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Abstract Jasmonate:amino acid synthetase (JAR1) is involved
in the function of jasmonic acid (JA) as a plant hormone. It cat-
alyzes the synthesis of several JA-amido conjugates, the most
important of which appears to be JA-Ile. Structurally, JAR1
is a member of the firefly luciferase superfamily that comprises
enzymes that adenylate various organic acids. This study ana-
lyzed the substrate specificity of recombinant JAR1 and deter-
mined whether it catalyzes the synthesis of mono- and
dinucleoside polyphosphates, which are side-reaction products
of many enzymes forming acyl � adenylates. Among different
oxylipins tested as mixed stereoisomers for substrate activity
with JAR1, the highest rate of conversion to Ile-conjugates
was observed for (±)-JA and 9,10-dihydro-JA, while the rate
of conjugation with 12-hydroxy-JA and OPC-4 (3-oxo-2-(2Z-
pentenyl)cyclopentane-1-butyric acid) was only about 1–2% that
for (±)-JA. Of the two stereoisomers of JA, (�)-JA and (+)-JA,
rate of synthesis of the former was about 100-fold faster than for
(+)-JA. Finally, we have demonstrated that (1) in the presence of
ATP, Mg2+, (�)-JA and tripolyphosphate the ligase produces
adenosine 5 0-tetraphosphate (p4A); (2) addition of isoleucine to
that mixture halts the p4A synthesis; (3) the enzyme produces
neither diadenosine triphosphate (Ap3A) nor diadenosine tetra-
phosphate (Ap4A) and (4) Ap4A cannot substitute ATP as a
source of adenylate in the complete reaction that yields JA-Ile.
� 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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1. Introduction

The effect of plant hormones such as indole-3-acetic acid

(IAA) and jasmonic acid (JA) may be regulated by enzymatic

reactions that yield amino acid conjugates [1,2]. The hormone

conjugating enzymes convert a carboxylic acid to an amide-

linked conjugate in a two-step reaction that utilizes ATP.

For example, the Arabidopsis thaliana jasmonate:amino acid

synthetase JAR1 [3], which is the object of this study, catalyzes

the activation of jasmonate:

Eþ jasmonateþATP$ E : jasmonoyl � pAþ PPi ð1Þ

and the transfer of the acyl moiety onto the a-amino group of

an amino acid such as isoleucine:

E : jasmonoyl � pAþ Ile! jasmonoyl-IleþAMPþ E: ð2Þ

Plants contain many different JA related compounds [4].

Among those found linked to amino acids are JA-Ile, JA-

Leu and JA-Val, all of which can be synthesized by recombi-

nant JAR1 [3]. Plants contain many lipid-derived oxygenation

products collectively called ‘oxylipins’. Among them are a

variety of jasmonates other than JA, including the JA biosyn-

thetic intermediates 12-oxo-phytodienoic acid (OPDA) and

dinor-OPDA, and JA metabolites such as 9,10-dihydrojas-

monic acid, and 12-hydroxy-JA. Some of these are known

to have biological activities. This raises the question of

whether any of these compounds are also substrates of

JAR1. Isotope exchange assays with labeled PPi indicated that

OPDA and other JA biosynthetic intermediates were not ade-

nylated by JAR1 (step 1) [3]. But it is conceivable that JAR1

might conjugate OPDA with an amino acid even though it

does not support isotope exchange in the absence of an amino

acid. Several other potential JAR1 substrates have not yet

been evaluated. Another open question is the substrate speci-

ficity of JAR1 with respect to the JA stereoisomers, (�)-JA

and (+)-JA.

JAR1 and the many related plant enzymes belong to

the acyl � adenylate-forming firefly luciferase superfamily

[1]. This superfamily is composed of a variety of different

enzymes including firefly luciferase, fatty acyl-CoA synthetases,
ation of European Biochemical Societies.
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acetyl-CoA synthetases, non-ribosomal peptide synthetases

and 4-coumarate-CoA synthetases (4-CLs) [5]. All of these

can also catalyze the formation of uncommon mononucleoside

polyphosphates, such as adenosine 5 0-tetraphosphate (p4A)

