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Jasmonoyl-isoleucine (JA-Ile) is a phytohormone that orches-
trates plant defenses in response to wounding, feeding insects,
or necrotrophic pathogens. JA-Ile metabolism has been studied
intensively, but its catabolism as a potentially important mech-
anism for the regulation of JA-Ile–mediated signaling is not
well-understood. Especially the enzyme(s) responsible for spe-
cifically glycosylating 12-hydroxy-jasmonic acid (12-OH-JA)
and thereby producing 12-O-glucopyranosyl-jasmonic acid (12-
O-Glc-JA) is still elusive. Here, we used co-expression analyses
of available Arabidopsis thaliana transcriptomic data, identify-
ing four UDP-dependent glycosyltransferase (UGT) genes as
wound-induced and 12-OH-JA–related, namely, UGT76E1,
UGT76E2, UGT76E11, and UGT76E12. We heterologously
expressed and purified the corresponding proteins to determine
their individual substrate specificities and kinetic parameters.
We then used an ex vivo metabolite-fingerprinting approach to
investigate these proteins in conditions as close as possible to
their natural environment, with an emphasis on greatly extend-
ing the range of potential substrates. As expected, we found that
UGT76E1 and UGT76E2 are 12-OH-JA-UGTs, with UGT76E1
contributing a major in vivo UGT activity, as deduced from Ara-
bidopsis mutants with abolished or increased UGT gene expres-
sion. In contrast, recombinant UGT76E11 acted on an uniden-
tified compound and also glycosylated two other oxylipins,
11-hydroxy-7,9,13-hexadecatrienoic acid (11-HHT) and 13-hy-
droxy-9,11,15-octadecatrienoic acid (13-HOT), which were also
accepted by recombinant UGT76E1, UGT76E2, and UGT76E12
enzymes. UGT76E12 glycosylated 12-OH-JA only to a low
extent, but also accepted an artificial hydroxylated fatty acid and
low amounts of kaempferol. In conclusion, our findings have
elucidated the missing step in the wound-induced synthesis of
12-O-glucopyranosyl-jasmonic acid in A. thaliana.

Necrotrophic pathogens, feeding insects, and wounding in
general are serious threats for all plants and cause severe losses
in agricultural yields (1). The phytohormone jasmonoyl-isoleu-
cine (JA-Ile)2 is a ubiquitous key player in the organization of
the response to those threats (2). Its precursor jasmonic acid
(JA) and respective derivatives are collectively known as jasmo-
nates and belong to the large group of oxidized polyunsaturated
fatty acids, so-called oxylipins (3).

In Arabidopsis thaliana, JA biosynthesis starts with the oxy-
genation of �-linolenic acid (9Z,12Z,15Z)-octadeca-9,12,15-
trienoic acid) to 13S-hydroperoxy-octadecatrienoic acid (13-
HPOT) by four specific 13-linoleate lipoxygenase enzymes
(13-LOX). Next, the allene oxide synthase produces an unstable
allene oxide, which is subsequently converted to cis-(�)-12-
oxo-phytodienoic acid (12-OPDA) by the allene oxide cyclase.
12-OPDA is transported from the plastid to the peroxisome,
reduced by 12-OPDA reductase 3 (OPR3), and subjected to
three rounds of �-oxidation yielding the core molecule JA (2).
An alternative JA pathway lacks the OPR3-mediated reduc-
tion of 12-OPDA, which undergoes �-oxidation directly,
thus yielding didehydro-JA (ddh-JA). ddh-JA is finally
reduced to JA by OPR2 (4). In contrast to other phytohor-
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mones, JA gains its activity through conjugation to the
amino acid isoleucine by the JA-amido synthetase, named JA
resistance 1 (JAR1, GH3.11) (5).

JA-Ile reprograms affected plants toward a defense mode,
however, signal termination is highly important for a timely
restoration of efficient growth (6, 7). For this, P450 enzymes
oxidize JA-Ile at the �-terminus of the pentenyl side chain to
yield the first inactive form, 12-hydroxy-JA-Ile (12-OH-JA-
Ile) (8 –12). Further oxidation yields 12-carboxy-JA-Ile (12-
COOH-JA-Ile) (10). Alternatively, all three oxidation states can
be de-conjugated (13, 14), hereby yielding JA, 12-hydroxy-JA
(12-OH-JA), or 12-carboxy-JA (12-COOH-JA). JA levels are
also depleted through a direct oxidation of JA to 12-OH-JA by
jasmonate-induced oxygenases 1 to 4 (JOX1– 4), thereby down-
regulating the JA-Ile– dependent responses (15–17).

12-OH-JA does not exhibit JA-typical responses like inhibi-
tion of root growth, germination, or expression of JA-respon-
sive genes (18, 19). It is not only synthesized, but can also be
modified further in two different ways. The specific sulfotrans-
ferase 2a (ST2a) forms 12-hydroxy-JA sulfate (12-HSO4-JA)
(18), however, the 12-hydroxy group can also be glycosylated to
form 12-O-glucopyranosyl-JA (12-O-Glc-JA) (2), for which the
responsible enzymes are still elusive (2, 7). Both compounds
have been identified in different plant species in an organ-spe-
cific manner (19, 20). Although their synthesis is induced by
JA-Ile/COI, they do not stimulate the defense reaction them-
selves (19, 20). Similar to 12-OH-JA and 12-HSO4-JA, 12-O-
Glc-JA may be part of the inactivation process of the JA-Ile–
mediated defense (18, 19) and the balance of 12-HSO4-JA and
12-O-Glc-JA seems to be tightly regulated by competition for
the joint substrate 12-OH-JA (21, 22). 12-OH-JA and/or 12-O-
Glc-JA have been reported as mobile compounds in Solanum
tuberosum and Nicotiana tabacum (20). In mimosa, 12-O-
Glc-JA may induce leaf closure (23). However, without the
responsible enzymes known, specific and individual functions
of 12-OH-JA and its respective glycoside cannot be addressed.

Generally, glycosylated forms are well-known in A. thaliana
for most phytohormones except for ethylene (24). Glycosyla-
tion increases the solubility of compounds and promotes their
metabolic transport, thereby regulating the bioactivity and the
homeostasis of specialized metabolites and phytohormones, for
example (24 –26). 2-O-Glucosyl-salicylic acid (2-O-Glc-SA) for
instance, was found in the vacuoles of tobacco and soybean cells
(27, 28). With respect to jasmonates, even more glucose deriv-
atives like JA-glucosyl ester (JA-GE) (29) and 12-O-glucopyra-
nosyl-JA-Ile (12-O-Glc-JA-Ile) (30) have been identified, yet
again, the responsible enzymes are still missing.

Glycosylation is mostly mediated by UDP-dependent glyco-
syltransferases (UGTs), which are ubiquitous glycosyltrans-
ferases that transfer sugar moieties from UDP-activated sugars
to small acceptor molecules, such as hormones, lipids, and sec-
ondary metabolites (25, 31). To identify the genes responsible
for the so far uncharacterized reaction in JA-Ile catabolism, we
characterized the enzyme specificities and function of four
UGTs from Arabidopsis, (originally selected based on their
wound-induced expression profile) and established the role of
UGT76E1 as the predominant 12-O-Glc-JA forming in vivo
activity in response to mechanical wounding in A. thaliana.

