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ARTICLE INFO ABSTRACT

Keywords: Cis-(+)-12-oxophytodienoic acid (cis-(+)-OPDA) is a bioactive jasmonate, a precursor of jasmonic acid, which
Arabidopsis thaliana (Brassicaceae) also displays signaling activity on its own. Modulation of cis-(+)-OPDA actions may be carried out via
Wounding biotransformation leading to metabolites of various functions. This work introduces a methodology for the
ﬁznmtzii::n synthesis of racemic cis-OPDA conjugates with amino acids (OPDA-aa) and their deuterium-labeled analogs,
Cis-OPDA which enables the unambiguous identification and accurate quantification of these compounds in plants. We

have developed a highly sensitive liquid chromatography-tandem mass spectrometry-based method for the
reliable determination of seven OPDA-aa (OPDA-Alanine, OPDA-Aspartate, OPDA-Glutamate, OPDA-Glycine,
OPDA-Isoleucine, OPDA-Phenylalanine, and OPDA-Valine) from minute amount of plant material. The extrac-
tion from 10 mg of fresh plant tissue by 10% aqueous methanol followed by single-step sample clean-up on
hydrophilic-lipophilic balanced columns prior to final analysis was optimized. The method was validated in
terms of accuracy and precision, and the method parameters such as process efficiency, recovery and matrix
effects were evaluated. In mechanically wounded 30-day-old Arabidopsis thaliana leaves, five endogenous
(+)-OPDA-aa were identified and their endogenous levels were estimated. The time-course accumulation
revealed a peak 60 min after the wounding, roughly corresponding to the accumulation of cis-(+)-OPDA. Our
synthetic and analytical methodologies will support studies on cis-(+)-OPDA conjugation with amino acids and
research into the biological significance of these metabolites in plants.

Amino acid conjugates
Labeled compounds

Liquid chromatography
Tandem mass spectrometry

1. Introduction co-receptor complex (Chini et al., 2007, 2016; Howe et al., 2018; Sheard

et al.,, 2010). The jasmonate signaling is triggered by (+)-7-iso--

Jasmonates (JAs) are phytohormones contributing to growth and
development control and are key regulators of defense reactions in
response to biotic and abiotic stresses in plants (Wasternack and Hause,
2013). Chemically, JAs are jasmonic acid (JA)-like oxylipins containing
cyclopentanone or cyclopentenone ring in their structure, which are
synthesized from polyunsaturated fatty acids of plastid membranes
(Wasternack and Feussner, 2018). JAs actions are mostly connected
with gene expression induced by the interaction of a bioactive jasmonate
with the COI1-JAZ (coronatine insensitive 1- jasmonate ZIM domain)

jasmonoyl-L-isoleucine (JA-Ile) in vascular plants (Fonseca et al., 2009).
However, in non-vascular plants, Physcomitrium patens and Marchantia
polymorpha unable to synthesize JA-Ile (Stumpe et al., 2010; Yamamoto
et al., 2015), other bioactive JAs were identified to be ligands of the
COI1-JAZ co-receptor, namely isomers of dinor-12-oxo-phytodienoic
acid (dn-iso-OPDA and dn-cis-OPDA) (Monte et al.,, 2018) and
A*dn-OPDA  (Kneeshaw et al, 2022) in Marchantia. The
cis-(+)-12-oxophytodienoic acid (cis-(+)-OPDA) is a bioactive jasmo-
nate present in all plant species, including non-vascular plants (Chini
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et al., 2023), predominantly recognized as a precursor of JA-Ile.
Cis-(+)-OPDA synthesis (octadecanoid pathway, Fig. 1) is initiated by
peroxidation of a-linolenic acid (18:3) (a-LA) from plastid membrane
catalyzed by 13-lipoxygenase (13-LOX) to form (13S)-hydro-
peroxyoctadecatrienoic acid (13-HPOT). 13-HPOT is converted further
by allene oxide synthase (AOS) to (13S)-12,13-epoxyoctadecatrienoic
acid (12,13-EOT) from which cis-(+)-OPDA is cyclized by allene oxide
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cyclase (AOC). Cis-(+)-OPDA itself does not bind to the COI1-JAZ
co-receptor complex (Thines et al., 2007). However, it can trigger
gene expression independently from COI1 and perform various biolog-
ical functions as reviewed in (Aleman et al., 2022; Liu and Park, 2021;
Maynard et al., 2018). Some of these functions were linked to reactive
electrophilic properties of a,p-unsaturated carbonyl moiety of
cis-(+)-OPDA, e.g., role in defence responses (Park et al., 2013),
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Fig. 1. Cis-(+)-OPDA synthesis and biotransformation pathways with their putative subcellular location. The scheme is based on (Bittner et al., 2022; Wasternack

and Song, 2017).
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themotolerance (Monte et al., 2020) or stomatal opening (Chang et al.,
2023).

Plant hormones are highly active molecules, and their homeostasis in
plants is tightly regulated. Modification of chemical structures alters
their biological activity and determines their degradation, storage, or
activation (Westfall et al., 2013). The amino acid conjugation of acidic
phytohormones mediated by the GRETCHEN HAGEN 3 (GH3) acyl
acid-amido synthetases is a conserved mechanism involved in the dy-
namic regulation of the cellular levels of JAs, auxins, and benzoates
(Brunoni et al., 2020, 2023; Staswick et al., 2002, 2005; Westfall et al.,
2016). Amino acid conjugation of auxins attenuates their bioactivity. In
contrast, the conjugation of Glu to isochorismate leads to the formation
of the precursor of salicylic acid and conjugation of Ile to JA is essential
for the formation of the bioactive hormone (Jez, 2022). Thus, amino
acid conjugation of phytohormones is a widespread metabolic regula-
tion controlling plant hormone activity. Among JAs, the biotransfor-
mation of cis-(+)-OPDA and its biological consequences are far less
explored compared to JA. Cis-(+)-OPDA conjugates with amino acids
((+)-OPDA-aa) (Fig. 1, A) were described in the literature recently. As an
analog to JA-lle, the cis-(+)-12-oxophytodienoyl-L-isoleucine
((+)-OPDA-Ile) was identified in wounded leaves of flowering Arabi-
dopsis thaliana (At) (Flokova et al., 2016) and some biological activity
was attributed to this molecule (Arnold et al., 2016). Several
cis-(+)-OPDA conjugates were putatively identified in cis-(+)-OPDA--
treated rice cells. An increase in (4)-OPDA-Asp levels upon chitooligo-
saccharide application activating the pattern-triggered immunity and
simulating biotic stress conditions was determined in rice cell culture
(Shinya et al., 2022). Cis-(+)-OPDA form adducts with glutathione
(y-glutamyl-cysteinyl-glycine; GSH; Fig. 1, B), the most abundant thiol
molecule in cells (Hasanuzzaman et al., 2017). The cyclopentenone ring
of cis-(+)-OPDA undergoes Michael addition with the free thiol group of
GSH (Davoine et al., 2006), and the resulting (+)-OPDA-GSH (also can
be named as OPC-8:0-GSH) adducts are stored in vacuoles (Ohka-
ma-Ohtsu et al., 2011). The reactivity of cis-(+)-OPDA with thiol groups
is linked to cellular redox homeostasis maintenance (Knieper et al.,
2022; Park et al., 2013) and the possible detoxification mechanism of
accumulated cis-(+)-OPDA after stress (Ohkama-Ohtsu et al., 2011).
Cis-(+)-OPDA has also been found esterified in galactolipids — Arabi-
dopsides (Fig. 1, C), firstly identified in At (Stelmach et al., 2001) and
later discovered in other plant species (Genva et al., 2019). Their role is
hypothesized to be a storage form of rapidly available intermediates in
the JA biosynthesis pathway (Genva et al., 2019; Stelmach et al., 2001).
The principal pathway concerning cis-(+)-OPDA is leading to JA-Ile
(Fig. 1, D), the chief jasmonate in vascular plants. The main JA
biosynthesis pathway initiates in peroxisomes by reduction of
cis-(+)-OPDA to (Z)-8-[3-ox0-2-(pent-2-enyl)cyclopentyl]octanoic acid
(OPC-8:0) by OPDA reductase 3 (OPR3) followed by three cycles of
B-oxidation shortening the carboxylic side chain ((Z)-6-[3-0xo0-2-(-
pent-2-enyl)cyclopentyl]lhexanoic acid, OPC-6:0; (Z)-4-[3-ox0-2-(-
pent-2-enyl)cyclopentyl]butanoic acid, OPC-4:0) and resulting in
jasmonic acid, (+)-7-iso-JA. Conjugation to L-isoleucine in the cytosol
catalyzed by JASMONATE RESISTANT1 (JAR1, GH3.11) and GH3.10
results in (+)-7-iso-JA-Ile (Delfin et al., 2022; Staswick and Tiryaki,
2004). However, another possible pathway converting cis-(+)-OPDA in
three rounds of p-oxidation in peroxisome to 4,5-didehydro-JA and
reduced by OPDA reductase 2 to (4)-7-iso-JA in the cytosol was revealed
(Chini et al., 2018) (not illustrated in Fig. 1). The discovery of the OPR3
independent pathway challenged the previous JAs research performed
on the opr3 single mutants as they can still synthesize JA-Ile, and
therefore the biological activity of cis-(4)-OPDA cannot be distinguished
from that of JA-Ile using these mutants.

