posi-
tion of the JAZ peptide. Next, we examined the effect of linker
structure/length between OG and each N terminus of JAZ1
(OG-EG4, EG2-JAZ1, and OG-JAZ1) (Fig. 2b). It was found
that the ratio of anisotropy change (r/r, — 1) depended upon
the linker length (without linker (OG-JAZ1; 1.8) > EG2 (1.0) >
EG4 (0.7); Fig. 2¢ and S3, ¢ and d) despite the fact that all pep-
tides induced PPI with GST-COI1 (Fig. S3b). In particular, r
values of the peptides having various linkers were similar
(0.071-0.092), whereas those of the peptides in the presence of
2 and GST-COI1 decreased in proportion to the length of the
linkers (OG-JAZ1 (0.22) > EG2 (0.16) > EG4 (0.12); Fig. 2c and
S3, ¢ and d). The difference in molecular weights of these pep-
tides is insignificant compared with those of corresponding ter-
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Figure 2. Structural insights of fluorescently labeled JAZ peptides for FA-based sensing system of the ligands of COI1-JAZ co-receptors. a, i-iii,
schematics of various fluorescently labeled JAZ peptides. b, chemical structures of fluorescently labeled JAZ1 peptides used in this study; EG, ethylene glycol.
¢, FA values of fluorescently labeled JAZ1 peptides having various linker structures in the absence or presence of 2 (2 um). d, FA change of OG-JAZ1 (black
circles), FI-JAZ1 (blue squares), or TMR-JAZ1 (red filled circles) with GST-COI1 upon addition of 2 (0-2 um). The change of FI-JAZ1 with GST-COI1 upon addition
of ent2 (blue crosses) is also shown as negative control experiments. e, FA values of OG-, FI-, and TMR-labeled JAZ1 peptides in the absence or presence of 2 (2
uM). Experiments shown in c-e were performed in triplicate to obtain mean and S.D. (shown as error bars).

nary complexes, and thus the differences in the r values of these
peptides should be derived from the microenvironmental
mobility of the fluorophore in the corresponding ternary com-
plexes. We also designed two peptides bearing fluorescein (Fl)
and tetramethylrhodamine (TMR) instead of the original OG
(FI-JAZ1 and TMR-JAZ1; Fig. 2b). As shown in Fig. 2d, the r
values of all these peptides bearing GST-COI1 increased upon
addition of 2 in a dose-dependent manner, and the ratios of
anisotropy changes (r/r, — 1) in FI-JAZ1 and OG-JAZ1 were
higher than that in TMR-JAZ1. The FI-JAZ1 with GST-COI1
also showed no change in r values upon addition of ent2 as the
negative control, and thus FI-JAZ1 as well as original OG-
N-Cys-JAZ1 specifically detected the agonist-induced PPI
between COI1 and JAZ1. Overall, we found that FI-JAZ1 as well
as the original OG-N-Cys-JAZ1 worked well as novel FA-based
sensors for COI1-JAZ co-receptor formation. In the following
experiments, we used FI-JAZ]1 as it is less expensive to acquire.

Quantitative binding analyses of jasmonates with COI1-JAZ
co-receptors

We next applied the FA-based sensing system to the quanti-
tative analyses of the binding affinities of various natural jasmo-
nate derivatives bearing COI1-JAZ co-receptors. From the sat-
uration binding curve, the apparent K, value of 2 with FI-JAZ1
and GST-COI1 was calculated to be 5.0 nm (Fig. 3a). A sample
of synthetic JA-Ile (3) containing (+)-7-iso-JA-L-Ile (1) and
(—)-JA-L-IleP"™ diastereomeric isomers in a 95:5 ratio (Fig. 3b)
and purified bioactive stereoisomer (+)-7-iso-JA-L-Ile (1) also
increased the rvalue in a dose-dependent manner. The K, value
of 1 was 29 nM, which is significantly lower than that of the
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mixture, 3 ((—)-JA-L-Ile; 824 nMm), and these results are consis-
tent with the previous report (4). In contrast, little or no change
was observed upon addition of either jasmonic acid (4) or
12-hydroxy-JA-1-Ile (5) (Figs. 3b and S5), which is consistent
with previous reports, although the K, values of 2 and 3 are
almost a single order of magnitude lower than the reported
values (48 nM for 2 and 18 uMm for 3).

