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Abstract

The hormonal action of jasmonate in plants is ailetl by the precise balance
between its biosynthesis and inactivation. The atiioh of jasmonoyl--isoleucine at the
C-12 position, which is catalyzed by cytochrome ®16YP94B3 and CYP94C1, is thought
to be one of main inactivation pathways. In thiglgt we elucidated an additional function
of CYP94B3 and investigated additional jasmonoy$oleucine metabolites. We found that
CYP94B3 also catalyzes the hydroxylation of jasnybnevaline and
jasmonoylt-phenylalanine, and these hydroxyl compounds actatediafter wounding
and possessed lower activity than non-hydroxylatedpounds. Additionally,
12-O-B-glucopyranosyl-jasmonoyl-isoleucine accumulated after wounding, suggesting

that it is a metabolite of jasmonayidisoleucine.
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1. Introduction

Jasmonic acid (JA) and its derivatives regulatedewange of biological processes,
including plant defense, growth control, and repiacitve development. The JA response is
ingeniously controlled by many functions, such msynthesis, activation, signal
transduction, transportation, and inactivation (@het al., 2009; Koo and Howe 2012;
Schaller and Stintzi, 2009; Wasternack and Komlarir@010). The biosynthesis of
jasmonate is initiated by the oxygenatiorudinolenic acid in the chloroplast and
terminates with synthesis of (+)t3-JA in the peroxisome (Schaller and Stintzi, 200%)e
synthesized (+)-Tso-JA is metabolized to other jasmonates, includirghyl jasmonate,
12-hydroxy-JA (12-OH-JA), and JA-amino acid conjigga(Wasternack and Kombrinka,
2010).

(+)-7-iso-Jasmonoyl--isoleucine {, JA-lle, Fig. 1), a dominant form of JA-amino
acid conjugates, plays a crucial role as an activatthe interaction between two proteins,
CORONATINE INSENSITIVEL (COI1) and JASMONATEZIM-daam (JAZ), in
Arabidopsis (Chini et al., 2007Chung et al., 2009; Fonseca et al., 2009; Katsir eR28I08;
Thines et al., 2007; Yan et al., 2009). JAZ prateire transcriptional repressors that, at low
JA-lle (1) concentrations, prevent the transcription of @8ponsive genes. In response to
stress-related cues that trigger jasmonate acctionydA-lle (1) stimulates the binding of
JAZ to the E3 ubiquitin ligase SE®*. The proteolytic degradation of JAZ via the
ubiquitin/26S proteasome pathway releases JAZ-btnamgcription factors from repression,
thereby allowing the expression of JA-responsiveege JA-amino acid conjugates such as

JA-lle (1) are synthesized by JAR1 (Jasmonate-Resistagtd3wick and Tiryaki, 2004;



Suza and Staswick, 2008). Although JA-l& i6 the main amino acid conjugate in plant, the
other conjugated forms of JA such as alanine (Aja)amine (GIn), leucine (Leu), valine
(Val), phenylalanine (Phe), and threonine (Thr)éhalso been identified in wounded plants
(Koo et al., 2009; Staswick and Tiryaki, 2004). Hikylene precursor
1-aminocyclopropane-1-carboxylic acid (ACC) conjiegbto JA has been also found in

plant tissue (Staswick and Tiryaki, 2004). WhileRIIAhas activity to produce several amino
acids and ACC conjugates as described above, ndtasompletely clarified how these
compounds were synthesized in plant. JA-Pheuid JA-ACC contents ijar 1 mutant

suggest that at least one additional JA conjugatimeyme is present in Arabidopsis
(Staswick and Tiryaki, 2004). JA-Va®) also induces the interaction between COI1 and, JAZ
like JA-lle (1) does (Katsir et al., 2008). JA-tryptophan conjegdA-Trp) was reported to
cause agravitropic root growth in seedlings withlCddependent manner (Staswick, 2009).
JA-lle (1) has also been suggested to be a mobile sigmalirounded leaves to other

leaves (Matsuura et al., 2012; Sato et al., 2011).

The concentration of JA-ll€l) is controlled by the precise balance between its
biosynthesis and inactivation. There is detaileovWkedge about nearly all genes that
encode the core set of JA-IE) biosynthetic enzymes, but the genetic basis efldAl)
inactivation is still a largely unexplored areacBat studies have revealed that oxidation at
the C-12 position of JA-llel] by two cytochrome P450s, CYP94B3 and CYP94Clspla
an important role in jasmonate inactivation (Heital., 2012; Kitaoka et al., 2011; Koo et
al., 2011). CYP94B3 efficiently performs the initheydroxylation of JA-lle {) to yield
12-OH-JA-lle @, Fig. 1), and CYP94C1 preferentially catalyzesftrenation of the
carboxy-derivative, 12-COOH-JA-1I& (Fig. 1). 12-OH-JA-lle4) is less active in

promoting the COI1-JAZ interaction, and tAethaliana cyp94b3 mutant exhibits enhanced



expression of wound-responsive genes. It has &en keported thatyp94b3 mutants are
more susceptible to a virulent strainRseudomonas syringae, which may reflect the fact
that increased signaling through the JA-llreceptor compromises host resistance to this
pathogen by suppressing the salicylate-mediateachraf immunity Hwang and Hwang,
2010). In addition to the oxidation at the C-12 posititiee hydrolysis of lle also contributes
to the JA-lle ) inactivation pathway (Woldemariam et al., 2012).

12-OH-JA and its derivatives, such as@3-glucopyranosyl-JA, and
12-O-sulfonyl-JA,had been identified as jasmonate metabolites béfereole of
12-OH-JA-lle @) was elucidated (Gidda et al., 2003; Koda and @k@z1988; Yoshihara et
al., 1989). Both 12-OH-JA and 123-glucopyranosyl-JA were isolated as tuber-inducing
factors from the leaves of potato plarisl@num tuberosumL.) (Koda and Okazawa 1988;
Yoshihara et al., 1989). Previous studies sugfestie presence of 12-OH-JA and its
derivatives is common in higher plants (Miersthal., 2008; Seto et al., 2009). Miersch et al.
reported that 12-OH-JA contributes to the down-fegon of the JA-mediated signaling
pathway to suppress JA biosynthetic genes, sut®XsAOS, andOPR, that can be
induced by JA (Mierschkt al., 2008).

