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The important plant hormone salicylic acid (SA; 2-hydroxybenzoic acid) regulates several
key plant responses including, most notably, defence against pathogens. A key enzyme
for SA biosynthesis is isochorismate synthase (ICS), which converts chorismate into isochorismate, and for which there are two genes in Arabidopsis thaliana. One (AtICS1) has
been shown to be required for increased SA biosynthesis in response to pathogens and
its expression can be stimulated throughout the leaf by virus infection and exogenous
SA. The other (AtICS2) appears to be expressed constitutively, predominantly in the plant
vasculature. Here, we characterise the enzymatic activity of both isozymes expressed as
hexahistidine fusion proteins in Escherichia coli. We show for the ﬁrst time that recombinant AtICS2 is enzymatically active. Both isozymes are Mg2+-dependent with similar temperature optima (ca. 33°C) and similar Km values for chorismate of 34.3 ± 3.7 and 28.8 ±
6.9 mM for ICS1 and ICS2, respectively, but reaction rates were greater for ICS1 than for
ICS2, with respective values for Vmax of 63.5 ± 2.4 and 28.3 ± 2.0 nM s−1 and for kcat of
38.1 ± 1.5 and 17.0 ± 1.2 min−1. However, neither enzyme displayed isochorismate pyruvate lyase (IPL) activity, which would enable these proteins to act as bifunctional SA
synthases, i.e. to convert chorismate into SA. These results show that although
Arabidopsis has two functional ICS enzymes, it must possess one or more IPL enzymes
to complete biosynthesis of SA starting from chorismate.
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Salicylic acid (SA; 2-hydroxybenzoic acid) is an important plant hormone [1]. Although it has been
most thoroughly studied with respect to its functions in pathogen resistance, SA sits within a complex
regulatory network affecting signalling by other phytohormones and it directly or indirectly affects a
wide range of plant responses [1]. SA biosynthesis is triggered by multiple stimuli, including abiotic
stress [2], pathogen infection [3–5] and developmental cues [6–8]. The process by which plants synthesise SA is still not fully understood. Early studies in tobacco pointed to a role for the phenylpropanoid pathway, with benzoic acid as the immediate metabolic precursor to SA [9]. Subsequently, the
discovery of the SA induction-deﬁcient 2 (sid2) mutant in Arabidopsis thaliana (hereafter referred to
as Arabidopsis) and the identiﬁcation of isochorismate synthase 1 (ICS1; AtICS1:EC 5.4.4.2, also
known as isochorismate hydroxymutase) as the enzyme encoded by the wild-type SID2 allele showed
that, in this plant, SA is synthesised from chorismic acid, derived from the shikimic acid pathway, and
that SA biosynthesis occurs in the plastid [5,10–12]. In some plants, as shown in soybean (Glycine
max), there can be redundancy in SA biosynthesis with both the shikimic acid pathway and the phenylpropanoid pathway being required to generate sufﬁcient SA for effective pathogen defence [13].
However, in Arabidopsis, SA biosynthesis appears to be solely dependent on the shikimic acid
pathway and follows a similar route to that which occurs in bacteria.
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In bacteria, SA is a common metabolite that is an intermediate in the biosynthesis of siderophores: compounds that are used by bacteria to scavenge iron. There are two known bacterial routes for SA biosynthesis
that utilise chorismate. In some bacteria, exempliﬁed by Yersinia enterocolitica, the Irp9 product is a bifunctional SA synthase (SAS), which can convert chorismate into isochorismate (ICS activity) and isochorismate
into SA (isochorismate pyruvate lyase, IPL) [14,15]. In contrast, other bacteria possess separate ICS and IPL
enzymes. For example, the Pseudomonas aeruginosa genes PchA and PchB encode proteins with, respectively,
ICS and IPL (EC 4.2.99.21) activities [16]. Escherichia coli does not make SA, but it encodes two ICS enzymes
EntC and MenF that are involved in siderophore biosynthesis (see ref. [17] and references therein). Engineering
of transgenic Arabidopsis to express either a bifunctional SAS [18], or separate ICS and IPL enzymes [19],
yielded plants that constitutively overproduced SA. These experiments did not reveal whether or not plants naturally possess a bifunctional SAS or distinct ICS and IPL enzymes, but they indicated that, in principle, either
arrangement might be functional in plants.
SA biosynthesis is elevated dramatically in plants following attack by avirulent pathogens that induce a
hypersensitive response (HR). The HR is a form of resistance in which pathogen spread beyond the initial site
of penetration is prevented. During the HR, SA accumulates initially in the vicinity of the pathogen entry site,
but subsequently its levels increase throughout the plant [3,4,10,20,21]. However, in some cases, increased SA
accumulation can accompany the spread of virulent pathogens that are capable of overcoming or evading host
resistance (e.g., see ref. [22]). Increased SA accumulation radically remodels plant gene expression and induces
systemic acquired resistance, an enhanced state of resistance against a very wide range of pathogens [23].
Arabidopsis encodes two ICS genes, as does soybean, whereas other higher plants with sequenced genomes,
such as Populus ( poplar), Oryza sativa (rice), Ricinus communis (castor bean), Vitis vinifera (grapevine) and
Medicago truncatula (alfalfa), possess a single gene [24]. The isozyme encoded by AtICS1 (originally identiﬁed
as SID2) is responsible for the major proportion of SA biosynthesis in plants during responses to pathogens
[5]. Increased accumulation of the AtICS1 transcript can be caused by pathogen attack or by treatment with
exogenous SA [5,10,12,25], but previous analysis suggested that AtICS2 behaves differently in that its expression
is not responsive to these stimuli [25]. In this work, we investigated expression of the two Arabidopsis ICS
genes in more detail within the plant. In addition, we puriﬁed recombinant forms of the enzymes to investigate
whether they had different catalytic properties and establish whether one or either of them had IPL activity.

Experimental
Bioinformatics
Amino acid sequences were aligned by CLUSTALW [26] and ESPript [27], trimmed to remove any predicted
transit peptides [28] and inspected manually. iTASSER [29] was used for homology modelling of ICS1 and
ICS2 using all known protein structures in the Protein Data Bank (PDB; http://www.pdb.org).