Results

UGT76E1, UGT76E2, UGT7E11, and UGT76E12 are related to
JA-Ile metabolism

The JA-Ile–mediated defense response in plants is achieved
through quick and rapid modifications of jasmonates (2, 15).
Therefore, the gene(s) encoding the UGTs acting on 12-OH-JA
are most likely transcribed within the same time period in
which the corresponding 12-O-Glc-JA accumulates after
wounding. We hence performed RNA-seq co-expression anal-
yses on publically available Arabidopsis data sets (32), using
JOX1– 4 as bait genes, which encode oxidases catalyzing the last
step of 12-OH-JA synthesis (16). JOX3 showed co-expression
with UGT76E1 (At5g59580), a so far uncharacterized UGT
(Table 1), whereas JOX1, JOX2, and JOX4 gave no hits with
UGTs. Vice versa, UGT76E1 itself correlated with JAZ2, ILL6,
and JOX3, which are connected to the JA-Ile–mediated wound-
response in A. thaliana (Table 1) (2). Next, we used ST2a as
bait gene, of which the gene product forms 12-HSO4-JA from
12-OH-JA. ST2a showed co-expression with UGT76E2
(At5g59590) (Table 1), a second uncharacterized UGT that lies
right next to UGT76E1 on chromosome 5 and probably origi-
nates from a gene duplication. UGT76E2 mirrors this co-ex-
pression but did not show further correlation to any of the other
JA-metabolizing gene products.

The phylogeny of the A. thaliana UGT superfamily has been
studied before (26, 33). UGT76E1 and UGT76E2 show a high
amino acid sequence identity (88%) and are part of group H,
which comprises 19 Arabidopsis members of the UGT76 fam-
ily, but of which only three have been described in more detail
so far (Fig. 1A) (34). The same group harbors two more UGT
genes, UGT76E11 (At3g46660) and UGT76E12 (At3g46670),
also with elevated transcript levels in shoots after wounding
(35). In addition, UGT76E11 and UGT76E12 also cluster as
homologues with 84% amino acid sequence identity. For all
subsequent experiments, we included UGT74F1 as a refer-
ence glycosyltransferase, which glycosylates salicylic acid
(SA), another plant hormone active in a different defense
pathway (33, 36) (Fig. 1A), and which groups into the well-
studied UGT74 family.

Transcripts of UGT76E1, UGT7E11, and UGT76E12 accumulate
after wounding

First of all, quantitative real-time PCR was performed to
prove the findings of the co-expression analyses (Fig. 1B). The
data confirmed the accumulation of UGT76E1, UGT76E11,
and UGT76E12 transcripts in shoots at 1 and/or 2 h post
wounding (hpw). Remarkably, UGT76E2 was not expressed
significantly higher at these time points in wounded leaves, but
was nevertheless included in all further experiments.

Sequence analysis confirmed the presence of both for UGTs
mandatory catalytic motifs (37): all four enzymes carry a cata-
lytic histidine at position 28 of the N-terminal consensus
sequence as well as six conserved amino acids of the UDP-Glc–
binding motif at the C terminus, which were determined by
co-alignment with the UGT74F1 as reference (Fig. 1C).
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UGT76E1, UGT7E2, and UGT76E12 catalyze the glycosylation
of 12-OH-JA to 12-O-Glc-JA

For biochemical characterization, all five proteins were het-
erologously expressed and purified from recombinant Esche-
richia coli by affinity chromatography and size exclusion chro-
matography (Fig. S1). Although the four UGT76Es are very
similar with respect to their properties (Mr, extinction coeffi-
cient, pI, localization, and the optimal reaction temperature;
Table S1), the purification protocols required individual opti-
mization. The optimal pH values differed between pH 7.5 and
8.0 for UGT76E1, UGT76E2 and UGT76E11, UGT76E12,
respectively (Table S1). To test their catalytic activity toward
12-OH-JA, UDP-Glc-dependent glycosylation of 12-OH-JA
was monitored by high resolution LC-MS (Fig. 2). The

extracted ion chromatograms for the enzymatic product 12-O-
Glc-JA ([M-H]� 387.116, 3.3 min) depicted the highest activity
for UGT76E2 (100%), UGT76E1 and UGT76E12 both showed
65%, whereas only trace amounts could be detected for
UGT76E11. UGT74F1 showed no product signal. The identity
of the tentatively assigned product 12-O-Glc-JA was confirmed
by comparison with authentic 12-O-Glc-JA (kindly provided by
Dr. Otto Miersch, IPB Halle, Germany). The signal of [M-H]�

387.116 (from the analysis of the UGT-catalyzed reactions with
12-OH-JA) had an identical retention time as well as the same
fragmentation pattern by high resolution MS/MS analysis as
the authentic standard (Fig. 3, A and B, Stp and P). The analyt-
ical fragment of m/z 207.101 derived from the neutral loss of the
Glc moiety and m/z 59.013 represented the acetyl moiety of JA

Table 1
Co-expression analyses for identification of putative UDP-glucose: 12-OH-JA glucosyltransferase genes
RNA-seq co-expression analysis of genes involved in 12-OH-JA metabolism. Jasmonic acid oxidase 3 (JOX3) and sulfotransferase 2a (ST2a) were used as bait genes to search
for UGT genes. Two genes encoding for uncharacterized glycosyltransferases, UGT76E1 and UGT76E2, were identified (red frames). RNA-seq co-expression analysis of
genes correlating with UGT76E1, UGT76E2, UGT76E11, and UGT76E12. Identified gene products related to JA metabolism are given in bold. JAZ2, jasmonate-ZIM-
domain protein 2; JOX3, jasmonic acid oxidase 3. Given are the complete database outputs for every bait. Gene products are ranked by Mutual Rank (MR), giving an average
correlation of two genes indicating stronger correlation by smaller values. Co-expression data are publically available from (32).
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Figure 1. Sequence and expression analysis of tentative UGTs for 12-OH-JA glycosylation. A, molecular phylogenetic analysis for 20 of 107 UGT genes of
A. thaliana by Maximum Likelihood method. The selected branch shows the group H of a complete analysis (26) and the outgroup UGT74F1. The tree of the
highest likelihood is shown with the percentage of associated taxa clustering given next to the branches. The four UGT genes, which are induced after
wounding are indicated in bold with arrows. Evolutionary analyses were conducted in MEGA X (63). B, quantitative real-time PCR of UGT76E1, UGT76E2,
UGT76E11, UGT76E12, and UGT74F1 after wounding. Plants were grown for 6 weeks under short day conditions and wounded. Damaged rosette leaves were
harvested at the indicated time points (hpw) and RNA was isolated. All expression values are normalized to Actin 8 as reference and to their respective
unwounded levels (0 hpw). Each data point represents the mean � S.E. of three independent experiments. Asterisks indicate significance by one-sided t test
with: *, p � 0.05; **, p � 0.01. C, amino acid alignment of the four UGT76Es (1– 4) and the control UGT74F1 (5). Amino acids, which are conserved in the six
indicated UGTs, are highlighted in black. The catalytic histidine at the N terminus and the UDP-Glc binding motif at the C terminus are shown in red. Alignments
were created in Geneious version 8.1.
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(Fig. 3C). In conclusion, UGT76E1, UGT76E2, and UGT76E12
form 12-O-Glc-JA in vitro and can be thus classified as
12-OH-JA-UGTs.

UGT76E1 and UGT76E2 show substrate preference for
12-OH-JA

UGT enzymes are known to have rather broad substrate
specificities (24). Hence, we investigated the substrate prefer-
ences of UGT76E1, UGT76E2, UGT76E11, and UGT76E12
with different approaches. First, four different groups of possi-

