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Jasmonates are a growing class of lipid-derived signaling molecules with diverse functions ranging from
the initiation of biotic and abiotic stress responses to the regulation of plant growth and development.
Jasmonate biosynthesis originates from polyunsaturated fatty acids in chloroplast membranes. In a first
lipoxygenase-catalyzed reaction molecular oxygen is introduced to yield their 13-hydroperoxy deriva-
tives. These fatty acid hydroperoxides are converted by allene oxide synthase and allene oxide cyclase
to 12-oxophytodienoic acid (OPDA) and dinor-OPDA, i.e. the first cyclic intermediates of the pathway.
In the subsequent step, the characteristic cyclopentanone ring structure of jasmonates is established
by OPDA reductase. Until recently, jasmonic acid has been viewed as the end product of the pathway
and as the bioactive hormone. It becomes increasingly clear, however, that biological activity extends
to and may even differ between the various jasmonic acid metabolites and conjugates as well as its bio-
synthetic precursors. It has also become clear that oxygenated fatty acids give rise to a vast variety of bio-
active compounds including but not limited to jasmonates. Recent insights into the structure, function,
and regulation of the enzymes involved in jasmonate biosynthesis help to explain how this variety is gen-
erated while specificity is maintained.

© 2009 Published by Elsevier Ltd.
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1. Introduction to jasmonate biosynthesis

Polyunsaturated fatty acids (PUFAs) including linoleic acid
(18:2), linolenic acid (18:3) and hexadecatrienoic acid (16:3) are
abundant in chloroplast membranes and are readily oxidized to
yield the corresponding fatty acid hydroperoxides. Under condi-
tions of oxidative stress, fatty acid hydroperoxides are formed by
free-radical-catalyzed oxidation of PUFAs and may be further
oxidized non-enzymatically to generate phytoprostanes, which
are considered to be archetypal mediators of oxidative stress
responses (Mueller, 2004). Alternatively, fatty acid hydroperoxides
are synthesized enzymatically involving lipoxygenase (LOX) or
o-dioxygenase (DOX) activities. While numerous positional
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isomers are generated as racemic mixtures during chemical lipid
peroxidation, the LOX-catalyzed regio- and stereo-specific dioxy-
genation of PUFAs at C9 or C13 results in the specific formation
of 9(S) and 13(S) hydroperoxy fatty acids, respectively. These
hydroperoxides are substrates for at least six different families of
enzymes, resulting in the formation of different classes of oxylipins
including jasmonates (JAs) (Blee, 2002; Feussner and Wasternack,
2002; Mosblech et al., 2009; Wasternack, 2007).

The committed step of JA biosynthesis (Fig. 1) is catalyzed by al-
lene oxide synthase (AOS), an unusual cytochrome P450 which does
not bind molecular oxygen but uses already oxygenated fatty acid
hydroperoxide substrates as oxygen donor and as source for reduc-
ing equivalents (Howe and Schilmiller, 2002; Werck-Reichhart
et al., 2002). The dehydration of 13(S)-hydroperoxy-octadecatrie-
noic acid (13-HPOT) by AOS results in the formation of an unstable
allylic epoxide (allene oxide), 12,13(S)-epoxy-octadecatrienoic acid

doi:10.1016/j.phytochem.2009.07.032

Please cite this article in press as: Schaller, A, Stintzi, A. Enzymes in jasmonate biosynthesis - Structure, function, regulation. Phytochemistry (2009),



http://dx.doi.org/10.1016/j.phytochem.2009.07.032
mailto:schaller@uni-hohenheim.de
http://www.sciencedirect.com/science/journal/00319422
http://www.elsevier.com/locate/phytochem
http://dx.doi.org/10.1016/j.phytochem.2009.07.032

2 A. Schaller, A. Stintzi/ Phytochemistry xxx (2009) xxX-Xxx

)
: (ﬁ :
v
18:3 < b e > 16:3 <
LOX l l LOX
13-HPOT - ™. > 11-HPHT
l chloroplast l
12,13-EOT 10,11-EHT
w | |
OPDA <" T dNOPDA
N >/ //

CTS

°P“31 1

OPC8:0 — OPC8-CoA OPC6:0

OPC6-CoA

JA- COA OPC4-CoA

ACH

COOH

peroxisome
o /

Fig. 1. Jasmonate biosynthesis. Polyunsaturated fatty acids (18:3 and 16:3) are
converted to OPDA and dnOPDA by the consecutive action of plastid-localized
lipoxygenase (LOX), allene oxide synthase (AOS), and allene oxide cyclase (AOC).
Within peroxisomes, jasmonic acid is formed by oxophytodienoate reductase 3
(OPR3) followed by three cycles of B-oxidation (see text for further details and
abbreviations). Broken arrows represent the lipase-mediated release of pathway
substrates and intermediates from chloroplast membranes, which is still partly
hypothetical (modified from Schaller and Stintzi (2008)).