and adenosine 5 0-pentaphosphate (p5A), and some can pro-

duce dinucleoside polyphosphates, such as diadenosine 5 0,5000-

P1, P3-triphosphate (Ap3A) and/or diadenosine 5 0,5000-P1,P4-tet-

raphosphate (Ap4A) (for reviews see [6–8]). In those reactions,

which are analogous to the reverse of reaction (1), PPi is substi-

tuted with tripolyphosphate (PPPi or p3), tetrapolyphosphate

(PPPPi or p4), ADP (ppA) or ATP (pppA), respectively. The

first demonstration of the synthesis of uncommon mono-

and dinucleoside polyphosphates by a similar mechanism

was demonstrated for certain aminoacyl-tRNA synthetases

[9–12], but those ligases do not belong to the firefly luciferase

superfamily. Usually, the (di)nucleoside polyphosphate synthe-

sis is prompted by the absence of the respective acyl-acceptor

(e.g. CoA, 4 0-phosphopantetheine, and tRNAs) and it has

been noticed that the (di)adenosine polyphosphate product

spectra are specific for each enzyme. For example the amino-

acyl-tRNA synthetases specific for lysine or phenylalanine

can produce both p4A, Ap3A and Ap4A but the firefly lucifer-

ase [13,14] and Arabidopsis 4-CL [15] were unable to synthesize

Ap3A, but do produce p4A and Ap4A. Finally, the yeast ace-

tyl-CoA synthetase was able to produce p4A but not dinucleo-

side polyphosphates [16]. The same enzyme highly purified

from Escherichia coli (kindly donated by Dr. Alan J. Wolfe)

synthesized none of the aforementioned (di)nucleoside polyph-

osphates, although it was fully active to carry out acetylation

of CoA (Guranowski, unpublished data). These examples

show that the capacity of an enzyme to synthesize (di)nucleo-

side polyphosphates is unpredictable and therefore should be

verified experimentally in each case.

In this study, in addition to elucidating the aforementioned

questions on oxylipin specificity, we have tested the recombi-

nant (GST)-JAR1 as a potential p4A and/or Ap4A ‘synthase’.

The rationale was that this plant enzyme might affect the pool

of uncommon (di)nucleoside polyphosphates, which have been

shown in other organisms to play roles as intracellular [17] and

extracellular [18] signal molecules.
2. Materials and methods

2.1. Materials
All nucleotides including adenosine 5 0-tetraphosphate (p4A), diade-

nosine triphosphate (Ap3A) and diadenosine tetraphosphate (Ap4A) as
well as tripolyphosphate and glutathione–agarose were from Sigma
(St. Louis, MO, USA). Thin layer chromatography (TLC) aluminum
plates precoated with silica gel containing fluorescent indicator were
from Merck (Darmstadt, Germany).

Jasmonic acid isomers were prepared according to [19]. Other oxyli-
pins were prepared according to [20] and they were 99.5% pure as dem-
onstrated by HPLC analysis. [13C6] JA-LL-isoleucine was prepared from
(±)-JA and [13C6] LL-isoleucine (Cambridge Isotope Laboratories,
Andover, MA, USA) as described previously [3].

Recombinant jasmonate:amino acid synthetase (GST)-JAR1 was
prepared from the cells of Escherichia coli (strain BL21) essentially
as described earlier [1]. For the reactions involving analysis of products
by TLC, the enzyme was eluted with 50 mM Tris/HCl (pH 9.5) con-
taining 10 mM reduced glutathione. To prolong stability of the en-
zyme, these preparations were brought to 2% glycerol and supplied
with bovine serum albumin (0.5 mg/ml) and kept frozen at �20 �C in
0.1 ml aliquots. Enzyme prepared for quantitative assays was stored
in aliquots at �80 �C in 7% glycerol. Protein concentration of the latter
was determined with a BioRad DC protein analysis kit (Hercules, CA,
USA) after dialysis of the enzyme to remove glutathione. Concentra-
tions ranged from 1.3 to 2.6 mg per ml.
2.2. Enzyme assays
2.2.1. Synthesis of JA-Ile and other oxylipin-isoleucines. For the

analysis of products by TLC the reaction mixture (50 ll) contained
50 mM HEPES/NaOH (pH 8.3), 5 mM MgCl2, 0.5 mM dithiothreitol,
5 mM ATP, 2 mM ammonium salt of (�) or (+) stereoisomer of
jasmonate or other oxylipin, 2 mM LL-isoleucine and 10 ll of the
(GST)-JAR1 preparation. The incubation was carried out at 30 �C.
At indicated times, 3 ll aliquots were spotted onto two parallel silica
gel plates. One chromatogram was developed for 60 min in diox-
ane:ammonium hydroxide:water (6:1:4, by volume), dried and the
nucleotides were visualized under short-wave ultraviolet lamp. The
other TLC plate was developed for 50 min in chloroform:ethyl ace-
tate:acetic acid (5:4:1, by volume), dried, sprayed with anisaldehyde
reagent and heated to develop spots of JA (pink), JA-Ile (yellow) and
other oxylipins and oxylipin-Ile conjugates if present.