Thirteen JAZ gene subtypes are coded in Arabidopsis; the Jas
motifs of JAZ5 and -6 are identical, and JAZ7, -8, and -13 are
expected to have no or weak affinity with COI1 because they
lack a binding sequence (8). Thus, we prepared nine short pep-
tides corresponding to the remaining subtypes (FI-JAZs; Fig.
S4) with FI-JAZ13 as a negative control. Next, we applied this
sensing system to evaluate the binding affinities of 2, 1, 3,4, and
5 for all combinations of COI1 and 10 JAZ subtypes. As shown
in Fig. 3cand with the except of FI-JAZ13, 2 induced an increase
in FA in the presence of GST-COI1 and the corresponding
FI-JAZ. The affinity values of 2 are summarized in Table 1 (see
also Fig. S5), and those corresponding to JAZ1, -3, -6, and -10
are consistent with previous reports (7, 17-19). Although no
affinity values of 2 have been reported for JAZ2, -4, -9, -11, and
-12 with COI1, pulldown experiments demonstrated that 2
indeed caused PPI for these COI1-JAZ combinations, similar
to the case of JAZ1 (Fig. S6). In the cases of 1, 3, and 5, the
anisotropy was also increased in most combinations of COI1—
JAZ co-receptors except for JAZ13. In contrast, little change
was observed for 4 against all co-receptors (Table 1 and Fig. S5).
Affinity values for 1, 3, 4, and 5 with any COI1-JAZ co-recep-
tors were previously unreported, and so our results are the first
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Figure 3. Quantitative binding assay of JA derivatives for all COI1-JAZ co-receptors. g, FA change of FI-JAZ1 with GST-COI1 upon addition of 1 (blue
triangles; 0-3 um), 2 (black circles; 0-2 um), or 3 (blue squares; 0-10 um). b, chemical structures of endogenous JA derivatives: synthetic (—)-JA-L-lle (3; a
diastereomeric mixture of (+)-7-iso-JA-L-lle and (—)-JA-L-1leP“"®), JA (4), and 12-hydroxy-JA-L-lle (12-OH-JA-lle; 5). ¢ and d, FA change of FI-JAZs (JAZ1 (black
circles), JAZ2 (red circles), JAZ3 (blue circles), JAZ4 (black squares), JAZ5/6 (red squares), JAZ9 (black crosses), JAZ10 (red crosses), JAZ11 (blue crosses), JAZ12 (black
diamonds), or JAZ13 (red diamonds)) with GST-COI1 upon addition of 2 (0-2 um; ¢) or 1 (0-3 um; d), monitored by a fluorescence spectrometer. Experiments
were performed in triplicate to obtain mean and S.D. (shown as error bars).

Table 1
The K, values of JA derivatives for all COI1-JAZ co-receptors
COR (2)
Obtained Literature (+)-7-Iso-JA-L-Ile (1) (—=)-JA-L-1le (3) JA (4) 12-OH-JA-L-Ile (5)
nm nm nm nm

JAZ1 5 48 29 824 ND? 6,461
JAZ2 1 — 7 759 ND 4,824
JAZ3 7 20 11 681 ND 3,337
JAZ4 6 — 25 1,724 ND 9,234
JAZ5/6 16 68¢ 34 1,660 ND 24,054
JAZ9 0.5 — 10 608 ND 1,187
JAZ10 6 7¢ 7 1,471 ND 3,635
JAZ11 4 — 13 616 ND 8,886
JAZ12 4 — 8 768 ND 2,821
JAZ13 ND —d ND ND ND ND

“ The values have been previously reported (7, 17, 18).

»ND, the value could not be determined due to the low signal change.

¢ Although no value has been reported in the literature, COR-induced PPI was confirmed by another method.
4 PPI induction has not been reported.

quantitative analyses of the affinity of endogenous JA deriva- for 1 and 5), indicating that the JAZ-subtype selectivity of these
tives with most combinations of COI1-JAZ co-receptors. jasmonates is similar but not identical to each other.

Interestingly, the measured affinity values for 1, 2, and 5 against Additionally, as expected, an obvious FA change could be
each JAZ subtype were found to be weakly correlated (Fig. S7;  observed with FI-JAZ1 and GST-COI1 upon addition of 2 in a
correlation factor is 0.55 for 2 and 1, 0.72 for 2 and 5, and 0.72  dose-dependent manner with the conventionally used plate
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Figure 4. Binding assay for antagonist of COI1-JAZ co-receptors by our
FA-based binding assay system. g, chemical structure of COR-MO (6). b, FA
change of FI-JAZ1 with GST-COI1 upon addition of (+)-7-iso-JA-L-lle (1) (0-1
um; left) and the following addition of 6 (0-10 wm; right), monitored by a
fluorescence spectrometer. ¢, FA values of FI-JAZ1 with GST-COI1 in the
absence or presence of 1 (0.25 um) or in the presence of both 1 (0.25 um) and
6 (1 or 10 um), monitored by plate reader equipment. Experiments were per-
formed in triplicate to obtain mean and S.D. (shown as error bars). **, p < 0.01;
*, p < 0.05; significant differences between anisotropy values in the absence
or presence of the indicated ligands were analyzed by Student’s t test.

reader equipment (Fig. S8). Therefore, our FA-based binding
assay system is amenable to the plate reader-based HTS of
COI1-JAZ co-receptor agonists.