ble substrates for glycosylation were tested in a radioactive
assay using UDP-Glc with a uniformly 14C-labeled Glc moiety
([U-14C]Glc) as co-substrate: (i) JA, its precursor (12-OPDA) as
well as 12-OH-JA, 11-hydroxy-JA (11-OH-JA), and 12-hy-
droxy-JA-methyl ester (12-OH-JA-ME), (ii) palmitic acid (a sat-
urated, aliphatic fatty acid of 16 carbons), its hydroxylated
derivatives as well as the corresponding fatty alcohol, (iii) other
plant hormones and stress-related molecules carrying free
hydroxy and/or carboxyl groups on aromatic or nonaromatic
structures, as well as (iv) several flavonoids (Fig. 4) (Table S2).
Sets (iii) and (iv) hold known substrates of already characterized
UGTs (24, 33, 38), including SA, which is the in vivo substrate
for the reference protein UGT74F1 (36, 38). UGT76E1 dis-
played the strongest activity toward 12-OH-JA and �-hydroxy-
hexadecanoic acid (�-OH-16:0). These substrates contain, to
varying extents, aliphatic chains with a �-hydroxy group and a
free �-carboxyl group. Surprisingly, zeatin, a phytohormone
that includes a purine, was accepted as substrate to a minor
extent too. UGT76E2 also glycosylates preferentially 12-OH-JA
and to very low amounts of 11-OH-JA and 12-OH-JA-ME. For
UGT76E11, the signal intensities were too low to consider them
as the result of true enzymatic activities. The recombinant pro-
tein was either not active or the right substrate was not present
in the set of substrates. UGT76E12 demonstrated the highest
activities toward �-OH-16:0, whereas the flavonoid dihydro-
kaempferol (dh-kaempferol), as well as 12-OH-JA, were also
accepted as substrate, but to lower amounts. UGT76E12 thus
seemed to recognize particularly the terminal hydroxy group of
�-OH-16:0 and 12-OH-JA as well as the polyphenolic structure
of dh-kaempferol (Fig. 4). As expected, the reference UGT74F1
showed an exclusive activity toward its native substrate SA. In
analogy to this, UGT76E1 and UGT76E2 exhibited the highest
activity toward 12-OH-JA. UGT76E12 accepted the broadest
range of substrates, also including 12-OH-JA to lesser extent.
However, none of the candidates were able to glycosylate JA or
12-OPDA. Hence, substrates with a (terminal) hydroxy
group and a free carboxyl function seemed to be preferred
for catalysis.

Analysis of quasi-native metabolite extracts identified 11-HHT
and 13-HOT as substrates of UGT76E2, UGT76E11, and
UGT76E12

In the second, so-called ex vivo approach we searched for
further possible substrates in a nontargeted way. The purified
proteins were incubated in an extract obtained from wounded
A. thaliana leaves (2 hpw) mimicking an almost native, metab-
olite-rich environment, and subsequently analyzed by metabo-
lite fingerprinting (39). Besides unknown substrates, this
approach also provides suspected substrates, like the previously
mentioned 12-OH-JA-Ile, which represents the major form
of inactivated JA-Ile. 12-OH-JA-Ile is strongly enriched in
extracts of wounded leaves, but commercially not available. We
decided to use plant extracts obtained from A. thaliana rosettes
at 2 hpw, when both 12-OH-JA and 12-OH-JA-Ile are already
present, but the internal abundance of 12-O-Glc-JA is still low
(15).

This nontargeted metabolome approach allows the identifi-
cation of tentative UGT products as well as corresponding sub-

Figure 2. LC-MS– based activity assays of UGT76E1, UGT76E2, UGT7E11,
UGT76E12, and UGT74F1 with 12-OH-JA. Activity tests of 10 �g of purified
UGT76E1, UGT76E2, UGT76E11, UGT76E12, and UGT74F1 were performed
with 0.1 mM 12-OH-JA and 0.5 mM UDP-Glc for 1 h at 25 °C. The reactions were
stopped by adding 25 �l of acetonitrile and analyzed by LC-MS. Extracted ion
chromatograms are shown for the product 12-O-Glc-JA ([M-H]� 387.116). Sig-
nal intensity is given in counts per second (cps). Data represent a single
experiment.

Figure 3. Structure confirmation of 12-O-Glc-JA. An authentic chemical
standard of 12-O-Glc-JA ([M-H]� 387.116, �) was compared with the reaction
product of UGT76E2 with 12-OH-JA by LC-MS/MS. A, total ion chromatogram
and the corresponding MS/MS spectrum of the authentic 12-O-Glc-JA (StP)
standard. B, total ion chromatogram of the in vitro reaction of UGT76E2 with
12-OH-JA showing the signals for the product (P) and substrate (S) and the
MS/MS spectrum of the respective product. C, assignment of the MS/MS frag-
ments to the structure of 12-O-Glc-JA.

UGT76E1 glycosylates 12-hydroxy-jasmonic acid

9862 J. Biol. Chem. (2019) 294(25) 9858 –9872

http://www.jbc.org/cgi/content/full/RA119.007600/DC1


strates and is based on the assumption that a glycosylated prod-
uct increases in an enzyme-dependent matter, ideally at the
expense of the nonglycosylated substrate. Such substrate-prod-
uct pairs are thus characterized by an inverse accumulation
pattern, a mass shift of 162.053 Da (which corresponds to the
neutral loss of the glucose moiety), and a characteristic shift in
retention time due to higher hydrophilicity of the glycoside.

Data analysis delivered four substrate-product pairs that
unambiguously passed the above criteria (Fig. 5), including the
expected reaction pair 12-OH-JA and 12-O-Glc-JA. Interest-
ingly, two oxylipins namely 13-hydroxy-9,11,15-octadeca-
trienoic acid (13-HOT, 276.210 Da, 6.59 min) and 11-hydroxy-
7,9,13-hexadecatrienoic acid (11-HHT, 266.186 Da, 6.08 min)
were identified as new substrates for all four UGTs in question

(40). This resulted in the accumulation of the corresponding
products 13-glucosyl-O-octadecatrienoic acid (13-O-Glc-
HOT, 465.274 Da, 5.65 min) and 11-O-glycosyl-hexadeca-
trienoic acid (11-O-Glc-HHT, 428.240 Da, 5.25 min). 13-HOT
was almost completely consumed in the extracts by UGT76E11
and UGT76E12, whereas the minor levels of 11-HHT were
strongly depleted by all four UGTs (Fig. 5, A and B). Further-
more, we detected a substrate that appeared specific for
UGT76E11 (Fig. 5C). It has a deduced sum formula of
C11H18O3 (198.126 Da, 5.47 min), and the corresponding
product (360.179 Da, retention time 4.65 min) showed the
inverse intensity pattern as well as the indicative neutral loss of
162.053 Da (Table S3). However, the chemical structure of this
new compound remained to be elucidated. As proof-of-con-

Figure 4. Substrate specificity of UGT7E1, UGT7E2, UGT76E11, UGT76E12, and UGT74F1. The substrate specificities were analyzed by an activity assay
with [U-14C]Glc-labeled UDP-Glc (0.03 mM, 0.02 �Ci), the indicated substrates (0.06 mM), and 5 �g of purified UGT each for 1 h at 25 °C. After metabolite
extraction and TLC, the plates were exposed to phosphor screens and radioactive signals were detected. Given are relative product intensities (procedure
defined units, p.d.u.). UGT76E1, UGT76E2, UGT76E11, UGT76E12, and UGT74F1 were each incubated with four sets of different aglycones (I–IV): 12-oxo-
phytodienoic acid (12-OPDA), jasmonic acid (JA), 12-hydroxy-JA (12-OH-JA), 11-hydroxy-JA (11-OH-JA), 12-hydroxy-JA-methyl ester (12-OH-JA-ME), hexade-
canoic acid (16:0), �-hydroxy-16:0 (�-OH-16:0), 2-hydroxy-16:0 (2-OH-16:0), 3-hydroxy-16:0 (3-OH-16:0), hexadecanol (OH-C16), benzoic acid (BA), SA, pipecolic
acid (Pip), indole-3-caboxylic acid (ICA), abscisic acid (ABA), zeatin, gibberellic acid (GA), quercetin, dihydro-myricetin (dh-myricetin), dh-kaempferol, and a
negative control with inactivated enzyme and �-OH-16:0 (neg. control). The data are three independent experiments, mean � S.E. and one-sided ANOVA test
(p � 0.05, Turkey test) for every enzyme.
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cept, the box plots for the reaction pair 12-OH-JA and 12-O-
Glc-JA are shown (Fig. 5D). The signal intensity for endogenous
12-OH-JA (as substrate) was slightly reduced for UGT76E11
and UGT76E12 as compared with the control assays (assay with
inactive enzymes, Fig. 5D). For UGT76E1, however, it was
decreased by a third, and nearly abolished for UGT76E2. This
already suggested that the substrate was completely used for
the synthesis of 12-O-Glc-JA, as confirmed by the strong
increase in intensity of the corresponding product peak. Again,
recombinant UGT76E2 showed the highest activity (Fig. 5D), as
observed in the previous experiment. Last, the glycosylation of
12-OH-JA-Ile to 12-O-Glc-JA-Ile was of special interest in this
study. The tentative substrate 12-OH-JA-Ile (323.205 Da, 4.9
min) was abundant in the 2 hpw extracts. However, we did not

detect the corresponding product of 501.257 Da, suggesting
that none of the four candidate UGTs accepts 12-OH-JA-Ile for
catalysis (Fig. S2).