(12,13-EOT). In aqueous media, 12,13-EOT is hydrolyzed spontane-
ously into o~ and y-ketols, or undergoes cyclization to form 12-oxo-
phytodienoic acid (OPDA) (Brash et al., 1988). As opposed to
spontaneous cyclization which yields a racemate of OPDA enantio-
mers, optically pure (95,135)-OPDA is formed as the predominant
product in the presence of allene oxide cyclase (AOC) (Hamberg
and Fahlstadius, 1990). In a parallel pathway, dinor-OPDA (dnOP-
DA) is generated by AOS and AOC from 11(S)-hydroperoxy-hexa-
decatrienoic acid (11-HPHT; Fig. 1) (Weber et al., 1997). The short
half-life of allene oxides in water (20 s at 0 °C and pH 7.4) (Brash
et al., 1988) and the optical purity of endogenous OPDA (Laudert
et al., 1997) suggest tight coupling of the AOS and AOC reactions
in vivo. While coupling is in fact required to establish the absolute
configuration of the substituted cyclopentanone ring of JAs, physi-
cal contact of AOS and AOC in an enzyme complex does not seem
to be required for stereochemical control of the cyclization reaction
(Zerbe et al., 2007).

The formation of (9S5,13S)-OPDA and (7S, 11S)-dnOPDA as the
first cyclic intermediates concludes the plastid-localized part of
the JA biosynthetic pathway. The remaining steps of JA biosynthe-
sis are located in peroxisomes raising the question as to how OPDA
(and/or dnOPDA) is released from chloroplasts and taken up by
peroxisomes. While specific transporters for OPDA have not been
identified, there is evidence that the peroxisomal ATP-binding cas-
sette (ABC) transporter COMATOSE (CTS (Footitt et al., 2002), also
known as PXA1 (Zolman et al.,, 2001) or PED3 (Hayashi et al.,

2002)) mediates import of OPDA, and thus contributes to the bio-
synthesis of JAs (Theodoulou et al., 2005). CTS catalyzes the ATP-
dependent uptake of multiple B-oxidation substrates into peroxi-
somes. Reduced levels of JAs, impaired wound-induced JA accumu-
lation, and reduced expression of the JA-dependent VSP1 gene in
the cts mutant suggest that (dn)OPDA or the corresponding CoA es-
ters are among the CTS substrates (Theodoulou et al., 2005). How-
ever, as indicated by residual JA levels in the cts mutant, additional
pathways for (dn)OPDA import must exist. CTS-independent up-
take of (dn)OPDA into peroxisomes may in part be explained by an-
ion trapping as a result of the pH difference between peroxisomes
and the cytoplasm (Theodoulou et al., 2005).

A peroxisomal OPDA reductase (OPR) catalyzes the subsequent
step in JA biosynthesis, i.e. the reduction of the cyclopentenone
ring of (9S5,13S)-OPDA and dnOPDA to 3-oxo0-2-(2'(Z)-pentenyl)-
cyclopentane-1-octanoic (OPC-8:0) and hexanoic (OPC-6:0) acids,
respectively (Fig. 1). The JA precursors OPDA and dnOPDA (i.e.
cyclopentenones) and JAs (i.e. cyclopentanones) differ in bioactiv-
ity (Blechert et al., 1999; Stintzi et al., 2001; Taki et al., 2005). The
reduction of the cyclopentenone ring may therefore be particularly
important, as it controls the relative levels of these two classes of
signaling molecules. The reaction is catalyzed by OPR3, which is
the only member of a small family of related enone reductases
accepting the (9S,13S)-enantiomer of OPDA as a substrate (Schaller
et al., 2000; Stintzi and Browse, 2000; Strassner et al., 2002).