Anisotropy-based binding assay systems for antagonist of
COI1-JAZ co-receptors

Our FA-based binding assay systems can also evaluate antag-
onists for COI1-JAZ by monitoring the disassembly of the
ternary complex. Previously developed a rationally designed
antagonist, coronatine O-methyloxime (COR-MO; 6; Fig. 4a),
of COI1-JAZ co-receptor based on a crystallographic structure
of the ternary complex (20), and thus a proof-of-principle
experiment could be carried out using COR-MO as a positive
control. Initially, the COI1—(+)-7-iso-JA-L-1le (1)-FI-JAZ1 ter-
nary complex was prepared in a similar manner to that
described above (Fig. 4b). The r value of this ternary complex
was found to decrease upon addition of 6 in a dose-dependent
manner (Fig. 4b), indicating that 6 disrupted the formation of
the COI1-1-FI-JAZ1 ternary complex and released the small
peptide FI-JAZ1 into solution. The half-maximum inhibitory
concentration (IC;,) of 6 was 1.92 um, which was consistent
with the literature value (IC,) of 0.43-1.53 um. An inhibitory
effect of 6 on COI1-1-FI-JAZ1 was further confirmed by our
HTS system with plate reader equipment (Fig. 4c). These
results clearly exemplify the utility of our HTS system for the
screening of the COI1-JAZ antagonists.
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Discussion

Coronatine (2) has been considered as a structural and bio-
logical mimic of JA-Ile (1), but several researchers have claimed
it to have a broader range of functions that includes rapid chlo-
rosis and plant defense responses in both COI1-JAZ-depen-
dent and -independent manners (21-23). Our quantitative
analyses of 2 and bioactive hormone (+)-7-iso-JA-L-Ile (1) for
the co-receptors suggested that their JAZ-subtype selectivities
were obviously different; that is, affinity values of 1 and 2 for
each JAZ subtype were weakly correlated (Fig. S7; the correla-
tion factor is 0.55), providing a possible explanation for the
differences in bioactivities of 1 and 2, at least in vitro.

Although several synthetic jasmonates derivatives have been
developed, their structure—activity relationship profiles have
been mainly collected from whole-plant bioassays (24) and are
therefore reflective of many different processes. In contrast, our
binding assay system for the quantitative assessment of ligand-
subtype selectivity will provide new insights into not only the
mode of action of these derivatives but also the biological role of
each JAZ subtype.

Other phytohormones such as auxin, gibberellin, and absci-
sic acid also act as PPl inducers for the corresponding co-recep-
tors, of which there are various subtypes with high genetic
redundancy (25-27). Napier and co-workers et al. (28) previ-
ously reported a pioneering surface plasmon resonance (SPR)-
based binding assay system of auxin co-receptors that yielded
definitive, quantitative structure—activity relationship profiles
by using biotin-conjugated degron peptides with F-box protein
counterparts, including TIR1 and AFB5. Alternatively, the FA-
based binding assay has been used in HT'S analyses of PPI mod-
ulators, similar to SPR-based methods (the PPI inhibitor data-
base reports fluorescence polarization or anisotropy assays in
the top ranking 51% of their cases) (29). One advantage of the
FA-based assay is that it is “mix-and-read”: all the components
of the assay can be mixed prior to compound administration
and read out directly, allowing for the rapid HTS assay of vari-
ous ligands simultaneously. Also, fluorescent probes are used in
rather low concentrations (50 -100 nM™ in this case, depending
on the signal-to-noise ratio or ligand affinity), and its miniatur-
ization into sample uncoated microplates, which saves biolog-
ical materials (proteins or peptides) and compounds by simple
reduction of the assay volume, is relatively straightforward and
results in costs per well that are lower than for SPR or other
biomolecule immobilization—based PPI detection methods
(AlphaScreen or biolayer interferometry).

Recently, Littleson et al. (30) have reported a scalable and
flexible synthetic strategy with coronatine and successfully cre-
ated a huge library (~120) of its derivatives, although their JAZ-
subtype selectivity has yet to discussed. We developed a versa-
tile binding assay method for the chemical screening of both
agonist and antagonist ligands of COI1-JAZ co-receptors. Our
design strategy of the FA-based JAZ sensors is simple and may
be applicable to agronomically relevant plant species in addi-
tion to Arabidopsis thaliana (e.g. rice; three COII and 15 JAZ
are coded in its genome, and all Jas motifs in JAZ have already
been identified) (31). Therefore, the library of coronatine deriv-
atives combined with our screening method should constitute a
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useful chemical tool for the elucidation of complex, JA-related
signaling cascades as well as molecularly targeted agrochemi-
cals in plants in the future (13).

