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ABSTRACT

The jasmonic acid (JA) signaling pathway is used by plants to control wound responses. The persistent

accumulation of JA inhibits plant growth, and the hydroxylation of JA to 12-hydroxy-JA by JASMONATE-

INDUCED OXYGENASEs (JOXs, also named jasmonic acid oxidases) is therefore vital for plant growth,

while structural details of JA recognition by JOXs are unknown. Here, we present the 2.65 Å resolution

X-ray crystal structure of Arabidopsis JOX2 in complex with its substrate JA and its co-substrates

2-oxoglutarate and Fe(II). JOX2 contains a distorted double-stranded b helix (DSBH) core flanked by a

helices and loops. JA is bound in the narrow substrate pocket by hydrogen bonds with the arginine triad

R225, R350, and R354 and by hydrophobic interactions mainly with the phenylalanine triad F157, F317,

and F346. The most critical residues for JA binding are F157 and R225, both from the DSBH core, which

interact with the cyclopentane ring of JA. The spatial distribution of critical residues for JA binding and

the shape of the substrate-binding pocket together define the substrate selectivity of the JOXs.

Sequence alignment shows that these critical residues are conserved among JOXs from higher plants.

Collectively, our study provides insights into the mechanism by which higher plants hydroxylate the

hormone JA.
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INTRODUCTION

Jasmonates are phytohormones that are especially important

in the response to wounding, herbivore damage, and necrotro-

phic pathogens (Wasternack and Strnad, 2016). In plants,

jasmonates exist as derivatives that can be biologically active,

inactive, or have reduced activity (Wasternack and Strnad,

2016). The most active jasmonate is jasmonic acid-isoleucine

(JA-Ile), the Ile conjugate of JA (Fonseca et al., 2009). Upon

wounding or herbivore attack, JA-Ile is produced and is sensed

by the COI (coronatine-insensitive 1) receptor complex, which
820 Molecular Plant 14, 820–828, May 3 2021 ª The Author 2021.
then promotes the degradation of JAZ (jasmonate ZIM domain)

proteins, resulting in the de-repression of JA-regulated genes,

e.g., PDF1.2 (Xie et al., 1998; Devoto et al., 2002; Thines et al.,

2007; Katsir et al., 2008; Fernandez-Calvo et al., 2011; Niu

et al., 2011; Zhu et al., 2011; Yan et al., 2018). However, the

accumulation of JA and JA-Ile can inhibit plant growth (Huot

et al., 2014). Plants regulate the levels of JA and JA-Ile by
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converting them to the biologically inactive forms 12-OH-JA and

12-OH-JA-Ile, respectively (Wasternack and Strnad, 2016).

In 2017, four JASMONATE-INDUCED OXYGENASEs (JOXs,

JOX1–4, also named jasmonic acid oxidases [JAOs]) were found

to catalyze the hydroxylation of JA to 12-OH-JA in the model plant

Arabidopsis thaliana (Figure 1A) (Caarls et al., 2017; Smirnova

et al., 2017). An Arabidopsis quadruple jox mutant, joxQ,

displayed reduced growth, constitutively elevated JA and JA-Ile

levels, and enhanced defense against insects and fungi (Caarls

et al., 2017). The oxidation of JA to 12-OH-JA can be considered

ametabolic shunt that diverts JA fromconversion to JA-Ile, the bio-

logically active formof jasmonate (Smirnova et al., 2017). The JOXs

form a single paralogous family, clade 46 of dioxygenase class C

(DOXC) of the 2-oxoglutarate (2OG)-dependent oxygenase super-

family in Arabidopsis (Kawai et al., 2014). Plant 2OG-dependent

oxygenases have been classified into three classes, DOXA

(dioxygenases A, homologs of Escherichia coli AlkB, a DNA

repair protein that responds to alkylating agents), DOXB

(dioxygenases B, which contain a prolyl 4-hydroxylase domain),

and DOXC (Kawai et al., 2014). DOXC is the largest and most

functionally diverse class of plant 2OG-dependent oxygenases

that act in the metabolism of phytohormones such as ethylene,

gibberellins, auxin, and salicylic acid (Kawai et al., 2014).