Molecular cloning of A. thaliana AtICS1 and AtICS2
To clone the two ICS protein-coding sequences from Arabidopsis, PCR was used to amplify sequences from
cDNA templates. For AtICS1, a 4-week-old Arabidopsis seedling cDNA library in the yeast expression vector
pFL61 [30] was used. For ampliﬁcation of AtICS2, the use of the pFL61 library proved unsuccessful, so cDNA
synthesised from the genomes uncoupled 4 (gun4) mutant of Arabidopsis [31] was used as a template instead,
as this displayed elevated levels of expression of AtICS2 over wild type in microarray datasets [32].
Oligonucleotide primers (ICS1 F: 50 -ATCGTCGACCCATATGAATGGTTGTGATGGA-30 ; ICS1 R:
0
5 -ATCGTCGACTCAATTAATCGCCTGTAGAGA-30 ; ICS2 F: 50 -ATCGTCGACCCATATGAACGGATGTGAGGCT-30 ; ICS2 R 50 -ATACTCGAGTTAGTTGATTGGTTGC-30 ) were designed to introduce unique restriction sites (shown underlined: 50 NdeI and 30 SalI for ICS1; 50 NdeI and 30 XhoI for ICS2) for later subcloning,
and to amplify the two ICS coding sequences without the presence of the transit peptide sequences. Since ICS2
contained an endogenous thrombin cleavage site, a modiﬁed version of pET-28a (+), pET-28a TEV (+) was
used that has a tobacco etch virus (TEV) protease recognition sequence in place of the thrombin sequence.
PCR products were digested with the appropriate restriction enzymes (NdeI and SalI for ICS1; NdeI and XhoI
for ICS2) and were ligated into pET-28a TEV. Clones were identiﬁed and the coding sequence was veriﬁed to
be in-frame with the His-tag by sequencing; plasmids were called pHis-ICS1 and pHis-ICS2, for His6-AtICS1
and His6-AtICS2 constructs, respectively. Routine molecular biology techniques and bacterial growth media
used in this work are described by Maniatis et al. [33]. The generation of transgenic Arabidopsis plants
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harbouring AtICS promoter-β-glucuronidase (GUS) reporter gene constructs for AtICS1 and AtICS2, and detection methods for GUS activity were described previously [22,25].

Heterologous expression and puriﬁcation of AtICS1 and AtICS2
The plasmids pHis-ICS1 and pHis-ICS2 were used to transform the E. coli strain Rosetta™ DE3 pLysS (Merck,
http://www.merck-chemicals.co.uk). Transformed cells were grown in 2xYT medium supplemented with
50 mg ml−1 kanamycin, 34 mg ml−1 chloramphenicol and 0.2% w/v glucose. A 50 ml overnight starter culture
grown at 37°C was used to inoculate 1 l of fresh medium, and ICS protein synthesis was induced at an OD600
of 0.6 by introducing isopropyl β-D-thiogalactopyranoside (IPTG) to a ﬁnal concentration of 1 mM, and
ethanol was also added to a ﬁnal concentration of 3% w/v. The IPTG-induced culture was grown for 24 h at
16°C before cells were collected by centrifugation and stored at −80°C.
All further puriﬁcation steps were performed at 4°C. Cell pellets were thawed and resuspended in resuspension buffer [20 mM potassium phosphate buffer ( pH 7.4), 500 mM NaCl, 10% v/v glycerol, 1 mM DTT and
1% v/v Triton X-100] supplemented with Complete EDTA-Free Protease Inhibitor Cocktail (Roche, http://
www.roche-applied-science.com). Cells were lysed by three passes through an Emulsiﬂex C-5 high-pressure
homogeniser (Avestin, http://www.avestin.com) operated at 15 000 p.s.i. The lysate was clariﬁed by centrifugation and ﬁltered through a 0.45 mm pore diameter syringe ﬁlter (Sartorius, http://www.sartorius.com) prior to
chromatography. Samples were applied to a 5 ml HisTrap HP chelating column (GE Healthcare, http://www.
gehealthcare.com) at a ﬂow rate of 0.75 ml min−1, which had previously been charged with 0.1 M NiSO4 and
equilibrated with 10 column volumes of column buffer [20 mM potassium phosphate buffer ( pH 7.4), 500 mM
NaCl and 10% v/v glycerol] using an AktaFPLC system (GE Healthcare). Elution was performed using a linear
gradient of column buffer containing 0.5 M imidazole over 10 column volumes at a ﬂow rate of 1.0 ml min−1.
Fractions containing protein were examined by SDS–PAGE and those fractions containing the correct-sized
protein were combined and concentrated to <1 ml using a centrifugal concentrator (Sartorius). This concentrated sample was applied to a HiLoad 16/60 Superdex 200 preparative grade column (GE Healthcare), previously equilibrated with gel ﬁltration buffer [50 mM Tris–HCl ( pH 8.0), 500 mM EDTA, 10% v/v glycerol and
1 mM DTT], at a ﬂow rate of 0.5 ml min−1. Fractions containing protein were examined by SDS–PAGE to
determine purity, and those containing pure protein of the predicted molecular mass were pooled and concentrated using a centrifugal concentrator (Sartorius). Aliquots of His6-AtICS1 and His6-AtICS2 were ﬂash-frozen
in liquid nitrogen and stored at −80°C. The identity of the puriﬁed proteins was further veriﬁed by western
blotting, electrospray mass spectrometry and activity assays.

Heterologous expression and puriﬁcation of His6-PchB
The P. aeruginosa IPL (PchB) was expressed in E. coli as an N-terminal hexahistidine fusion protein. The
pHis-PchB plasmid was a gift from Dr Sridharan Sudharsan (University of Cambridge) and was used to transform E. coli BL21 (DE3) cells (Merck). These were inoculated into 100 ml 2xYT medium containing kanamycin
and incubated overnight at 37°C. A 50 ml aliquot of this starter culture was then used to inoculate 500 ml of
2xYT medium containing 50 mg ml−1 kanamycin, and grown at 37°C until the OD600 reached 0.6. Expression
of His6-PchB was induced by the addition of 1 mM IPTG for a period of 4 h. Cells were collected by centrifugation and stored at −80°C until needed. Protein puriﬁcation was performed in a manner identical for
His6-ICS1 and His6-ICS2, except for the compositions of the column buffer [20 mM potassium phosphate
buffer ( pH 7.4), 500 mM NaCl and 20 mM imidazole] and gel ﬁltration buffer [50 mM potassium phosphate
buffer ( pH 7.0) and 150 mM NaCl]. Aliquots of puriﬁed protein were ﬂash-frozen in liquid nitrogen and
stored at −80°C. EDTA was removed from samples of His6-ICS1 and His6-ICS2 by passage through a Zeba
Spin desalting column (Thermo Scientiﬁc, http://www.thermo.com) equilibrated with assay buffer [50 mM
Tris–HCl ( pH 8.0), 10% v/v glycerol and 1 mM DTT]. Chorismate for use in enzyme assays was a gift from Dr
Nigel Howard (University of Cambridge) and had been prepared according to Grisostomi et al. [34].