In this study, it was demonstrated that CYP94B3dbydroxylate not only JA-lle
(1) but also JA-Val2) and JA-Phe3d). This finding led us examine the biological prajes
of JA-Val (2), JA-Phe B), 12-OH-JA-Val ), and 12-OH-JA-Pheo} to provide further
information on the JA deactivation pathway. Addiadly, we identified 12-COOH-JA-lle

(7) and 120-B-glucopyranosyl-JA-lle§) as candidates for additional metabolites of JA-I|

(2).



2. Results and discussion

2.1. CYP94B3 plays role in the hydroxylation of JA-\@) and JA-Phe3)

The substrate specificity of CYP94B3 was evaluatgdg JA-lle, JA-Leu, JA-Val,
JA-Phe, JA-Gly, JA-Ala, JA-Trp, and JA-ACC conjugsitwhich have been reported in the
wounded plant (Koo et al., 2009; Staswick and krya004). However, we could not use
JA-Thr and JA-GIn as substrate, because those aamigovere not available by our
chemical preparatiorin medium containing each JA amino acid conjugaitehia pastoris
transformats harboring. thaliana cytochrome P450 reductase gene with/witf@©dP94B3
were cultured, and 5 days later the expected pteduche medium were detected by
UHPLC TOF MS. When the transformants expres#igyP94B3 were cultured in the
presence of JA-Val) or JA-Phe 8), the expected hydroxylated products were detected
(Table 1). The expected products could not be tedeafter these compounds were fed to
transformats withou€YP94B3 and after JA-Gly, JA-Ala, JA-Trp, and JA-ACC wesslf
These results suggest that CYP94B3 can hydroxglattenly JA-lle () but also JA-Val2)

and JA-PheJ).

2.2 Analysis of the content of 12-OH-JA amino acid jogiates in wounded plants

The enzyme activity of CYP94B3 suggested the extsef 12-OH-JA amino acid



conjugates in plant. The exact contents of 12-OFVaA(5) and 12-OH-JA-Phesj in A.
thaliana (wild type andcyp94b3 mutant),Nicotiana tabacum, andGlycine max were
analyzed by UHPLC MS/MS to find out the existennd aonfirm the role of CYP94B3
against JA-ValZ) and JA-Phe3) (Fig. 2; Table 2). Fully expanded leaves wergagpwith
tweezers, and wounded leaves were collected andmated times after wounding. After
extraction with ethanol, the endogenous 12-OH-JA(8rand 12-OH-JA-Phesj levels
were analyzed by UHPLC MS/MS in selected reactiemitoring (SRM) mode using
12-OH-JA-fHg]Val (9) and 12-OH-JA4Hs]Phe (10) as internal standards. 12-OH-JA-Val
(5), 12-OH-JA-Phe®), and the corresponding deuterium-labeled compewete
synthesized according to a previously reported owe{Kitaoka et al., 2011). Significant
peaks contributed to the introduced valine or pteagine were observed thi-NMR and
¥C-NMR. In addition to 12-OH-JA-lle4), 12-OH-JA-Val b) and 12-OH-JA-Phesj
accumulated after wounding (Fig. 2). The 12-OH-IA@), 12-OH-JA-Val 6), and
12-OH-JA-Phe®) contents at 6 h after wounding in wild-type ptamwere 9800 pmol/g
fresh weight, 690 pmol/g fresh weight, and 78 pméiésh weight, respectively. The
accumulated 12-OH-JA-Vab) and 12-OH-JA-Phe5j levels in wild-type plants were
higher than those in mutant plants. Those resufipated the hypothesis that CYP94B3
has activity against JA-VaR) and JA-Phe3d) in plants (Table 1). As observedAnthaliana,

12-OH-JA-Val 6) and 12-OH-JA-Phegf accumulated itN. tabacum andG. max (Table 2).

2.3. Biological activities of 12-OH-JA-Valq) and 12-OH-JA-Phe5j



Previous studies have demonstrated that JAyarid JA-Phe3) can be induced by
wounding (Koo et al., 2009) and that JA-Va) has almost same activity as JA-11g (n the
stimulation of the interaction between COI1 and JKZAtsir et al., 2008). We hypothesized
that CYP94B3 played a key role in the inactivatiddA-Val (2) and JA-Phe3), and
evaluated these biological activitiesAnthaliana using a root inhibition test, which has
been reported to be occurred with COI1 dependenmig@ca et al., 2009). The roots of plants
that were grown in medium containing JA-V2) and JA-Phe3) were shorter than the roots
of control plants, even though the activities @st compounds were lower than that of
JA-lle (1) (Fig. 3). The 12-OH-JA-Valq) activity was significantly lower than that of
JA-Val (2), and the average root length of 12-OH-JA-FB)enras longer than that of JA-Phe
(3) although there was no significant difference lesw JA-Phe3) and 12-OH-JA-Phegj.
We hypothesized that hydroxylation at the C-12 fpmsis a common mechanism to
deactivate JA amino conjugates. But a doubt migimain because we used (+)-JA amino
acid conjugates and (z)-12-OH-JA amino acid conjega this study. One previous report
showed that (+)-JA-lle had stronger activity tharJA-lle (Fonseca et al., 2009), and this
suggests that (+)-12-OH-JA amino acid conjugatee d¢ess effect than (+)-12-OH-JA
amino acid conjugates. The other possible reastowar activity of 12-OH-JA-Valg) and

12-OH-JA-Phe ) than JA-Val ) and JA-Phe3) might be derived fronthis points.