For quantitative assays reactions were done at 25 �C in 25 mM Tris–
HCl (pH 8.6) with 0.5 mM MgCl2, 0.2 mM ATP, 0.5 mM LL-Ile and
0.5 mM oxylipin. Measurement of ADP synthesis was done in the
absence of oxylipin and amino acid. Enzyme concentration for these
reactions was at 0.36 or 0.44 mg/ml. Quantitative data were deter-
mined for reactions run for 10 min. Initial trial experiments were done
with (±)-JA over time points ranging from 2 to 60 min to compare the
release of AMP with the synthesis of JA-Ile. Enzyme reactions were
stopped by removing 20 ll aliquots and adding them to 80 ll of
KH2PO4 at pH 4.8. For quantitation of JA-Ile an internal standard
consisting of 0.75 nmol of [13C6]-JA-Ile was added to each aliquot,
and the jasmonates were extracted twice with an equal volume of chlo-
roform containing 10% acetic acid. After drying in a stream of nitrogen
the jasmonates were dissolved in 50 ll methanol and derivatized for
30 min at room temperature with the addition of 5 ll of (trimethyl-
silyl)diazomethane (Aldrich, St. Louis, MO, USA). Solvent was re-
moved by evaporation under nitrogen and the residue was suspended
in isooctane for analysis by GC/MS. A Finnigan Trace GC with a
DB-5ht column (15 m · 0.25 mm, 0.1l) from J.W. Scientific (Folsom,
CA) coupled to a Finnigan DSQ mass spectrometer was used for the
analysis. The injector port was at 280 �C, and the column gradient
was 60–300 �C in 25 min. The amount of JA-Ile was obtained from
the molecular ion integrated peak areas using the isotope dilution
method described previously [21].

AMP was quantified by HPLC using a S200 series pump, UV/Vis
detector and autosampler (Perkin Elmer). The column was a
150 mm · 4.6 mm Ultra IBD (Restek Corp. Bellefonte, PA, USA) run
isocratically with 1% methanol in 50 mM KH2PO4 at pH 5.5. Stopped
reactions (50 ll) were directly injected to the column at a flow rate of
1 ml/min. Integrated peak areas were compared to AMP standards
run in a solution containing the same components as the stopped enzyme
reactions minus the amino acid. A minor background AMP contami-
nant in the ATP was subtracted from each reaction for data analysis.

2.2.2. Synthesis of adenosine 5 0-tetraphosphate. The reaction mix-
ture (50 ll) contained 50 mM HEPES/NaOH (pH 8.3), 5 mM MgCl2,
0.5 mM dithiothreitol, 5 mM ATP, 2 mM ammonium salt of (�)-JA,
10 or 20 mM tripolyphosphate and the (GST)-JAR1 (approx. 20 lg).
After prolonged (3–16 h) incubation at 30 �C, aliquots (3 ll) were spot-
ted onto silica gel plates and the chromatogram developed for 60 min
in dioxane:ammonium hydroxide:water (6:1:5, by volume). After dry-
ing the nucleotides were visualized under short-wave ultraviolet lamp.

2.2.3. Trials aimed to demonstrate synthesis of Ap4A, Ap3A or other
Ap4Ns. The reaction mixture contained 50 mM HEPES/NaOH (pH
8.3), 5 mM MgCl2, 0.5 mM dithiothreitol, 2 mM ammonium salt of
(�)-JA, 5 mM ATP (alone to check synthesis of Ap4A), 5 mM ADP
(added in order to test the synthesis of Ap3A) or 5 mM other canonical
NTP (added to test possible synthesis of Ap4N), and the (GST)-JAR1
preparation. After 16 h incubation the reaction mixtures were analyzed
as described above.
2.3. Identification of the oxylipin-Ile conjugates by GC-MS
The reaction mixtures described in Section 2.2.1 were evaporated