The plant hormone quantitative analysis is usually based on sensitive
and selective tandem mass spectrometry (MS/MS) (Cai et al., 2019;
Novak et al., 2017; Simura et al., 2018). As plant hormones are typically
present in trace amounts in a complex matrix containing highly abun-
dant substances (pigments, plant lipids, etc.), there is a considerable
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potential for matrix effects (primarily ion suppression) in the ion source
of mass spectrometer (MS), and the analytes may not be detected despite
using sensitive instrumentation (Furey et al., 2013). Coupling with
liquid chromatography (LC) can provide separation of the analytes from
matrix components and increase the sensitivity of MS detection.
Furthermore, in sample preparation, besides an effective extraction
aiming to obtain the highest amount of analyte and the lowest amount of
matrix, a purification step using solid phase extraction (SPE) may be
included to reduce the amount of matrix in the sample before the
LC-MS/MS analysis (Tarkowska et al., 2014). To compensate for analyte
losses during sample preparation and reduce the effect of the matrix, the
isotopically labeled internal standards (IS) are employed for accurate
MS quantification (Furey et al., 2013). The qualitative analysis applies
criteria for chromatography and MS, and the unambiguous identifica-
tion of the structure at the highest confidence level can be only per-
formed using an authentic analytical standard (Milman, 2015; Rochat,
2017).

This work aimed to optimize a synthetic route to obtain authentic
OPDA-aa standards and their isotopically labeled analogs essential for
development of an analytical method for OPDA-aa identification and
accurate quantification in plants. At the same time, we have developed
an LC-MS/MS method and a sample preparation step that allow for the
sensitive determination of OPDA-aa. The results of our work will further
provide tools for studying the conditional occurrence and biological
roles of OPDA-aa in plants.

2. Results and discussion
2.1. Cis-OPDA synthesis

Synthesis of cis-12-oxophytodienoic acid (cis-OPDA) (3) and its
deuterium labeled analog (17,17,18,18,18-ds)-cis-OPDA (4) was ach-
ieved by enzymatic conversion of a-LA (1) and (17,17,18,18,18-ds)-a-LA
(2) (Fig. 2). Enzymatic transformation of a-LA acid into cis-OPDA, which
naturally occurs in the plant plastids (Fig. 1), requires the sequential
action of three enzymes — 13-LOX, AOS, and AOC. Firstly, 13-LOX cat-
alyzes dioxygenation of 1 at the C13 position into 13-HPOT, which AOS
further transforms into 12,13-EOT. This highly unstable allene oxide can
be subjected to the stereo-specific cyclization catalyzed by AOC, leading
to the formation of cis-(+)-OPDA, or can undergo spontaneous non-
enzymatic cyclization leading to the formation of (+4/—)-cis-OPDA
mixture (racemic mixture) or hydrolysis into a- and y-ketol. In this re-
gard, the last enzymatic step is essential, as it determines the reaction’s
overall yield and the desired product’s chiral purity. The enzymatic
apparatus required for converting a-LA into cis-OPDA can be isolated
from lipid-free flax seed powder (Zimmerman and Feng, 1978). The
reaction provides cis-OPDA in reasonable yields. However, only racemic
cis-OPDA is obtained due to the insufficient activity of AOC (Kajiwara
et al., 2012). A much higher reaction yield and dramatic increase of
stereo-selectivity, forming natural cis-(+)-OPDA enantiomer, can be
achieved by the addition of recombinant AOC to the flax seed extract
(Kajiwara et al., 2012) or by optimized enzymatic cascade based on
recombinant proteins (Lowe et al., 2020).

Conversion of sodium salts 1 and 2 into 3 and 4, respectively (Fig. 2),
was achieved by lipid-free flax seed powder extract according to a
slightly modified protocol (Zimmerman and Feng, 1978). The isolation
yield of 3 and 4 was around 20%, and the compounds were obtained
with a high diastereomeric ratio (>99:1 - cis:trans, according to the NMR
in Supplementary data). Measurement of specific optical rotation of 3
([(x]2D0 = +8) showed a slightly enriched mixture of enantiomers have
been prepared since the obtained value is far away from reported values
of pure cis-(+)-OPDA ([a]Z = +104 (Grieco and Abood, 1989), [a]& =
+127 (Ainai et al., 2003), [o]3° = +140 (Kajiwara et al., 2012)).
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1 R=H
2 R=D
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R=H
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3
4

Fig. 2. Enzymatic synthesis of cis-OPDA and (17,17,18,18,18)-ds-cis-OPDA. Reagent and conditions: i) 1 mol/l NaOH, room temperature, 15 min, then Sorensen’s
phosphate buffer (pH = 7), room temperature, 20 min; ii) extract from lipid-free flax seed powder, Sorensen’s phosphate buffer (pH = 7), room temperature, 2 h.

2.2. Synthesis of cis-OPDA conjugates with amino acids

In comparison to the previously published synthesis of cis-OPDA-Ile
(Flokova et al., 2016), conjugation of 3 or 4 with amino acids took place
this time in strictly anhydrous conditions (Fig. 3). Carboxylic group of 3
and 4 was also as in previous case activated by formation of mixed an-
hydride by the reaction with isobutyl chloroformate (IBCF) and TEA
(trimethylamine) in dry THF (tetrahydrofuran) at —10 °C. Removal of
salts by filtration provided clear solutions of 5 and 6, which were
dropwise added to the solutions of silylated amino acids 8a-g at 0 °C.
These were obtained by the reaction of 7a-g (Gly, Ala, Val, Ile, Phe, Asp,
Glu) with TMS-CI (trimethylsilyl chloride) and TEA in acetonitrile under
reflux and filtration of resulting salts upon gradual cooling to room
temperature. Conjugation occurred at 0 °C for 2 h, followed by acidifi-
cation of reaction mixtures with 1 mol/1 HCI and extraction with chlo-
roform, which provided desired compounds 9a-g and their labeled
analog 10a-g with yields ranging from 23 to 82%. Although the conju-
gation of racemic cis-OPDA to chiral amino acids should result in the
formation of potentially separable diastereomers, we could not separate
them. Cis-OPDA (3) is extremely sensitive to acids and bases, which may
lead to the epimerization at C13 forming undesirable trans isomer or
even rearrangement of the double bond leading to the more thermo-
dynamically stable cyclopentenone (Grieco and Abood, 1989). Using
anhydrous and mild conditions in the conjugation step, only negligible
changes in the cis:trans OPDA epimers ratio were observed (>95:5, cis:
trans according to NMR in Supplementary data).

2.3. LC-MS/MS method development

The OPDA-aa form ions in positive and negative electrospray ioni-
zation (ESI) mode. The positive ionization mode provided higher

R': a=H (Gly)
b = CHs (Ala)
¢ = CH(CH3)3 (Val)
d = (S)-CH(CH3)CH,CHj (lle)
e = CH,Phe (Phe)
f = CH,COOH, *CH,COOTMS (Asp)
g = CH,CH,COOH, *CH,CH,COOTMS (Glu)

intensities and signal-to-background noise ratios of analyte peaks
compared to the negative ionization in full scan mode. The fragmenta-
tion of protonated molecular ions [M + H]' of OPDA-aa was performed
at four fixed collision energies (CEs; 10, 20, 30, and 40 eV). The two
most intensive fragments specific for each compound were selected as
diagnostic ions to establish the multiple reaction monitoring transitions
(MRM) and the CEs were optimized (Table 1). The fragmentation spectra
at 20 eV of OPDA-aa and ISs are depicted in Supplemental Figs. S1-S7.
For OPDA-aa, the characteristic fragment was m/z 275 (or m/z 280 for
ds-OPDA-aa of ISs), which is an ion of cis-OPDA (m/z 293) with neutral
loss of H,O (NL 18 Da) or a neutral loss of the amino acid. Other
intensive fragments corresponded to the protonated ions of amino acids
(m/z 89.9 — Ala, m/z 76.0 - Gly, m/z 133.9 — Asp, m/z 148 - Glu) or
fragments of the amino acids with a loss of HoO + CO (NL 46 Da) (m/z 86
for Ile, m/z 120 for Phe, m/z 72 for Val). Highly abundant ions were also
the OPDA-aa with loss of HyO + CO (NL 46 Da) or 2 HoO + CO for Asp
(NL 64 Da); however, these ions were excluded due to low specificity to
the structure. In comparison, an optimized method for the determina-
tion of OPDA-Ile employed MRM in negative ionization mode corre-
sponding to the deprotonated molecular ion of OPDA-Ile and the
deprotonated Ile (404 > 130) (Flokovd et al., 2016). Furthermore, using
predicted molecular and fragment ions (m/z corresponding to deproto-
nated amino acids) 19 OPDA-aa conjugates were scanned in negative
ionization mode (Shinya et al., 2022).