High-performance liquid chromatography detection of ICS activity
To detect the conversion of chorismate into isochorismate, reverse-phase HPLC (high-performance liquid chromatography) was used. A 400 ml mixture containing 100 mM Tris–HCl (pH 7.7), 10 mM MgCl2, 1.5 mM chorismate and 2.5 mM His6-ICS1 or His6-ICS2 was incubated at 30°C for 30 min. The reaction was stopped by
centrifuging the mixture in an Amicon Ultra 0.5 ml 3 kDa centrifugal concentrator (Millipore, http://www.
millipore.com). A 100 ml aliquot of the ﬂow-through was injected onto the HPLC column. HPLC was performed
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using an Accela fast HPLC system with detection by a photodiode array (PDA) detector and a Surveyor FLPlus
ﬂuorimeter (Thermo Scientiﬁc). A Dynamax Microsorb 60-8 250 × 4.6 mm C18 column (Varian, http://www.
varianinc.com) was used for separation at a ﬂow rate of 1.0 ml min−1. Solvent A consisted of aqueous 0.1% v/v
triﬂuoroacetic acid (TFA) and solvent B was acetonitrile +0.1% TFA. The gradient proﬁle used was as follows:
between 0 and 15 min, a linear increase from 5 to 18% B; from 15 to 18 min, a linear increase to 65% B and then
isocratic for 5 min; a linear increase to 95% B over 7 min and then isocratic for 5 min; a linear decrease to 5% B
over 5 min. The PDA detector measured absorbance at 274 nm, while the ﬂuorimeter used an excitation wavelength of 305 nm and an emission wavelength of 407 nm. Under these conditions, isochorismate was eluted from
the column after a retention time of 14.0 min, and then chorismate at 15.0 min, with salicylate at 21.1 min.
1

H nuclear magnetic resonance assay for ICS activity

Independent analysis of the activity of AtICS1 and AtICS2 was carried out using 1H NMR (nuclear magnetic
resonance) as described previously [15]. Data were collected on a Bruker Avance 700 MHz Ultrashield spectrometer equipped with a 5 mm triple TXI cryoprobe with Z gradients (Bruker UK Ltd, Coventry). Reaction
mixtures consisted of 20 mM potassium phosphate buffer ( pH 7.0), 5 mM MgCl2, 1.3 mM chorismate and
2.5 mM His6-ICS1 or His6-ICS2 and 10% v/v D2O. (Trimethylsilyl)-propionic acid-d4 (20 mM) was present for
calibration purposes. 1H NMR spectra were obtained at 4 min, 15 min, 2 h and 40 h after starting the reaction
and were recorded for 90 s at 293 K. The resulting spectra were analysed with TopSpin 2.0. δH (700 MHz, 90%
H2O, 10% D2O): chorismate, 6.58 (1H, s, H2), 6.33 (1H, d, J 10.0 Hz, H6), 5.98 (1H, dd, J 10.0 and 2.5 Hz,
H5), 5.22 (1H, d, J 3.0 Hz, H8b); isochorismate, 6.84 (1H, d, J 5.5 Hz, H6), 6.36 (1H, dd, J 9.5 Hz and 5.5 Hz,
H5), 6.22 (1H, dd, J 9.5 and 4.5 Hz, H4) and 5.25 (1H, d, J 2.5 Hz, H8b).

Coupled ﬂuorimetric assay for ICS activity
To facilitate the collection of quantitative data for kinetic analysis, ICS activity was detected using a coupled
assay essentially as previously described by Sridharan et al. [17]. The standard reaction mixture consisted of
100 mM Tris–HCl ( pH 7.7), 10 mM MgCl2, 1 mM His6-PchB, 100 nM His6-ICS1 or His6-ICS2 and 75 mM
chorismate. The reaction mixture and chorismate were aliquoted into the wells of a black FLUOTRAC™ 200
96-well ﬂat-bottomed plate (Greiner, http://www.greinerbioone.com) and preincubated for 10 min at 30°C in a
FLUOstar Optima plate reader (BMG Labtech, http://www.bmglabtech.com). Reactions were initiated in parallel
using a multichannel pipette to add the chorismate substrate to each well simultaneously and mixed by pipetting. Fluorescence was quantiﬁed at an excitation wavelength of 300 nm and an emission wavelength of
420 nm. Reactions were performed in triplicate, and the mean and standard error of the mean were reported.
For determination of the kinetic parameters Km, Vmax and kcat, the standard reaction mixture was used with
the following concentrations of chorismic acid: 0, 4, 8, 15, 25, 50, 100, 200 and 300 mM. Initial rates were calculated and plotted as a function of chorismate concentration. Curve ﬁtting was performed by gnuplot v4 (http://
www.gnuplot.info) and kinetic parameters were determined.

Temperature and pH dependence of ICS activity
To obtain temperature optima for His6-ICS1 and His6-ICS2, the standard reaction mixture was used in a 300 mL
reaction volume. Reaction mixtures were preincubated in 1.5 ml microcentrifuge tubes in a water bath for 10 min
and transferred to a preincubated Starna micro-cuvette (OptiGlass Ltd; http://www.optiglass.com) containing chorismate. To measure ﬂuorescence, an LS-55 ﬂuorescence spectrometer (PerkinElmer; http://www.perkinelmer.com)
was used, equipped with a Peltier block (PerkinElmer). Heating and cooling of the Peltier block was performed by
a recirculating water bath, which was placed in a refrigerator for temperatures below ambient conditions. Activity
was investigated at 12, 20, 25, 30, 37 and 42°C. To obtain pH optima for His6-ICS1 and His6-ICS2 activities,
buffering for the reaction mixtures was provided by: 4-morpholineethanesulfonic acid for pH 5.0, 5.5, 6.0 or 6.5;
4-morpholinepropanesulfonic acid for pH 7.0 and 7.5; Tris–HCl for pH 7.5, 7.7, 8.0 or 8.5; 2-(cyclohexylamino)
ethanesulfonic acid for pH 9.0, 9.5 or 10.0 and 3-(cyclohexylamino)-1-propanesulfonic acid for pH 11.0 [10].

Results
Arabidopsis ICS1 and ICS2 are probably the result of genome duplication
As reported by Yuan et al. [24], the structure of the two Arabidopsis ICS genes is very similar, with identical
intron–exon positions, except that exon IV of AtICS1 is substituted by two exons in AtICS2. The two genes are
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both located on chromosome 1 on different sides of the centromere (Supplementary Figure S1A), and inspection of the genomic context of the two genes revealed that they are likely to be the result of a duplication event,
since they are bordered by similar genes. At the DNA sequence level, the protein-coding regions of the two
genes share a high degree of similarity, but this does not extend into the untranslated regions. In addition, analysis of 5-methylcytosine sequencing datasets [35] revealed that there are potential methylation sites in the promoter of AtICS2 but not in the AtICS1 promoter (Supplementary Figure S1B). These features may explain the
different in planta expression patterns of the two genes. Our previous work showed that application of exogenous SA to plants expressing the GUS reporter gene under the control of either the AtICS1 or AtICS2 promoters
stimulated AtICS1 expression, but not AtICS2 [25]. GUS activity was also enhanced in AtICS1::GUS plants by
infection with cucumber mosaic virus but not with tobacco mosaic virus [22]; however, the effects of infection
on AtICS2 expression were not studied. We therefore examined AtICS2::GUS plants (Supplementary Figure S2).
The results conﬁrmed that AtICS2 promoter activity is not stimulated by virus infection. Moreover, closer
inspection of the distribution of GUS activity within the plants revealed that AtICS2 expression in leaf tissue
appears to be localised most strongly in the vasculature and hydathodes.