2.4. Chemical synthesis of the 12-COOH-JA-I1® &nd 120-B-glucopyranosyl-JA-lle§)

standards

The level of activity of 12-OH-JA-lle4) was lower than that of JA-1ld). However,



12-OH-JA-lle @) retained biological activity similar to that o&le (1) (Fig. 3; Koo et al.,
2011), suggesting the importance of further meiabolWe chose
12-O-B-glucopyranosyl-JA-lleq) and 12-COOH-JA-Ile§) as candidates for the main
metabolites, and we determined the contents oéthespounds after wounding. Although
the existence of 12-COOH-JA-1I&)(has been already reported (Glauser et al., 200z

et al., 2012), in this study, its exact content determined using a synthetic internal
standard. We prepared 12-COOH-JA-Ii &nd 12-COOH-JA?Hs]Leu (11) from
12-OH-JA-lle @) and 12-OH-JA4Hs]Leu, respectively, by Jones oxidation (Scheme 1).
Additional peak around 170 ppm was observed@NMR spectrum of these synthesized
compounds although there was no peak contributetetbylene next to hydroxyl group in
'"H-NMR, suggesting oxidizing to carboxy group at Gitiition.
12-O-B-Glucopyranosyl-JA-lle&) was synthesized from 12-OH-JA-1¥) (Using the
following procedures (Scheme 2). 12-OH-JA-U¢ Was methylated with diazomethane.
The resulting compountR, was coupled witl-D-tetraacetylglucopyranosyl bromid&3]
using the Koenigs-Knorr reaction. Finally, the gtgtoup and the methyl ester were
successively deprotected using sodium methoxidesadiim hydroxide to give
12-O-B-glucopyranosyl-JA-lle§). The structure of 12-p-glucopyranosyl-JA-lle§) was
confirmed by the appearance of peaks contribut@dgioacopyranosyl group. Because we
could not synthesize a stable isotope-labeled fufr?-O-p-glucopyranosyl-JA-lle§), we
used 120-B-glucopyranosyl4Hs]JA as the internal standard in the UHPLC MS/MS

analysis.

2.5. Accumulation of 12-COOH-JA-lle7j and 120-B-glucopyranosyl-JA-Ile§) in

10



woundedA. thaliana (wild type andcyp94b3 mutant),N. tabacum, andG. max.

The accumulation of 12-COOH-JA-1Ié) @nd 120-B-glucopyranosyl-JA-Ile
(8) in A. thaliana (wild type andcyp94b3 mutant),N. tabacum, andG. max was analyzed
using same methods as for 12-OH-JA-\BIgnd 12-OH-JA-Phedf (Fig. 4; Table 2).
12-COOH-JA-lle 7) and 120-B-glucopyranosyl-JA-lle§) accumulated after wounding.
The contents of 12-OH-JA-ll&l), 12-COOH-JA-lle 7), and 120-B-glucopyranosyl-JA-lle
(8) in wild-typeA. thaliana were, respectively, 9813 pmol/g fresh weight, 186®l/g fresh
weight, and 11 pmol/g fresh weight at 6 h after mding. Previous studies indicate that
more JA-lle () accumulates isyp94b3 mutant plants than in wild-type plants, whereas
there is no significant difference betwemp94cl mutant and wild-type plants (Heitz et al.,
2012; Kitaoka et al., 2011; Koo et al., 2011). Taweer level of accumulation of
12-COOH-JA-lle ) relative to 12-OH-JA-lle4) suggests that 12-oxidation by CYP94C1
contributes less to the fine tuning of JA-lle ared hittle impact on the JA-lle level in
cyp94cl mutants. The content of Q-3-glucopyranosyl-JA-1le§) in cyp94b3 mutant
plants was lower than that in wild-type plants, veas the 12-COOH-JA-Il&) content in
cyp94b3 mutant plants was not significantly different froinat in wild-type plants (Fig. 4).
The decline in the 1®-p-glucopyranosyl-JA-lle&) content incyp94b3 mutant plants
indicates that 12-p-glucopyranosyl-JA-lle§) is synthesized from 12-OH-JA-Ild)(
12-COOH-JA-lle 7) profile incyp94b3 mutant was different from previous paper by Heitz
et al. (Heitz et al., 2012). In their paper, thatent of 12-COOH-JA-Ile?) in cyp94b3 was
less than that in wild type. It might be come frdiffierence of the growth condition, the
plant age or mechanical wounding method. As obskirvA. thaliana, 12-COOH-JA-Ile 7)

and 120-B-glucopyranosyl-JA-lle&) accumulated itN. tabacum andG. max (Table 2).
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However, the accumulation of 12--glucopyranosyl-JA-lle§) cannot fully explain the
inactivation of JA-lle {) because the concentration of @Z3-glucopyranosyl-JA-lle&)
was much lower than the concentration of 12-OH-&A4). It is possible that
12-OH-JA-lle @) is metabolized to other compounds such as J@hleose conjugate that
ester bound is formed between hydroxyl group oeage and carboxyl group on JA-IB (
to deactivate completely JA-ll&)response. Another possibility is that 12-OH-JAWH) is
transported into a cell organelle like a vacuolee Toncentration of
12-O-B-glucopyranosyl-JA-Ile) in unwounded soybean plants is below the deteditioit
of UHPLC MS/MS, although previously studies havewh that the content of
12-O-B-glucopyranosyl-JA was very high in Leguminosaerein unwounded plants
(Miersch et al., 2008; Seto et al., 2009). Highumealation of 12-OH-JA and
12-O-B-glucopyranosyl-JA compare to JA-lI&)( 12-OH-JA-lle @), 12-COOH-JA-lle 7),
and 120-B-glucopyranosyl-JA-lle&) suggests that JA was constantly synthesized asd w
metabolized not to JA-lle but to 123-glucopyranosyl-JA through 12-OH-JA in
Leguminosae. In unwoundéd thaliana, 12-O-sulfonyl-JA is accumulated in addition to
12-OH-JA and 129-B-glucopyranosyl-JA and the content of @2sulfonyl-JA is higher
than others (Miersch et al., 2008). This jasmogateentration in intadh. thaliana plants
implicates metabolite pathway to these compounhs.éikistence of 12-OH-JA-Vab),
12-OH-JA-Phe), 12-COOH-JA-Ile ), and 120-B-glucopyranosyl-JA-lle§) provided
possibility that plants produced 12-COOH-JA-Val;@@0H-JA-Phe,

12-O-B-glucopyranosyl-JA-Val, and 1@-B-glucopyranosyl-JA-Phe.