Because the genetic removal of only JOX2 is sufficient to

increase JA-Ile signaling and resistance to attackers, we chose

JOX2 for crystallography and related assays (Smirnova et al.,

2017). Here, we report the three-dimensional structure of Arabi-

dopsis JOX2 in complex with the substrate JA and the co-sub-

strates 2OG and iron, revealing critical residues for substrate

binding and hydroxylation.
RESULTS AND DISCUSSION

Overall structure

We obtained homogeneous recombinant full-length JOX2 protein

(residues 1–371) from E. coli (Supplemental Figure 1A and 1B).

Inductively coupled plasma mass spectrometry (ICP–MS)

showed that 65.5% of the protein contained iron, whereas 18.2%

contained zinc instead of iron owing to the expression of this

metalloenzyme in E. coli. Crystallization was not successful until

JA was added to the protein solution, suggesting that JA

stabilized the conformation of JOX2 for crystal packing. Size-

exclusion chromatography of JOX2 supplemented with JA indi-

cated that JOX2 was a monomer in solution, and crystal packing

of one asymmetric unit showed that two protein molecules formed

a symmetry-mate dimer (Supplemental Figure 1A and 1C). The

structure was determined at 2.65 Å (Supplemental Table 1).

Residues D18–P50, A59–L70, and D78–P370 of JOX2 were built

into the model; other residues were not because their electron

density was not detected owing to flexibility or disorder

(Figure 1B). Extra electron density inside JOX2 was observed and

provided positional information for a 2OG, an iron atom, and a JA

substrate (Supplemental Figure 2). JA adopts the trans form (with

respect to the cyclopentane ring) (3R,7R)-JA, which is more

stable than the cis form (3R,7S)-JA (Supplemental Figure 2).

The JOX2 molecule contains an N-terminal region (residues M1–

E218), a distorted double-stranded b helix (DSBH) core (residues

N219–P320), and a small C-terminal region (residues K321–R371)
(Figure 1B and Supplemental Figure 3). The N-terminal region

contains six a helices (a1–a6) and four b strands (bN1–bN4).

The DSBH core has eight conserved b strands (bI–bVIII) and a

short a helix (a7) between the bVI and bVII strands. It should be

noted that, although the bII strand (residues L241–D246)

appears as a loop in the structural model, a Ramachandran plot

of its residues shows that they all fall into the b strand region

(Supplemental Figure 4). The C-terminal region contains two a

helices, a8 and a9 (Figure 1B and Supplemental Figure 3). The

iron and 2OG reside in the DSBH core, whereas the JA lies in a

region surrounded by both the DSBH core and the N- and

C-terminal regions (Figure 1B). The DSBH core and the

positioning of 2OG, Fe, and substrate are conserved among

2OG-dependent oxygenases (Supplemental Figure 5A and 5B).

In JOX2, the distance between the iron and the C12 carbon

atom of JA, which is proposed to undergo the oxygenation

reaction, is 4.4 Å, which is consistent with oxidation via initial

hydrogen atom abstraction followed by rapid hydroxylation

(Supplemental Figure 2) (Aik et al., 2015).

Analysis of the active site of JOX2

The active site of JOX2 consists of 2OG, iron, and critical residues

that interact with them (Figure 2A). The 2OG is bound by residues

from the DSBH core through hydrogen bonds and hydrophobic

interactions. Hydrogen bonds are formed between the C5

carboxyl groupof 2OGand the side-chain aminoor hydroxyl groups

of residues Y229, R311, and S313 (Figure 2A). The non-polar

residues L241, L253, L262, V303, and A315 interact with carbon

atoms of 2OG through hydrophobic interactions. The iron atom is

coordinated by the conserved residues His-X-Asp/Glu.His, also

called the facial triad (Figure 2A) (Hausinger, 2015). The

coordination number of iron is six, three of which come from the

side-chain nitrogen or oxygen atoms of the facial triad, i.e., residues

H244, D246, and H301 in JOX2. The other three coordination sites

come from the two oxygen atoms of the C1 carboxyl group and

one oxygen atom of the ketone group of 2OG. Analysis of reported

2OG-dependent oxygenase structures, e.g., VioC (PDB: 6ALM),

suggests that the C1 carboxyl group of 2OGmust rearrange its po-

sition cis to the distal His (H244 of JOX2) to allow dioxygen binding

(i.e., 2OG provides two coordination sites for iron). This rearrange-

ment may be one of the rate-limiting steps in the catalytic reaction

of 2OG oxygenases (Supplemental Figure 6) (Yang et al., 2008; Aik

et al., 2015; Mitchell et al., 2017). In the JOX2 structure, the C1

carboxyl group of 2OG is not cis to H301 (Figure 2A). An additional

hydrogen bond is observed between one oxygen atom of the C1

carboxyl group of 2OG and a side-chain nitrogen of residue N227,

which influences the position of the C1 carboxyl group of 2OG

(Figure 2A). The hydroxylation reaction did not occur in the crystal

because no reducing reagent was added to the protein and well

buffer.