The separation of cis-OPDA and OPDA-aa (Fig. 4) was achieved
following gradient and chromatographic conditions set for the separa-
tion of acidic plant hormones (abscisates, auxins, JAs, and salicylic acid)
(Siroka et al., 2022), which enabled the determination of all simulta-
neously in one LC run (Supplemental Fig. S8).

(0] (0]
R! T™MS 1
N o~ ii R \‘)kOH
HNG o e NH,
8a-g* 7a-g

9a-g R=H
10a-g R=D

Fig. 3. Synthesis of amino acid conjugates of cis-OPDA and (17,17,18,18,18,18)-ds-cis-OPDA. Reagent and conditions: i) IBCF, TEA, THF, —10 °C, 30 min; ii) TMS-Cl,
TEA, acetonitrile, reflux; iii) 0 °C, 2 h, then 1 mol/l HCl, room temperature, 10 min * - side chain carboxylic groups of Asp and Glu were also protected by TMS.
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Table 2
Validation parameters.
Analyte  Method Accuracy,/Precision” ME*? RE™" PE™"
Spike 0.05 0.5 pmol 5 pmol
pmol
OPDA- 112.00/ 90.54/ 102.28/ 37.20 86.93 + 32.26
Ala 5.64 5.15 6.80 +4.11 6.90 + 2.61
OPDA- 107.12/ 91.21/ 94.51/ 53.40 91.07 + 48.48
Asp 11.06 9.80 11.11 + 3.43 7.49 + 4.16
OPDA- 100.60/ 85.58/ 96.92/ 32.97 96.83 + 31.84
Glu 11.49 10.27 7.36 + 2.05 1.02 + 0.36
OPDA- 108.09/ 152.57/ 191.09/ 36.51 85.54 + 30.76
Gly 13.91 6.13 7.38 + 5.89 10.51 + 4.18
OPDA- 108.15/ 99.67/ 110.84/ 70.12 95.98 + 67.22
Ile 5.14 6.01 4.70 + 8.23 18.24 +13.14
OPDA- 95.479/ 102.05/ 113.51/ 67.72 92.05 + 62.23
Phe 12.64 5.64 5.46 + 8.40 9.58 + 6.62
OPDA- 95.19/ 104.09/ 105.50/ 49.40 102.10 50.45
Val 9.28 7.17 6.71 + 2.67 + 10.26 +5.15

@ Estimated by spiking of 10 mg 30-day-old Arabidopsis thaliana leaves samples
in four replicates (n = 4).
® Means =+ s.d.

similarly as (Novdak et al., 2012) and (4) acidic extraction of matrix
samples with 1 mol/l formic acid in 10% aq. methanol similarly as
(Siroka et al., 2022). All approaches provided similar average PE values
of 60%, 59%, 54%, and 54% in experiments (1), (2), (3), and (4),
respectively (Supplemental Fig. S12). The final conditions were set as
approach (2) as this method was previously established for
stress-induced acidic plant hormones, including JAs (Flokova et al.,
2014). Importantly, the experiment (2) also allows simultaneous sample
preparation for OPDA-aa and JAs analysis in one step.

2.5. Method validation

The method for OPDA-aa determination was validated in terms of
accuracy and precision. The method accuracies were within the
85-115% range, except for OPDA-Gly, and the method precisions were
lower than 15% for all OPDA-aa (Table 2). The OPDA-Gly, despite the
accuracy within the validation limits at the first concentration level,
failed to be quantified accurately at the second and third concentration
levels. This may be caused by a possible interfering compound at the
retention time (Rt) of OPDA-Gly.

The mean PE of all OPDA-aa was 46% in the validation experiment.
To overall PE negatively contributed the matrix effects (MEs), which
were, on average, 50%. Unlike the ME, the losses during sample prep-
aration, represented by recovery (RE), were relatively low, as the
average RE was 92% (Table 2). The high MEs may be caused by the
elution of the OPDA-aa at the end of the chromatographic gradient
together with other non-polar compounds from the plant matrix (e.g.,
plant lipids).

2.6. Identification and quantification of (+)-OPDA-aa conjugates in
wounded Arabidopsis thaliana leaves

The 30-day-old At plants were mechanically wounded by pinching
with laboratory forceps and the whole injured leaves were collected at 0,
5, 15, 30, 60, and 180 min after wounding. The harvested samples were
processed and profiled for endogenous JAs: cis-(+)-OPDA, (+)-OPDA-aa,
JA, its precursors (OPC-8:0, OPC-6:0, OPC-4:0) and JA-Ile.

As there are no regulatory requirements in plant hormone qualitative
analysis, for identification of the (+)-OPDA-aa in wounded At, the
minimum criteria for chromatographic and MS confirmation issued by
the World Anti-Doping Agency (WADA) were adopted (Technical
document TD2023IDCR). For each (+)-OPDA-aa, the relative retention
time (RRt) to its proper IS was calculated, and the tolerance limit was
applied. Simultaneously, two diagnostic MRM transitions were acquired
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for each (+)-OPDA-aa (Table 1), their relative abundances (RAs) were
calculated, and the tolerance intervals were applied. Except for
(+)-OPDA-Ala, only one MRM was acquired for each IS. Supported by
the RRts and RAs within the tolerance limits, the (+)-OPDA-Asp,
(+)-OPDA-Glu, (+)-OPDA-Ile, (+)-OPDA-Phe, and (+4)-OPDA-Val were
identified and subsequently quantified in At wounded samples. The
(+)-OPDA-Gly was not identified because the RAs were out of the
tolerance range. This might be caused by an interfering compound of the
same Rt providing a different rate of diagnostic and reference diagnostic
MRM (Supplemental Fig. S13), which might have also been an issue
during the validation. Nevertheless, RRts of (+)-OPDA-Gly peak agreed
with the requirements for chromatography. Interestingly, the RAs of
(+)-OPDA-Ala were also out of the tolerance limits, however, this was
also the case with IS ds-OPDA-Ala, where two diagnostic MRMs con-
taining the same structural fragments were acquired (Supplemental
Fig. S14). An equal concentration would be obtained if the levels were
quantified using the MRMs of corresponding structural fragments of
analyte and IS. The accumulation profile of (4+)-OPDA-Ala in wounded
At corresponds to the profiles of other identified (+)-OPDA-aa (Sup-
plemental Fig. S15). The RRt fitted into the tolerance limits for
(+)-OPDA-Ala.

The increase of JAs endogenous levels upon wounding has been
recorded before (Stintzi et al., 2001; Weber et al., 1997). The
time-course accumulation of (+)-OPDA-aa shows a maximum at 1 h
after wounding, which roughly corresponds to the time-course of
cis-(+)-OPDA in this experiment (Fig. 5). As in case of JA, its precursors
(OPC-8:0, OPC-6:0, OPC-4:0) and JA-Ile accumulated 1 h after wound-
ing (Supplemental Fig. S16). Interestingly, the profiles of JAs accumu-
lation in response to mechanical wounding reported in literature differ
between the studies published. Compared to our results, some studies on
At Col-0 demonstrate maxima in wounded leaves at 30 min for JA
(Flokova et al., 2014), 60 min for JA and cis-(+)-OPDA (Koo et al., 2009)
and/or 90 min for JA and 6 h for cis-(+)-OPDA after wounding (Rey-
mond et al., 2000). The differences may stem from different experi-
mental settings (e.g., the extent of leaf damage).

The levels of the (+)-OPDA-aa were in range 1-10 pmol/g of fresh
weight (fr. wt) from the highest amount of (4+)-OPDA-Glu > (+)-OPDA-
Phe > (+)-OPDA-Ile > (+)-OPDA-Asp to lowest level of (+)-OPDA-Val
(Fig. 5). A similar concentration range was reported for mechanically
wounding-induced accumulation of (+)-OPDA-Ile in rosette leaves of At
entering the final flowering stage on the main apex (29-39-day old),
with the peak accumulation at 2 h post-wounding (Flokova et al., 2016).