3. Conclusion

12



Previous studies have demonstrated that the oagidafiJA-lle () to 12-OH-JA-lle
(4) and 12-COOH-JA-lle?)) by CYP94B3 and CYP94CL1 plays a crucial role smanate
inactivation (Heitz et al., 2012; Kitaoka et al012; Koo et al., 2011). In this study, it was
found that CYP94B3 also hydroxylates JA-VAl &énd JA-Phe3). 12-OH-JA-Val b) and
12-OH-JA-Phe ) accumulated after wounding, and thehaliana root inhibition activities
of these compounds were lower than those of thgdmkylated compounds. In addition,
12-OH-JA-lle @) was further metabolized to other compounds, stsch
12-O-B-glucopyranosyl-JA-Ile§). However, the contents of these compounds weverlo
than that of 12-OH-JA-lled). The result indicates that there exists a 12-@HId

deactivation mechanism other than the one we hgsatld in this study.
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4. Experimental

4.1 Instrumentation

FD MS was performed on a JEOL JMS-AX500 mass spexdter. ESI MS and
HRESI MS were performed on a JEOL JMS-T100LP mpasstsometer. Column
chromatography was performed with silica gel 60h@&pal, 70-140 mesh, Kanto
Chemical). Ultra high-performance liquid chromatghny (UHPLC) was performed using
an ACQUITY™ UHPLC™ system (Waters) equipped with a binary solveniveey
manager and a sample manager. MS/MS was subsegpeniibrmed using a Micromass
Quattro Premier tandem quadruple MS system (Waté@lF MS was subsequently
performed using an LCT-Premier time of flight maggctrometer (Waters). The
UHPLC/MS system was controlled using MassLynx #\@iers).'H and**C NMR

spectra were recorded on a Bruker AM-500 FT-NMR.

4.2 Plants and microorganisms

Plant seedsX( thaliana, G. max, andN. tabacum) were planted in Jiffy-7¢(42 mm) pots
that had absorbed 50 mL of water, and the seedliregs grown in a growth chamber. The
temperature and moisture of the chamber were 25 t€ and 60%, respectively, and the
day-length conditions were dark for 10 h and liigiit14 h. Water was provided once per

day. Excess plants were removed in the interim sl@hthere was only one plant per pot.
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The SALK T-DNA knockout mutant lineyp94b3 (SALK_001709C) was obtained from the
Arabidopsis Biological Resource Center (ABRC: Hitgpww.Arabidopsis.org/abrc/) at Ohio

State University (Columbus, OH).

4.3 Synthesis of 12-OH-JA-Vabj and 12-OH-JA-Phe5j

A solution of methyl 120-tetrapyranyljasmonate (55 mg, 0.18 mmol) was added

a stirred mixture of NaOH (100 mg) in anhydrous M@ mL) and stirred for 24 h at
room temperature. The reaction mixture was treaf#il IR-120B according to a standard
method, and the volatile components in the mixtueee evaporateh vacuo, resulting in
a colorless oil. This product was conjugated witfire acids I(-Val, L-Phe,L-[?Hg]Val, or
[Hs]Phe) according to the reported method (Kitaokal.e2012) to give 12-OH-jasmonic
acid amino acid conjugates.
12-OH-JA-Val 6)

FD MSmvz (rel. int., %): 375 (40), 327 (21), 326 [M+H[100), 325 [M] (12), 43 (46).

UHPLC TOF MS:m/z 324.1790 [M-H] (calcd. for G7/H26NOs: 324.1811).

'H-NMR (270 MHz, CDC}) 8: 6.78 ( = 7.5 Hz, NH), 6.73 ( = 7.5 Hz, NH), 5.45 (2H,

m, H-9, H-10), 4.38-4.31 (1H, m, H-2'), 3.67-3.61H, m, C-12), 2.74-2.62 (1H, m),

2.46-1.83 (11H, m), 1.60-1.43 (1H, m), 0.94 (3H) &,6.3 Hz, H-45’), 0.91 (3H, d =

6.6 Hz, H-5").

13C-NMR (125 MHz, CDCJ) 8: 219.5, 172.4, 172.4, 128.9, 128.5, 61.9, 54.065,438.9,

38.0, 30.8, 27.3, 25.6, 19.3, 18.0.

15



12-OH-JA-Phe §)
FD MSmz (rel. int., %): 375 (28), 374 [M+H](100), 357 (23).
UHPLC TOF MS:mz 372.1816 [M-H] (calcd. for G/HogNOs: 372.1811).
'H-NMR (270 MHz, CDC}) &: 7.28-7.22 (2H, m, H-6"), 7.22 (1H, m, H-7"), 7.18H,
d,J = 12.6 Hz, H-5’), 6.74 (d] = 8.0 Hz, NH), 6.60 (d,J = 8.0 Hz, NH), 5.50-5.30 (2H,
m, H-9, H-10), 4.72 (1H, dd, = 13.2, 7.9 Hz, H-2"), 3.61 (2H,d,= 6.6 Hz, H-12),
3.25-3.19 (1H, m, H-3'a), 3.04-2.95 (1H, m, H-3'B)59 (1H, m, H-2a), 2.36-1.76
(10H, m), 1.40-1.28 (1H, m).
3C-NMR (125 MHz, CDGJ) 5: 219.7, 172.6, 172.4, 173.6, 136.1, 129.2, 12128,4,

127.1, 61.9, 52.9, 41.1, 38.9, 38.2, 38.0, 37.3),25.4.

12-OH-JA-FHg]Val (9)
FD MSmvz (rel. int., %): 375 (72), 374 (75), 357 (32), 3344H]" (100), 333 [M]
(16).

UHPLC TOF MS:m/z 332.2307 [M-H] (calcd. for G7*H1s?HsNOs; 332.2313).

12-OH-JA-FHs]Phe (L0)

FD MSmz (rel. int., %): 380 (25), 379 [M+H](100), 331 (16).

UHPLC TOF MS:mz 377.2121 [M-H] (calcd. for Gi*H,:?HsNOs; 377.2125).