Experimental procedures
General materials and methods

All chemical reagents and solvents were obtained from com-
mercial suppliers (Wako Pure Chemical Industries Co. Ltd.,
Nacalai Tesque Co. Ltd., Watanabe Chemical Industries Co.
Ltd., Thermo Fisher Scientific K.K., and GE Healthcare) and
used without further purification. Ultraviolet (UV)-visible
spectra were recorded on a UV-2600 spectrophotometer (Shi-
madzu, Kyoto, Japan). Fluorescence spectra and anisotropy
were recorded on a FP-8500 (Jasco, Tokyo, Japan). Plate reader
assays were recorded on a SpectraMax-M5 (Molecular Devices,
LLC). SDS-PAGE and Western blotting were carried out using
a Mini-Protean III electrophoresis apparatus (Bio-Rad).
Chemiluminescence signals were detected with a LAS 4000
imaging system (Fujifilm, Tokyo, Japan). Reversed-phase or
straight-phase high-performance LC (HPLC) was carried out
on a PU-4180 Plus with UV-4075 and MD-4010 detectors
(Jasco). UV detection was performed at 220 nm. MALDI-TOF
MS analyses were performed on a 4800 Plus MALDI-TOF/TOF
Analyzer (AB Sciex, Framingham, MA).

Synthesis

1, 2, ent2, and 3—6 were prepared as described previously
(straight-phase HPLC charts of (—)-JA-L-Ile (3) and purified
(+)-7-iso-JA-L-1le (1) are shown in Fig. S9) (4, 20, 32, 33). All
JAZ peptides were prepared by microwave-assisted solid-phase
synthesis with NovaSyn® TGA resin (90 um) using Initiator "
Alstra (Biotage Ltd., Charlotte, NC). A representative protocol
for the case of FI-JAZ peptide is as follows. Solid-phase pep-
tide was mixed with 5-carboxyfluorescein diacetate (3 eq),
N,N,N',N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU; 5 eq), 1-hydroxybenzotriazole
monohydrate (HOBt-H,O) (5 eq), and DIPEA (5 eq) in dry DMF
at room temperature for 2 h. After the reaction, the peptide was
deprotected by stirring with TFA solution at room temperature
for 1.5 h (in the case of JAZ9 or -13, deprotection was per-
formed with TFA solution containing thioanisole, anisole, and
1,2-ethanedithiol (34) to avoid methionine oxidation). A repre-
sentative protocol for the case of OG-conjugated or TMR-con-
jugated JAZ1 peptide is as follows. Solid-phase peptide was
mixed with 5-carboxy-Oregon Green diacetate N-succinimidyl
ester (3 eq; the synthetic protocol is shown in the supporting
information) or 5-carboxytetramethylrhodamine N-succinimi-
dyl ester (3 eq; Biotium) and DIPEA (5 eq) in dry DMF at room
temperature for 1 h. After the reaction, the peptide was depro-
tected by stirring with TFA solution at room temperature for
1 h. The reaction mixture was purified by reversed-phase HPLC
using a Develosil ODS-HG-5 column (4.6-mm inner diameter
X 250 mm), eluting with a linear gradient (CH,CN (0.05%
TEA):H,O (0.05% TEA) = 20:80 (5 min) to 50:50 (35 min)) to
afford fluorophore-conjugated JAZ peptide. After lyophiliza-
tion, conjugated JAZ peptide was dissolved in sterilized water
to prepare the stock solution. The concentration of the solution
was calculated from the UV-visible absorption spectrum as
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shown below (see Fluorescence anisotropy titration experiments
under “Experimental procedures”). The purity of these peptides
was confirmed by HPLC analyses (Figs. S2 and S4), and the pep-
tides were characterized by MALDI-TOF MS as follows (MS
charts are shown in the supporting information): OG-C-JAZ1: m/z
[M + H]™" caled for 3803.90, found 3803.90; OG-EG4-JAZ1:
mi/z [M + H]" caled for 3922.02, found 3922.03; OG-EG2-
JAZ1: m/z [M + H]" calcd for 3776.95, found 3776.92; OG-
JAZ1:m/z [M + H] " calcd for 3631.87, found 3631.89; FI-JAZ1:
m/z [M + H]" calcd for 3595.89, found 3595.91; TMR-JAZ1:
m/z [M + H]™" calcd for 3649.99, found 3649.97; FI-JAZ2: m/z
[M + H] " calcd for 3609.91, found 3609.92; FI-JAZ3: m/z [M +
H]" caled for 3444.84, found 3444.86; FI-JAZ4: m/z [M + H] "
calcd for 3514.86, found 3514.90; FI-JAZ5/6: m/z [M + H]*
calcd for 3598.90, found 3598.93; FI-JAZ9: m/z [M + H] ™ calcd
for 3521.78, found 3521.80; FI-JAZ10: m/z [M + H] " calcd for
3644.93, found 3644.93; FI-JAZ11: m/z [M + H]" calcd for
3854.01, found 3854.00; FI-JAZ12: m/z [M + H]* caled
for 3748.96, found 3748.96; F1-JAZ13: m/z [M + H]™ calcd for
3749.01, found 3749.01.