Besides the wounding-induced stress, OPDA-aa have also been
investigated concerning the biotic stress responses. Out of 19 putatively
identified OPDA-aa following OPDA exogenous treatment of rice cell
culture, the (+)-OPDA-Asp was recently detected in rice cells after
application of chitin oligosaccharide, a biotic stress response activator
(Shinya et al., 2022).

Overall, our results suggest that cis-(+)-OPDA can be conjugated to
various amino acids and this metabolic pathway is elicited by mechan-
ical wounding. Hypothetically, the accumulated (+)-OPDA-aa may
directly activate the COI1-JAZ co-receptor complex, or they can act in a
COI1l-independent manner similarly as reported for OPDA-Ile (Arnold
et al, 2016) via e.g., their reactive electrophilic o,p-unsaturated
carbonyl group (Knieper et al., 2022). Also, (4)-OPDA-aa can be tem-
porary storage of cis-(+)-OPDA or indirectly activate the COI1-JAZ
complex, due to hydrolysis to cis-(+)-OPDA and following JA-Ile syn-
thesis. The signaling activity of cis-(+)-OPDA-aa and the role of
cis-(+)-OPDA amino acid conjugation in plants will be the subject of
future biological studies.

3. Concluding remarks
Here, we report a methodology for the synthesis of seven OPDA

conjugates with amino acids as analytical standards and their labeled
analogs used as IS, concurrently with the development and validation of



V. Mik et al.

cis-(+)-OPDA

40,000
35,000
30,000
25,000
= 20,000
©
£ 15,000
10,000
=~ W w @
0
0 5 15 30 60 180
Time after wounding [min]
(+)-OPDA-Glu
12
10
8
x 6
<]
£
8. 4
2
0
0 5 15 30 60 180
Time after wounding [min]
(+)-OPDA-Phe
7
6
5
@ 4
]
€ 3
o
2
: N
0
0 5 15 30 60 180

Time after wounding [min]

Phytochemistry 215 (2023) 113855

(+)-OPDA-Asp

2.5
2
X 15
<]
£
2 1
0.5
0
0 5 15 30 60 180
Time after wounding [min]
(+)-OPDA-Ile
5
4 +
3
£
[+
E 2
1 I_l—’ ’_x—’
0
0 5 15 30 60 180
Time after wounding [min]
(+)-OPDA-Val
1.2
1
0.8
2 06
3 O
=
0.4
0.2
0
0 5 15 30 60 180

Time after wounding [min]

Fig. 5. Time-course accumulation of cis-(+)-OPDA and (4)-OPDA-aa. The results in 30-day-old Arabidopsis thaliana leaves mechanically wounded with forceps and
collected 0, 5, 15, 30, 60, and 180 min after wounding. Time O min represents not wounded leaves from not-wounded plants. The bars are means =+ s.d. (n = 6). The

content of cis-(+)-OPDA and (+)-OPDA-aa is expressed in pmol/g fr. wt.

an analytical procedure comprising sample extraction and SPE-based
purification prior to LC-MS/MS identification and accurate quantifica-
tion in plants. Application of the method led to the identification of five
(+)-OPDA-aa in wounded At leaves with a time-course reminiscent of
cis-(+)-OPDA. Our results showed the accumulation of (+)-OPDA-aa
under wounding stress and demonstrate the biotransformation of cis-
(+)-OPDA to amino acid conjugates in vivo under physiological
conditions.

4. Experimental
4.1. Synthesis - general experimental procedures

Common reagents and solvents were purchased from commercial
sources (Sigma-Aldrich, St. Luis, MO, USA; VWR, LachNer) and used
without further purifications. Deuterium labeled linolenic acid
(17,17,18,18,18-ds) was obtained from Cambridge Isotope Laboratories
Inc. (Tewksbury, MA, USA). Flax seeds (Linum usitatissimum L.) of Raciol
and Astella varieties were purchased from Agritec (Sumperk, Czech
Republic). Thin-layer chromatography was performed on silica gel
plates Silica F254, 200 pm (VWR). The spots were visualized by staining
with basic potassium permanganate (1.5 g KMnOy, 10 g K2CO3, 1.25 ml

10% NaOH, 200 ml water). The compounds were purified on a Prep-C18
LC column (100 x 21.2 mm, particle size 5 pm) using 1290 Infinity II
LC/MSD preparative system with UV detector 1260 Infinity II and single
quadrupole MS with electrospray ionization LC/MSD all from Agilent
(Agilent Technologies, Santa Clara, CA, USA). The mobile phases con-
sisted of 0.1% formic or acetic acid in water as an aq. phase and
methanol or acetonitrile as an organic phase, the flow rate was set to 20
ml/min and the column was maintained at room temperature. Spec-
trometric purity and mass of the compounds were determined using the
AQUITY UPLC® H-Glass system on Symmetry C18 column (150 x 2.1
mm, particle size 5 pm) linked simultaneously to ACQUITY UPLC PDA
detector and single quadrupole MS QDa all from Waters (Waters, Mil-
ford, MA, USA). Specific optical rotation [0(]21)0 was measured with a
polarimeter PolAAR 2001 (Optical Activity Ltd., Ramsey, Huntingdon,
UK) upon dissolving the sample in chloroform. 'H and 13C NMR spectra
were recorded at 500,125 MHz on ECA-500 or at 400/100 MHz on ECZ/
R-400 spectrometers (Jeol, Tokyo, Japan). Samples were dissolved in
CDCl;3 and chemical shifts were calibrated to the residual solvent peak
(6 = 7.26 ppm for 'H and & = 77.0 for 3C). The accurate masses of
standards were recorded upon direct injection of standard solutions
using a hybrid quadrupole time of flight (QTOF) high resolution mass
spectrometer (HRMS) SYNAPT G2-Si (Waters, Manchester, UK)
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operating in positive ion mode.
4.2. Synthesis

4.2.1. Synthesis of 8-[(1S*55%)-4-0xo0-5-((Z)-pent-2-en-1-yl)cyclopent-2-
en-1-ylJoctanoic acid (3, cis-OPDA) and 8-[(1S*,5S*)-4-0x0-5-((Z)-pent-
2-en-1-yl-4,4,5,5,5-ds)cyclopent-2-en-1-yl]octanoic acid (4,
(17,17,18,18,18-ds)-cis-OPDA)

The title compounds were prepared according to the literature pro-
cedure (Zimmerman and Feng, 1978). The spectral data are consistent
with those reported in the literature.

3: pale yellow oil, yield 20%, UPLC-UV/VIS RT, purity (min., %):
24.79, 95.0; ESI*-MS m/z (rel. int. %, ion): 293.3 (100, [M+H] ™). 'H-
NMR (400 MHz, CDCl3) § (ppm): 0.96 (t, J = 7.5 Hz, 3H), 1.12-1.16 (m,
1H), 1.31-1.41 (m, 8H), 1.58-1.65 (m, 2H), 1.69-1.75 (m, 1H),
2.00-2.06 (m, 2H), 2.10-2.17 (m, 1H), 2.34 (t, J = 7.4 Hz, 2H),
2.41-2.51 (m, 2H), 2.94-3.00 (m, 1H), 5.32-5.45 (m, 2H), 6.18 (dd, J =
5.8, 1.7 Hz, 1H), 7.73 (dd, J = 5.8, 2.8 Hz, 1H). 13C-NMR (100 MHz,
CDCls3): 6 14.0, 20.7, 23.7, 24.5, 27.5, 28.9, 29.0, 29.5, 30.7, 34.0, 44.3,
49.8, 126.9, 132.4, 133.0, 167.3, 179.8, 211.0. [o]Z’ = +8° [c 6.5,
CHCl3].

4: pale yellow oil, yield 18%, UPLC-UV/VIS RT, purity (min., %):
24.77, 91.0. ESI"-MS m/z (rel. int. %, ion): 298.3 (100, [M+H]™"). -
NMR (400 MHz, CDCl3) & (ppm): 1.10-1.18 (m, 1H), 1.31-1.35 (m, 8H),
1.59-1.64 (m, 2H), 1.69-1.77 (m, 1H), 2.09-2.18 (m, 1H), 2.35 (t, J =
7.5 Hz, 2H), 2.41-2.55 (m, 2H), 2.55-2.65 (m, 1H), 2.94-3.01 (m, 1H),
5.35(dd, J=10.8,7.2,5.4 Hz, 1H), 5.42 (bd, J = 10.8 Hz, 1H), 6.19 (dd,
J=5.8,1.7 Hz, 1H), 7.75 (dd, J = 5.8, 2.8 Hz, 1H). '*C-NMR (100 MHz,
CDCl3): & 23.7, 24.6, 27.5, 28.9, 29.1, 29.5, 30.7, 33.8, 44.3, 49.8,
126.9, 132.4, 132.9, 167.4, 179.2, 211.1. HRMS (ESI-QTOF): m/z calc
for C15H3D505 [M+H]" 298.2425, found 298.2427.