Structural features of Arabidopsis ICS1 and ICS2
There has been extensive characterisation of bacterial isochorismate synthases and salicylate synthases, and
X-ray crystal structures are known for EntC and other chorismate-utilising enzymes [17], revealing that they
share many structural features. Alignment of the amino acid sequences of the mature Arabidopsis ICS proteins
(i.e. without the chloroplast transit peptides) with those of bifunctional SAS enzymes from Y. enterocolitica and
Mycobacterium tuberculosis, and the two ICSs from E. coli and another chorismate-utilising enzyme, anthranilate synthase TrpE (Supplementary Figure S3), reveal considerable conservation, particularly at the
C-terminus. However, it is not possible to infer whether the Arabidopsis enzymes are likely to have IPL activity
from this comparison. Accordingly, we carried out homology modelling of the Arabidopsis ICS proteins with
these known structures using the iTASSER server [29]. Figure 1A shows the highest scoring models for AtICS1
and AtICS2 together with TrpE from Serratia marcescens (PDB accession 1i7Q). This was the structure automatically selected from the PDB database by iTASSER, rather than bona ﬁde ICSs such as E. coli ICS proteins
MenF and EntC, because of better overall structural (rather than sequence) similarity, particularly at the
N-terminus. The TrpE structure provided 87% coverage for predicted structural elements for AtICS1 and
AtICS2, versus 75 and 76% sequence similarity with MenF and EntC, respectively. The modelled structure of
both Arabidopsis ICS proteins consists of an α/β-fold with an α-helical outer layer surrounding a core of
β-sheets, as is often the case for chorismate-utilising enzymes [17]. It is very similar to that of E. coli EntC
(PDB i.d. 3hwo) although there are two additional α-helices, α3, α4, which are absent from EntC.
By superimposing the AtICS1 model onto the EntC structure containing isochorismate bound within the
active site [17], it is possible to infer where the AtICS1 active site might lie (Figure 1B; data shown only for
AtICS1 since ICS2 was identical). The AtICS1 structure is shown in pale blue, and EntC in green, with the
region of the active site enlarged in the inset. In terms of residues important in catalysis, EntC and AtICS1 are
similar although with some conservative substitutions. Instead of a pair of phenylalanine residues (Phe327 and
Phe359) stacking (as in EntC), two tyrosine residues (Tyr496 and Tyr528) may perform the same function in
AtICS1, tethering β14 to β18 (β18 and β21 in EntC). Leu304 in EntC is substituted in AtICS1 by another
branched-chain amino acid, Val473, which may have additional steric effects. Also, like EntC, and unlike any
other chorismate-utilising enzymes, there is an additional α-helix (α2a in EntC, which is extended to form α6
in ICS1 and ICS2), shown at the top of the structures in Figure 1A.

Expression of AtICS1 and AtICS2 in E. coli
The structural analysis suggests that both Arabidopsis ICS enzymes would have similar activity. To test this,
hexahistidine-tagged recombinant AtICS1 and AtICS2 proteins were expressed in E. coli and puriﬁed. Several
preliminary attempts to express the His6-AtICS2 protein failed, which might suggest that the conditions in the
E. coli cytosol are unsuitable for high-level expression of this protein. However, it proved possible to express
the proteins in E. coli, provided that the induction medium was supplemented with 3% (v/v) ethanol. The addition of ethanol is thought to increase expression of E. coli chaperones, which may aid correct folding and
inhibit precipitation of overexpressed proteins [36]. Soluble His6-AtICS1 and His6-AtICS2 protein samples of
high purity were obtained from E. coli lysates using a combination of Ni2+-afﬁnity and size-exclusion chromatography to result in proteins of the expected size of ∼60 kDa (Supplementary Figure S4). The use of standards
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Figure 1. Homology models of Arabidopsis ICS1 and ICS2.
(A) Primary amino acid sequences for the two Arabidopsis ICS isozymes were submitted to the iTASSER homology modelling
server [29] for structural alignment with existing proteins structures. The reference structure, S. marcescens anthranilate
synthase (TrpE; PDB accession 1I7Q), is shown alongside the models obtained with this structure for ICS1 and ICS2. α-helices
and β-sheets are numbered according to the scheme shown in Supplementary Figure S3; some labels are omitted here for
clarity. Amino (N) and carboxy (C) termini are labelled accordingly. ICS1 and ICS2 adopt the same overall structure, with identical
arrangement of α-helices and β-sheets, as might be expected for two paralogous proteins. Images obtained using MacPyMOL
(http://www.pymol.org). (B) Comparison of ICS1 (pale blue) with E. coli EntC (green), showing very similar active sites.

on the Superdex 200 column conﬁrmed that both were monomeric. Western blotting of the puriﬁed fractions
using antibodies against the hexahistidine tag conﬁrmed that the ∼60 kDa bands corresponded to the recombinant proteins, whereas a minor contaminant of ∼29 kDa did not cross-react with the antibodies (labelled as
II in Supplementary Figure S4B).

ICS1 and ICS2 are both monofunctional isochorismate synthases but not
salicylate synthases
Samples of recombinant hexahistidine-tagged variants of AtICS1 and AtICS2 were incubated with chorismate
and the reaction products were analysed by HPLC. Samples of both His6-AtICS1 and His6-AtICS2 catalysed
the conversion of chorismate into isochorismate, which was demonstrated by the appearance of a peak
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corresponding to isochorismate (HPLC retention time, 14 min) and a decrease in peak area for chorismate
(retention time, 15 min; Figure 2A). No conversion occurred in reactions containing AtICS1 or AtICS2 protein
samples that had previously been boiled for 3 min (results not shown). While ICS activity has been demonstrated previously for AtICS1 [10], this is, as far as we are aware, the ﬁrst demonstration of in vitro enzyme
activity of AtICS2.
Samples of puriﬁed His6-AtICS1 and His6-AtICS2 were tested for SAS activity. To do this, reactions were
carried out in the presence or absence of an authentic IPL enzyme: PchB, a bacterial IPL from P. aeruginosa.
Reaction products were analysed by HPLC but the eluate was monitored using a ﬂuorescence detector, since