UGT76E1 and UGT76E2 prefer 12-OH-JA as substrate, whereas
UGT76E11 and UGT76E12 show preferences toward 9- and
13-HOT

Having a set of substrates available, we compared the sub-
strate specificities of all four UGTs and the control UGT74F1
in an LC-MS– based activity assay (Table 2). The necessary
amounts of 11-HHT could not be provided for the enzy-
matic assays, it was therefore exchanged for 9-hydroxy-
(10E,12Z,15Z)-10,12,15-octadecatrienoic acid (9-HOT), which
originates from the co-product of the LOX reaction also
forming 13-HOT. Thus, relative conversion rates were deter-
mined for �-OH-16:0, 12-OH-JA, 9-HOT, 13-HOT, and SA.
UGT76E12 showed the highest conversion rate (set to 100%) of
all five UGTs for �-OH-16:0, 13-HOT, and 9-HOT. 13-HOT
was also glycosylated by UGT76E2 and UGT76E11 with com-
parable conversion rates. 9-HOT was a much poorer substrate
for both (with 22 and 5%, respectively). 12-OH-JA is preferably
glycosylated by UGT76E2 (100%) and by about one-third of
that by UGT76E1 and UGT76E12. UGT74F1 shows high activ-
ity to its native substrate SA, as well as some side activity toward
�-OH-16:0 (4% of the UGT76E12 activity) (Table 2).

UGT76E1 is highly specific toward 12-OH-JA, but UGT76E2 has
a higher turnover rate

Subsequently, we resolved the kinetic constants of UGT76E1,
UGT76E2, UGT76E11, and UGT76E12 for their main sub-
strates (12-OH-JA, 13-HOT, and 9-HOT) by a continuous pho-
tospectrometric assay (Fig. S3). For this, the UGT reaction was
coupled to a NADPH consumptive reaction (41) to record the
initial velocity and calculate their Km value, maximal turnover
rate (kcat), as well as catalytic efficiency (kcat/Km). The catalytic
efficiency of UGT76E1 for 12-OH-JA was 202 s�1 M�1 with a
reasonable affinity toward 12-OH-JA of 61 �M, but low turn-
over rate of 0.012 s�1. UGT76E2 showed a much higher cata-
lytic efficiency of 6744 s�1 M�1 with a Km of 219 �M and a kcat of
1.477 s�1. In conclusion, the affinity of UGT76E2 for 12-OH-JA
was 3-fold lower than for UGT76E1, but, at the same time, the
turnover rate was 100-fold faster (Table 3). Furthermore, the
kinetic parameters of the joint substrate 13-HOT (Fig. 5A)
were determined for UGT76E2, UGT76E11, and UGT76E12.
UGT76E1 did not show detectable activities with 13-HOT in
this assay. UGT76E11 exhibited a low and UGT76E12 a sub-
stantial affinity toward 13-HOT (Km of 156 and 23 �M, respec-
tively), but both with very low turnover rates, resulting in poor
catalytic efficiencies. UGT76E2 glycosylated 13-HOT with a
high catalytic efficiency, because it acted fast, although with low
affinity. In case of 9-HOT, UGT76E12 exclusively showed a
similar catalytic efficiency of 33 s�1 M�1 as compared with
13-HOT (22 s�1 M�1, Table 3). For comparison, the kinetic
parameter of UGT74F1 with SA were determined (catalytic
efficiency of 13 s�1 M�1) and confirmed that the here obtained
kinetic values of UGT76E1 and UGT76E2 for 12-OH-JA were
in a reasonable range, because the 12-OH-JA concentration
was found to increase to 6 nmol/g fresh weight at 5 hpw in

Figure 5. Substrates of UGT76E1, UGT7E2, UGT76E11, UGT76E12, and
UGT74F1 identified in quasi-native metabolite extracts by metabolite
fingerprinting. For the ex vivo approach, recombinant proteins were incu-
bated with total metabolite extracts of wounded A. thaliana plants (2 hpw).
The extracts were resolved in protein buffer and the assay was performed
with 0.1 mM UDP-Glc and 100 �g of the indicated active UGT-enzyme or
inactive enzyme (neg. control) for 1 h at 25 °C. The reactions were stopped by
adding acetonitrile and analyzed by LC-MS– based metabolite fingerprinting
approach. The particular features for: A, 13-HOT and 13-O-Glc-HOT; B, 11-HHT
and 11-O-Glc-HHT; C, 12-OH-JA and 12-O-Glc-JA; and D, C11H18O3 and
C11H18O3-Glc, are shown as Box-Whisker plots with intensities given as
counts per second (cps). The data represent three technical replicates of one
experiment. Data were analyzed using the MarVis tool (70).
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leaves (Fig. S4). This was consistent with former studies mea-
suring up to 4 nmol/g fresh weight at 6 hpw (19).

A loss-of-function mutation in UGT76E1 reduces the amount
of 12-O-Glc-JA in planta

To investigate the functional activities of UGT76E1 and
UGT76E2 in vivo, we performed jasmonate analyses of different
A. thaliana mutant plants. First of all, we generated and iso-
lated a homozygous ugt76e1 loss-of-function mutant using
the CRISPR/Cas9 approach. This mutant allele carries a thy-
mine insertion at the Cas9-cutting site within the first exon,
resulting in a frameshift and an early stop-codon (position 46 of
the amino acid sequence). Furthermore, we obtained a
homozygous T-DNA insertion line in UGT76E1 from the Euro-
pean Arabidopsis Stock Centre (SAIL_738_A03C, A. thaliana
Columbia 0 background), in which the T-DNA was confirmed
to lie within the promotor region as annotated. Surprisingly this
resulted in a 10-fold increased expression rate of UGT76E1 as
determined by both semi-quantitative PCR and real-time anal-
ysis (Fig. 6A, Fig. S5). Next, a transposon-tagged UGT76E2 line
was isolated from the RIKEN collection (A. thaliana, Nossen
background (42, 43)). This line carries an insertion in the first
exon that totally abolishes accumulation of the UGT76E2 tran-
script (Fig. 6A). The mutants and their respective controls were
then used in a targeted metabolomics study to determine jas-
monate levels with a focus on 12-OH-JA, 12-HSO4-JA, and
12-O-Glc-JA in wounded A. thaliana leaves (5 hpw). As men-
tioned before, the levels of 12-OH-JA and its metabolic succes-
sors have been reported to influence each other (21, 22). Hence,
we calculated the relative amount of 12-O-Glc-JA of all three
metabolites. Disruption of a functional UGT76E1 reduced the

amount of 12-O-Glc-JA significantly (Fig. 6B), whereas overex-
pression led to an increased accumulation (Fig. 6B, Fig. S4). On
the other hand, deletion of a functional UGT76E2 did not show
any significant effects on either 12-O-Glc-JA or related metab-
olites (Fig. 6B, Fig. S4). We further investigated the impact of
the observed changes in 12-O-Glc-JA levels on the expression
of JA-Ile–responsive genes in wounded leaves (5 hpw) of both
the overexpression and loss-of-function mutant of UGT76E1.
These included LOX2, JOX2, ST2a, VSP1 (VEGETATIVE
STORAGE PROTEIN1), PDF1.5 (PLANT DEFENSIN 1.5), and
ORA59 (OCTADECANOID-RESPONSIVE ARABIDOPSIS
AP2/ERF gene 59) (Fig. S6). RNS1 (RIBONUCLEASEI) was
included as a JA-independent control for wounding (44). For all
genes investigated, the observed fold-changes ranged merely
between 0.5 and 1.5 of the WT, suggesting that jasmonate
signaling remained largely unaffected in these mutants upon
mechanical wounding.