4.2.2. Synthesis of (isobutyl carbonic) 8-[(1S* 55*)-4-0x0-5-((Z)-pent-2-
en-1-yl)cyclopent-2-en-1-yl]octanoic anhydride (5) and (isobutyl carbonic)
8-[(15%,55*)-4-0x0-5-((Z)-pent-2-en-1-yl-4,4,5,5,5-d5)cyclopent-2-en-1-
ylJoctanoic anhydride (6)

Isobutyl chloroformate (1.1 eq.) was dropwise added under Ar at-
mosphere to the solution of 3 or 4 (1 eq) and TEA (1.2 eq.) in dry THF
(0.07 M) cooled to —10 °C. The resulting mixture was stirred at —10 °C
for 30 min and then filtered using MicroSpin centrifugation filters
(NYLON 0.2 pm, Chromservis). The filtrates were used immediately in
the next step without any purification or characterization.

4.2.3. Silylation of amino acids - compounds 8a-g

Suspension of amino acid 7a-g (3 eq.), TMS-Cl (typically 7.5 eq., for
Asp (7€) and Glu (7g) 10.5 eq.), and TEA (12 eq.) in dry acetonitrile was
refluxed under Ar atmosphere until complete dissolution of the starting
amino acid. The resulting solution was cooled to room temperature and
filtered using a MicroSpin centrifugation filter (NYLON 0.2 pm). Filtrate
was used immediately in the next step without any purification or
characterization.

4.2.4. Synthesis of amino acid conjugates of cis-OPDA and
(17,17,18,18,18-ds)-cis-OPDA — compounds 9a-g, 10a-g

The filtrate obtained in step 4.2.2 was under an inert atmosphere
added to the solution of silylated amino acids solution in acetonitrile
from step 4.2.3 cooled to 0 °C. The reaction mixture was stirred at 0 °C
for 2 h. After acidification by 1 mol/l1 HCI to pH ~3, the mixture was
diluted with water and extracted by CHCl3 (4 x 5 ml). Combined organic
layers were washed with brine, dried over NaySOy, filtered, and evap-
orated under reduced pressure. Products were further purified using
preparative LC. Fraction containing purified product were partially
evaporated and extracted by CHCl3. Combined organic layers were dried
over NaySOy, filtered, and evaporated under reduced pressure.