4.4 Chemical synthesis of 12-COOH-JA-IIE) (

Jones reagent (4 mL) was added to a stirred solofid2-OH-JA-lle 4, 87 mg, 0.26

16



mmol) in acetone (4 mL) at 4 °C. After stirring for 30nmat 4 °C, the reaction was
guenched with propan-2-ol (5 mL). The reaction mnigtwas diluted with 5O (50 mL) and
extracted with ethyl acetate (50 mL x 3). The orgdayer was dried over N&QO, and
concentratedn vacuo. The residue was purified by silica gel columnochatography (CC)
(Si-60N 20 g, CHGIMeOH:AcOH = 90:10:0.1) to yield 12-COOH-JA-II&,(13 mg, 0.04
mmol, 14%). 12-COOH-JA?H3]Leu (11) was synthesized from 12-OH-JA]Leu using
same methods as above.
12-COOH-JA-Ile 7)
ESI MSmvz (rel. int., %) 353 (18), 352 (100, [M-H] 308 (13).
HR ESI MS (ESI)m/z 352.1766 [M-H] (calcd. for GgHogNOg; 352.1760).
'H-NMR (270 MHz, CROD) é: 5.64-5.55 (1H, m, H-10), 5.55-5.48 (1H, m, H@)36
(1H, dd,J =5.7 Hz, H-2"), 3.10 (1H, d] = 6.9 Hz, H-11), 2.65-2.57 (1H, m), 2.46-2.28
(2H, m, H-8), 2.43-2.24 (4H, m), 2.18-2.00 (2H, 2:01-1.91 (1H, m), 1.92-1.84 (1H,
m, H-3"), 1.60-1.46 (1H, m, H-5'a), 1.29-1.19 (1, H-5'b), 0.95 (3H, dJ = 6.6 Hz,
H-4"), 0.92 (3H, tJ = 7.3 Hz, H-6").
13C-NMR (125 MHz, CDG)) &: 220.2, 174.3, 173.6, 173.0, 129.0, 123.3, 5689,5

39.9, 38.4, 37.1, 36.8, 32.3, 26.6, 25.0, 24.97,1%0.7.

12-COOH-JA-fHs]Leu (12)
ESI MSmvz (rel. int., %) 358 (25), 357 (100, [M+H] 311 (12).
HR ESI MS (ESI)m/z 355.1938 [M-H] (calcd. for Gg"H25?HaNOs; 355.1948).
'H-NMR (270 MHz, Acetonesk) 5: 7.42 (1H, m), 5.56 (2H, m), 4.53 (1H, m), 3.15i(2

d,J = 6.6 Hz), 2.60 (1H, m), 2.42-1.91 (7H, m), 1.85aL(3H, m), 0.93 (3H, m).

17



4.5 Chemical synthesis of 1@-B-glucopyranosyl-JA-lle§)

Diazomethane (2 mL) was added to a MeOH solutioml(3 of 12-OH-JA-lle &, 95
mg, 0.27 mmol) at 4 °C. The reaction was quenchédacetic acid after 30 min. The
reaction mixture was concentratedsacuo to yield compound?2.

Under N, compoundl2, HgO (146 mg, 0.68 mmol), HgB¢145 mg, 0.41 mmol),
and Drierite (145 mg) were dissolved in &Hp (10 mL), and then
a-tetraacetylglucopyranosyl bromid&3( 446 mg, 1.09 mmol) in Ci€l, (4 mL) was added
at room temperature. After stirring for 2 h, thenpeerature was increased to 35 °C. After
stirring overnight, the reaction mixture was figdrwith Celite and evaporated. The residue
was purified by silica gel CC (Si-60N 20 g, EtOAehexane=4:1) to yield4 (10 mg, 0.015
mmol, 6%).

Compoundl4
FD MSmz (rel. int., %) 685 (45), 684 (98), 683 (100, [W]
'H-NMR (270 MHz, CDC}) &: 6.11 (1H, d,J = 8.5 Hz), 5.40 (2H, m), 5.17 (1H, dii=
9.6, 9.6 Hz), 5.07 (1H, d,= 9.9 Hz), 4.95 (1H, ddl = 9.6, 8.1 Hz), 4.57 (1H, dd,=
8.2, 4.9 Hz), 4.49 (1H, d,= 7.9 Hz), 4.24 (1H, ddl = 12.3, 4.8 Hz), 4.09 (1H, dd =
12.3, 2.1 Hz), 3.86 (1H, m), 3.96-3.61 (2H, m),13(3H, s), 3.50-3.42 (1H, m), 2.60
(1H, m), 2.42-1.81 (9H, m), 2.06 (3H, s), 2.02 (3),1.99 (3H, s), 1.97 (3H, s),

1.62-1.40 (2H, m), 1.31-1.12 (2H, m), 0.97-0.88 (6.

Under N, compoundl4 (10 mg, 0.015 mmol) and sodium methoxide (3 mg60.

mmol) were dissolved in MeOH (2 mL) at 4 °C. Afggirring for 2 h at 4 °C, the reaction
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mixture was quenched with a small amount of dryaied concentrateith vacuo. The
residue was purified by silica gel CC (Si-60N 10vMigOH:CHCE=9:1) to yield15 (7 mg,
0.013 mmol, 87%).

To a solution ofl5 (7 mg, 0.013 mmol) in 80% EtOHD (600 pL) was added™
NaOH (13 pL, 0.013 mmol). After stirring at roonmteerature for 2 h, the reaction mixture
was neutralized with Amberlite IR-120 {Hand concentrateith vacuo. The residue was
purified by silica gel CC (Si-60N 10 g, MeOH:CH@cOH = 70:30:0.1) to yield
12-O-B-glucopyranosyl-JA-lleg, 6 mg, 0.012 mmol, 92%).
12-O-B-glucopyranosyl-JA-lle§)

ESI MSm/z (rel. int., %) 501 (23), 500 (100, [M-H]

HR ESI MS (ESI)m/z 500.2504 [M-H] (calcd. for G4HzgNO1g; 500.2501).