The shortening of the hexanoic and octanoic acid side chains of
OPC-6:0 and OPC-8:0 yields jasmonic acid and involves two or
three rounds of B-oxidation, respectively. Prior to entry into the
B-oxidation cycle, the carboxylic moiety needs to be activated as
CoA ester. In Arabidopsis thaliana, there is a large family of 63
ATP-dependent acyl-activating enzymes potentially involved in
this process (Shockey et al., 2003). Within this family, a subgroup
of fatty acyl-CoA synthetases was shown to activate JA precursors
in vitro, including OPDA, dnOPDA, OPC-8:0, and OPC-6:0 (Kienow
et al., 2008; Koo et al., 2006; Schneider et al., 2005). However, a
physiological role in JA biosynthesis was confirmed for only one
of them, OPCL1 (OPC-8:CoA ligase 1, locus At1g20510) (Koo
et al., 2006). Loss-of-function mutants for OPCL1 hyper-accumu-
late OPC-8:0, OPC-6:0, and OPC-4:0 suggesting a partial metabolic
block in OPC-CoA ester formation (Kienow et al., 2008). The
mutants are also compromised in wound-induced JA accumulation
which is consistent with a role of OPCL1 in JA biosynthesis. How-
ever, about 50% of wild-type levels remain in the mutants indicat-
ing that OPCL1 is responsible for only part of the wound-induced
JA production, and that additional acyl-CoA synthetases may be
involved (Kienow et al., 2008; Koo et al., 2006). The available data
are consistent with the view that OPCs are activated as CoA esters
within peroxisomes and subsequently channeled into -oxidation.
The formation of OPDA-CoA and dnOPDA-CoA either in the cytosol
or within peroxisomes prior to the reduction by OPR3 remains an
alternative possibility.

Beta-oxidation itself involves three core enzymes, acyl-CoA oxi-
dase (ACX), multifunctional protein (MFP; comprising enoyl-CoA
hydratase and B-hydroxy-acyl-CoA dehydrogenase activities), and
3-ketoacyl-CoA thiolase (Fig. 1). Despite early findings implicating
B-oxidation in JA biosynthesis (Vick and Zimmerman, 1984), direct
evidence for the contribution of these enzymes is very recent.
ACX1A was shown to catalyze the first step in the p-oxidation of
OPC-8:0-CoA, and was found to be responsible for the bulk of
wound-induced JA production in tomato (Li et al., 2005). Consis-
tent with its essential role in JA biosynthesis, the acx1 tomato
mutant is impaired in wound-induced defense gene activation and
insect resistance (Li et al., 2005). In Arabidopsis, ACX1 is responsible
for about 80% of JA production after wounding (Cruz Castillo et al.,
2004; Schilmiller et al., 2007), and only the acx1/5 double mutant
showed severe JA deficiency symptoms (Schilmiller et al., 2007).
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Fig. 2. Reaction mechanisms proposed for CYP74s, AOC, and OPR3. In CYP74s (top panel), the terminal oxygen of the hydroperoxide substrate coordinates the heme iron.
Asn321 assists in the homolytic cleavage of the 0O-0 bond. The resulting alkoxyl radical adds to the C11=C12 double bond leading to the formation of an epoxide with an
unpaired electron at C11 as the common intermediate of both, the AOS and the HPL reactions. One-electron-oxidation by the ferryl center and the formation of a carbocation
at C11 are favored by Phe137 in the AOS as opposed to the HPL-catalyzed reaction. Finally, a C=C double bond is generated adjacent to the epoxide upon proton abstraction

resulting in the formation of 12,13-EOT (allene oxide). Upon binding to AOC (middl

e panel), the epoxide oxygen of 12,13-EOT is coordinated by a bound water molecule.

Delocalization of the C15=C16 double bond by Glu23 assists in epoxide opening and the resulting oxyanion is stabilized by the bound water molecule. Critical for

stereoselectivity is the trans—cis isomerization around the C11-C10 bond enforced by

hydrophobic parts of the binding pocket, followed by ring closure as the final step in the

formation of (9S,13S)-OPDA. OPDA is then bound above the si face of the flavin cofactor of OPR3 (bottom panel). Its carbonyl oxygen forms hydrogen bonds with His186 and
His189 leading to a polarization of the o,B-double bond. Consequently, hydride transfer from the reduced flavin cofactor to the substrate CB is facilitated, followed by a

protonation of the Cot by Tyr191. Substrates, reaction intermediates, and products are

shown in black; enzyme-bound cofactors and amino-acid residues involved in catalysis

are indicated in red, blue, and gold for CYP74s, AOC2, and OPR3, respectively. (Modified from Lee et al. (2008), Hofmann and Pollmann (2008), and Breithaupt et al. (2001);

residues numbered according to the Arabidopsis sequences.)