{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl)cyclopent-2-en-1-yl]octa-
noyl}glycine 9a: white solid, yield 52%, UPLC-PDA RT, purity (min., %):
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22.61, 99.9. ESIT-MS m/z (rel. int. %, ion): 350.4 (100, [M+H]"). 1H-
NMR (400 MHz, CDCl3) & (ppm): 0.96 (t, J = 7.4 Hz, 3H), 1.13-1.17 (m,
1H), 1.27-1.40 (m, 8H), 1.59-1.72 (m, 3H), 2.01-2.17 (m, 3H), 2.26 (t,
J = 7.5 Hz, 2H), 2.42-2.51 (m, 2H), 2.96-3.00 (m, 1H), 4.06 (d, J = 5.0
Hz, 2H), 5.34-5.45 (m, 2H), 6.19 (dd, J = 5.8, 1.7 Hz, 1H), 6.26 (t, J =
5.0 Hz, 1H), 7.75 (dd, J = 5.9, 2.7 Hz, 1H). 13C.NMR (100 MHz, CDCl3) &
(ppm): 14.0, 20.7, 23.7, 25.4, 27.5, 29.0, 29.1, 29.5, 30.7, 36.2, 41.4,
44.3,49.9,126.8,132.3,133.0, 167.6,172.3, 174.3, 211.4. HRMS (ESI-
QTOF): m/z calc for CoH31NO4 [M+H]" 350.2326, found 350.2332.
{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl)cyclopent-2-en-1-yl]octa-
noyl}-L-alanine 9b: white solid, yield 58%, UPLC-UV/VIS RT, purity
(min., %): 23.16, 99.9. ESI"-MS m/z (rel. int. %, ion): 364.4 (100,
[M+H] ™). 'H-NMR (500 MHz, CDCls) & (ppm): 0.96 (t, J = 7.5 Hz, 3H),
1.14-1.18 (m, 1H), 1.30 (s, 8H), 1.45 (d, J = 7.3 Hz, 3H), 1.62 (t, J = 6.4
Hz, 2H), 1.69-1.74 (m, 1H), 2.02-2.08 (m, 2H), 2.10-2.16 (m, 1H), 2.23
(t, J = 7.5 Hz, 2H), 2.42-2.51 (m, 2H), 2.98 (d, J = 3.1 Hz, 1H),
4.54-4.60 (m, 1H), 5.33-5.43 (m, 2H), 6.19 (dd, J = 5.8, 1.8 Hz, 1H),
6.22 (d, J = 6.7 Hz, 1H), 7.75 (dd, J = 5.8, 2.4 Hz, 1H). 13C.NMR (125
MHz, CDCl3) & (ppm): 14.0, 18.1, 20.8, 23.7, 25.4, 27.5, 27.5, 29.0,
29.1,29.5,29.7,30.7, 36.3, 44.3, 48.2,49.9, 126.8, 132.4, 133.0, 167.5,
167.5, 173.7, 175.6, 211.3, 211.4. HRMS (ESI-QTOF): m/z calc for
Cy1H33NO4 [M+H]T 364.2482, found 364.2500.
{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl)cyclopent-2-en-1-yl]octa-
noyl}-L-valine 9c¢: white solid, yield 82%, UPLC-UV/VIS RT, purity
(min., %): 24.57, 99.9. ESI"-MS m/z (rel. int. %, ion): 392.5 (100,
[M-+H] ™). '"H-NMR (400 MHz, CDCl3) & (ppm): 0.94 (t, J = 6.8 Hz, 3H),
0.96 (t,J = 7.5 Hz, 3H), 0.97 (t, /= 6.8 Hz, 3H), 1.11-1.19 (m, 1H), 1.35
(bs, 8H), 1.60-1.65 (m, 2H), 1.68-1.75 (m, 1H), 2.01-2.09 (m, 2H),
2.11-2.17 (m, 1H), 2.19-2.27 (m, 3H), 2.42-2.52 (m, 2H), 2.96-2.99
(m, 1H), 4.58 (dd, J = 8.7, 4.8 Hz, 1H), 5.32-5.45 (m, 2H), 6.06 (d, J =
8.7 Hz, 1H), 6.19 (dd, J = 5.8, 1.7 Hz, 1H), 7.74 (dd, J = 5.7, 2.7 Hz,
1H). '3*C-NMR (100 MHz, CDCl3) 8 (ppm): 14.0, 17.7, 19.0, 20.8, 23.7,
25.6, 27.5, 27.5, 29.0, 29.1, 29.6, 29.7, 30.7, 30.9, 36.6, 44.3, 49.9,
56.9, 126.9, 132.4, 133.0, 167.5, 167.5, 173.8, 175.1, 211.3, 211.4.
HRMS (ESI-QTOF): m/z calc for Co3H3yNO,4 [M+H]' 392.2795, found
392.2806.
{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl)cyclopent-2-en-1-yl]octa-
noyl}-L-isoleucine 9d: white solid, yield 62%, UPLC-UV/VIS RT, purity
(min., %): 25.31, 99.3. ESI"-MS m/z (rel. int. %, ion): 406.6 (100,
[M+H]T). 'H-NMR (500 MHz, CDCls) & (ppm): 0.90-0.98 (m, SH),
1.14-1.38 (m, 10H), 1.46-1.52 (m, 1H), 1.60-1.74 (m, 3H), 1.92-1.97
(m, 1H), 2.02-2.08 (m, 2H), 2.10-2.16 (m, 1H), 2.24 (t, J = 7.5 Hz, 2H),
2.42-2.51 (m, 2H), 2.96-2.98 (m, 1H), 4.61 (dd, J = 8.6, 4.9 Hz, 1H),
5.33-5.44 (m, 2H), 6.09 (d, J = 8.6 Hz, 1H), 6.19 (dd, J = 6.0, 1.7 Hz,
1H), 7.74 (dd, J = 5.8, 2.7 Hz, 1H). 1*C-NMR (125 MHz, CDCl3) & (ppm):
11.6, 14.0, 15.4, 20.8, 23.7, 25.1, 25.6, 27.5, 27.5, 29.0, 29.1, 29.1,
29.6, 30.7, 36.5, 37.6, 44.3, 49.9, 56.3, 126.9, 132.4, 133.0, 167.5,
167.5, 173.6, 175.1, 175.1, 211.3, 211.4. HRMS (ESI-QTOF): m/z calc
for Ca4H3oNO4 [M+H] ™ 406.2952, found 406.2962.
{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl)cyclopent-2-en-1-yl]octa-
noyl}-L-phenylalanine 9e: white solid, yield 48%, UPLC-UV/VIS RT,
purity (min., %): 25.29, 99.9. ESI™-MS m/z (rel. int. %, ion): 440.5 (100,
[M-+H]™). 'H-NMR (500 MHz, CDCl3) & (ppm): 0.96 (t, J = 7.6 Hz, 3H),
1.13-1.15 (m, 1H), 1.25-1.31 (m, 7H), 1.28-1.38 (m, 1H), 1.53-1.59
(m, 2H), 1.68-1.75 (m, 1H), 2.02-2.08 (m, 2H), 2.10-2.15 (m, 1H), 2.17
(t, J = 7.5 Hz, 2H), 2.43-2.51 (m, 2H), 2.96-2.98 (m, 1H), 3.12 (dd, J =
14.1, 6.4 Hz, 1H), 3.23 (dd, J = 14.1, 5.8 Hz, 1H), 4.88 (dt, J = 7.4, 6.0
Hz, 1H), 5.33-5.45 (m, 2H), 6.01 (d, J = 7.3 Hz, 1H), 6.18 (dd, J = 5.8,
1.8 Hz, 1H), 7.15-7.16 (m, 2H), 7.22-7.30 (m, 3H), 7.74 (dd, J = 5.7,
2.3 Hz, 1H). '3C-NMR (125 MHz, CDCl3) & (ppm): 14.0, 20.8, 23.7, 25.4,
27.5, 27.5, 29.0, 29.0, 29.1, 29.5, 29.7, 30.7, 36.3, 37.2, 44.3, 49.9,
53.0, 126.8, 127.1, 128.6, 129.3, 132.4, 133.0, 135.7, 167.5, 167.6,
173.7,174.1, 211.4, 211.4. HRMS (ESI-QTOF): m/z calc for Co7H37NO4
[M-+H]" 440.2795, found 440.2794.
{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl)cyclopent-2-en-1-yl]octa-
noyl}-L-aspartic acid 9f: white solid, yield 55%, UPLC-UV/VIS RT,
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purity (min., %): 22.13, 99.9. ESIT-MS m/z (rel. int. %, ion): 408.5 (100,
[M+H] ). H-NMR (400 MHz, CDCl3) & (ppm): 0.95 (t, J = 7.5 Hz, 3H),
1.15-1.20 (m, 1H), 1.24-1.28 (m, 8H), 1.59-1.71 (m, 3H), 2.01-2.16
(m, 3H), 2.25 (bt, J = 6.6 Hz, 2H), 2.43-2.51 (m, 2H), 2.85-3.07 (m,
3H), 4.87 (bs, 1H), 5.31-5.45 (m, 2H), 6.20 (d, J = 5.5 Hz, 1H), 7.01 (d,
J = 6.6 Hz, 1H), 7.77 (dd, J = 5.5, 2.3 Hz, 1H), 9.30 (bs, 2H). 13C.NMR
(100 MHz, CDCls) & (ppm): 14.0, 20.6, 20.8, 23.7, 25.4, 27.3, 28.9, 29.1,
29.5, 30.6, 36.1, 44.3, 48.5, 50.0, 126.7, 132.3, 133.1, 168.0, 174.2,
174.5, 174.9, 211.9, 211.9. HRMS (ESI-QTOF): m/z calc for Co3H33NOg
[M+H]" 408.2381, found 408.2386.
{8-[(15*,55%)-4-0x0-5-((Z)-pent-2-en-1-yl)cyclopent-2-en-1-yl]octa-
noyl}-L-glutamic acid 9g: White solid, yield 73%, UPLC-UV/VIS RT,
purity (min., %): 22.19, 99.0. ESIT-MS m/z (rel. int. %, ion): 422.5 (100,
[M-+H]™). 'H-NMR (500 MHz, CDCl3) & (ppm): 0.96 (t, J = 7.6 Hz, 3H),
1.12-1.21 (m, 1H), 1.30-1.38 (m, 8H), 1.58-1.62 (m, 2H), 1.69-1.74
(m, 1H), 2.00-2.07 (m, 3H), 2.11-2.16 (m, 1H), 2.22-2.27 (m, 3H),
2.43-2.50 (m, 4H), 2.97-3.01 (m, 1H), 4.62 (bq, J = 6.2 Hz, 1H),
5.32-5.44 (m, 2H), 6.19 (dd, J = 5.8, 1.5 Hz, 1H), 6.79 (d, J = 7.0 Hz,
1H), 7.77 (dd, J = 5.8, 2.5 Hz, 1H), 8.79 (bs, 2H). 13C-NMR (125 MHz,
CDCl3) 6 (ppm): 14.0, 20.8, 23.7, 25.5, 26.8, 27.4, 29.0, 29.1, 29.5, 29.9,
30.7, 36.2, 44.3, 49.9, 51.6, 126.8, 132.3, 133.1, 167.9, 174.5, 177.5,
211.8. HRMS (ESI-QTOF): m/z calc for Co3H3sNOg [M4-H]T 422.2537,
found 422.2533.
{8-[(18*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl-4,4,5,5,5-ds)cyclopent-2-
en-1-yl]octanoyl}glycine 10a: white solid, yield 51%, UPLC-UV/VIS RT,
purity (min., %): 22.57, 99.9. ESIT-MS m/z (rel. int. %, ion): 355.4 (100,
[M+H]"). H-NMR (500 MHz, CDCl3) & (ppm): 1.15-1.17 (m, 1H),
1.30-1.40 (m, 9H), 1.60-1.65 (m, 2H), 1.70-1.75 (m, 1H), 2.11-2.16
(m, 1H), 2.26 (t, J = 7.5 Hz, 2H), 2.43-2.51 (m, 2H), 2.96-3.01 (m, 1H),
4.07 (d, J = 5.2 Hz, 2H), 5.33-5.38 (m, 1H), 5.42 (bd, J = 11.0 Hz, 1H),
6.17 (t,J = 4.9 Hz, 1H), 6.19 (dd, J = 5.8, 1.8 Hz, 1H), 7.75 (dd, J = 5.8,
2.8 Hz, 1H). '3C-NMR (125 MHz, CDCls) & (ppm): 13.1, 23.7, 25.4, 27.5,
29.0, 29.1, 29.5, 30.7, 36.2, 41.4, 44.3,49.9, 126.9, 132.4, 132.9, 167.5,
174.2, 211.3. HRMS (ESI-QTOF): m/z calc for CooHagDsNO4 [M+H]*
355.2640, found 355.2648.
{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl-4,4,5,5,5-ds)cyclopent-2-
en-1-yl]octanoyl}-L-alanine 10b: white solid, yield 43%, UPLC-UV/VIS
RT, purity (min., %): 23.17, 99.9. ESI"-MS m/z (rel. int. %, ion): 369.5
(100, [M-+H]M). 'H-NMR (500 MHz, CDCl3) & (ppm): 1.27-1.31 (m, 8H),
1.46 (d, J = 7.3 Hz, 3H), 1.60-1.75 (m, 4H), 2.10-2.16 (m, 1H), 2.23 (t,
J = 7.5 Hz, 2H), 2.30-2.36 (m, 1H), 2.42-2.47 (m, 1H), 2.48-2.54 (m,
1H), 2.96-3.01 (m, 1H), 4.57 (pent., J = 7.0 Hz, 1H), 5.34-5.39 (m, 1H),
5.42 (d, J =10.7 Hz, 1H), 6.04 (d, J = 6.4 Hz, 1H), 6.19 (dd, J = 5.8, 1.8
Hz, 1H), 7.74 (dd, J = 5.8, 2.8 Hz, 1H). HRMS (ESI-QTOF): m/z calc for
Co1HogDsNO,4 [M+H] " 369.2796, found 369.2802.
{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl-4,4,5,5,5-ds)cyclopent-2-
en-1-yl]octanoyl}-L-valine 10c: white solid, yield 51%, UPLC-UV/VIS
RT, purity (min., %): 24.55, 99.9. ESI"-MS m/z (rel. int. %, ion):
397.5 (100, [M+H]1). 'TH-NMR (500 MHz, CDCl3) & (ppm): 0.95 (d, J =
6.7 Hz, 3H), 0.99 (d, J = 6.7 Hz, 3H), 1.13-1.22 (m, 1H), 1.27-1.40 (m,
8H), 1.60-1.75 (m, 3H), 2.10-2.16 (m, 1H), 2.22-2.23 (m, 1H), 2.25 (t,
J = 7.6 Hz, 2H), 2.30-2.35 (m, 1H), 2.43-2.47 (m, 1H), 2.49-2.52 (m,
1H), 2.97-3.00 (m, 1H), 4.57 (dd, J = 8.6, 4.9 Hz, 1H), 5.34-5.38 (m,
1H), 5.42 (d, J = 11.0 Hz, 1H), 5.97 (d, J = 8.6 Hz, 1H), 6.19 (dd, J =
5.8, 1.8 Hz, 1H), 7.74 (dd, J = 5.8, 2.8 Hz, 1H) . '3C-NMR (125 MHz,
CDCl3) 6 (ppm): 17.7,19.0, 23.7, 23.7, 25.6, 27.4, 27.5, 29.0, 29.0, 29.2,
29.6,29.7,30.7, 30.8, 36.6, 44.3, 49.9, 49.9,126.9, 132.4, 132.4, 132.9,
167.3, 167.4, 173.7, 211.2, 211.3. HRMS (ESI-QTOF): m/z calc for
Ca3H32DsNO4 [M+H]T 397.3109, found 397.3118.
{8-[(18*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl-4,4,5,5,5-ds)cyclopent-2-
en-1-yl]octanoyl}-L-isoleucine 10d: white solid, yield 23%, UPLC-UV/
VIS RT, purity (min., %): 25.27, 98.3. ESI™-MS m/z (rel. int. %, ion):
411.6, (100, [M+H]™). "TH-NMR (400 MHz, CDCl) & (ppm): 0.92-0.96
(m, 6H), 1.14-1.22 (m, 1H), 1.27-1.39 (m, 8H), 1.47-1.52 (m, 1H),
1.60-1.72 (m, 3H), 1.92-1.97 (m, 1H), 2.09-2.17 (m, 1H), 2.24 (t, J =
7.5 Hz, 2H), 2.42-2.52 (m, 2H), 2.98 (d, J = 3.2 Hz, 1H), 3.64-3.66 (m,
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1H), 4.61 (dd, J = 8.5, 4.8 Hz, 1H), 5.34-5.39 (m, 1H), 5.42 (d, J =11.0
Hz, 1H), 6.02 (d, J = 8.5 Hz, 1H), 6.19 (dd, J = 5.8, 1.7 Hz, 1H), 7.74
(dd, J = 5.7, 2.7 Hz, 1H). 13C-NMR (100 MHz, CDCl3) & (ppm): 11.6,
14.1, 15.4, 23.7, 25.1, 25.6, 26.7, 27.0, 27.4, 27.5, 29.0, 29.0, 29.1,
29.6,29.7,30.7, 36.6, 37.5, 44.3,49.9, 56.3, 126.9, 132.4,132.9, 167 .4,
167.5, 173.5, 174.8, 174.9, 176.4, 177.0, 211.2, 211.3. HRMS (ESI-
QTOF): m/z calc for Co4H34DsNO, [M+H] ' 411.3266, found 411.3272.