Fluorescence anisotropy titration experiments

All chemicals were dissolved in ethanol to generate 10 mm
stock solutions and diluted with 20% ethanol aqueous for prep-
aration of 100 uM stock solutions. All fluorescent peptides were
dissolved in sterilized water to generate stock solutions. The
concentrationsofthesepeptideswere determined by theirabsor-
bance (at 495 nm for Oregon Green® and 494 nm for fluores-
cein) in 0.1 N NaOH aqueous using a molar extinction coeffi-
cient of 76,000 M~ * cm™~* for Oregon Green (35) and 75,000
M~ ' ecm ™! for fluorescein (36). The concentration of rhoda-
mine-conjugated peptide was determined by the absorbance at
543 nm in methanol using a molar coefficient of 92,000 M~
cm ™! (37). The concentration of COI1-GST was estimated by
the Bradford assay and the efficiency of pulldown experiments
with 2 and OG-N-Cys-JAZ1 (13), allowing stock solutions of
known concentration to be prepared. Fluorescence anisotropy
titration experiments were performed at 25 °C in 50 mm Tris-
HCl buffer (pH 7.8, 100 mm NaCl, 20 mm 2-mercaptoethanol,
10% glycerol, 0.1% Tween20, 100 nm inositol 1,2,4,5,6-pentaki-
sphosphate) using a quartz cell (50 ul). The ligand was added
dropwise to the solution containing COI1-GST (100 nm) and
each fluorescent JAZ peptide (100 nm), and anisotropy intensi-
ties were measured (A, /A.,, = 485 nm/522.5 nm for Oregon
Green, A, /A,,,, = 485 nm/516.5 nm for fluorescein, A /A, =
543 nm/573.5 nm for tetramethylrhodamine). Fluorescence
anisotropy values (r) were calculated using the following equa-
tion: 7 = (I, — G X I 1)/ (I + 2G X L,y;) where Iy, and I,
are the fluorescence intensities observed through polarizers
parallel and perpendicular to the polarization of the exciting
light, respectively, and G is a correction factor to account for
instrumental differences in detecting emitted compounds. An
average value of three independent measurements was plotted
for each point. Anisotropy titration curves were analyzed with
nonlinear curve-fitting analysis to evaluate apparent K, and K,
values.
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Fluorescence anisotropy measurements with plate reader
equipment

Fluorescence anisotropy was measured at 25 °C in the same
buffer for fluorescence anisotropy titration experiments (pH
7.8) using a 96-well black clear-bottomed plate (100 wl/well).
The ligand was added dropwise to the solution containing
COI1-GST (50 nm) and each fluorescent JAZ peptide (50 nm),
and anisotropy values were measured (A,,/A,,, = 485 nm/516
nm for fluorescein).

Author contributions—Y. T. and M. U. conceptualization; Y. T. and
M. U.datacuration; Y. T.,, K. N,I. N. A.,S. O, M. L,,and N. K. formal
analysis; Y. T. and M. U. funding acquisition; Y. T. validation; Y. T.,
K.N, LN A, M. I, N.K,, and M. U. investigation; Y. T. visualiza-
tion; Y. T. and M. U. methodology; Y. T. and M. U. writing-original
draft; Y. T., K.N,, . N. A,, M. L, N. K., and M. U. writing-review and
editing; S. O. and M. U. resources; M. U. supervision; M. U. project
administration; K. N., I. N. A, M. I, and N. K. synthesis.

Acknowledgments—We thank Prof. S. Nishizawa and Dr. Y. Sato
(Tohoku University) for the use of plate reader equipment. We also
thank Dr. Y. Ishimaru (Tohoku University) for helpful discussion in
the early stage of this project and Y. Nukadzuka (Tohoku University)
for help with synthesis.

References

1. Wasternack, C., Kombrink, E. (2010) Jasmonates: structural requirements
for lipid-derived signals active in plant stress responses and development.
ACS Chem. Biol. 5, 63—77 CrossRef Medline

2. Wasternack, C. (2007) Jasmonates: an update on biosynthesis, signal
transduction and action in plant stress response, growth and develop-
ment. Ann. Bot. 100, 681—697 CrossRef Medline

3. Wasternack, C., and Hause, B. (2013) Jasmonates: biosynthesis, percep-
tion, signal transduction and action in plant stress response, growth and
development. An update to the 2007 review in Annals of Botany. Ann. Bot.
111, 1021-1058 CrossRef Medline

4. Fonseca, S., Chini, A.,, Hamberg, M., Adie, B., Porzel, A., Kramell, R,,
Miersch, O., Wasternack, C., and Solano, R. (2009) (+)-7-iso-Jasmonoyl-
L-isoleucine is the endogenous bioactive jasmonate. Nat. Chem. Biol. 5,
344.-350 CrossRef Medline

5. Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandaokar, A., Liu, G., No-
mura, K, He, S. Y., Howe, G. A., and Browse, J. (2007) JAZ repressor
proteins are targets of the SCFCOI1 complex during jasmonate signalling.
Nature 448, 661—665 CrossRef Medline

6. Chini, A., Fonseca, S., Ferndndez, G., Adie, B., Chico, J. M., Lorenzo, O.,
Garcia-Casado, G., Lopez-Vidriero, L., Lozano, F. M., Ponce, M. R., Micol,
J. L., and Solano, R. (2007) The JAZ family of repressors is the missing link
in jasmonate signalling. Nature 448, 666 — 671 CrossRef Medline