Figure 2. Arabidopsis ICS1 and ICS2 are both functional isochorismate synthases but not salicylate synthases.
(A) HPLC analysis of product formation by ICS1 and ICS2 from chorismate. Chorismate is converted into isochorismate by
both ICS1 and ICS2, when detected by absorbance at 274 nm. A reduction in substrate amount (chorismate peak at 15 min) is
concomitant with an increase in product amount (isochorismate peak at 14 min). (B) Coupled HPLC assay for ICS activity
demonstrates that neither ICS1 nor ICS2 possesses salicylate synthase activity. Incubation of the ICS assay mixture with a
puriﬁed bacterial IPL (PchB) is necessary for salicylate formation, which conﬁrms the identity of the product in (A), and restricts
both ICS1 and ICS2 activity to isochorismate, rather than salicylate, formation. Analysis was performed using ﬂuorescence
detection with an excitation wavelength of 305 nm and an emission wavelength of 407 nm, and salicylate eluted after 21 min.
(C) 1H NMR assay for ICS activity conﬁrms that both ICS1 and ICS2 are functional ICSs, but lack salicylate synthase activity.
Chorismate was incubated with ICS1 and ICS2 individually with product formation followed by 1H NMR. The spectrum was
obtained after a 15 min incubation period at 20°C in 20 mM potassium phosphate buffer ( pH 7.0) and 5 mM MgCl2. The
abbreviations c and i correspond to signals for protons at the numbered positions on the chorismate and isochorismate
molecules (see inset), respectively. Peaks were assigned as described in the ‘Experimental’ section.
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this is a sensitive means of detecting SA. When PchB was included in the incubation together with either ICS1
or ICS2, an SA peak was detected (retention time, 21 min: Figure 2B). No SA was detected by HPLC analysis
of reaction products of incubations that were not supplemented with PchB (Figure 2B). These results suggest
that neither of the Arabidopsis ICS isozymes possess IPL activity.
To test further this conclusion, 1H NMR spectroscopy was employed in order to conﬁrm the identity of the
major product formed by the activities of AtICS1 and AtICS2 and to investigate if additional products are
formed by the action of either Arabidopsis enzyme. NMR spectra were recorded after a 15 min incubation of
chorismate with either AtICS1 or AtICS2, and compared with spectra of control incubations to which no
enzyme was added (Figure 2C). With the addition of AtICS1 or AtICS2, the intensity of the chorismate signals
was diminished, while isochorismate signals appeared. The reaction mix reached equilibrium after 15 min, with
little change in the ratio of chorismate to isochorismate after this point, but no NMR signals corresponding to
SA appeared. Taken together, these results show that neither of these Arabidopsis ICS proteins have IPL activity
and, therefore, cannot be bifunctional SAS enzymes.

AtICS1 and AtICS2 have similar catalytic properties
To identify any differences in enzyme kinetics between AtICS1 and AtICS2, a coupled online assay (as opposed
to a stopped assay, such as the HPLC and NMR assays previously used) for ICS activity was adopted. Puriﬁed
His6-ICS1 or His6-ICS2 was incubated with chorismate and an excess of Mg2+ and PchB, and SA formation
was measured by ﬂuorescence detection. This enabled us to monitor the reaction kinetics in real time and to
adjust more easily the assay conditions to test the response of the enzymes. Conversion of chorismate into isochorismate by both AtICS1 and AtICS2 obeyed Michaelis–Menten kinetics (Figure 3A), with Km values for
chorismate determined as 34.3 ± 3.7 mM (AtICS1) and 28.8 ± 6.9 mM (AtICS2) (Table 1). The catalytic efﬁciencies (kcat/Km) of AtICS1 and AtICS2 were, respectively, 1.11 ± 0.13 and 0.59 ± 0.15 mM−1 min−1, a difference
which is primarily due to the higher turnover rate (kcat) for AtICS1 (Table 1). These results suggest that both
AtICS1 and AtICS2 would be successful in competing for chorismate in vivo. The values for the Km and kcat
for AtICS1 are consistent with those reported by Strawn et al. [10]. All previously studied bacterial and plant
ICS enzymes require Mg2+ as a cofactor [10,37–39]. Both AtICS1 and AtICS2 required Mg2+, with a concentration of 4 mM required for maximal activity (Figure 3B). Km values for [Mg2+] were 0.942 ± 0.069 mM for ICS1
and 0.55 ± 0.023 mM for AtICS2 (Table 1).
The pH optima for activity of the two Arabidopsis isozymes differed, with the peak activity of ICS1 seen at
pH ∼7.5 but that of ICS2 at pH 8 (Supplementary Figure S5). Strawn et al. [10] investigated the effect of temperature on AtICS1 activity and found a curious non-Gaussian response in which no appreciable increase in
activity was found over the temperature range 0–30°C, with a drop in activity noted at higher temperatures. To
investigate this further and to identify whether a similar phenomenon occurs when AtICS2 activity is assayed
over a range of temperatures, the coupled online ICS assay was used and initial velocities were plotted as a
function of temperature (Figure 3C). In our experimental system, ICS1 and ICS2 activity displayed a response
to temperature that was more typical of most enzymes, with an approximate doubling in reaction rate per 10°C
between 10 and ∼33°C, while at temperatures higher than this reaction rates declined (Table 1). In our

Figure 3. Kinetic characteristics of recombinant Arabidopsis ICS1 and ICS2.
Effect on AtICS activity of (A) altering chorismate concentration, (B) Mg2+ concentration and (C) temperature. Assays were conducted using the
coupled online ﬂuorimetric method, using recombinant His6-ICS1/2 and His6-PchB. Closed circles, AtICS1; open circles, AtICS2.

1586

© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

Biochemical Journal (2017) 474 1579–1590
DOI: 10.1042/BCJ20161069

Table 1 Catalytic parameters for AtICS1 and AtICS2.
AtICS1

AtICS2

34.3 ± 3.7

28.8 ± 6.9

Vmax (nM s )

63.5 ± 2.4

28.3 ± 2.0

kcat (min−1)

38.1 ± 1.5

17.0 ± 1.2

1.11 ± 0.013

0.59 ± 0.062

0.942 ± 0.069

0.55 ± 0.023

Km chorismate (mM)
−1

kcat/Km (mM
Km Mg (mM)

−1

−1

min )

experimental system, we did not see any evidence for a particularly strong activity of AtICS1, or AtICS2, at 4°C
as suggested by Strawn et al. [10].