{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl-4,4,5,5,5-ds)cyclopent-2-
en-1-yl]octanoyl}-L-phenylalanine 10e: white solid, yield 63%, UPLC-
UV/VIS RT, purity (min., %): 25.28, 99.9. ESI"-MS m/z (rel. int. %,
ion): 445.5 (100, [M+H]™M). TH-NMR (500 MHz, CDCl3) & (ppm):
1.25-1.32 (m, 8H), 1.55-1.72 (m, 3H), 2.10-2.14 (m, 1H), 2.17 (t, J =
7.5 Hz, 2H), 2.29-2.36 (m, 1H), 2.43-2.47 (m, 1H), 2.48-2.52 (m, 1H),
2.96-3.00 (m, 1H), 3.13 (dd, J = 14.1, 6.1 Hz, 1H), 3.24 (dd, J = 14.1,
5.5 Hz, 1H), 4.87 (q, J = 6.4 Hz, 1H), 5.35-5.38 (m, 1H), 5.42 (d, J =
11.0 Hz, 1H), 5.92 (d, J = 7.3 Hz, 1H), 6.18 (dd, J = 5.8, 1.8 Hz, 1H),
7.15-7.17 (m, 2H), 7.25-7.31 (m, 3H), 7.74 (dd, J = 5.8, 2.5 Hz, 1H).
13C-NMR (125 MHz, CDCl3) § (ppm): 23.7, 25.4, 27.5, 27.5, 28.9, 29.1,
29.5, 29.7, 30.7, 36.4, 37.2, 44.3, 49.9, 126.9, 127.2, 128.6, 129.3,
132.4, 132.9, 135.7, 167.4, 167.4, 173.6, 211.2, 211.3. HRMS (ESI-
QTOF): m/z calc for Co7H35,DsNO4 [M+H] " 445.3109, found 445.3113.

{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl-4,4,5,5,5-ds)cyclopent-2-
en-1-yl]octanoyl}-L-aspartic acid 10f: white solid, yield 63%, UPLC-UV/
VIS RT, purity (min., %): 22.13, 99.9. ESIT-MS m/z (rel. int. %, ion):
413.5 (100, [M+H] ™). 'H-NMR (500 MHz, CDCl3) & (ppm): 1.13-1.20
(m, 1H), 1.29-1.42 (m, 9H), 1.60 (bs, 2H), 1.70-1.74 (m, 1H), 2.09-2.15
(m, 1H), 2.25 (t, J = 7.0 Hz, 2H), 2.44-2.51 (m, 2H), 2.88-3.06 (m, 3H),
4.85 (bs, 1H), 5.32-5.37 (m, 1H), 5.41 (d, J = 10.7 Hz, 1H), 6.20 (dd, J
= 5.8, 1.2 Hz, 1H), 7.00 (bs, 1H), 7.77 (dd, J = 5.6, 2.5 Hz, 1H). '3C-
NMR (125 MHz, CDCls3) & (ppm): 23.7, 25.4, 27.3, 28.9, 29.0, 29.5, 29.7,
30.6, 36.1, 44.3, 50.0, 126.8, 132.3, 133.0, 168.0, 168.1, 174.4, 211.9,
212.0. HRMS (ESI-QTOF): m/z calc for CpoHagDsNOg [M+HI'
413.2694, found 413.2697.

{8-[(15*,55*)-4-0x0-5-((Z)-pent-2-en-1-yl-4,4,5,5,5-ds)cyclopent-2-
en-1-yl]octanoyl}-L-glutamic acid 10g: white solid, yield 70%, UPLC-
UV/VIS RT, purity (min., %): 22.17, 99.9. ESI*-MS m/z (rel. int. %,
ion): 427.5 (100, [M+H]"). H-NMR (500 MHz, CDCls) & (ppm):
1.14-1.19 (m, 1H), 1.26-1.37 (m, 9H), 1.59-1.71 (m, 3H), 2.05-2.15
(m, 2H), 2.21-2.26 (m, 3H), 2.43-2.51 (m, 4H), 2.96-3.00 (m, 1H), 4.62
(q, J = 6.7 Hz, 1H), 5.32-5.37 (m, 1H), 5.40 (d, J = 11.0 Hz, 1H), 6.19
(dd, J = 5.8, 1.5 Hz, 1H), 6.76 (d, J = 7.3 Hz, 1H), 7.76 (dd, J = 5.8, 2.7
Hz, 1H) . *C-NMR (125 MHz, CDCl3) § (ppm): 23.7, 25.4, 26.8, 27.4,
28.9,29.1, 29.5, 29.9, 30.7, 36.2, 44.3, 49.9, 126.8,132.3,133.0, 167.9,
174.5, 177.4, 211.7, 211.8. HRMS (ESI-QTOF): m/z calc for
Ca3H30DsNOg [M+H]1 427.2851, found 427.2845.

4.3. Chemicals

Analytical standards and deuterium-labeled ISs of OPDA-aa (Table 1)
were obtained by organic synthesis described above in section 4.1. and
4.2. The weighted standard amounts were dissolved in acetonitrile to an
exact concentration of around 2 mg/ml. Each was further diluted in
acetonitrile to obtain individual stock solutions of concentration 103
mol/l. A mixed solution of standards was prepared in 20% acetonitrile at
a concentration of 10~ mol/I to be used in validation experiments and
preparation of calibration standards. The mix of deuterated IS was
prepared equally. All standard solutions were stored at —20 °C. Solvents
and chemicals for sample preparation and chromatography (methanol,
acetonitrile, ammonium hydroxide, acetic, formic, and hydrochloric
acid) were purchased from Sigma-Aldrich (St. Luis, MO, USA). All aq.
solutions were prepared freshly from Milli-Q water obtained by purify-
ing demineralized water in a Simplicity 185 System.