Factors that determine the substrate selectivity of JOX2

Two factors determine the substrate selectivity of JOX2, one of

which is the shape of its substrate pocket (Figure 2B). The

substrate pocket of JOX2 is long and narrow and is occupied by

2OG and JA. The shape of the pocket suggests that JA binding

occurs after that of 2OG (because JA binding occludes access to

the 2OG binding pocket) and that after the reaction, the 12-OH-

JA product may be released before the succinate. It is likely that

the binding of 2OG and iron influence the binding of the JA
Molecular Plant 14, 820–828, May 3 2021 ª The Author 2021. 821



Figure 1. The hydroxylation reaction catalyzed by JOX and the overall structure of the JOX2 complex.
(A) The hydroxylation reaction catalyzed by JOX. The green dashed box indicates the atoms that are different from MeJA and JA-Ile.

(B) Overall structure of the JOX2 complex: left, front, and back views. The b strands are colored light blue, and the a helices and loops are colored lime

green. Numbering of b strands and a helices is labeled. 2OG and JA are shown as sticks, and oxygen atoms are colored red. Iron is shown as brown

spheres. ‘‘N’’ and ‘‘C’’ indicate the N and C termini of JOX2, if visible, in the respective views.
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substrate,asNMRstudiesonAlkBhave revealed that thebindingof

2OGand Fe(II) substantially stabilizes the structure of the substrate

pocket (Bleijlevens et al., 2008; Ergel et al., 2014). JA and its

derivatives differ in the atoms conjugated to the carboxyl group

of JA (Figures 1A and 2C). It seems that the substrate pocket of

JOX2 cannot accommodate other JA derivatives such as methyl

jasmonate (MeJA) and JA-Ile (Figures 1A, 2B, and 2C). Isothermal

titration calorimetry (ITC) did not detect the binding of MeJA or

JA-Ile by JOX2, whereas the binding affinity between JA and

JOX2 was approximately 8.47 mM, suggesting that the binding

affinity between JA and JOX2 is higher than that of the other two

JA derivatives (Figure 2D and Supplemental Figure 7).

Furthermore, we used high-performance liquid chromatography–

mass spectrometry (HPLC–MS) to analyze the reaction product

of JOX2 after supplementation with JA, MeJA, or JA-Ile. 12-OH-

JA was detected when JOX2 was supplemented with JA, but 12-

OH-MeJAor 12-OH-JA-Ilewerenot detected in the other two reac-

tion samples (Supplemental Figure 8).

The residues for substrate binding are the second factor that de-

termines the substrate selectivity of JOX2 (Figure 3A). In the

substrate binding site of JOX2, critical residues for JA

interaction are found in the N-terminal region (a4–bN3 loop,

bN3–bN4 loop, and bN4 strand), the DSBH core (bI strand, bII

strand, bII–bIII loop, and bVIII strand), and the C-terminal region

(a8 helix) (Figure 3A and Supplemental Figure 3). The critical

residues that interact with JA can be classified according to
822 Molecular Plant 14, 820–828, May 3 2021 ª The Author 2021.
their residue properties. Residue H244 is a member of the facial