Discussion

Here, we have extended our previous investigation of the relative expression of the two ICS genes in
Arabidopsis and characterised the enzymatic activity of the puriﬁed recombinant proteins. We had previously
found that AtICS1 is not only induced by pathogen infection but also by SA itself, in a manner that is dependent on the classical defence regulator ‘Non-Expressor of Pathogenesis-Related Proteins 1’ [12,25]. In contrast,
AtICS2 expression is not enhanced by SA [25] or by pathogens [5,10]. In 2009, Yuan et al. [24] reported that
seven different higher plants with sequence genomes possessed only a single ICS gene. We used sequence similarity searches of over 60 plant genomes currently available on Phytozome ( phytozome.jgi.doe.gov) for genes
encoding homologues of Arabidopsis ICS and again found that the norm is the presence of a single gene, the
exceptions being in the Brassicales–Malvales, and soybean as previously identiﬁed. The existence of two ICS
genes, most probably by gene duplication, in a plant such as Arabidopsis that has a relatively small genome is
puzzling, but possession of two genes encoding ICS proteins with such highly similar sequences, structures and
near-identical enzymological properties (as shown in the present study) suggests that this redundancy must
confer some advantage on this plant. Duplication of ICS genes has also occurred independently in Brassica
napus and soybean ([13,24] and data not shown). For poplar, which has only a single ICS gene, the primary
ICS transcript undergoes alternative splicing to allow production of alternative isoforms of the enzyme [24].
This observation further underlines the possibility that there is some selective advantage, perhaps a conditional
one, in having more than one form of ICS.
Our observations of expression of transgenes expressing AtICS1 and AtICS2 promoter–GUS fusion constructs indicated that whereas AtICS1 expression, once induced, is widespread in the leaves, constitutive AtICS2
expression is strongest in the veins and hydathodes. Hydathodes are secretory pores at the leaf margins that
can be exploited as entry points into the vasculature by a range of microbial plant pathogens and foodcontaminating human enteric pathogens (see ref. [40] and references therein). Interestingly, constitutive expression of several defence-related genes has been noted in the hydathodes and vasculature of Arabidopsis. For
example, the SA-regulated SUM3 gene, which encodes an SUMO modiﬁer protein required for defence against
plant pathogenic Pseudomonas syringae, is expressed in veins and hydathodes [41]. Expression of myo-inositol
1-phosphate synthase 2, which is required for basal resistance to bacterial, fungal and viral pathogens [42], was
also observed predominantly in veins and hydathodes of Arabidopsis [43]. This suggests that although AtICS2
may not be critical for induced resistance to pathogens, it may play a role in maintenance of resistance to vascular invasion by microbes. It would, therefore, be interesting to see if ics2 mutant Arabidopsis plants are more
susceptible to infection by invasion by vascular pathogens
In Arabidopsis, there are differences between the regulatory DNA sequences of the AtICS1 and AtICS2 genes;
speciﬁcally potential methylation sites are present in the promoter region of AtICS2 but are absent from the
corresponding region of the AtICS1 gene (Supplementary Figure S1). Such differences in methylation, which is
known to affect transcription [44], may explain the contrasting expression pattern of AtICS2, which appears to
be constitutively expressed, and AtICS1, which is inducible. However, the possibility cannot be dismissed that
AtICS2 may only appear to be constitutively expressed. To date, the expression of AtICS2 has been investigated
only in response to exogenous SA treatment and pathogen attack. It is conceivable that if a wider range of
stimuli were applied, or if its expression were examined over the entire course of plant development, AtICS2
transcription might be found to vary under some speciﬁc set of conditions. Whether or not AtICS2 is always
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expressed constitutively, its expression was increased in the gun4 mutant [31]. This deregulation in gun4 plants
suggests that AtICS2 gene expression is under negative regulatory control by the network governing the
co-ordination of nuclear and plastid gene expression, which may relate to the plastidic location of both ICS isozymes in Arabidopsis.
We have shown with three different assay systems that AtICS1 and AtICS2 are both able to catalyse the interconversion of chorismate and isochorismic acid. To our knowledge, this was the ﬁrst direct demonstration of
the ICS activity of AtICS2. The ICS activity of ICS2 is slightly lower than that of ICS1, but otherwise the catalytic characteristics of the two enzymes are very similar, as are their structural characteristics, which resemble
those of the E. coli ICS, EntC [17]. The kinetic properties of AtICS1 and AtICS2 do not appear to show any
characteristics that are strikingly different in nature from previously investigated bacterial ICS enzymes. For
example, in contrast with the observations of Strawn et al. [10], who found no signiﬁcant difference in the
activity of AtICS1 between 4°C and ∼37°C, we found that activity increased with temperature.
It had been shown previously in transgenic Arabidopsis plants that constitutive expression of a recombinant
bifunctional SAS created by translational fusion of the P. aeruginosa pchA and pchB coding sequences resulted
in constitutive SA accumulation, regardless of whether the SAS was expressed in the chloroplast or cytosol [18].
It has also been shown that expression of separate ICS and IPL enzymes in the chloroplasts of transgenic
tobacco plants engendered constitutive SA accumulation [19]. Taken together, these studies showed that either
biosynthetic ‘approach’ to SA biosynthesis could, in principle, work in planta. However, importantly we have
shown here that neither AtICS1 nor AtICS2 possesses detectable IPL activity. Thus, SA biosynthesis in
Arabidopsis follows a pathway analogous to that in P. aeruginosa, which possesses distinct ICS and IPL
enzymes [16] rather than that of Y. enterocolitica, which has a bifunctional SAS [14,15]. It may be worth
noting that SAS-expressing transgenic Arabidopsis plants were reported to possess a stunted phenotype [18].
While this might have resulted simply from the production of phytotoxic levels of SA, this seems unlikely since
the increases in SA levels in the transformed lines were relatively modest, and instead it was proposed that
expression of an SAS somehow disrupts the regulation of the chorismate pool, with deleterious consequences
for other chorismate-dependent biosynthetic pathways located in the chloroplast, such as for aromatic amino
acids or folate. In contrast, Verberne et al. [19], using the approach of constitutively expressing separate ICS
and IPL enzymes in the chloroplast, created plants with markedly increased levels of SA but with no reported
change in phenotype. This appears to support the hypothesis of Mauch et al. [18] that an SAS may disrupt
plastid-based biosynthetic pathways, and it may perhaps explain why Arabidopsis has not evolved to possess an
SAS. In the meantime, although Arabidopsis must possess one or more proteins possessing IPL activity, the
identity of this enzyme or enzymes remains unknown.
Abbreviations
At, Arabidopsis thaliana; gun4, genomes uncoupled 4; GUS, β-glucuronidase; HPLC, high-performance liquid
chromatography; HR, hypersensitive response; ICS, isochorismate synthase; IPL, isochorismate pyruvate lyase;
IPTG, isopropyl β-D-thiogalactopyranoside; NMR, nuclear magnetic resonance; PBD, Protein Data Bank; PDA,
photodiode array; SA, salicylic acid; SAS, SA synthase; sid2, salicylic acid induction-deﬁcient 2; TEV, tobacco
etch virus; TFA, triﬂuoroacetic acid.

Author Contributions
K.M.M., G.A.H., A.C. and A.M.M. performed experiments. C.A., J.P.C. and A.G.S. conceived and directed the
project; and J.P.C. and A.G.S. wrote the paper, with input from all the authors.