The Arabidopsis aim1 mutant disrupted in one of two MFP genes is
similarly impaired in wound-induced accumulation of JA and the
expression of JA-dependent genes (Delker et al., 2007). Among
the five 3-ketoacyl-CoA thiolase genes in Arabidopsis, KAT2 appears
to be the one most relevant for JA biosynthesis. In transgenic plants
silenced for KAT2 expression, a reduction in wound-induced JA
accumulation and JA-dependent marker gene (JR2) expression
was observed (Cruz Castillo et al., 2004). As the final step in jas-
monic acid biosynthesis, jasmonoyl-CoA is supposedly hydrolyzed
to release the free acid. Candidate acyl-thioesterases have been
identified in Arabidopsis, two of which appear to be peroxisomal
(AtACH1 and AtACH2) (Tilton et al.,, 2000, 2004), but a direct
involvement in JA biosynthesis remains to be shown.

It becomes apparent from the above discussion that of all the
steps involved, only those catalyzed by AOS, AOC, and OPR3 are
truly committed to the JA biosynthetic pathway. Crystal structures

of these enzymes have recently been solved and in the remainder
of this article, we will focus on the findings of these studies. For
other aspects of JA biosynthesis, JA conjugation and metabolism,
as well as JA activity and signaling the reader is referred to articles
published elsewhere (Browse, 2005; Delker et al., 2006; Schaller
and Stintzi, 2008; Schaller et al.,, 2005; Schilmiller and Howe,
2005; Wasternack, 2007) and also in this issue of Phytochemistry.

2. Allene oxide synthase (AOS)

Allene oxide synthases differ in specificity for 9(S) and/or 13(S)
hydroperoxy fatty acids which are generated by cytosolic 9-LOX
and plastidial 13-LOX activities. 13-A0S was first cloned from flax-
seed (Song et al., 1993). It is encoded by a single gene in Arabidopsis
as compared to two genes in tomato (Howe et al., 2000; Laudert
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et al., 1996; Sivasankar et al., 2000). Consistent with plastid-local-
ized 13-LOX activity, all known 13-A0Ss - with the single excep-
tion of AOS from guayule (Pan et al., 1995) - are targeted to
plastids, where they associate with plastid membranes (Farmaki
et al., 2007; Froehlich et al., 2001) and plastoglobules (Vidi et al.,
2006). Membrane binding is not mediated by transmembrane heli-
ces nor lipid anchors, but rather by a large non-polar patch of
2400 A2 at the enzymes surface. Substrates appear to access the ac-
tive site from within this region which is consistent with their
localization in plastid membranes (Lee et al., 2008).

AOSs belong to an atypical cytochrome P450 subfamily, the
CYP74 enzymes. Unlike other P450s, they do not require molecular
oxygen nor NAD(P)H-dependent cytochrome P450 reductases as
cofactors, but use their hydroperoxide substrates as source for
reducing equivalents and as oxygen donor (Howe and Schilmiller,
2002; Werck-Reichhart et al., 2002). While most P450s function as
monooxygenases, CYP74 enzymes rearrange their fatty acid hydro-
peroxide substrates into various structurally different products:
13-A0Ss catalyze the formation of 12,13-(S)-epoxy-octadecanoic
acid and 10,11-(S)-epoxy hexadecatrienoic acid (10,11-EHT) as the
first committed step of JA biosynthesis, whereas divinyl ether syn-
thases (DESs) convert hydroperoxides to divinyl ethers, and hydro-
peroxide lyases (HPLs) produce short-lived hemiacetals that
decompose to aldehydes and w-fatty acids (Howe and Schilmiller,
2002; Stumpe and Feussner, 2006) (Fig. 2, top panel). The crystal
structures recently solved for 13-A0Ss from Arabidopsis and guayule
(Parthenium argentatum)reveal that these plant CYP74s share a com-
mon fold with other P450s and provide a rationale for their unique
reaction specificity (Lee et al., 2008; Li et al., 2008).

In both the guayule and the Arabidopsis AOS structures and sim-
ilar to classical P450s, the heme group is inserted between two
conserved o-helices, the I- and the L-helix. The fifth ligand for
the heme iron is provided by a conserved cysteine which is located
in the loop between helices K’ and L. Within this loop, however, a
nine amino-acid insertion is one of the most prominent distinctive
features of CYP74s as compared to other P450s (Lee et al., 2008). As
a result of this insertion, the Fe-S bond is significantly longer in
CYP74s which affects the redox properties of the heme iron and
has important consequences for reactivity and product specificity
(see below).