7. Sheard, L. B., Tan, X., Mao, H., Withers, J., Ben-Nissan, G., Hinds, T. R.,
Kobayashi, Y., Hsu, F. F., Sharon, M., Browse, J., He, S. Y., Rizo, ., Howe,
G. A, and Zheng, N. (2010) Jasmonate perception by inositol-phosphate-
potentiated COI1-JAZ co-receptor. Nature 468, 400—405 CrossRef
Medline

8. Chini, A., Gimenez-Ibanez, S., Goossens, A., and Solano, R. (2016) Redun-
dancy and specificity in jasmonate signalling. Curr. Opin. Plant Biol. 33,
147-156 CrossRef Medline

9. Campos, M. L, Yoshida, Y., Major, I. T., de Oliveira Ferreira, D., Weradu-
wage, S. M., Froehlich, J. E., Johnson, B. F., Kramer, D. M., Jander, G.,
Sharkey, T. D., and Howe, G. A. (2016) Rewiring of jasmonate and phyto-
chrome B signalling uncouples plant growth-defense tradeoffs. Nat. Com-
mun. 7, 12570 CrossRef Medline

10. Pauwels, L., Ritter, A., Goossens, J., Durand, A. N,, Liu, H., Gu, Y., Geer-
inck, J., Boter, M., Vanden Bossche, R., De Clercq, R., Van Leene, J., Ge-

5080 J. Biol. Chem. (2019) 294(13) 5074 -5081

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

vaert, K., De Jaeger, G., Solano, R, Stone, S., et al. (2015) The RING E3
ligase KEEP ON GOING modulates JASMONATE ZIM-DOMAIN12
stability. Plant Physiol. 169, 1405—1417 CrossRef Medline

Guo, Q., Major, I. T., and Howe, G. A. (2018) Resolution of growth-de-
fense conflict: mechanistic insights from jasmonate signaling. Curr. Opin.
Plant Biol. 44, 72— 81 CrossRef Medline

Howe, G. A, Major, I. T., and Koo, A. J. (2018) Modularity in jasmonate
signaling for multistress resilience. Annu. Rev. Plant Biol. 69, 387—415
CrossRef Medline

Takaoka, Y., Iwahashi, M., Chini, A., Saito, H., Ishimaru, Y., Egoshi, S.,
Kato, N., Tanaka, M., Bashir, K., Seki, M., Solano, R., and Ueda, M. (2018)
A rationally designed JAZ subtype-selective agonist of jasmonate percep-
tion. Nat. Commun. 9, 3654 CrossRef Medline

Milroy, L. G., Grossmann, T. N., Hennig, S., Brunsveld, L., and Ottmann,
C. (2014) Modulators of protein-protein interactions. Chem. Rev. 114,
4695—4748 CrossRef Medline

Nero, T. L., Morton, C. J., Holien, J. K., Wielens, J., and Parker, M. W.
(2014) Oncogenic protein interfaces: small molecules, big challenges. Nat.
Rev. Cancer 14, 248 —262 CrossRef Medline

Ichihara, A., Shiraishi, K., Sato, H., Sakamura, S., Nishiyama, K., Sakai, R.,
Furusaki, A., and Matsumoto, T. (1977) The structure of coronatine.
J. Am. Chem. Soc. 99, 636 — 637 CrossRef

Kastir, L., Schilmiller, A. L., Staswick, P. E., He, S. Y., and Howe, G. A.
(2008) COI1 is a critical component of a receptor for jasmonate and the
bacterial virulence factor coronatine. Proc. Natl. Acad. Sci. U.S.A. 105,
7100-7105 CrossRef Medline

Shyu, C,, Figueroa, P., Depew, C. L., Cooke, T. F., Sheard, L. B., Moreno,
J. E., Katsir, L., Zheng, N., Browse, J., and Howe, G. A. (2012) JAZ8 lacks a
canonical degron and has an EAR motif that mediates transcriptional
repression of jasmonate responses in Arabidopsis. Plant Cell 24, 536 —550
CrossRef Medline

Thatcher, L. F., Cevik, V., Grant, M., Zhai, B., Jones, ]. D., Manners, ]. M.,
and Kazan, K. (2016) Characterization of a JAZ7 activation-tagged Arabi-
dopsis mutant with increased susceptibility to the fungal pathogen Fusar-
ium oxysporum. J. Exp. Bot. 67, 2367—-2386 CrossRef Medline

Delete in proof

Uppalapati, S. R., Ayoubi, P., Weng, H., Palmer, D. A., Mitchell, R. E,,
Jones, W., and Bender, C. L. (2005) The phytotoxin coronatine and methyl
jasmonate impact multiple phytohormone pathways in tomato. Plant J.
42, 201-217 CrossRef Medline