'H-NMR (500 MHz, CROD) &: 5.52-5.46 (1H, m, H-10), 5.46-5.38 (1H, m, H-OR6
(1H, d,J = 7.9 Hz, H-1"), 4.22 (1H, m, H-2’), 3.90-3.81 (2K, H-5'a, H-6'a),
3.68-3.61 (1H, m), 3.58-3.52 (1H, m), 3.36-3.31 (1), 3.27-3.24 (2H, m, H-4",
H-5"b), 3.15 (1H, dd,) = 13.2, 4.1 Hz, H-1"), 2.43-2.24 (7H, m), 2.1834.@H, m),
1.91-1.81 (1H, m, H-3'), 1.59-1.49 (1H, m, H-5'4)22-1.13 (1H, m, H-5'b), 0.93 (3H,
d,J=6.9 Hz, H-4"), 0.90 (3H, ] = 7.6 Hz, H-6").

¥3C-NMR (125 MHz, CROD) é: 226.9, 174.5, 174.5, 128.0, 127.7, 102.1, 7%8],7
73.0, 69.7, 69.5, 60.6, 54.0, 48.7, 40.3, 38.(0,336.6, 27.3, 26.5, 25.0, 24.6, 15.2,

10.7.

4.6 Heterologous production iRichia pastoris

19



Pichia pastoris transformants expressing CYP94B3 andAhabidopsis
NADPH-cytochrome P450 reductase (CPR) were consitugesing previously described
methods. The transformants were incubated in 3 fimhiwimal glycerol medium to increase
the number of cells prior to MeOH induction. An uration culture for the production of
CYP94B3 and ATR1 was grown in minimal MeOH mediuroading to the manufacturer’s
protocol. Induction was maintained by the additdtMeOH (final concentration 0.5% v/v)
every 24 h. The JA amino acid conjugate (40 nmal} added to the cultures at the same
time that MeOH induction was initiated. After fidays of induction, the products were
retrieved from the culture broth by centrifugat({@00 xg, 4 °C, 10 min). The supernatant
was applied to a Bond Elutgtartridge column. The column was washed with wgenL
x 3) and successively extracted with a solutioMefOH:H,O (80:20, 2 mL x 3). The
volatile eluent components were remowedacuo, the residue was dissolved in a solution
of MeOH:H0O (80:20, 0.2 mL), and a portion of the mixtureu(§ was subjected to

UHPLC TOF MS.

4.7 Preparation of leaf samples for UHPLC MS/MS and=TMS analysis

Fully expanded young leaves (ca. 100 mg) of thatglwere nipped with tweezers. The
damaged leaves were harvested after the indicated.tThe leaves of unstressed plants
were used as a control. Plant material (ca. 100wag)frozen using liquid nitrogen
immediately after harvest. The frozen material wrashed and soaked in EtOH (20 mL) for
16 h. The mixture was filtered to give a crude a&otir Before purification, the following

masses of JA derivatives were added to the extra2t®©H-JA-[Cg]lle (10 ng),

20



12-OH-JA-fHg]Val (10 ng), 12-OH-JA3Hs]Phe (10 ng), 12-COOH-JAHis]Leu (10 ng),
and 120-p-glucopyranosyl4Hs]JA (200 ng). The volatile components in the extiaere
removed under reduced pressure, and a solutiore@HH0 (80:20, 2 mL) was added to
the residue. The mixture was applied to a Bond Ejgtartridge column, and the column
was successively eluted with a solution of MeO#DH80:20, 2 mL x 2). The volatile
components of the eluates were remowedacuo, the residue was dissolved in a solution of
MeOH:H,O (80:20, 0.5 mL), and a portion of the mixtureu(§ was subjected to UHPLC
MS/MS. The UHPLC condition were as previously dds (Sato et al., 2009). The
parameters for the SRM analysis of 12-OH-JAAlg 12-OH-JA-}*Cg]lle, and
12-0O-B-glucopyranosyl4Hs]JA were as previously described (Kitaoka et @12 Seto et
al., 2009), and the parameters for the SRM anabfsi-OH-JA-Val §), 12-OH-JA-Pheg),
12-COOH-JA-lle 7), 12-O-B-glucopyranosyl-JA-lle§), 12-OH-JA-fHg]Val (9),
12-OH-JA-FHs]Phe (10), and 12-COOH-JA?Hs]Leu (11) were as follows: 12-OH-JA-Val
(5) {[M-H] *: 324.18, transition iomf/z): 115.58, cone voltage: 47 V, collision energy: 23
eV};12-OH-JA-Phe ) {{M-H] *: 372.21, transition iom{/z): 163.77, cone voltage: 47 V,
collision energy: 23 eV}; 12-COOH-JA-II&) {[M-H] *: 352.24, transition iomf/z): 129.70,
cone voltage: 39 V, collision energy: 28 eV}; @B-glucopyranosyl-JA-lle§) {{M-H] *:
500.31, transition iom{/z): 129.70, cone voltage: 42 V, collision energy:e34;
12-OH-JA-FHg]Val (9) {{M-H] *: 332.18, transition iom{/2): 123.58, cone voltage: 47 V,
collision energy: 23 eV}; 12-OH-JA3Hs|Phe @0) {[M-H] *: 377.21, transition iom(/z):
168.77, cone voltage: 47 V, collision energy: 23;&nd 12-COOH-JAHs]Leu (11)

{[M-H] "*: 355.24, transition iomf/z): 132.70, cone voltage: 39 V, collision energy:e28§.
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4.8. Root length assay

SterilizedArabidopsis seeds (Col-0) were plated on MS medium with arttiaut 50

MM jasmonate. The plants were incubated for 3 d°&t dnd grown for 9 d at 25 °C.

Acknowledgments
The authors are grateful to Mr. Kenji Watande,Yusuke Takada, and Dr. Eri Fukushi
(Faculty of Agriculture, Hokkaido University) fobtaining the spectroscopic data for the

experimental compounds. N.K. is the recipient d68S Fellowship.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online

version, at http:/XXXXXXXXXXXXXXXXXX.