and supplied with 20 ll methanol and the samples were methylated
with 100 ll ethereal diazomethane for 15 min. After evaporation of
solvents 100 ll acetonitrile was added and the precipitated salts were
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Fig. 1. Mass spectral fragmentation pattern of methyl 12-acetoxyjasmonoyl-isoleucine (top), isolated from in vitro enzyme assay described in Section
2.2.1 and isolated from tomato leaves as shown in 2.4, OPC-8-Ile-Me (3-oxo-2-(2Z-pentenyl)cyclopentane-1-octanoyl-isoleucine methyl ester)
isolated from in vitro enzyme assay described in Section 2.2.1 (middle) and OPC-6-Ile-Me (3-oxo-2-(2Z-pentenyl)cyclopentane-1-hexanoyl-isoleucine
methyl ester) (bottom) isolated from in vitro enzyme assay described in Section 2.2.1. The reaction product of the substrate 12-hydroxy-JA was
derivatized by methylation and acetylation. In case of the substrates OPC-8 and OPC-6 the reaction products were methylated. All compounds were
analyzed with a Finnigan PolarisQ GC/MS under EI conditions.
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centrifuged. Supernatants were analysed by GC/MS. In the case of 12-
hydroxy-JA acetylation was necessary. Therefore, the reaction was
treated with a mixture of 5 ll pyridine and 25 ll acetic acid anhydride
for 1 h at 50 �C, and these solvents were subsequently evaporated
before GC/MS analysis.

GC/MS-analysis was performed with Polaris Q, Thermo-Finnigan,
using positive EI at 70 eV, an ion source temperature of 200 �C and
the column Rtx-5w/Integra Guard (Restek, Bad Homburg, Germany)
(5 m inert precolumn connected with column 15 m · 0.25 mm,
0.25 mm film thickness, cross bond with 5% diphenyl–95% dimethyl
polysiloxane). The injection temperature of 220 �C, and the interface
temperature of 250 �C was used at a helium flow of 1 ml min�1. A
splitless injection of 1 ll samples was done and the following column
temperature program was used: 1 min 60 �C, 25 �C min�1 to 180 �C,
5 �C min�1 to 270 �C, 10 �C min�1 to 300 �C, 10 min 300 �C. For iden-
tification, test substances of OPC-8-Ile, OPC-6-Ile and 12-OAc-JA-Ile
were synthesized as described [22] and they exhibited GC/MS spectra
identical to that shown in Fig. 1. The oxylipin-Ile conjugates were iden-
tified as follows:
9,10-dihydro-JA-Ile-Me: Rt 14.48 min; for MS-data see [23].
12-OAc-JA-Ile-Me: Rt 19.54 min; for fragmentation pattern see
Fig. 1(top).

OPC-8-Ile-Me (3-oxo-2-(2Z-pentenyl)cyclopentane-1-octanoyl-iso-
leucine methyl ester): Rt 21.95 min; m/z (%) 421 [M+] (26), 362
[M�COOMe]+ (26), 299 [(CH2)5COIleMe]+ (51), 271 [(CH2)7COI-
leMe]+ (100), 200 (28), 187 [CH2COIleMe]+ (29), 146 [IleMe]+ (38),
128 [CH2COIleMe - COOMe]+ and [IleMe-NH]+ (41), 86 [IleMe-
COOMe]+ (36), for fragmentation pattern see Fig. 1(middle).

OPC-6-Ile-Me (3-oxo-2-(2Z-pentenyl)cyclopentane-1-hexanoyl-iso-
leucine methyl ester): Rt 20.61 min;m/z (%) 393 [M+] (36), 361
[M�MeOH]+ (41), 334 [M�COOMe]+ (87), 325 [M�CH2-
CHCHC2H5]+ (51), 296 (33), 243[(CH2)5COIleMe]+ (64), 200 (69)
187 [CH2COIleMe]+ (28), 146 [IleMe]+ (51), 128 [CH2COIleMe–
COOMe]+ and [IleMe�NH]+ (26), 86 [IleMe-COOMe]+ (100), for
fragmentation pattern see Fig. 1(bottom).
OPC-4-Ile-Me (3-oxo-2-(2Z-pentenyl)cyclopentane-1-butanoyl-iso-
leucine methyl ester): Rt 17.78 min; MS-data see [24].