Geng, X., Cheng, J., Gangadharan, A., and Mackey, D. (2012) The corona-
tine toxin of Pseudomonas syringae is a multifunctional suppressor of
Arabidopsis defense. Plant Cell 24, 4763—4774 CrossRef Medline

Ueda, M., Egoshi, S., Dodo, K., Ishimaru, Y., Yamakoshi, H., Nakano, T.,
Takaoka, Y., Tsukiji, S., and Sodeoka, M. (2017) Noncanonical function of
a small-molecular virulence factor coronatine against plant immunity: an
in vivo Raman imaging approach. ACS Cent. Sci. 3, 462—472 CrossRef
Medline

Jimenez-Aleman, G. H., Machado, R. A. R,, Baldwin, I. T., and Boland, W.
(2017) JA-Ile-macrolactones uncouple growth and defense in wild to-
bacco. Org Biomol. Chem. 15, 3391-3395 CrossRef Medline

Santner, A., Calderon-Villalobos, L. L., and Estelle, M. (2009) Plant hor-
mones are versatile chemical regulators of plant growth. Nat. Chem. Biol.
5, 301-307 CrossRef Medline

Pieterse, C. M., Leon-Reyes, A., Van der Ent, S., and Van Wees, S. C. (2009)
Networking by small-molecule hormones in plant immunity. Nat. Chem.
Biol. 5,308 -316 CrossRef Medline

Lumba, S., Cutler, S., and McCourt, P. (2010) Plant nuclear hormone
receptors: a role for small molecules in protein-protein interactions.
Annu. Rev. Cell Dev. Biol. 26, 445—469 CrossRef Medline

Lee, S., Sundaram, S., Armitage, L., Evans, J. P., Hawkes, T., Kepinski, S.,
Ferro, N., and Napier, R. M. (2014) Defining binding efficiency and spec-
ificity of auxins for SCF(TIR1/AFB)-Aux/IAA co-receptor complex for-
mation. ACS Chem. Biol. 9, 673— 682 CrossRef Medline

Labbé, C. M., Laconde, G., Kuenemann, M. A, Villoutreix, B. O., and
Sperandio, O. (2013) iPPI-DB: a manually curated and interactive database
of small non-peptide inhibitors of protein-protein interactions. Drug Dis-
cov. Today 18, 958 —968 CrossRef Medline

SASBMB


http://dx.doi.org/10.1021/cb900269u
http://www.ncbi.nlm.nih.gov/pubmed/20025249
http://dx.doi.org/10.1093/aob/mcm079
http://www.ncbi.nlm.nih.gov/pubmed/17513307
http://dx.doi.org/10.1093/aob/mct067
http://www.ncbi.nlm.nih.gov/pubmed/23558912
http://dx.doi.org/10.1038/nchembio.161
http://www.ncbi.nlm.nih.gov/pubmed/19349968
http://dx.doi.org/10.1038/nature05960
http://www.ncbi.nlm.nih.gov/pubmed/17637677
http://dx.doi.org/10.1038/nature06006
http://www.ncbi.nlm.nih.gov/pubmed/17637675
http://dx.doi.org/10.1038/nature09430
http://www.ncbi.nlm.nih.gov/pubmed/20927106
http://dx.doi.org/10.1016/j.pbi.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27490895
http://dx.doi.org/10.1038/ncomms12570
http://www.ncbi.nlm.nih.gov/pubmed/27573094
http://dx.doi.org/10.1104/pp.15.00479
http://www.ncbi.nlm.nih.gov/pubmed/26320228
http://dx.doi.org/10.1016/j.pbi.2018.02.009
http://www.ncbi.nlm.nih.gov/pubmed/29555489
http://dx.doi.org/10.1146/annurev-arplant-042817-040047
http://www.ncbi.nlm.nih.gov/pubmed/29539269
http://dx.doi.org/10.1038/s41467-018-06135-y
http://www.ncbi.nlm.nih.gov/pubmed/30194307
http://dx.doi.org/10.1021/cr400698c
http://www.ncbi.nlm.nih.gov/pubmed/24735440
http://dx.doi.org/10.1038/nrc3690
http://www.ncbi.nlm.nih.gov/pubmed/24622521
http://dx.doi.org/10.1021/ja00444a067
http://dx.doi.org/10.1073/pnas.0802332105
http://www.ncbi.nlm.nih.gov/pubmed/18458331
http://dx.doi.org/10.1105/tpc.111.093005
http://www.ncbi.nlm.nih.gov/pubmed/22327740
http://dx.doi.org/10.1093/jxb/erw040
http://www.ncbi.nlm.nih.gov/pubmed/26896849
http://dx.doi.org/10.1111/j.1365-313X.2005.02366.x
http://www.ncbi.nlm.nih.gov/pubmed/15807783
http://dx.doi.org/10.1105/tpc.112.105312
http://www.ncbi.nlm.nih.gov/pubmed/23204405
http://dx.doi.org/10.1021/acscentsci.7b00099
http://www.ncbi.nlm.nih.gov/pubmed/28573209
http://dx.doi.org/10.1039/C7OB00249A
http://www.ncbi.nlm.nih.gov/pubmed/28261738
http://dx.doi.org/10.1038/nchembio.165
http://www.ncbi.nlm.nih.gov/pubmed/19377456
http://dx.doi.org/10.1038/nchembio.164
http://www.ncbi.nlm.nih.gov/pubmed/19377457
http://dx.doi.org/10.1146/annurev-cellbio-100109-103956
http://www.ncbi.nlm.nih.gov/pubmed/20590451
http://dx.doi.org/10.1021/cb400618m
http://www.ncbi.nlm.nih.gov/pubmed/24313839
http://dx.doi.org/10.1016/j.drudis.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23688585