CYP74s do not bind molecular oxygen and this is reflected in the
absence of a generally conserved (A/G)GxxT oxygen-binding motif
within the I-helix. In conventional P450s, the conserved Gly of the
I-helix motifis positioned above the heme iron. This position is occu-
pied by an Asn residue which is conserved in AOSs (N276 and N321
in guayule and Arabidopsis AOS, respectively) and other CYP74s. The
carboxamide group of the Asn side chain is catalytically important as
it assists in the homolytic cleavage of the O-0 bond of the hydroper-
oxide substrate (Fig. 2, top panel). The resulting alkoxyl radical (RO")
adds to the substrate C11=C12 double bond to generate an epoxide
between C12 and C13 and a carbon-centered radical (C') at C11. Sta-
bilization of this radical and the incipient carbocation at C11 (C*) is
important in AOS to favor oxidation (transfer of the electron to the
ferryl center), whereas C-C scission in the HPL and DES catalyzed
reactions results in the production of hemiacetals and divinyl ethers,
respectively. Lee et al. (2008) hypothesized that the aromatic rt-sys-
tem of a nearby Phe residue (F137) may be important for the stabil-
ization of the radical, and may thus be essential for product
specificity of CYP74s (Fig. 2, top panel). F137 was in fact found to
be strictly conserved in all known AOS sequences, and replaced by
Leu in HPL and DES. The critical role of F137 in AOSs was further con-
firmed by site-directed mutagenesis. Substitution of F137 in Arabid-
opsis and rice AOS with Leu resulted in altered product specificity:
12-oxododecenoic acid rather than allene oxide was identified as
the reaction product indicating robust HPL activity for the site-direc-
ted mutants (Lee et al., 2008). A similar change in reaction specificity

was observed in a 9-A0S from tomato (SIAOS3), when F295 was
changed to isoleucine by site-directed mutagenesis. The F2951 mu-
tant showed HPL activity producing 9-oxononanoic acid from 9-
HPOD. F295 is located next to the catalytically important Asn
(N296) in the I-helix of LeAOS3 (Toporkova et al., 2008). Whether
or not F295 of SIAOS3 plays arole similar to F137 in 13-A0S from Ara-
bidopsis and stabilizes a radical intermediate of the 9-AOS reaction
remains to be seen.

It is evident that CYP74s evolved by precluding the monooxy-
genation chemistry of typical P450s, and the crystal structures
provide fascinating insights into how the reactivity of reaction
intermediates is controlled in order to achieve different product
specificities in individual members of the CYP74 subfamily.

3. Allene oxide cyclase (AOC)

The allylic epoxides produced by AOS (12,13-EOT from 18:3
and 10,11-EHT from 16:3; Fig. 1) are highly unstable in water. Ra-
pid hydrolysis results in the formation of o- and 7y-ketols, and
spontaneous cyclization yields (dn)OPDA in a racemic mixture
of cis(+) and cis(—) enantiomers (i.e. the (95,13S) and (9R,13R)
enantiomers of OPDA, respectively) (Brash et al., 1988). In pres-
ence of AOC, the cis(+)-isomers of OPDA and dnOPDA are formed
exclusively as precursors of bioactive JAs. AOC is thus crucially
important to establish the enantiomeric structure of the cyclo-
pentenone ring.

The enzyme was first isolated from corn seeds (Ziegler et al.,
1997) and a few years later cloned from tomato (Ziegler et al.,
2000). AOC is encoded by a single gene in tomato and a small gene
family in Arabidopsis (Stenzel et al., 2003b). Despite comprehensive
analyses of substrate specificity (Ziegler et al., 1999), the mecha-
nism by which stereochemical control is exerted on the cyclization
reaction remained enigmatic until the recent elucidation of several
crystal structures for Arabidopsis AOCs (Hofmann and Pollmann,
2008; Hofmann et al., 2006; Levin et al., 2007).