triad. It uses its side-chain carbon atoms to form hydrophobic in-

teractions with the C10–C12 carbon atoms of JA. The positively

charged residues R225, R350, and R354, named the arginine

triad here, are involved in hydrogen bonding with JA. Residue

R225 uses its primary amino group nitrogen to interact with the

ketone oxygen of the JA cyclopentane, whereas residues R350

and R354 form hydrogen bonds with their side-chain nitrogen

atoms to the JA carboxyl group. The three phenylalanine residues

F157, F317, and F346, named the phenylalanine triad here, use

their side chains to form hydrophobic interactions with JA carbon

atoms. In particular, the benzene ring of residue F157 is parallel to

the JA cyclopentane ring, thereby stabilizing the position of the

substrate in a manner similar to p-stacking between benzene

rings. Additional residues form hydrophobic interactions with

JA, including Y135, L142, L241, P247, and I353. In summary,

the position of JA is strictly bound by six hydrogen bonds and

one p-stacking residue, F157. It has been reported that precise

positioning of the substrate is indispensable for achieving selec-

tive oxidation of the correct substrate atoms and avoiding self-

oxidation of the 2OG oxygenase itself (Liu et al., 2001; Ryle and

Hausinger, 2002; Mantri et al., 2012).
Evaluation of the critical residues

We designed substitutions of JOX2 residues critical for the JA

interaction in order to evaluate our structural model and



Figure 2. Active site and substrate pocket of JOX2.
(A) Active site of JOX2. Yellow and cyan dashed lines denote hydrogen bonds (<3.5 Å) and coordinations with iron (<3.5 Å), respectively. The iron atom is

shown as a brown sphere. 2OG and critical residues are shown as sticks and colored by atom type: red for oxygen and blue for nitrogen. The C1 and C5

carbon atoms of 2OG are labeled. All the critical residues belong to b strands of the DSBH core, and their carbon atoms are colored light blue as in

Figure 1B.

(B) Sectional view of the JOX2 substrate pocket. JOX2 is colored as described in Figure 1B. The iron is shown as a sphere. JA and 2OG are shown as

sticks with oxygen atoms colored red.

(C) Chemical formula of MeJA and JA-Ile. In (B) and (C), the green dashed boxes indicate the atoms that differ among the jasmonates (please refer to

Figure 1A for the chemical formula of JA).

(D) ITC experiment results show the binding profiles of JA, MeJA, and JA-Ile to JOX2. The concentrations used were 500 mM for ligands and 50 mM for

JOX2 protein. Parameters are shown in the Supplemental figures.
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functional predictions. We also included residue D246, which

does not interact with JA but is a member of the facial triad.

Mutant proteins were purified from E. coli, and far-UV circular di-

chroism (CD) spectroscopy assays showed that the recombinant

proteins were well structured, similar to the wild-type (WT) JOX2

protein (Supplemental Figures 1B and 9). In vitro binding assays

with ITC revealed that the binding affinity of JOX2 for JA was

about 8.47 mM, whereas the binding affinity of JA to mutant

proteins reached the measurement limit of ITC (Supplemental

Figure 7A). Although weak heat changes could be detected

with R350A, R354A, and F317A mutants, the results could not

be calculated precisely (Supplemental Figure 7B). We also tried

a fluorescence-based method to determine the Km and Vmax

values of JOX2 WT and mutant proteins. Although both the Km

and Vmax values of the mutants decreased compared with the

WT, the results from four mutants (H244A, R225A, F157A, and

Y135A) were low and erratic and could not be properly fitted to

the Michaelis–Menten function (Supplemental Figure 10).

Therefore, we turned to the investigation of in vitro enzyme
activity and in planta effects of the mutant proteins in order to

evaluate the roles of the critical residues (Figures 3B and 4A–

4D and Supplemental Figure 11).

The enzyme activity of the recombinant proteins, determined by

measuring the production of 12-OH-JA from JA, showed a com-

plete loss-of-function in the H244A, R225A, and F157A mutants

(Figure 3B). Overexpression of the corresponding mutant genes

in the Arabidopsis joxQ mutant also did not restore the growth

phenotype (Figure 4A and 4B and Supplemental Figure 11A) or

reduce expression of the JA marker gene PDF1.2 (Figure 4C)

and JA/JA-Ile levels (Figure 4D and Supplemental Figure 11B),

which are high in joxQ. By contrast, overexpression of the WT

JOX2 fully restored growth and lowered PDF1.2 expression and

JA/JA-Ile accumulation (Figure 4A–4D and Supplemental

Figure 11B). These data indicate that residues R225 and F157,

both of which are involved in the stabilization of the JA

cyclopentane ring, indeed play crucial roles in the activity of

the JOX2 enzyme (Figure 3A). Also, overexpression of the
Molecular Plant 14, 820–828, May 3 2021 ª The Author 2021. 823



Figure 3. Substrate binding site of JOX2 and in vitro evaluation
of critical residues for JA interaction.
(A) Substrate binding site of JOX2. The JA and critical residues are shown

as sticks and colored by atom type: red for oxygen and blue for nitrogen.