22



References

Chini, A., Fonseca, S., Fernandez, G, Adie, BicGhl.M., Lorenzo, O., Garcia-Casado, G.,
Lopez-Vidriero, I., Lozano, F.M., Ponce, M.R., Micd. L., Solano, R., 2007. The JAZ
family of repressors is the missing link in jasmiensignaling. Nature 448, 666-671.

Chung, H.S., Niu, Y., Browse, J., Howe, G.A., 2008p hits in contemporary JAZ: An
update on jasmonate signaling. Phytochemistry 38741559.

Fonseca, S., Chini, A., Hamberg, M., Adie, B., lRtrA., Kramell, R., Miersh, O.,
Wasternack, C., Solano, R., 2009. (Hjs@-Jasmonoyl--isoleucine is the endogenous
bioactive jasmonate. Nat. Chem. Biol. 5, 344-350.

Glauser, G,, Grata, E., Dubugnon, L., Rudaz, SmEg E.E., Wolfender, J.L., 2008. Spatial
and temporal dynamics of jasmonate synthesis atuhadation inArabidopsisin
response to wounding. J. Biol. Chem. 283, 16400764

Gidda, S. K., Miersch, O., Levitin, A., Schmidt, Wasternack, C., Varin, L., 2003.
Biochemical and molecular characterization of arbygjasmonate sulfotransferase
from Arabidopsis thaliana. J. Biol. Chem. 278, 17895-17900.

Heitz, T., Widemann, E., Lugan, R., Miersch, L.lrtAinn, P., Désaubry, L., Holder, E.,
Grausem, B., Kandel, S., Miersch, M., Werck-ReiehHa., Pinot, F., 2012.
Cytochrome P450 CYP94C1 and CYP94B3 catalyze twoessive oxidation steps of
plant hormone jasmonoyl-isoleucine for catabolimaver. J. Biol. Chem. 287,
6296-6306.

Hwang, I.S. and Hwang, B.K., 2010. Role of the mEmytochrome P450 ge@aCYP450A

in defense responses against microbial pathogéarstalP232, 1409-1421.

23



Katsir, L., Schilmiler, A.L., Staswick, P.E., He,YS Howe, G.A., 2008. COI1 is a critical
component of a receptor for jasmonate and bactaridence factor coronatine. Proc.
Natl. Acad. Sci. USA 105, 7100-7105.

Kitaoka, N., Matsubara, T., Sato, M., TakahashjWakuta, S., Kawaide, H., Matsui, H.,
Nabeta, K., Matsuura, H., 2011. Arabidopsis CYP94B8ode jasmonoyl-isoleucine
12-hydroxylase, a key enzyme in the oxidative aaltaim of jasmonate. Plant Cell
Physiol. 52, 1757-1765.

Koda, Y. and Okazawa, Y., 1988. Detection of potaber-inducing activity in potato leaves
and old tubers. Plant Cell Physiol. 29, 969-974.

Koo, A.J.K., Cooke, T. F., Howe, G. A., 2011. Cyiomme P450 CYP94B3 mediates
catabolism and inactivation of the plant hormorsgrjanoylt.-isoleucine. Proc. Natl.
Acad. Sci. USA 108, 9298-9303.

Koo, A.J.K., Gao, X., Jones, A.D., Howe, G.A., 2083apid wound signal activates the
systemic synthesis of bioactive jasmonates in Al@isis. Plant J. 59, 974-986.

Koo, A.J.K. and Howe, G.A., 2012. Catabolism andati@ation of the lipid-derived
hormone jasmonoyl-isoleucine. Front. Plant Sci$B,

Matsuura, H., Takeishi, S., Kitaoka, N., Sato,%lieda, K., Masuta, C., Nabeta, K., 2012.
Transportation of de novo synthesized jasmonoytigone in tomato. Phytochemistry
83, 25-33.

Miersch, O., Neumerkel, J., Dippe, M., StenzeMlasternack, C., 2008. Hydroxylated
jasmonates are commonly occurring metabolitesssh@mic acid and contribute to a
partial switch-off in jasmonate signaling. New Rty 77, 114-127.

Sato, C., Aikawa, K., Sugiyama, S., Nabeta, K., MasC., Matsuura, H., 2011. Distal

transport of exogenously applied jasmonoyl-isoleeavith wounding stress. Plant Cell

24



Physiol. 52, 509-517.

Schaller, A. and Stintzi, A., 2009. Enzymes in jasaite biosynthesis -Structure, function,
regulation. Phytochemistry 70, 1532-1538.

Seto, Y., Hamada, S., Matsuura, H., Matsusige Sdtou, C., Takahashi, K., Masuta, C.,
Matsui, H., Nabeta, K., 2009. Purification and cDBl&ning of a wound inducible
glucosyltransferase active toward 12-hydroxyjasmaiid. Phytochemistry 70,
370-379.

Staswick, P.E. and Tiryaki, I., 2004. The oxyligignal jasmonic acid is activated by an
enzyme that conjugates it to isoleucindmabidopsis. Plant Cell 16, 2117-2127.

Staswick, P.E., 2009. The tryptophan conjugatgasshonic and indole-3-acetic acids are
endogenous auxin inhibitors. Plant Physiol. 150,0:3321.

Suza, W.P., Rowe, M.L., Hamberg, M., Staswick, ,2B10. A tomato enzyme synthesizes
(+)-7-iso-jasmonoylt-isoleucine in wounded leaves. Planta 231, 717-728.

Suza, W.P. and Staswick, P.E., 2008. The role &)/ jasmonoyl--isoleucine production
in Arabidopsis wound response. Planta 227, 1222123

Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandkar, A., Liu, G., Nomura, K., He, S.Y.,
Howe, G.A., Browse, J., 2007. JAZ repressor pratane targets of the SER!
complex during jasmonate signalling. Nature 4483,-665.

Woldemariam, M.G., Onkokesung, N., Baldwin, I.Talis, 1., 2012. JasmonoyHsoleucine
hydrolase 1 (JIH1) regulates jasmonayisoleucine levels and attenuates plant
defenses against herbivores. Plant J. 72, 758-767.

Wasternack, C. and Kombrinka E., 2010. Jasmonstiestural requirements for
lipid-derived signals active in plant stress regasnand development. ACS Chem. Biol.