2.4. Isolation of 12-OH-JA-Ile from tomato leaves
Leaves of intact tomato plants (Lycopersicon esculentum cv. Lukul-

lus) grown in a greenhouse were wounded by crushing with a forcep
and harvested after 6 h. Leaves (30 g) were homogenized in methanol,
the extract filtered, evaporated and dissolved in chloroform. Acidic
compounds were extracted by a saturated bicarbonate solution, that
was acidified with 5 M acetic acid and evaporated to dryness. Three
extractions with methanol gave a crude extract, which was separated
on DEAE-Sephadex A25 (Ac�-form in methanol). Eluates with 3 M
acetic acid in methanol were further separated by HPLC on Eurospher
100-C18 (5 lm, 250 · 4 mm) (Knauer, Berlin, Germany) with a gradi-
ent of 40–100% methanol (0.2% acetic acid) in 25 min. Fractions
between Rt 10 and 11 min were collected, evaporated to dryness, meth-
ylated with ethereal diazomethane, acetylated by a mixture of pyridine/
acetic acid anhydride (2:1) and further separation by HPLC using the
same conditions as previously. Fractions between 16 and 16.30 min
were evaporated, analysed by GC-MS as described in Section 2.3
and compared with the authentic compound.
3. Results and discussion

3.1. Synthesis of different oxylipin-Ile conjugates by (GST)-

JAR1

In addition to JA-Ile, which is the major oxylipin-amino acid

conjugate identified in plant tissues [4,25], other conjugates

such as 9,10-dihydro-JA-Ile have also been identified [23]

Thus, we wondered whether JAR1, which effectively catalyzes

synthesis of JA-Ile, could be responsible for the synthesis of



Fig. 2. Enzyme (JAR1)- and substrate (oxylipin)-dependent appearance of AMP demonstrated by thin-layer chromatography. The reaction mixture
contained: 50 mM HEPES/NaOH (pH 8.3), 5 mM MgCl2, 0.5 mM dithiothreitol, 5 mM ATP, 2 mM isoleucine, 2% glycerol, BSA (0.5 mg/ml), 2 mM
oxylipin substrate, as indicated (except first two reaction mixtures) and GST-JAR1 fraction (approx. 20 lg) where indicated. After 6 h incubation at
30 �C, 3 ll aliquots were spotted onto origin of TLC-silica gel aluminum plates containing fluorescent indicator (from Merck), and developed for
60 min in dioxane:concentrated ammonia:water (6:1:4, by volume). The chromatogram was photographed under short-wave UV light.
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amino acid conjugates with acid moieties other than JA. TLC

analysis of reaction mixtures that contained a given oxylipin,

isoleucine and (GST)-JAR1 demonstrated the enzyme-depen-

dent accumulation of the following conjugates: 9,10-dihydro-

JA-Ile, 12-OH-JA-Ile, OPC-8-Ile, OPC-6-Ile, OPC-4-Ile and

as a control (±)-JA-Ile (data not shown). The product forma-

tion could be clearly seen by characteristic but unstable color

complexes. Therefore, the products produced in these reac-

tions were verified by GC/MS following their acetylation and

methylation. The mass spectral identification of 12-OAc-JA-

Ile-Me, the methylated derivatives of OPC-8-Ile, and OPC-6-

Ile synthesized by JAR1 are shown in Fig. 1. All of these

compounds have not previously been reported, whereas the

9,10-dihydro-JA-Ile-Me and OPC-4-Ile-Me mass spectra were

identical to published data [23,24].

AMP, another product of the complete reaction catalyzed by

JAR1, could be monitored by its enzyme- and oxylipin-depen-

dent appearance by TLC (Fig. 2) or HPLC. Although several

oxylipins yielded AMP during prolonged incubations there

appeared to be a strong preference for JA by JAR1. In order

to quantify the activity of JAR1 with various jasmonates we

developed an HPLC assay for the rate of AMP synthesis in

the presence of isoleucine and individual jasmonates. To first

validate the assay the synthesis of JA-Ile was monitored by

GC/MS in parallel with the assay for AMP production. In

three independent tests the rate of the reaction determined
Table 1
Activity of JAR1 on several jasmonates

Activity
(nmol/min/mg protein)

(SE)
(nmol/min/mg protein)

(±)-JA 10.05 (0.40)
(±)-DH-JA 7.56 (0.50)
12-OH-JA 0.12 (0.02)
(±)-OPDA ND
(±)-OPC-4 0.17 (0.02)
(±)-OPC-6 ND
(±)-OPC-8 ND
(�)-JA 29.80 (3.73)
(+)-JA 0.24 (0.07)

Values are means of three assays, with S.E.
ND, not detected at detection limit of 0.06 nmol/min/mg.
by the two methods differed by no more than 13.4% over a ser-

ies of reaction times ranging from 2 to 60 min. This established

that monitoring AMP production was a reliable means to

determine the activity of JAR1 in conjugate synthesis.