4.4. Plant material

The Arabidopsis thaliana (At) ecotype Col-0 plants were cultivated for
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30 days, in the soil in a growth chamber under a short-day photoperiod
(16 h dark at 18 °C, 8 h light at 22 °C) with a light intensity 100 pE m2 s’
1, After 30 days the leaves were harvested for method optimization and
validation. For the wounding experiment, four leaves of each 30-day-old
plant were mechanically stressed by pinching with serrated-tip labora-
tory forceps at three places of the leaf. The whole stressed leaves were
harvested at 6 time points: 5, 15, 30, 60, and 180 min after wounding.
For each time point, four individual plants were used. The time point 0
min represents not wounded leaves from individual plants collected
before the wounding started. The harvested plant tissue was immedi-
ately frozen in liquid nitrogen and stored at 80 °C until extraction and
purification.

4.5. Procedures during sample preparation optimization

To assess the pH stability, the mixed solution of standard (5 pmol)
was incubated in 1 ml of 2% formic acid in methanol, 5% ammonium
hydroxide in methanol or methanol for 30 min, evaporated to dryness in
vacuo by Centrivap concentrator (Labconco, Kansas City, MO, USA),
dissolved in 50 pl of 20% acetonitrile in water and injected. The stability
was calculated as the average peak areas of OPDA-aa in acidic or alka-
line samples divided by peak areas of samples in methanol, expressed as
a percentage.

For SPE optimization, generic protocols from the manufacturer
(Waters) were adopted. The Oasis® HLB 1 cc 30 mg columns (Waters,
Milford, MA, USA) were activated by 2 ml of methanol and 1 ml of
water, 1 ml of 10% methanol spiked with 1 pmol of analytes was loaded,
washed with 1 ml of water and the analytes were eluted with 3 ml of
80% aq. methanol. The Oasis® MAX 1 cc 30 mg columns (Waters,
Milford, MA, USA) were activated by 2 ml of methanol and 1 ml of
water, 1 ml of 1% formic acid in 10% aq. methanol spiked with 1 pmol of
analytes was loaded, washed with 1 ml of 5% ammonium hydroxide in
water and the analytes were eluted with 2 ml of methanol and 3 ml of 2%
formic acid in methanol. The purification recoveries were calculated as
the mean area of OPDA-aa processed by MAX or HLB divided by the peak
area of OPDA-aa without SPE, expressed as a percentage.

The impact of methanol content in the extraction solution and the
acidification step during the purification experiments were performed
following the general protocol described for the HLB columns above.
Only the condition optimized was modified.

4.6. Sample preparation protocol

The frozen plant material was homogenized with mortar and pestle
under liquid nitrogen to a fine green powder. Approximately 10 mg of fr.
wt samples were weighed into 2 ml safe-lock Eppendorf tubes. To extract
the samples, 1 ml of ice-cold 10% methanol in water, 4 ceria-stabilized
zirconium oxide 2 mm beads (Retsch GmbH, Haan, Germany), and 5
pmols of IS (5 pl of 10~® mol/1 mixed IS solution) was added into each
sample. The samples were placed on an MM 400 mixer mill (Retsch
GmbH, Haan, Germany) (29 Hz, 10 min, precooled holders) and
centrifuged (25 800 g, 20 min, 8 °C). The supernatants were loaded on
SPE Oasis® HLB 1 cc 30 mg columns (Waters, Milford, MA, USA), as
described in (Flokova et al., 2014). Shortly, the SPE columns were
activated by 2 ml of methanol and 1 ml of 0.1% formic acid in water,
respectively. After loading the extracts, the SPE columns were washed
with 10% methanol in water, and the analytes were eluted with 3 ml of
80% aq. methanol. The eluted fractions were evaporated to dryness in
vacuo by Centrivap concentrator (Labconco, Kansas City, MO, USA) and
stored at —20 °C until the analysis day.

4.7. LC-MS/MS analysis
All samples were analyzed on an Agilent 6490 Triple Quadrupole

LC/MS system coupled to a 1290 Infinity LC system (Agilent Technol-
ogies, Santa Clara, CA, USA) using a chromatographic gradient reported
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in (Siroka et al., 2022) in order to obtain the overall acidic phytohor-
mone profiles (abscisates, auxins, JAs and salicylic acid) simultaneously
with OPDA-aa conjugates levels. Before analysis, the evaporated sam-
ples were dissolved in 40 pl of 20% acetonitrile in water and 10 pl of
each sample was injected onto an inlet filter-protected Kinetex Evo C18
reverse phase column (2.1 x 150 mm, particle size 2.6 pm; Phenomenex,
Torrance, CA, USA) maintained at 50 °C. The mobile phases consisted of
10 mmol/] formic acid in water and methanol, and gradient elution at a
0.3 ml/min flow rate was applied. The chromatography started with 2
min of 20% methanol followed by 11.5 min long gradient from 20 to
90% of methanol, continuing within 0.5 min from 90 to 100%. The
100% methanol was kept for 1 min, and within next 0.5 min, the
methanol dropped to initial conditions, 20% methanol, which was
maintained for another 3 min before a new injection.

The MS system was operated in dynamic multiple reaction moni-
toring mode in positive and negative electrospray ionization mode. The
multiple reactions monitoring transitions and collision energies were
optimized on standards. The nozzle voltage was set to 0 V, the capillary
voltage to 2800/3000 V positive/negative mode, and the drying gas was
at 130 °C with a flow rate of 14 1/min. The sheath gas was heated to
400 °C, and its flow rate was 12 1/min. The MassHunter Quantitative
software package version B.09.00 (Agilent Technologies, Santa Clara,
CA, USA) was used for data processing.

4.8. Method validation

The validation experiments were performed using 10 mg fr. wt of 30-
day-old At leaves following the Sample preparation protocol (4.6.).
Accuracy and precision were evaluated by spiking the plant material at
three concentration levels (0.05, 0.5, and 5 pmols) in four replicates.
Accuracy was assessed by determining analyte levels (pmol) in spiked
samples with endogenous levels subtracted and linked to the spike’s
nominal amount (pmol), expressed as the percentage of the spike. Pre-
cision was assessed as the relative standard deviation (%) of analyte
levels in spiked samples. The RE, PE, and ME were assessed following
(Matuszewski et al., 2003) spiking the plant material at a single con-
centration level (5 pmol) before (A) or after (B) purification in four
replicates and simultaneous analysis of a neat solution (C). Specifically,
RE = A/B x 100 (%), PE = A/C x 100 (%), and ME = B/C x 100 (%),
where (A) represents the mean peak area of analytes in samples spiked
before purification with endogenous levels subtracted, (B) represents
the mean peak area of analytes in samples spiked after purification with
endogenous levels subtracted and (C) represents the mean peak area of
analytes in neat standard solution not undergoing sample preparation
corresponding to the amount of the spike.

4.9. Identification and quantification

For confirmation of the identity of analytes, the guidelines of the
World Anti-doping Agency were adopted (WADA Technical document
TD2023IDCR). To evaluate the chromatographic criteria, the RRt was
calculated as the ratio of the Rt of the analyte to the Rt of the IS. Since
the ISs were the stable isotope-labeled analogs of the analytes, the RRt
shall not be different by more than 0.5% between the samples and a
reference material (calibration curve) analyzed in the same batch. Based
on the fragmentation spectra of the analytes (Supplemental Figs. S1-S7),
the most abundant ions typical for the structure were chosen to be the
diagnostic ions. For MS identification, two diagnostic MRM transitions
shall be acquired. Their RAs were calculated by dividing the peak area of
the MRM transition of the lower abundance by the peak area of the most
abundant MRM - the reference diagnostic MRM (see Table 1 or marked
as “R” in Supplemental Figs. S13-515), expressed as the percentage.
Based on the RAs in reference material (calibration curve), the tolerance
windows for RA in samples were applied: RA 50-100% in reference
material allows + 10% (absolute) tolerance window of RA in samples,
RA 25-50% in reference material allows + 20% (relative to estimated
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RA) tolerance window of RA in samples, and RA 1-25% in reference
material allows + 5% (absolute) tolerance window of RA in samples.

The limit of detection (LOD) was defined as three times the noise
height. The LODs were determined from calibration curves constructed
by plotting the peak height of the analyte in calibration standards
providing linear signal (0.005-5 pmols) and the corresponding amount
of substance injected. The limit of quantification (LOQ) was set as the
lowest amount of substance (pmol) in the calibration curve linear range.
For LOQs, see the linear range of the method in Table 1. The signal
corresponding to LOQ was ten times the noise height or more for all
analytes.

The content of the analytes in the samples was estimated based on
calibration curves ranging over five orders of magnitude and analyzed in
the same analytical batch with samples. The calibration curves were
constructed by plotting the known concentration of the calibration
standards on the “x” axis. The response was calculated as the ratio of the
peak area of a standard and the peak area of IS multiplied by IS con-
centration on the “y” axis, both logarithmically transformed.
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