Carbon atoms of the critical residues are colored as in Figure 1B. Yellow

dashed lines denote hydrogen bonds (<3.5 Å).

(B) Enzyme activity of JOX2 and its mutants determined by their ability to

convert JA to 12-OH-JA. The relative enzyme activity was determined by

dividing the area of 12-OH-JA by the area of 10 ng IAA, which was added

to each sample as an internal reference. Data are presented as mean ±

SEM (standard error of the mean). The samples are colored according to

the properties of the residues: cyan for the facial triad, blue for the arginine

triad, pink for the phenylalanine triad, orange for other hydrophobic resi-

dues, and light pink for phenylalanine mutated to tyrosine. Statistical

analysis was performed by one-way ANOVA with Tukey’s correction for

multiple comparisons, significance was defined using p < 0.05, and those

significantly different from the WT are labeled with an asterisk.
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D246A-encoding gene in the joxQ mutant did not complement

plant growth or PDF1.2 expression and JA/JA-Ile levels, although

the recombinant D246A protein retained�26.7%of its enzymatic

activity in vitro (Figures 3B and 4A–4D and Supplemental

Figure 11A and 11B). The role of residue D246 is to coordinate

the iron atom with residues H244 and H301 and with 2OG.

D246 is at the opposite side of 2OG and the H244 and H301

residues (Figure 2A); it is therefore probable that the

coordination of iron without D246 can initiate the reaction to

some extent when both iron and 2OG are sufficient in the

in vitro enzyme assay (Figure 3B). Seven other substitutions,

R350A, R354A, F317A, F346A, Y135A, L142A, and I353A, all

resulted in proteins with reduced enzyme activity (Figure 3B).

Similarly, overexpression of the corresponding mutant genes

also partially complemented the growth phenotype, PDF1.2

expression, and JA degradation (Figure 4A–4D and
824 Molecular Plant 14, 820–828, May 3 2021 ª The Author 2021.
Supplemental Figure 11A and 11B). Therefore, we conclude

that residues F157 and R225 are crucial for binding the JA

substrate. Substitution of residues F157, F317, and F346 with

tyrosine did not affect JOX2 complementation of the

Arabidopsis joxQ mutant (Figure 4A–4D and Supplemental

Figure 11A and 11B). This confirms that the aromatic rings of

the three phenylalanine residues, especially F157, are crucial

for positioning JA, as they can be substituted with tyrosine but

not with alanine (Figure 3A and Supplemental Figure 3).
Critical residues are conserved in plants that contain
JOXs

The four Arabidopsis JOXs belong to clade 46 of the DOXC class,

which was defined by Kawai et al. (2014) based on phylogenetic

analysis of 2OG oxygenases from six representative plants

species: Chlamydomonas reinhardtii (Chlorophyta, green alga),

Physcomitrella patens (Bryophyta, moss), Selaginella

moellendorffii (Pteridophyta, club-moss), Arabidopsis (Angiosper-

mae), Oryza sativa (Angiospermae, rice), and Picea abies (Gymno-

spermae, Norway spruce) (Kawai et al., 2014). Members of clade

47, the clade most closely adjacent to clade 46, are

anthocyanidin or flavonol synthases, and we therefore speculate

that only the clade 46 members are JOXs (Kawai et al., 2014).

Clade 46 contains 17 genes, four from Arabidopsis, four from O.

sativa, and nine from P. abies. Sequence alignment of JOXs from

clade 46 shows that all the critical residues for JA interaction are

conserved, especially the arginine triad R225, R350, and R354,

indicating their importance for JA substrate binding

(Supplemental Figure 3). The other two critical residues F157 and

F346 are tyrosines in JOX1 and JOX3; this substitution did not

influence the enzyme activity of JOX2 (Figures 3B and 4A–4D

and Supplemental Figures 3 and 11B).