The assay results for (±)-JA, four of its biosynthetic interme-

diates and two other jasmonates are shown in Table 1. The rate

of AMP production was monitored over the first 10 min of the

reaction in each case. Highest activity was found with (±)-JA

at 10 nmol/min/mg protein, while the rate for (±)-dihydro-JA

was about 25% lower. The rates for 12-OH-JA and the JA pre-

cursor (±)-OPC-4 were only 1–2% that of JA, while the other

JA precursors yielded no detectable activity. This confirms that

JAR1 has a strong preference for (±)-JA and (±)-dihydro-JA,

although the much lower activity with other substrates may

still be sufficient to result in accumulation of their conjugated

forms in vivo.

The formation of Ile conjugates carrying an acid moiety

other than JA raises the question of whether these compounds

occur in plant tissues. As described in Section 2 we have iso-

lated for the first time 12-OH-JA-Ile from Arabidopsis and

tomato leaves. The fragmentation pattern of 12-OH-JA-Ile

isolated from tomato leaves was identical to that of synthe-

sized 12-OH-JA-Ile as shown by GC/MS analysis presented

in Fig. 1. Another example for naturally occurring 12-OH-

JA amino acid conjugates is N-(acetoxyjasmonoyl)-phenyl ala-

nine methyl ester identified in Praxelia clematida [26] All of

these findings are consistent with the enzymatic properties of

recombinant Arabidopsis JAR1 protein. It will be interesting

to see, whether the increasing number of JA-metabolites de-

tected in plant tissues (cf. [27]) have single or unique functions

potentially related to signaling or storage. Initially, the term

‘‘oxylipin signature’’ was introduced to describe the pattern

of distinct octadecanoids and jasmonates [28], which differs be-

tween leaves and flowers [29,30]. Meanwhile, the initially sug-

gested JA-independent signaling properties of JA-Ile [25] have

been supported by the characterization of the jar1 mutant,

which is defective in a subset of jasmonate-dependent re-

sponses [3]. The picture that has emerged is that plants, or at

least distinct plant tissues, utilize various jasmonate signals

to fine-tune the jasmonate regulatory network.

3.1.1. Comparison of the rates of the synthesis of (�)-JA-Ile

and (+)-JA-Ile. We next examined the ability of JAR1 to uti-
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lize two stereoisomers of JA, (�)-JA and (+)-JA. JA-Ile was

detected by GC/MS after two-minute reactions with Ile and

either of the stereoisomers. The reaction with (�)-JA yielded

a rate of 29.8 nmol/min/mg protein (Table 1). In contrast,

the rate of synthesis of the conjugate with (+)-JA was over

100-fold lower. These rate measurements were preceded by

analysis performed by TLC and spraying of the chromatogram

with anisaldehyde following prolonged incubation of (GST)-

JAR1 with racemic (±)-JA. These conditions led to the com-

plete disappearance of both JA isomers and the appearance

of equal amounts of (�)-JA-Ile and (+)-JA-Ile. Thus, despite

its much lower rate of conjugate synthesis, JAR1 is capable

of using (+)-JA as a substrate. Among the stereoisomers (�)-

JA, (+)-JA, (�)-JA-Ile, and (+)-JA-Ile the corresponding

(�)-forms are biologically more active in application experi-

ments than the (+)-forms [25,31]. Although (+)-7-iso-JA is

the initial biosynthetic form, it is generally believed to equili-

brate primarily to (�)-JA in vivo. The strong activity of recom-

binant JAR1 in the synthesis of (�)-JA-Ile is consistent both

with (�)-JA-Ile being the most active in vivo and with its pref-

erential accumulation in plant tissue compared to other JA

amino acid conjugates [4,25].