Discussion

JA catabolism is a highly important process for the timely
removal of the biologically active compound(s) to limit further
expenditure of resources and ensure smooth plant growth and
development. In addition to the well-described depletion of JA-
Ile via oxidation (8 –12), this may also be accomplished by gly-
cosylation of selected JA-derivatives, such as 12-OH-JA. It is
known that plant UGTs are mainly controlled on the transcrip-
tional level to regulate their time of action (25). By linking JA
metabolism to co-expression studies of wounded plants, we
identified four sequence-related UGTs in A. thaliana as candi-
dates for the synthesis of 12-O-Glc-JA (Table 1, Fig. 1). LC-MS
analyses confirmed that recombinant UGT76E1, UGT76E2, and

Table 2
Relative substrate preferences of UGT76E1, UGT76E2, UGT76E11, UGT76E12, and UGT74F1
Substrates so far identified for UGT76E1, UGT76E2, UGT76E11, UGT76E12, and UGT74F1 were evaluated by an in vitro assay. The relative conversion rate (%) was
analyzed by LC-MS: �-OH-16:0, SA, 12-OH-JA, 9-HOT, and 13-HOT. 10 �g of homogenous enzyme were incubated with 0.05 mM substrate and 0.25 mM UDP-Glc at 25 °C
for 30 min. The reactions were stopped by adding acetonitrile. The data are representative for one experiment.

Substrate UGT76E1 UGT76E2 UGT76E11 UGT76E12 UGT74F1

�-OH-16:0 9 36 2 100 4
SA NDa ND ND ND 100
12-OH-JA 29 100 ND 28 ND
9-HOT ND 22 5 100 ND
13-HOT 6 94 98 100 ND

a ND, not detected.

Table 3
Kinetic parameters of the UGT76E1, UGT76E2, UGT76E11, UGT76E12, and UGT74F1 towards their best substrates
Steady-state kinetics were recorded for all four UGTs with the joint substrates 9-HOT and 13-HOT. UGT76E1 and UGT76E2 were also tested towards 12-OH-JA.
UGT74F1 was measured with SA. A coupled spectrophotometric assay with the pyruvate kinase and the lactate dehydrogenase was used to measure the reactions of the
UGTs in a 1:1:1 stoichiometry by the decrease of NADH at 340 nm (41). The data were fitted with the hyperbolic function and the correlations are given. The kinetic
parameters were calculated as Km, the turnover rate (kcat), and the catalytic efficiency (kcat/Km). The data are representative for three biological replicates of one experiment.

Enzyme Substrate Correlation Km kcat kcat/Km

�M s�1 s�1 M�1

UGT76E1 12-OH-JA 0.982 61 0.0123 202
9-HOT NDa ND
13-HOT ND ND

UGT76E2 12-OH-JA 0.998 219 1.4770 6744
9-HOT ND ND
13-HOT 0.951 4000 0.5000 125

UGT76E11 9-HOT ND ND
13-HOT 0.993 156 0.0007 4

UGT76E12 9-HOT 0.983 21 0.0007 33
13-HOT 0.990 23 0.0005 22

UGT74F1 SA 0.998 212 0.0027 13
a ND, not detected.
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UGT76E12 effectively glycosylated 12-OH-JA to 12-O-Glc-JA
(Fig. 7).

UGTs tend to be rather unspecific enzymes and were there-
fore also exposed to different substrates to identify their true,
native reaction partners (24, 25). Indeed, when different sub-
strate classes were tested using the radiolabeled co-substrate
(UDP-[U-14C]Glc), the same 3 enzymes displayed distinct
activities and specificities, which contrasted with those of the
A. thaliana UGT74F1 control, which showed a specific activity
toward its native substrate SA in all experiments (Fig. 4).

UGT76E1, and also UGT76E2 and UGT76E12 require a
hydroxy group and mostly a free carboxyl function, although
only the hydroxy group is glycosylated. Interestingly, a shift of
the hydroxy group from position 12 (12-OH-JA) to position 11
(11-OH-JA) was not accepted by UGT76E1 in cyclopentane
substrates, whereas aliphatic fatty acid derivatives with a
hydroxyl group in the middle of the molecule (11-HHT,
13-HOT) were tolerated (Fig. 5). The kinetic analyses con-
firmed that UGT76E1 glycosylates 12-OH-JA with high affinity
(Table 3). Measurements of 12-O-Glc-JA in A. thaliana WT, a
knock-out mutant (ugt76e1), and an over-expresser (OE-
UGT76E1) clearly illustrate a role of UGT76E1 in glycosylation
of 12-OH-JA in vivo (Fig. 6).

UGT76E2 was not significantly induced after wounding,
but showed co-expression with the gene encoding for ST2a,
which catalyzes the concurrent reaction from 12-OH-JA to
12-HSO4-JA (Table 1, Fig. 1). Recombinant UGT76E2 showed

Figure 6. UGT76E1 forms 12-O-Glc-JA in wounded plants. A, detection of
the UGT76E1 transcript in WT Columbia 0 plants (ctrl. (Col)), a loss-of-function
UGT76E1-CRISPR/Cas-mutant allele (ugt76e1), a T-DNA insertion mutant of
UGT76E1 (OE-UGT76E1) as well as UGT76E2 transcript in a parent (ctrl. (No))
and the transposon-tagged ugt76e2 mutant allele, both of the Nossen
ecotype. RT-PCR was performed on RNA from wounded leaf samples (2 hpw).
UGT76E1 was amplified as full-length transcript, UGT76E2 was amplified using
an internal reverse primer (as listed in Table S5). Actin 8 was used as a positive
control. B, relative levels of 12-O-Glc-JA (% of 12-OH-JA � 12-SO4-JA � 12-O-
Glc-JA) in wounded A. thaliana leaves (5 hpw). Metabolite levels of ctrl. (Col),
ugt76e1, OE-UGT76E1 plants as well as ctrl. (No) and the respective ugt76e2
plants were determined by targeted LC-MS/MS. Signals were identified and
quantified to internal standards. Data show the 3– 6 biological replicates,
mean � S.E. and one-sided ANOVA test (p � 0.05, Turkey test).

Figure 7. Wound-induced metabolic fate of jasmonates. Wounding stim-
uli lead to the activation of JA biosynthesis. The hormone JA is activated
through conjugation to isoleucine (JA-Ile). CYP94B1, CYP94B3, and CYP94C1
oxidize JA-Ile to 12-OH-JA-Ile and CYP94C1 to 12-carboxy-JA-Ile (12-COOH-
JA-Ile). JA-Ile, 12-OH-JA-Ile, and 12-COOH-JA-Ile are de-conjugated by indole-
3-acetic acid (IAA) alanine-resistant 3 (I) and IAA-leucine-resistant-like 6 (ILL6)
forming JA, 12-OH-JA, and 12-carboxy-JA (12-COOH-JA), respectively. JA is
oxidized to 12-OH-JA by jasmonate-induced oxidases 1 to 4 (JOX1– 4).
12-OH-JA is modified to 12-HSO4-JA by sulfotransferase 2a (ST2a). This work
characterized UGT76E1 and UGT76E2 (bold) to specifically glycosylate
12-OH-JA and UGT76E12 to have minor activity forming 12-O-Glc-JA in vitro.
In addition, UGT76E1 was shown to synthesize 12-O-Glc-JA levels in vivo (red).
The scheme was modified from Ref. 15 with additions from Refs. 14 and 16.
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the highest activities toward 12-OH-JA and the best catalytic
efficiency of all analyzed UGTs (Table 3). However, the speci-
ficity for the �-hydroxy group seems less pronounced, because
side activities toward 11-OH-JA and 3-OH-16:0 were observed
and oxylipins with mid-chain groups (11-HHT, 9-HOT, and
13-HOT) were also accepted as substrates (Figs. 4 and 5, Tables
2 and 3). The kinetic parameters of UGT76E2 indicated a high
specificity toward 12-OH-JA. We did not observe a significant
reduction of 12-O-Glc-JA in the ugt76e2 loss-of-function
mutant, which fits well with its lower expression level as com-
pared with UGT76E1. However, it should be noted that this
particular mutant originates from a Nossen ecotype, which may
differ from Columbia 0 with respect to its JA-Ile-mediated
defense.