To explore how JOXs evolved a JA preference, we selected two

other DOXC enzymes whose structures have been solved: AtL-

DOX (Arabidopsis leucoanthocyanidin dioxygenase, i.e., antho-

cyanin synthase) from clade 47 and DmH6H (Datura metel hyo-

scyamine 6-hydroxylase) from clade 41 (Supplemental Figure 5)

(Wilmouth et al., 2002; Kluza et al., 2020). Structural

comparison shows that they share similar secondary structural

features with JOX2 (Supplemental Figure 5A). Structural

superimposition shows that the positions of 2OG, Fe/Ni, and

substrates are similar with respect to the DSBH cores

(Supplemental Figure 5B). Their sequence alignment with clade

46 shows that the facial triad for iron interaction and residues

Y229, R311, and S313 that form the hydrogen bond with 2OG

are strictly conserved, supporting their conserved 2OG-Fe-

dependent oxygenase activity. The arginine triad of JOXs

contains the most conserved critical residues for JA binding,

indicating that hydrogen bonds formed between the arginine

triad and JA are the most important feature for substrate

determination (Supplemental Figure 3).

Although JA is essential for plant defense, the persistent accumu-

lation of JA hampers plant growth. The JOXs are responsible for

themetabolic shunt of JA to 12-OH-JA, thereby playing vital roles

in the balance between defense and growth of plants. In this

study, we explained the two factors that determine the substrate

specificity of Arabidopsis JOX2: the shape of the substrate

pocket that rejects other jasmonates, and the critical residues,



Figure 4. In planta analysis of critical residues in JOX2.
(A) Growth phenotype of representative plants of Col-0, joxQ, and overexpression lines of JOX2 (WT and mutants) in the joxQ background. Col-0, wild-

type Arabidopsis; JoxQ, the jox1 jox2 jox3 jox4 quadruple mutant of Col-0.

(B) Growth of plants in (A) shown with a box chart. Each data point represents the mean (shown with solid dots inside the boxes) of 24 biological rep-

licates. Box range indicates the SE.

(C) PDF1.2 gene expression in the plants in (A).

(D) JA accumulation in the plants in (A).

In (C) and (D), each data point represents themean of four biological replicates; error bars indicate the SE. In (B)–(D), the data are colored according to the

residue properties: cyan for the facial triad, blue for the arginine triad, pink for the phenylalanine triad, orange for other hydrophobic residues, and light

pink for phenylalanine mutated to tyrosine. Statistical analysis was performed by one-way ANOVA with Tukey’s correction for multiple comparisons,

significance was defined using p < 0.05, and genotypes that differed significantly from the WT are labeled with an asterisk.
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especially the conserved arginine triad and phenylalanine triad,

which reject other non-jasmonate phytohormones. In conclusion,

our study provides a universal interpretation of how plant JOXs

recognize their JA substrate for hydroxylation.
METHODS

Protein expression and purification

The JOX2 gene (Genbank: NM_120642) was codon-optimized and ex-

pressed using a pHAT2 vector (Peranen et al., 1996) with an N-terminal

63 His tag in E. coli BL21 (DE3) strain. Protein expression was induced

by the addition of 0.2 mM isopropyl-b-D-thiogalactopyranoside to log-

phase cultures (optical density at 600 nm of 0.6) grown in LB medium

supplemented with 50 mg/ml ampicillin with shaking at 16�C for 16 h.

Cells were harvested by centrifugation and lysed by sonication with lysis

buffer (20 mM Tris–HCl, 150 mM NaCl, 20 mM imidazole [pH 7.5]).

Recombinant protein was collected from Nickel-Chelating Sepharose

Fast Flow columns (GE Healthcare) using elution buffer (20 mM Tris–

HCl, 150 mM NaCl, 300 mM imidazole [pH 7.5]) and further purified by

gel filtration chromatography with a Superdex 200 10/300 gel filtration col-

umn (GE Healthcare) equilibrated with storage buffer (20 mM Tris–HCl,

150 mM NaCl [pH 8.0]). The JOX2 mutant proteins were expressed and

purified with the same procedure.

Crystallization

WT JOX2 protein was concentrated to �10 mg/ml (determined with A280,

extinction coefficient 52, 495, i.e., absorbance 0.1% [=1 mg/ml] equals
A280 of 1.221) and supplemented with 5 mM JA (Sigma-Aldrich) for crys-

tallization. Crystallization was performed at 18�C using a sitting-drop

diffusion method with an Oryx4 robot (Douglas Instruments). Each drop

contained 0.25 ml protein and 0.25 ml reservoir solution equilibrated

against a 35 ml reservoir solution. Crystals for data collection were ob-

tained from reservoir solution containing 0.1 M HEPES (pH 7.5) and

1.26 M ammonium sulfate. Crystals were fast-frozen in liquid nitrogen

and stored for data collection.