Considering the fact that cyclization occurs spontaneously in
aqueous solution, AOC does not need to be much of a catalyst in
terms of lowering the activation energy barrier. Rather, the protein
environment imposes steric restrictions on the substrate’s hydro-
carbon tail in the AOC-mediated as opposed to the spontaneous
cyclization reaction, and these restrictions are sufficient to enforce
the necessary conformational changes resulting in stereoselectivity
(Hofmann et al., 2006). Consistent with this mechanism of action,
the substrate binding site is located within a rigid barrel and bind-
ing of the substrate or the transition state does not involve any
induced fit mechanism (Hofmann and Pollmann, 2008). Binding
and correct positioning of the substrate 12,13-EOT is facilitated
by the hydrophobic protein environment and very few ionic
interactions, involving a tightly bound water molecule and Glu23
(Arabidopsis AOC2 numbering; Fig. 2, middle panel), which was
shown to be essential for AOC activity (Schaller et al., 2008).

Interestingly, AOCs appear to be distantly related to dirigent
proteins (Pleiss and Schaller, unpublished observation) and the
somewhat passive role of AOCs in the stereoselective synthesis of
(9S,13S)-0OPDA is reminiscent of the way in which dirigent proteins
promote stereoselective formation of lignans. Lignan biosynthesis
involves the regio- and stereochemically controlled oxidative cou-
pling of two phenols, e.g. the formation of (+)-pinoresinol from two
molecules of coniferylalcohol (Davin et al., 1997). In a first oxida-
tive step, resonance-stabilized phenoxy radicals are formed which,
in the absence of dirigent proteins, couple randomly to result in a
mixture of racemic lignans. Dirigent proteins lack a catalytic center
and were shown to promote stereoselective coupling by binding
and orienting the free radical intermediates (Davin and Lewis,
2005; Davin et al.,, 1997).
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First and foremost, dirigent proteins and AOCs appear to be
binding proteins for unstable lipophilic substrates (phenoxy radi-
cals and allene oxides, respectively). Their protein scaffold pre-
cludes all but one of the possible reaction channels of the
protein-bound substrates resulting in stereochemical control in
the synthesis of lignans and OPDA, respectively. Such a mechanism
of action is reminiscent of the way in which molecular chaperones
assist in protein folding. Chaperones do not themselves increase
the rate of individual folding steps, but rather increase the effi-
ciency of the overall process by reducing the probability of com-
peting reactions (Dobson, 2003). Considering the importance of
the hydrophobic protein environment and the mere binding of
the substrates for dirigent protein and AOC activity, one might sus-
pect that these proteins and their specific functions have evolved
from more general binding proteins of hydrophobic ligands, e.g.
lipocalins (Flower et al., 2000). Lipocalins, like AOCs, are B-barrel
proteins comprising a central hydrophobic cavity for binding of
small lipophilic molecules with functions in e.g. olfaction, phero-
mone transport, retinol transport, and invertebrate cryptic colora-
tion (Charron et al., 2005). However, there is only very limited
sequence similarity between lipocalins on the one, and AOC and
dirigent proteins on the other hand. Therefore, the topological sim-
ilarity observed between AOCs and lipocalins (Hofmann and Poll-
mann, 2008; Hofmann et al., 2006) may well be the result of
convergent evolution.

4. 12-Oxophytodienoate reductase 3 (OPR3)

OPR3 belongs to a small family of related flavin-dependent
oxidoreductases comprising at least three members in tomato,
six in Arabidopsis, six in pea, eight in maize, and 10 in rice. The
JA-deficient phenotype of OPR3 loss-of-function mutants in Arabid-
opsis (Sanders et al., 2000; Stintzi and Browse, 2000) and tomato
(Stintzi and Bosch, unpublished) indicates that other OPR isoforms
cannot substitute for OPR3 in JA biosynthesis. This is somewhat
surprising since all OPRs catalyze the reduction of o,B-unsaturated
carbonyls (conjugated enones) and their broad substrate spectrum
may even include (9R,13R)-OPDA. However, the in vitro reduction
of (9R,13R)-OPDA is physiologically irrelevant, since only the
(95,13S)-0OPDA enantiomer is a precursor of bioactive jasmonic
acid. The unique function of OPR3 in jasmonate biosynthesis is a
result of its relaxed stereoselectivity with respect to OPDA stereo-
isomers. The physiologically relevant (9S,13S)-enantiomer of OPDA
is not a substrate for the majority of OPRs, but is reduced exclu-
sively by OPR3 from tomato and Arabidopsis, and orthologs in other
species (OsOPR7) (Breithaupt et al., 2001, 2006; Jung et al., 2007;
Schaller et al., 2000; Schaller and Weiler, 1997; Sobajima et al.,
2003; Strassner et al., 1999, 2002).
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