Despite the high sequence homology between UGT76E11
and UGT76E12, recombinant UGT76E11 did not show any
convincing activity in the first screens for possible substrates
(Fig. 2). However, when exposed to a quasi-native substrate
environment in the ex vivo experiment, it glycosylated 11-HHT
and 13-HOT, which appear to serve as a general substrate for
all wound-inducible UGT76Es (Fig. 5). Furthermore, this
approach, which supplies the enzymes with a large range of
putative, but otherwise not available or especially unexpected
substrates, revealed a so far unknown compound of C11H18O3
as exclusive substrate for UGT76E11. This unknown metab-
olite neither gave any data bank hit nor could it be structur-
ally identified by MS/MS fragmentation analysis. The eluci-
dation of its chemical structure might enlighten the function
of UGT76E11.

Expression of UGT76E12 is highly induced after biotic and
abiotic stresses in A. thaliana (45). It was found to be up-regu-
lated in abscisic acid-sensitive seedlings and after application
of 12-OPDA (46). Compared with the other three UGTs,
UGT76E12 shows high product formations with oxylipins like
11-HHT, 9-HOT, 13-HOT, and �-OH-16:0 (Figs. 4 and 5,
Table 2). In addition, UGT76E12 also accepts 12-OH-JA as sub-
strate, but to a lower extent and with lower catalytic efficiency
than the more specific enzymes UGT76E1 and UGT76E2.
UGT76E12 tolerates the hydroxy group both at the �-position
(�-OH-16:0, 12-OH-JA) and in the middle of the molecule (11-
HHT, 9-HOT, and 13-HOT). For the glycosylation of the latter
two substrates UGT76E12 displays a high affinity, but rather
low turnover rates (Table 3). The occurrence of such glycosy-
lated oxylipins has been described before in Lemna pauci-
costata (47) and 13-HOT, which is produced by the 13-LOX
pathway and is sufficient to induce pathogenesis-related genes
in Hordeum vulgare (48). Altogether, UGT76E12 shows high
and broad preference toward oxylipin substrates, but their
occurrence and tentative function in planta have to be evalu-
ated in more detail the future.

The free carboxyl group of 12-OH-JA seems to be crucial for
substrate recognition. In line with this, none of the UGTs in
question glycosylated JA itself to its corresponding JA-GE.
Recently, this was also documented by Yang and co-workers,
who systematically tested a total of 54 A. thaliana UGTs
(including the ones analyzed here) for activities toward plant
secondary metabolites. Instead, they reported that UGT84A1,
UGT84A2, and UGT75B1 glycosylate JA (49). So far, very low

amounts of a glycosylated version of 12-OH-JA-Ile were iden-
tified in A. thaliana, Glycine max, and N. tabacum by targeted
LC-MS/MS analysis of wounded plant material (30). Although
12-OH-JA-Ile was present as substrate in our ex vivo assay, its
glycoside could not be detected as the enzymatic product. It
should be emphasized that the metabolite-rich extracts of the
ex vivo approach provided enough potency to unambiguously
identify 12-COOH-JA in wounded leaves of A. thaliana for the
first time (Fig. S7). This finding supports the mutant analysis of
Smirnova and co-workers (17), and puts 12-COOH-JA not only
in the context of flower development (15) but also in that of the
late wound-response of A. thaliana.

So far, it was not possible to assign an individual biological
function to 12-OH-JA or its glycoside. We generated a ugt76e1-
mutant through genome editing, which already showed the
expected decrease in 12-O-Glc-JA (Fig. 6B, Fig. S4C) and led to
an increase of the concurrent product 12-SO4-JA (Fig. S4D).
Furthermore, an increased expression of UGT76E1 was suffi-
cient to turn this pattern around, resulting in elevated 12-O-
Glc-JA, but reduced 12-SO4-JA and 12-OH-JA levels as com-
pared with the respective WT. However, jasmonate signaling
seems not affected in either of these mutants because gene
expression of several JA-responsive candidates (LOX2, JOX2,
ST2a, VSP1, and ORA59) was unchanged, which may be
explained by the residual amounts of 12-O-Glc-JA and the con-
comitant increase in 12-HSO4-JA levels (or vice versa).

It is tempting to speculate why two different metabolic mod-
ifications of 12-OH-JA are needed. A specific hydrolase for
12-O-Glc-JA in Oryza sativa suggests a role as a reversible stor-
age compound at least in rice (50). Therefore, to further inves-
tigate the physiological role of both derivatives in vivo, more
single and especially higher order mutants up to a ugt76e1
ugt76e2 st2a triple mutant should be characterized in more
detail with respect to possible metabolic functions in signaling,
inactivation, degradation, storage, or recycling (24, 25).

Altogether, A. thaliana UGT76E1 and UGT76E2 were char-
acterized as specific 12-OH-JA-UGTs in vitro. Additionally,
UGT76E1 influenced the formation of 12-O-Glc-JA in vivo,
thus adding to the set of known enzymes acting on jasmonates
after wounding.

Experimental procedures

Plant material and generation of plant mutants

If not stated otherwise, A. thaliana ecotype Columbia 0 was
used in this study and grown as described in Ref. 51. A T-DNA
insertion mutant of UGT76E1 (SAIL_738_A03C, A. thaliana;
ecotype Columbia 0), was obtained from the European Arabi-
dopsis Stock Centre. A transposon-tagged UGT76E2 line
(PST00878) and its respective parents (PST91000 and
PST99999, used as controls) were obtained from the RIKEN
collection (A. thaliana; ecotype Nossen). The Arabidopsis
transposon-tagged line was developed by the plant genome
project of RIKEN Genomic Sciences Center 8 (42, 43).

The CRISPR/Cas9 method aimed at targeting all four genes,
UGT76E1, UGT76E2, UGT76E11, and UGT76E12, simultane-
ously, according to Ref. 52. Putative target sequences were
identified with three different online tools: CRISPRdirect (53),
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CRISPR-P (54 –56), and The Genetic Perturbation Platform
(https://portals.broadinstitute.org/gpp/public/analysis-tools/
sgrna-design).3 Selected candidate sequences (Table S6) were
used to replace the dummy nucleotides in the CRISPR/Cas9
construct within the pHEE401E vector (Addgene) (57). Correct
plasmids were transformed into Agrobacterium tumefaciens for
plant transformation into A. thaliana WT Columbia 0 by floral
dip (58). Positive T1 transformants were selected on hygromy-
cin. Mutant screening was performed in the T2 generation and
led to the identification of a homozygous ugt76e1 knockout
mutant, in which a thymine was inserted at position 98 after the
transcription start at the UGT76E1 target sequence (Table S6),
and which resulted in an early stop-codon (position 46 of the
amino acid sequence). Sequence analyses confirmed that none
of the other target genes were mutated in this mutant line.
Jasmonate measurements and expression analyses were con-
ducted in the following generation.

Plant wounding conditions

Six-week-old plants grown under short-light conditions
were wounded according to the procedure described in Ref. 59
and harvested before (0 hpw) and at different time points after
wounding. Subsequently, tissue samples were frozen in liquid
nitrogen and homogenized for analysis.