3.2. Syntheses of adenosine 5 0-tetraphosphate (p4A) and

diadenosine polyphosphates

Knowing that JAR1 is a member of the family of adenylate-

forming enzymes, we examined whether the enzyme catalyzed

the synthesis of p4A, as many of these types of enzymes do.
Fig. 3. Synthesis of adenosine tetraphosphate catalyzed by the
recombinant GST-JAR1. The reaction mixture contained: 50 mM
HEPES/NaOH (pH 8.3), 5 mM MgCl2, 0.5 mM dithiothreitol, 5 mM
ATP, 2% glycerol, BSA (0.5 mg/ml), 2 mM (�)-jasmonate (ammonium
salt), GST-JAR1 and 10 mM (lane 1), 20 mM tripolyphosphate (lane
2), or 10 mM tripolyphosphate and 2 mM leucine (lane 3). The
reaction was carried out for 16 h at 30 �C. Aliquots (3 ll) were spotted
onto the origin and the chromatogram was developed in diox-
ane:ammonia:water (6:1:5, by volume).
Incubation of (GST)-JAR1 in the mixture that contained

ATP, Mg2+, (�)-JA and tripolyphosphate led to accumulation

of a compound that migrated in the TLC system as authentic

p4A (Fig. 3). Lane 3 shows that the addition of isoleucine to

the mixture containing tripolyphosphate halted the p4A syn-

thesis and led to the appearance of AMP, which reflects the

completion of the synthesis of (�)-JA-Ile (see above). This re-

sult also indicates that if JAR1 synthesizes p4A in planta it

would only occur when sufficient JA is available and Ile or

other amino acids suitable for JA conjugate synthesis are lim-

iting.

The capacity of recombinant JAR1 to support the synthesis

of diadenosine polyphosphates such as Ap4A, Ap3A and

Ap4Ns was tested in the following mixtures: with ATP as the

only nucleotide, which served as both adenylate donor and po-

tential acceptor, with ATP and with ADP, the latter poten-

tially serving as an adenylate acceptor, and with ATP and

either CTP, GTP or UTP, each of which could be potential

adenylate acceptors. None of these dinucleoside polyphos-

phates accumulated to detectable levels based on TLC analysis

(not shown). So, with respect to the catalytic capacity to syn-

thesize (di)nucleoside polyphosphates JAR1 most closely

resembles the acetyl-CoA ligase from yeast [16]. The latter en-

zyme was able to produce p4A and p5A but not diadenosine

polyphosphates. In contrast with other ligases that were able

to produce and reuse (di)adenosine polyphosphates, JAR1

was not able to use Ap4A as a source of adenylate in the syn-

thesis of JA-Ile.

3.3. How to explain an apparent ATPase activity of JAR1?

The thin-layer chromatogram shown in Fig. 2 reveals the en-

zyme-dependent but acyl-independent conversion of ATP to

ADP. The initial rate of ADP production in the absence of

jasmonate or amino acid was determined by HPLC and found

to be 1.32 nmol/min/mg protein (SE 0.46), roughly 8-fold low-

er than the rate of JA-Ile synthesis. It was previously demon-

strated that some aminoacyl-tRNA synthetases [32,33]

converted ATP to ADP by phosphorolysis of enzyme-bound

aminoacyl-adenylate. In the case of JAR1, however, the

ADP appeared also in the absence of the acid. This ATPase

reaction is beyond the scope of this study but we tentatively

propose that there occurred first (auto)adenylation of enzyme

and then phosphorolysis of the enzyme-adenylate complex.

Autoadenylation of the enzymes involved in the synthesis of

(di)adenosine polyphosphates have been reported [34–37] and

phosphorolysis of the enzyme-adenylate complex has been

demonstrated experimentally for the diadenosine polyphos-

phate phosphorylase [34,35].

In summary, we have established that although the JAR1

enzyme shows a strong preference for conjugating (�)-JA, it

is also capable of synthesizing the Ile conjugate of certain other

jasmonates in vitro, albeit at lower rates. Whether these alter-

nate jasmonate conjugates have important signaling roles in

plants is currently unknown, but our results suggest that a clo-

ser examination of the occurrence and distribution of addi-

tional oxylipin conjugates is warranted. The Arabidopsis jar1

mutant,which is known to be deficient in its accumulation of

JA-Ile, may provide additional clues about the role of the

other jasmonate conjugates in plant biology. Whether the en-

zyme’s capacity to synthesize adenosine 5 0-tetraphosphate

has an in vivo function is also unclear. The relatively high cel-

lular concentration of amino acids under most conditions
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suggests this reaction would generally be inhibited in the

plant.
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