Data collection and structure determination

Diffraction data were collected at the Shanghai Synchrotron Radiation

facility BL18U1 beamline. Data were indexed, integrated, and scaled

with HKL-2000 (Otwinowski and Minor, 1997). The initial phase was

obtained by molecular replacement using Phaser MR of the CCP4

software suite (Potterton et al., 2003) and the A. thaliana anthocyanidin

synthase structure (PDB: 1GP4; sequence identity, 33.0%) as a search

model (Wilmouth et al., 2002). The phase was optimized by interactive

model correction with COOT (Emsley and Cowtan, 2004) and

refinement with PHENIX (Adams et al., 2010) until the Rwork and Rfree

values converged. The final model was validated with MolProbity

(Chen et al., 2010). Data processing and refinement statistics are listed

in Supplemental Table 1. All structure figures were created using

PyMOL (DeLano, 2002).

ICP–MS

A JOX2 protein sample (26.21 mg/ml with a theoretical iron concentration

of 34.04 ppm [parts per million] [w/w] if each protein contains one iron

atom) was prepared in storage buffer. Protein sample (0.5 ml) and 3 ml
Molecular Plant 14, 820–828, May 3 2021 ª The Author 2021. 825
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HNO3 were added to a 10 ml PTFE tube, treated on an electric hot plate at

180�C until no obvious reaction was observed and the volume was <2 ml,

removed from the plate, cooled, and supplemented with ddH2O to

10 ml. The solution was analyzed on an iCAP Q instrument (Thermo

Scientific). The calculated results were 22.282 ppm for iron and 6.206

ppm for zinc.

Enzyme activity assay with HPLC–MS

JOX2 WT and mutant proteins were prepared in storage buffer. JA,

MeJA, JA-Ile, and indole-3-acetic acid (IAA) (all from Sigma) were dis-

solved in methanol. Each reaction sample contained 10 mg protein,

20 mM JA (or MeJA/JA-Ile), 2 mM a-ketoglutaric acid (2OG) (Sigma),

1 mM FeSO4, 5 mM sodium L-ascorbate (Sigma), 5 mM DTT, and

10 ng IAA (as an internal reference) and was adjusted to 100 ml with

storage buffer. The mixture was incubated at 30�C for 2 h for the hydrox-

ylation reaction and then preserved on ice. HPLC–MS was used to quan-

tify jasmonates in each reaction mixture. The samples were separated

using an Agilent 1260 Infinity HPLC system coupled online with an Agi-

lent 6520 Q-TOF mass spectrometer equipped with an ESI ion source.

The analytical column was an Agilent Extend-C18 column (2.1 3

100 mm, 3.5 mm). Isocratic elution was used with 80% (v/v) acetonitrile

plus 0.1% (v/v) formic acid at a flow rate of 0.3 ml/min. The MS param-

eters were: negative mode, gas temperature 345�C, drying gas flow

11 l/min, VCap 3.5 kV, and full scan mass range m/z 100–1200. The

qualitative analysis of MS data was performed using MassHunter soft-

ware. The values of relative enzyme activity were determined by dividing

the area of 12-OH-JA by the area of 10 ng IAA supplemented in each

measured sample.

CD

JOX2 WT and mutant proteins were prepared in 20 mM PBS buffer and

adjusted to 0.2 mg/ml. CD spectra were recorded on a Chirascan Plus

spectropolarimeter (Applied Photophysics) at room temperature with a

0.1-cm path length quartz cuvette. Data were recorded between 190

and 260 nm at a scanning speed of 60 nm/min. Each scan was obtained

by recording data points every 0.5 nm with a bandwidth of 2 nm and an

integration time of 1 s. Final spectra were the average of three scans

and were corrected by subtracting a spectrum of the PBS buffer recorded

under the same conditions.