RNA extraction and quantitative real-time PCR

Total RNA was extracted from 100 mg of A. thaliana rosette
leaves using the protocol of Onate-Sanchez and Vicente-Car-
bajosa (60). cDNA was produced using the RevertAid H Minus
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).
RT-quantitative PCR assay was performed using Takyo No Rox
SYBR� MasterMix dTTP Blue (Eurogentec) following the man-
ufacturer’s instructions. Special quantitative PCR primers were
designed with the online tools primer3prefold and primer3plus
(http://primer3plus.com/cgi-bin/dev/primer3plus.cgi)3 and
are listed in Table S5. The 2-��CT method (61) was used to
estimate relative gene expression, which was normalized to
the expression of the reference gene actin 8 (At1g49240,
GenBankTM accession number AY063089.1).

Phylogenetic analysis

The evolutionary history was inferred by using the Maxi-
mum Likelihood method based on the JTT matrix-based model
(62). Initial tree(s) for the heuristic search were obtained auto-
matically by applying Neighbor-Join and BioNJ algorithms to a
matrix of pairwise distances estimated using a JTT model, and
then selecting the topology with superior log likelihood value.
Evolutionary analyses were conducted in MEGA X (63).

Heterologous protein expression and purification

The coding sequences of UGT76E1 (At5g59580, GenBankTM

accession number OAO90200.1), UGT76E2 (At5g59590,
GenBankTM accession number OAO92843.1), UGT76E11
(At3g46670, GenBankTM accession number OAP05192.1),
UGT76E12 (At3g46660, GenBankTM accession number

AEE78190.1), and UGT74F1 (At2g43840.2, GenBankTM acces-
sion number, AEC10332.1) were cloned into pET28a (Nova-
gen). The respective oligonucleotides are listed in Table S5.
Correct constructs were transformed into E. coli BL21
Star(DE3) cells (Thermo Fisher Scientific). Expression cultures
were grown in autoinduction medium following the protocol of
Studier (64) at 16 °C for 3 days. Cell pellets of 2-liter cultures
were resuspended in purification buffers (Table S4) and lysed
by high pressure in a Microfluidizer M-110L device (Microflu-
idic). The protein purification was performed with a two-step
protocol of immobilized metal affinity chromatography and
size exclusion chromatography. UGT76E1 was captured with
cobalt-affinity (Takara Bio Europe), and the remaining UGTs
by nickel-affinity (GE Healthcare). All UGTs were purified by
HiLoad 16/600 Superdex 75 prep grade (GE Healthcare). Indi-
vidual buffer requirements were optimized for each of the
UGTs and are listed in Table S5.

Enzyme assays

LC-MS– based activity assay—For reaction optima and gen-
eral substrate assays, 30 �g of UGT were incubated with 0.5 mM

UDP-Glc (Merck) and 0.1 mM substrate in their individual
buffer conditions (Table S4) for 1 h at 25 °C or the indicated
temperature. The reactions were stopped by adding 1⁄4 volume
of acetonitrile, centrifuged at 20,000 � g for 5 min, and analyzed
by LC-MS. For the relative conversion rate, 10 �g of UGT, 0.25
mM UDP-Glc, and 0.05 mM substrate were mixed in their indi-
vidual buffer conditions (Table S4) and incubated for 30 min at
25 °C. The assays were stopped by adding 1 volume of acetoni-
trile. The precipitated protein was removed by centrifugation
and the supernatant was analyzed by ultra performance liquid
chromatography (UPLC, Waters Inc.) coupled to an orthogonal
TOF-MS (LCT Premier, Waters Inc.). For LC, an ACQUITY
UPLC HSS T3 column (1 � 100 mm, 1.8 �m particle size,
Waters Inc.) was used at a temperature of 40 °C and a flow rate
of 0.2 ml min�1. A binary gradient of solvent A (water:formic
acid (100:0.1, v/v)) and solvent B (acetonitrile:formic acid (100:
0.1, v/v)) was applied as follows: for solvent B, 0 – 0.5 min 40% B,
0.5–3 min from 40 to 100% B, 3–5 min 100% B, 5–7 min 40% B.
The TOF-MS was operated in W in negative electrospray ion-
ization (ESI) mode. Data were acquired by MassLynx 4.1 soft-
ware in centroided format over a mass range of m/z 50 –700
with a scan duration of 0.5 s and an inter-scan delay of 0.1 s. The
following source parameters were used: capillary and cone volt-
age at 2700 and 30 V, respectively, desolvation and source tem-
perature at 350 and 80 °C, respectively, nitrogen flow as cone
and desolvation gas at 30 and 800 liter h�1, respectively).
Dynamic range enhancement mode and leucine-enkephaline as
reference spray ([M-H]� 554.2615 or [M�H]� 556.2771 as well
as its 13C isotopologue ([M-H]� 555.2615 or its double 13C
isotopologue [M�H]� 558.2836) was used for data recording.

Radioactive activity assay—The radioactive substrate assay
was performed with 60 �M substrate, 3.3 �M labeled UDP-
[U-14C]Glc (0.02 �Ci), 28 �M UDP-Glc, and 5 �g of enzyme in
their individual buffer conditions (Table S4) at 25 °C for 1 h. A
negative control was performed with inactivated enzyme. 30 �l
of n-butyl alcohol were added to stop the reactions and extract
the metabolites (65, 66). The organic phases of two extractions

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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were evaporated and resolved in 20 �l of ethanol (70%, v/v) for
separation by TLC. The TLC plates (Silica Gel 60 plate, Merck
KGaA) were run in dichloromethane:methanol:water (80: 20: 2,
v/v/v) (67). Radioactive signals were transferred to phosphor
screens for 3 days and scanned with a FLA-3000 fluorescent
image analyzer (Fujifilm Corporation) with appropriate soft-
ware (Datinf GmbH). Signal intensities were calculated as prod-
uct signal minus background over area.

Enzymatic synthesis and purification of 9-HOT and 13-HOT

Both 9-HOT and 13-HOT were synthesized enzymatically as
follows. For 9-HOT, a bacterial cell pellet of 10 ml of recombi-
nant E. coli expressing the LOX from S. tuberosum (68) culture
was resuspended in 1 ml of lysis buffer (50 mM Tris/HCl, pH 7.5,
300 mM NaCl, 10% glycerol, 1 �l Tween 20). After cell lysis, the
crude lysate was mixed with 6 ml of reaction buffer (100 mM

Tris/HCl, pH 7.5) and 60 �l of linolenic acid (250 mg ml�1).
13-HOT was produced by mixing 100 �l of LOX from G. max
(0.250 mg ml�1, Merck KGaA) with 2 ml of borate buffer (200
mM borate, pH 9) and 60 �l of linolenic acid (250 mg ml�1) in an
open vessel at room temperature for 30 min. The respective
reactions were stirred on ice for 30 min, terminated by adding
10 ml of SnCl2 (0.375%, w/v) in methanol) and incubated at
room temperature for an additional 10 min. After adding 100 �l
of concentrated acetic acid and 10 ml of chloroform, the solu-
tions were vigorously mixed and centrifuged at 3220 � g for 10
min. The lower phases were harvested and the remaining frac-
tions re-extracted with chloroform. After combining and evap-
orating the lower phases, the respective residues containing
either 9-HOT or 13-HOT were dissolved in 500 �l of ethanol
each. Subsequently, both HOTs were purified by straight-phase
HPLC in isocratic conditions in hexane:isopropyl alcohol:TFA
(100:1:0.02, v/v/v) on a ZORBAX RX-SIL (4.6 � 50 mm, 1.8-�m
particle size, Agilent) at 0.8 ml min�1. The elution of 9-HOT
and 13-HOT was monitored at 234 nm and their identity con-
firmed by co-elution with authentic standards. The final con-
centrations of 9-HOT and 13-HOT were determined at 234 nm
with the shared molar extinction coefficient of 23,000 M�1

cm�1.