30.

31.

32.

33.

Littleson, M. M., Baker, C. M., Dalencon, A. ], Frye, E. C., Jamieson, C.,
Kennedy, A. R, Ling, K. B,, McLachlan, M. M., Montgomery, M. G., Rus-
sell, C.J., and Watson, A. J. B. (2018) Scalable total synthesis and compre-
hensive structure—activity relationship studies of the phytotoxin corona-
tine. Nat. Commun. 9, 1105 CrossRef Medline

Singh, A. P, Pandey, B. K., Deveshwar, P., Narnoliya, L., Parida, S. K., and Giri,
J. (2015) JAZ repressors: potential involvement in nutrients deficiency re-
sponse in rice and chickpea. Front. Plant Sci. 6, 975 CrossRef Medline
Egoshi, S., Takaoka, Y., Saito, H., Nukadzuka, Y., Hayashi, K, Ishimaru, Y.,
Yamakoshi, H., Dodo, K., Sodeoka, M., and Ueda, M. (2016) Dual function
of coronatine as a bacterial virulence factor against plants—possible
COI1-JAZ-independent role. RSC Adv. 6, 19404 —19412 CrossRef
Okada, M,, Ito, S., Matsubara, A., Iwakura, I, Egoshi, S., and Ueda, M.
(2009) Total syntheses of coronatines by exo-selective Diels—Alder reac-
tion and their biological activities on stomatal opening. Org. Biomol.
Chem. 7, 3065—-3073 CrossRef

SASBMB

Ligand screening system for jasmonate co-receptor

34.

35.

36.

37.

Taboada, L., Nicolas, E., and Giralt, E. (2001) One-pot full peptide
deprotection in Fmoc-based solid-phase peptide synthesis—methio-
nine sulfoxide reduction with BudNBr. Tetrahedron Lett. 42,
1891-1893 CrossRef

Miki, T., Fujishima, S. H., Komatsu, K., Kuwata, K., Kiyonaka, S., and
Hamachi, I. (2014) LDAI-based chemical labeling of intact membrane
proteins and its pulse-chase analysis under live cell conditions. Chem. Biol.
21, 1013-1022 CrossRef Medline

Mizusawa, K., Takaoka, Y., and Hamachi, . (2012) Specific cell surface
protein imaging by extended self-assembling fluorescent turn-on nano-
probes. J. Am. Chem. Soc. 134, 1338613395 CrossRef Medline

Yoshii, T., Mizusawa, K., Takaoka, Y., and Hamachi, I. (2014) Intracellular
protein-responsive supramolecules: protein sensing and in-cell con-
struction of inhibitor assay system. . Am. Chem. Soc. 136, 16635—16642
CrossRef Medline

J. Biol. Chem. (2019) 294(13) 5074-5081 5081


http://dx.doi.org/10.1038/s41467-018-03443-1
http://www.ncbi.nlm.nih.gov/pubmed/29549326
http://dx.doi.org/10.3389/fpls.2015.00975
http://www.ncbi.nlm.nih.gov/pubmed/26617618
http://dx.doi.org/10.1039/C5RA20676F
http://dx.doi.org/10.1039/b905159g
http://dx.doi.org/10.1016/S0040-4039(01)00041-7
http://dx.doi.org/10.1016/j.chembiol.2014.07.013
http://www.ncbi.nlm.nih.gov/pubmed/25126991
http://dx.doi.org/10.1021/ja304239g
http://www.ncbi.nlm.nih.gov/pubmed/22809394
http://dx.doi.org/10.1021/ja508955y
http://www.ncbi.nlm.nih.gov/pubmed/25361466

	A comprehensive in vitro fluorescence anisotropy assay system for screening ligands of the jasmonate COI1&#x2013;JAZ co-receptor in plants
	Results
	Fluorescent anisotropy–based binding assay for ligand of COI1–
JAZ co-receptors
	Quantitative binding analyses of jasmonates with COI1–
JAZ co-receptors
	Anisotropy-based binding assay systems for antagonist of COI1–
JAZ co-receptors

	Discussion
	Experimental procedures
	General materials and methods
	Synthesis
	Fluorescence anisotropy titration experiments
	Fluorescence anisotropy measurements with plate reader equipment

	References