Funding
K.M.M. was supported by a studentship from the Biotechnology and Biological Sciences Research Council
(BBSRC). The research was also supported by BBSRC grants [BB/D008204/1, BB/D014376/1 and B/J011762/1],
The Leverhulme Trust [grants F/09 741/F and RPG-2012-667], Cambridge University Isaac Newton Trust [Grant
12.07(1)] and Homerton College for a Junior Research Fellowship to A.C. Work in the J.P.C. laboratory had
additional support from the Rural Development Agency, Republic of Korea [grant PJ012426].

Acknowledgements
We thank Dr Sudharsan Sridharan (University of Cambridge) for the pET28a-TEV, pET28a-entC and
pET28a-pchB plasmids, Dr Nigel Howard (University of Cambridge) for chorismate and Dr Christopher Stubbs

1588

© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

Biochemical Journal (2017) 474 1579–1590
DOI: 10.1042/BCJ20161069

(University of Cambridge) for mass spectrometry assistance. We are grateful to Aleix Gorchs Rovira for
preparation of the alignment ﬁgure.

Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

References
1
2

3
4
5
6
7
8
9
10

11
12
13
14
15
16
17

18
19
20
21
22
23
24
25
26
27

Vlot, A.C., Dempsey, D.A. and Klessig, D.F. (2009) Salicylic acid, a multifaceted hormone to combat disease. Annu. Rev. Phytopathol. 47, 177–206
doi:10.1146/annurev.phyto.050908.135202
Surplus, S.L., Jordan, B.R., Murphy, A.M., Carr, J.P., Thomas, B. and Mackerness, S.A.-H. (1998) Ultraviolet-B-induced responses in Arabidopsis
thaliana: role of salicylic acid and reactive oxygen species in the regulation of transcripts encoding photosynthetic and acidic pathogenesis-related
proteins. Plant Cell Environ. 21, 685–694 doi:10.1046/j.1365-3040.1998.00325.x
Malamy, J., Carr, J.P., Klessig, D.F. and Raskin, I. (1990) Salicylic acid: a likely endogenous signal in the resistance response of tobacco to viral
infection. Science 250, 1002–1004 doi:10.1126/science.250.4983.1002
Métraux, J.P., Signer, H., Ryals, J., Ward, E., Wyss-Benz, M., Gaudin, J. et al. (1990) Increase in salicylic acid at the onset of systemic acquired
resistance in cucumber. Science 250, 1004–1006 doi:10.1126/science.250.4983.1004
Wildermuth, M.C., Dewdney, J., Wu, G. and Ausubel, F.M. (2001) Isochorismate synthase is required to synthesize salicylic acid for plant defence.
Nature 414, 562–565 doi:10.1038/35107108
Morris, K., Mackerness, S.A.-H., Page, T., John, C.F., Murphy, A.M., Carr, J.P. et al. (2000) Salicylic acid has a role in regulating gene expression
during leaf senescence. Plant J. 23, 677–685 doi:10.1046/j.1365-313x.2000.00836.x
Raskin, I., Ehmann, A., Melander, W.R. and Meeuse, B.J.D. (1987) Salicylic acid: a natural inducer of heat-production in Arum lilies. Science 237,
1601–1602 doi:10.1126/science.237.4822.1601
Chivasa, S., Berry, J.O., ap Rees, T. and Carr, J.P. (1999) Changes in gene expression during development and thermogenesis in Arum. Aust. J. Plant
Physiol. 26, 391–399 doi:10.1071/PP98154
Lee, H.I., Leon, J. and Raskin, I. (1995) Biosynthesis and metabolism of salicylic acid. Proc. Natl Acad. Sci. U.S.A. 92, 4076–4079 doi:10.1073/pnas.
92.10.4076
Strawn, M.A., Marr, S.K., Inoue, K., Inada, N., Zubieta, C. and Wildermuth, M.C. (2007) Arabidopsis isochorismate synthase functional in
pathogen-induced salicylate biosynthesis exhibits properties consistent with a role in diverse stress responses. J. Biol. Chem. 282, 5919–5933 doi:10.
1074/jbc.M605193200
Nawrath, C. and Métraux, J.P. (1999) Salicylic acid induction-deﬁcient mutants of Arabidopsis express PR-2 and PR-5 and accumulate high levels of
camalexin after pathogen inoculation. Plant Cell 11, 1393–1404 PMCID:144293
Garcion, C., Lohmann, A., Lamodière, E., Catinot, J., Buchala, A., Doermann, P. et al. (2008) Characterization and biological function of the
ISOCHORISMATE SYNTHASE2 gene of Arabidopsis. Plant Physiol. 147, 1279–1287 doi:10.1104/pp.108.119420
Shine, M.B., Yang, J.-W., El-Habbak, M., Nagyabhuru, P., Fu, D.-Q., Navarre, D. et al. (2016) Cooperative functioning between phenylalanine ammonia
lyase and isochorismate synthase activities contributes to salicylic acid biosynthesis in soybean. New Phytol. 212, 627–636 doi:10.1111/nph.14078
Pelludat, C., Brem, D. and Heesemann, J. (2003) Irp9, encoded by the high-pathogenicity island of Yersinia enterocolitica, is able to convert chorismate
into salicylate, the precursor of the siderophore yersiniabactin. J. Bacteriol. 185, 5648–5653 doi:10.1128/JB.185.18.5648-5653.2003
Kerbarh, O., Ciulli, A., Howard, N.I. and Abell, C. (2005) Salicylate biosynthesis: overexpression, puriﬁcation and characterization of Irp9, a bifunctional
salicylate synthase from Yersinia enterocolitica. J. Bacteriol. 187, 5061–5066 doi:10.1128/JB.187.15.5061-5066.2005
Serino, L., Reimmann, C., Baur, H., Beyeler, M., Visca, P. and Haas, D. (1995) Structural genes for salicylate biosynthesis from chorismate in
Pseudomonas aeruginosa. Mol. Gen. Genet. 249, 217–228 doi:10.1007/BF00290369
Sridharan, S., Howard, N., Kerbarh, O., Błaszczyk, M., Abell, C. and Blundell, T.L. (2010) Crystal structure of Escherichia coli enterobactin-speciﬁc
isochorismate synthase (EntC) bound to its reaction product isochorismate: implications for the enzyme mechanism and differential activity of
chorismate-utilizing enzymes. J. Mol. Biol. 397, 290–300 doi:10.1016/j.jmb.2010.01.019
Mauch, F., Mauch-Mani, B., Gaille, C., Kull, B., Haas, D. and Reimmann, C. (2001) Manipulation of salicylate content in Arabidopsis thaliana by the
expression of an engineered bacterial salicylate synthase. Plant J. 25, 67–77 doi:10.1046/j.1365-313x.2001.00940.x
Verberne, M.C., Verpoorte, R., Bol, J.F., Mercado-Blanco, J. and Linthorst, H.J.M. (2000) Overproduction of salicylic acid in plants by bacterial
transgenes enhances pathogen resistance. Nat. Biotechnol. 18, 779–783 doi:10.1038/77347
Huang, W.E., Huang, L., Preston, G.M., Naylor, M., Carr, J.P., Li, Y. et al. (2006) Quantitative in situ assay of salicylic acid in tobacco leaves using a
genetically modiﬁed biosensor strain of Acinetobacter sp. ADP1. Plant J. 46, 1073–1083 doi:10.1111/j.1365-313X.2006.02758.x
Nobuta, K., Okrent, R.A., Stoutemyer, M., Rodibaugh, N., Kempema, L., Wildermuth, M.C. et al. (2007) The GH3 acyl adenylase family member PBS3
regulates salicylic acid-dependent defense responses in Arabidopsis. Plant Physiol. 144, 1144–1156 doi:10.1104/pp.107.097691
Lewsey, M.G., Murphy, A.M., MacLean, D., Dalchau, N., Westwood, J.H., Macaulay, K. et al. (2010) Disruption of two defensive signaling pathways by a
viral RNA silencing suppressor. Mol. Plant Microbe Interact. 23, 835–845 doi:10.1094/MPMI-23-7-0835
Carr, J.P., Lewsey, M.G. and Palukaitis, P. (2010) Signaling in induced resistance. Adv. Virus Res. 76, 57–121 doi:10.1016/S0065-3527(10)76003-6
Yuan, Y., Chung, J.-D., Fu, X., Johnson, V.E., Ranjan, P., Booth, S.L. et al. (2009) Alternative splicing and gene duplication differentially shaped the
regulation of isochorismate synthase in Populus and Arabidopsis. Proc. Natl Acad. Sci. U.S.A. 106, 22020–22025 doi:10.1073/pnas.0906869106
Hunter, L.J.R., Westwood, J.H., Heath, G., Macaulay, K., Smith, A.G., MacFarlane, S.A. et al. (2013) Regulation of RNA-dependent RNA Polymerase 1
and Isochorismate Synthase gene expression in Arabidopsis. PLoS ONE 8, e66530 doi:10.1371/journal.pone.0066530
Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-speciﬁc gap penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680 doi:10.1093/nar/22.22.4673
Gouet, P., Courcelle, E., Stuart, D. and Metoz, F. (1999) ESPript: analysis of multiple sequence alignments in PostScript. Bioinformatics 15, 305–308
doi:10.1093/bioinformatics/15.4.305

© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

1589

Biochemical Journal (2017) 474 1579–1590
DOI: 10.1042/BCJ20161069

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

1590

Emanuelsson, O., Brunak, S., von Heijne, G. and Nielsen, H. (2007) Locating proteins in the cell using TargetP, SignalP, and related tools. Nat. Protoc.
2, 953–971 doi:10.1038/nprot.2007.131
Roy, A., Kucukural, A. and Zhang, Y. (2010) I-TASSER: a uniﬁed platform for automated protein structure and function prediction. Nat. Protoc. 5,
725–738 doi:10.1038/nprot.2010.5
Minet, M., Dufour, M.E. and Lacroute, F. (1992) Complementation of Saccharomyces cerevisiae auxotrophic mutants by Arabidopsis thaliana cDNAs.
Plant J. 2, 417–422 PMID:1303803
Larkin, R.M., Alonso, J.M., Ecker, J.R. and Chory, J. (2003) GUN4, a regulator of chlorophyll synthesis and intracellular signaling. Science 299,
902–906 doi:10.1126/science.1079978
Hruz, T., Laule, O., Szabo, G., Wessendorp, F., Bleuler, S., Oertle, L. et al. (2008) Genevestigator V3: a reference expression database for the
meta-analysis of transcriptomes. Adv. Bioinformatics 2008, 1–5 http://dx.doi.org/10.1155/2008/420747
Maniatis, T., Fritsch, E.F. and Sambrook, J. (1989) Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory, NY
Grisostomi, C., Kast, P., Pulido, R., Huynh, J. and Hilvert, D. (1997) Efﬁcient in vivo synthesis and rapid puriﬁcation of chorismic acid using an
engineered Escherichia coli strain. Bioorg. Chem. 25, 297–305 doi:10.1006/bioo.1997.1073
Lister, R., O’Malley, R.C., Tonti-Filippini, J., Gregory, B.D., Berry, C.C., Millar, A.H. et al. (2008) Highly integrated single-base resolution maps of the
epigenome in Arabidopsis. Cell 133, 523–536 doi:10.1016/j.cell.2008.03.029
Georgiou, G. and Valax, P. (1996) Expression of correctly folded proteins in Escherichia coli. Curr. Opin. Biotechnol. 7, 190–197 doi:10.1016/
S0958-1669(96)80012-7
Gaille, C., Reimmann, C. and Haas, D. (2003) Isochorismate synthase (PchA), the ﬁrst and rate-limiting enzyme in salicylate biosynthesis of
Pseudomonas aeruginosa. J. Biol. Chem. 278, 16893–16898 doi:10.1074/jbc.M212324200
Ledüc, C., Birgel, I., Müller, R. and Leistner, E. (1997) Isochorismate hydroxymutase from a cell-suspension culture of Galium mollugo L. Planta 202,
206–210 doi:10.1007/s004250050120
Parsons, J.F., Shi, K.M. and Ladner, J.E. (2008) Structure of isochorismate synthase in complex with magnesium. Acta Crystallogr. Sect. D: Biol.
Crystallogr. 64, 607–610 doi:10.1107/S0907444908005477
Gu, G., Cevallos-Cevallos, J.M. and van Bruggen, A.H.C. (2013) Ingress of Salmonella enterica Typhimurium into tomato leaves through hydathodes.
PLoS ONE 8, e53470 doi:10.1371/journal.pone.0053470
van den Burg, H.A., Kini, R.K., Schuurink, R.C. and Takken, F.L.W. (2010) Arabidopsis small ubiquitin-like modiﬁer paralogs have distinct functions in
development and defense. Plant Cell 22, 1998–2016 doi:10.1105/tpc.109.070961
Murphy, A.M., Otto, B., Brearley, C.A., Carr, J.P. and Hanke, D.E. (2008) A role for inositol hexakisphosphate in the maintenance of basal resistance to
plant pathogens. Plant J. 56, 638–652 doi:10.1111/j.1365-313X.2008.03629.x
Donahue, J.L., Alford, S.R., Torabinejad, J., Kerwin, R.E., Nourbakhsh, A., Ray, W.K. et al. (2010) The Arabidopsis thaliana myo-inositol 1-phosphate
synthase1 gene is required for myo-inositol synthesis and suppression of cell death. Plant Cell 22, 888–903 doi:10.1105/tpc.109.071779
Zhang, X., Yazaki, J., Sundaresan, A., Cokus, S., Chan, S.W.-L., Chen, H. et al. (2006) Genome-wide high-resolution mapping and functional analysis
of DNA methylation in Arabidopsis. Cell 126, 1189–1201 doi:10.1016/j.cell.2006.08.003

© 2017 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