5, 63-77.

25



Yan, J., Zhang, C., Gu, M., Bai, Z., Zhang, W., Qj,Cheng, Z., Peng, W., Luo, H., Nan, F,,
Wang, Z., Xie, D., 2009. Tharabidiopsis CORONATINE INSENSIVEL1 protein is a
jasmonate receptor. Plant Cell 21, 2220-2236.

Yoshihara, T., Omer, E.A., Koshino, H., SakamuraK&uta, Y., Koda, Y., 1989. Structure
of a tuber-inducing stimulus from potato leav8d énum tuberosum L). Agric. Biol.

Chem. 53, 2835-2837.

26



o HO
—_— — O\ZB@H
@A @_/\/ zgj o
NH O NH

HOOC R HOOC/'\/RZ HOOC HOOC

R1
Ry=CHs, R;=CH,CH;: JA-lle (1) R,=CH,, RZ—CHZCHg 12-OH-JA-lle (4)  12-COOH-JA-lle (7) 12-0-B-Glucopyranosyl-JA-lle (8)
R4=CHs, R;=CH3: JA-Val (2) Ry=CHs, R,=CH;: 12-OH-JA-Val (5)
Ry=H, R;=C¢Hs: JA-Phe (3) Ri=H, R;=C¢Hs: 12-OH-JA-Phe (6)

" N=-""Co0oH

oo~ P~¢p-CDs Hooc D HoOC D
1
Ghix D

12-OH-JA-2HgVal (9) 12-OH-JA[?HJPhe (10)

3
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Fig. 1. Chemical structures of the jasmonates headsbtope-labeled compounds that were

used or analyzed in this study.
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12-OH-JA-lle (4) 12-OH-JA-Val (5) 12-OH-JA-Phe (6)
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Fig. 2. Kinetics of thevound-induced accumulation of 12-OH-JA-I®,(12-OH-JA-Val 6),
and 12-OH-JA-Pheg in wounded leaves of wild-type and T-DNA insemtio
knockout €yp94b3) plants.

Fully expanded younger leaves were mechanicallyadgeh. The damaged leaves of
wild-type andcyp94b3 A. thaliana plants were harvested at the indicated times after
wounding. The wound-induced accumulation of 12-G4Hé (4, Left),

12-OH-JA-Val 6, Middle), and 12-OH-JA-Phe&( Right) was analyzed by UHPLC

MS/MS. The data are presented as the msarotfive biological replicates.
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control JA-lle (1) JA-Val (2) JA-Phe (3)

o

bcd

Root Length (cm)

0.5 1

control JAdle  12-CH-JAJdle  JA-Val 12-CH-JA-Val JA-Pre 12-OH-JA-Phe
(1) (4) (2) (5) (3) (6)

Fig. 3. Root-growth inhibition assays using 10-aég\WT A. thaliana seedlings grown in
the presence of 50MmJA-amino acid conjugates and 12-OH-JA-amino acid
conjugates.

The bars indicate mean the root length of 25 segsliwith thesb. Means without

a common letter diffep < 0.01 (Tukey-Kramer test).
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12-OH-JA-lle (4) 12-COOH-JA-lle (7) 12-O-B-Glucopyranosyl-JA-lle (8)
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Fig. 4. Kinetics of the accumulation of jasmonateA. thaliana seedlings following
wounding.
Fully expanded young leaves of 5-week-aldhaliana seedlings were
mechanically damaged. The damaged leaves weredtedvat the indicated times.
The wound-induced accumulation of 12-OH-JA-Hg L2-COOH-JA-Ile 7), and
12-O-B-glucopyranosyl-JA-lle§) was analyzed by UHPLC MS/MS. The data are

presented as the measntof five biological replicates.

30



-“‘\\=/\/OH

Jones reagent
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12-OH-JA-lle (4) 12-COOH-JA-lle (7)

synthesis has been performed with diastereomer mixtures

Scheme 1. Synthesis of 12-COOH-JA-IT§.
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Table 1. Substrate specificity of CYP94B3 for jasmeaacid amino acid conjugates.

JA-lle JA-Leu JA-Val JA-Phe JA-Ala JA-Gly JA-Trp JA-ACC

CYP94B3 + + + + n.d. n.d. n.d. n.d.

+, detection of oxidative product
n.d.: not detected

ACC: 1-aminocyclopropane-1-carboxylic acid
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Table 2. Quantification of the endogenous amouhieOH-jasmonic acid amino acid conjugates,

12-COOH-JA-lle 7), and 120-B-glucopyranosyl-JA-lle§) in various higher plants after

wounding.
12-OH-JA-lle 12-OH-JA-Val 12-OH-JA-Phe  12-COOH-JA-lle 12-O-B-Glucopyranosyl-
@? ©? ©? m? JA-lle &)
Arabidopsis thaliana Unwounded n.d. n.d. n.d. n.d. n.d.
1lh 3792+1141 4111 trace 48+29 n.d.
3h 8633+£2293 631221 5512 913574 4+2
6h 9813+2473 686-209 78+39 1809361 115
Nicotiana tabacum Unwounded n.d. n.d. n.d. n.d. n.d.
1h 868+251 176 trace 6t2 n.d.
3h 2000£548 22t7 20=5 277+ 85 18+6
6h 1600+229 40t16 22+3 198+21 23+6
Glycine max Unwounded n.d. n.d. n.d. n.d. n.d.
1h 868+252 22+11 9+6 64+18 n.d.
3h 1197£547 68t 6 24+4 312+67 18t5
6h 1599+ 228 92+31 378 433+126 22+5

a): pmol/g fresh weight, n.d.: not detected, tractace peak was detected

The endogenous amounts of 12-OH-JA-Hig (2-OH-JA-Val ), 12-OH-JA-Pheg),

12-COOH-JA-lle ), and 120-B-glucopyranosyl-JA-1le§) in Arabidopsis thaliana, Nicotiana

tabacum, andGlycine max were measured using a UHPLC MS/MS system. Isolaipeled

compounds were employed as internal standardsddtaeare the meansb (n = 5).
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