ITC

JOX2 WT and mutant proteins were prepared in storage buffer. JA,

MeJA, and JA-Ile (Sigma-Aldrich) were dissolved in methanol and diluted

with storage buffer to a final concentration of 500 mM. Experiments were

performed at 25�C on a MicroCal PEAQ-ITC instrument (Malvern Pana-

lytical). The sample cell containing 400 ml protein (concentration, 50 mM)

was titrated with 17 successive injections of 500 mM JA, MeJA, or JA-Ile.

Acquired titration curves were fitted with the Origin 7.0 program using

the ‘‘one set of sites’’ binding model. The equation of the binding model

and the fitting process can be found in the manual ‘‘ITC Data Analysis in

Origin, Tutorial Guide, Version 7.0, Jan 2004’’ (https://structbio.

vanderbilt.edu/wetlab/private/ITC_Data_Analysis_in_Origin_Tutorial_

Guide.pdf). 2OG and Fe(II) were not supplemented in ITC assays

because they were co-purified with recombinant JOX2 protein from E.

coli as shown by the electron density of the crystal structure and the

ICP–MS result.

Determination of Km and Vmax with a fluorescence-based
method

The Km and Vmax values of JOX2WT andmutant proteins were determined

with a fluorescence-basedmethod as described previously (McNeill et al.,

2005). Each reaction sample contained 10 mg protein, 400 mM 2OG, 1 mM

FeSO4, 5 mM sodium L-ascorbate, 5 mM DTT, and JA of various

concentrations (0–400 mM). The results were recorded on a microplate

reader (SpectraMax i3x, Molecular Devices) with excitation at 340 nm

and emission at 420 nm.
826 Molecular Plant 14, 820–828, May 3 2021 ª The Author 2021.
Plant growth conditions and in vivo assays

Plants were grown on potting soil (Primasta) at 21�C, 70% relative

humidity, and 10 h light per day. Pictures were taken from 5-week-

old T1 plants and analyzed using PlantCV software. The coding

sequences of JOX2 with different mutations were amplified and cloned

into the pENTR vector using Gateway cloning (Invitrogen) and then

cloned into the pFast-G02 vector (Shimada et al., 2010) under the

control of the 35S promoter. Binary vectors were transformed into

Agrobacterium tumefaciens strain Agl1, which was used for the

transformation of joxQ (the quadruple mutant jox1 jox2 jox3 jox4)

plants using the floral dip method (Clough and Bent, 1998).

Transformants were selected based on seed fluorescence to obtain

joxQ 35S:JOX lines. The presence of the transgene was confirmed by

PCR, and its overexpression was confirmed by qRT–PCR as

described previously (Caarls et al., 2017).

JA and JA-Ile extraction and quantification

Phytohormones were extracted with cold methanol from leaf material

ground in liquid nitrogen (1 ml/100 mg FW). The supernatant (800 ml)

was extracted with 800 ml hexane plus 229 ml H2O, and the lower phase

was recovered and dried. Upon reconstitution in 200 ml absolute meth-

anol and centrifugation over a 0.2-mm FTFE filter (Thermo Scientific),

analysis was performed using an InfinityLab Poroshell 120 PFP column

(1.9 mm, 2.1 3 100 mm; Agilent) and an Agilent G6470 Triple Quad LC–

MS instrument (agilent.com). The mobile phase comprised solvent A

(10 mM NH4Ac, 10% [v/v] methanol, 0.5% [v/v] acetic acid in H2O)

and solvent B (10 mM NH4Ac, 0.5% [v/v] acetic acid in acetonitrile).

The gradient was set as follows: 0–0.2 min 100% A; 0.2–3 min to

90% A continued for 0.5 min; 3.5–10 min to 45% A continued for

0.5 min; 10.5–13 min to 5% A continued for 0.5 min; back to 100%

A in 0.1 min. The MS conditions were as follows: gas (nitrogen) temper-

ature 260�C; gas flow 5 l/min, nebulizer 45 psi; sheath gas temperature

400�C; sheath gas flow 12 l/min; capillary voltage 3.5 kV; nozzle

voltage 0 V. To measure JA and JA-Ile accumulation, we used D5-JA

(CDN isotopes, cdnisotopes.com) to calculate recovery; JA and JA-

Ile were quantified using standard curves; parent ion/daughter ions

were detected in negative mode [M-H]�: JA, 209/59; JA-Ile, 322/130
(fragmentor voltage 125 V, collision energy 16 eV, cell accelerator

voltage 4 V).
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