Determination of kinetic parameters

To record steady-state kinetics, a coupled spectrophotomet-
ric assay was modified as described in Ref. 41. The UGT reac-
tion was coupled in a 1:1:1 stoichiometry via the co-product
UDP to the pyruvate kinase and lactate dehydrogenase reac-
tions, and measured by the decrease of NADPH at 340 nm. All
measurements were performed in biological triplicates in
Quartz SUPERSIL cuvettes (Hellma Analytics) in a V-630 UV-
visible Spectrophotometer (JASCO Corporation). UGT76E1
was stabilized with BSA (0.13%, w/v). For the assay, 10 �g of
UGT were incubated with 5 mM UDP-Glc (Merck) and 0 –1200
mM of the respective substrate in the individual buffer condi-
tions (Table S4) for 5–10 min at 25 °C. The linear slopes of the
reactions were determined with Spectra Manager II Software
(JASCO Corporation). For evaluation, the velocities were cal-
culated to kcat values by a modified Lambert-Beer equation and
plotted against the given substrate concentration by SIGMA
Plot software.

kcat �
Vmax

	E

�

� Absorption

��NADH� � 1 � 	E
 � t
� 	s�1
 (Eq. 1)

For Equation 1, kcat, maximal turnover number; Vmax, maxi-
mal reaction velocity; [E], concentration of the enzyme;
�(NADH), specific extinction coefficient of NADH, 6220 M�1

cm�1; path length (for the used cuvettes) � 1 cm; and t, reaction
time.

Two-phase metabolite extraction of A. thaliana rosette leaves

Metabolites were extracted from plant tissue as described
previously (69). Briefly, 100 mg of ground leaves was used for
each analysis. Frozen plant material was mixed with 750 �l of
methanol and 2.5 ml of methyl-tert-butyl ether (MTBE). After
60 min shaking at 4 °C in darkness, 600 �l of water were added
for phase separation. The upper MTBE phase was collected and
the lower phase re-extracted. This time, both the upper and the
lower phase (but without any debris or material from the inter-
phase) were taken, combined with the upper phase of the first
extraction step, evaporated under a stream of nitrogen and re-
dissolved in methanol (LC-MS grade). After evaporation, the
samples were finally dissolved either in protein buffer (for the
ex vivo experiment) or in chromatographic starting conditions
(for the LC-MS– based jasmonate analysis). For quantification
of jasmonates in the latter analysis, 10 ng of D6-JA and 10 ng of
D3-JA-Leu (kindly provided by Dr. Otto Miersch, IPB, Halle/
Saale, Germany) were added as internal standards.

LC-MS– based jasmonate analysis

Plant metabolite extracts were analyzed by the UPLC nano-
ESI MS/MS method. Here, an Acquity UPLC system equipped
with an ACQUITY UPLC HSS T3 column (100 � 1 mm,
1.8-�m particle size; both from Waters Corp.) was coupled to a
nanoESI chip ion source (TriVersa NanoMate). The MS analy-
sis was performed with an Applied Biosystems 4000 quadru-
pole/linear ion trap mass spectrometer (MDS Sciex). For
analysis, 10 �l of the metabolite extracts were injected.
The binary gradient system consisted of solvent A (0.3 mM

NH4COOH) and solvent B (acetonitrile:water, 90:10, v/v, 0.3
mM NH4COOH), both adjusted to pH 3.5 with formic acid, and
the following gradient program: 10% solvent B for 0.5 min, fol-
lowed by a linear increase of solvent B up to 40% within 1.5 min,
held for 2 min, and followed by an increase of solvent B up to
95% within 1 min. An isocratic run at 95% solvent B was then
held for 2.5 min. To recover the starting conditions, a linear
decrease to 10% B within 3 min was performed. The flow rate
was 0.16 ml min�1. For stable nanoESI conditions, 70 �l min�1

of 2-propanol:acetonitrile:water (70:20:10, v/v/v, 0.3 mM

NH4COOH), adjusted to pH 3.5 with formic acid and delivered
by a Pharmacia 2248 HPLC pump (GE Healthcare), were
added just after the column via a mixing tee valve. By using a
second post column splitter, 502 nl min�1 of the eluent were
directed to the nanoESI chip with 5-�m internal diameter noz-
zles. Ionization voltage was set to �1.7 kV, phytohormones
were negatively ionized and detected in a scheduled multiple
reaction monitoring mode with AB Sciex 4000 QTRAP tandem
mass spectrometer (AB Sciex). For the scheduled mode, the
multiple reaction monitoring detection window was set to 72 s
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and a target scan time of 1.2 s. The mass analyzers were adjusted
to a resolution of 0.7 atomic mass units full-width at half-
height. The ion source temperature was 40 °C and the curtain
gas was set at 10, given in arbitrary units. Mass transitions were
as follows: 214/62 (declustering potential (DP) �35 V, entrance
potential (EP) 8.5 V, collision energy (CE) �24 V) for D6-JA,
209/59 (DP �30 V, EP �4.5 V, CE �214 V) for JA, 225/59 (DP
�35 V, EP �9.0 V, CE 28 V) for 11/12-OH-JA, 305/97 (DP �30
V, EP-4.0 V, CE 32 V) for 12-HSO4-JA, and 387/59 (DP �85 V,
EP �9.0 V, CE �52 V) for 12-O-Glc-JA. Quantification of JA
and 12-OH-JA was carried out using a calibration curve of m/z.
The ratios were calculated of [unlabeled]/[deuterium labeled]
versus molar amounts of unlabeled (0.3–1000 pmol). Relative
quantification of 12-SO4-JA and 12-O-Glc-JA was performed
using D5-JA as internal standard.

Ex vivo metabolite activity assay

Plant metabolite extracts of A. thaliana rosette leaves at 2
hpw, obtained by the two-phase metabolite extraction (see
above), were re-dissolved in buffer consisting of 50 mM Tris, pH
8, 100 mM NaCl. Extracts were used as the quasi-native sub-
strate mixture, incubated with 100 �g of purified enzyme and
0.1 mM UDP-Glc for 1 h, at 25 °C. A negative control was
performed with heat-inactivated enzymes. The reaction was
stopped with 1⁄4 volume of acetonitrile, centrifuged at 20,000 �
g for 5 min, and analyzed by the metabolite fingerprinting plat-
form (see below).

Nontargeted metabolite fingerprinting

Samples of the ex vivo metabolite activity assay were analyzed
by UPLC-TOF-MS in positive and negative ESI mode as
described in Ref. 15. For data processing and data mining the
toolbox MarVis was used as described (15, 70). This tool
includes the subroutines MarVis Filter and MarVis Cluster. An
analysis of variance (ANOVA) test combined with a multiple
testing (Benjamini-Hochberg) was performed to filter and
extract 638 features with a false discovery rate �5 � 10�4. Data
of one experiment were analyzed. Tentative substrates and
products pairs were extracted by applying three criteria: (i) a
mass difference of 162.016 Da (neutral loss of the Glc moiety),
(ii) a retention time shift of the more hydrophilic product to
earlier retention times compared with the substrate, and (iii) an
inverse intensity pattern to each other. The identity of the
UGT-substrates and products was confirmed by UHPLC ESI-
QTOF-MS/MS analysis and in vitro reaction assays with pure
9-HOT and 13-HOT.

Structure determination of marker metabolites by UHPLC
ESI-QTOF-MS/MS

To confirm the identity of 12-O-Glc-JA as well as the sub-
strates and products of the ex vivo experiment, MS/MS frag-
ment analyses were performed by using a LC 1290 Infinity (Agi-
lent Technologies) coupled with an Applied Biosystems 6540
UHD Accurate Mass QTOF-MS (Agilent Technologies) as
described (15). The respective settings and fragments are listed
in Table S3.

Statistical analysis

Data show mean � S.E. and were statistically analyzed by
Student’s test and one-way ANOVA using the Tukey post hoc
test (p � 0.05). We employed for these methods the Microsoft
Office Excel 2016 and Origin Pro 8.5 software.
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