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Objectives 

Objectives 
 

The general objective of this Thesis is to study in detail the biosynthetic pa  thway of thiols and 
(homo)phytochelatins in legumes. To this purpose, we will preferentially use Lotus japonicus 
as a model legume. 
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Figure 1. Pathway for the biosynthesis of thiol compounds and phytochelatins in plants. The general pathway in 
plants is marked in grey and the legume-specific pathway in yellow. o-Acetylserine(thiol)lyase (OASTL) 
catalyzes the synthesis of cysteine from o-acetylserine (o-AcSer) and disulfide. Two ATP-dependent enzymes, γ-
glutamylcysteine synthetase (γECS) and glutathione synthetase (GSHS), acting sequentially, lead to the synthesis 
of glutathione (GSH). In the presence of certain metals, GSH is used by phytochelatin synthase (PCS) for the 
synthesis of phytochelatins (PCs). In legumes, it has been hypothesized that there are specific enzymes for the 
synthesis of homoglutathione (hGSH) and homophytochelatins (hPCs), designated as homoglutathione synthetase 
(hGSHS) and homophytochelatin synthase (hPCS), respectively. 

 
The pathway for the biosynthesis of thiol compounds and phytochelatins in plants starts 

with the synthesis of cysteine (Fig. 1, in grey). The synthesis of this essential amino acid is 
catalyzed by cysteine synthase, a complex formed by two enzymes: serine-acetyltransferase 
and o-acetylserine(thiol)lyase. Cysteine is then used as a precursor of the thiol tripeptide 
glutathione (γGlu-Cys-Gly), which is formed by the sequential action of two ATP-dependent 
enzymes. First, γ−glutamylcysteine synthetase produces the thiol dipeptide 
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Objectives 

γ−glutamylcysteine, and second, glutathione synthetase catalyzes the formation of glutathione 
by adding a glycine residue to the C-terminus of γ−glutamylcysteine. In plants exposed to 
heavy metals, glutathione serves as a precursor of phytochelatins, which are cysteine-rich 
polypeptides that bind certain metals with high affinity. The phytochelatin-metal complexes 
are transported into the vacuoles, thus avoiding toxic effects of metals on metabolism. 

Leguminous plants have the peculiarity that they are able to synthesize homoglutathione 
(γGlu-Cys-βAla) in addition to, or instead of, glutathione (Fig. 1, in yellow). However, it is 
unclear whether homoglutathione is formed by a glutathione synthetase with broad substrate 
specificity or by a specific homoglutathione synthetase. Likewise, legumes synthesize 
homophytochelatins, structural phytochelatin homologs, from homoglutathione. It is unknown 
whether these polypeptides are synthesized by typical phytochelatin synthases or by a specific 
homophytochelatin synthase. 
 
We have therefore set up this work with the following four specific objectives: 
 
(1) To elucidate whether homoglutathione in legumes is synthesized by glutathione synthetase 
or by a specific homoglutathione synthetase, and, in the second case, to characterize the 
corresponding genes and proteins. 
 
(2) To identify, map, and characterize the thiol synthethase genes of L. japonicus. This 
objective will include the genes encoding γ−glutamylcysteine synthetase, glutathione 
synthetase, and, if applicable, homoglutathione synthetase.  
 
(3) To study the regulatory mechanisms of the pathway for thiol and (homo)phytochelatin 
biosynthesis in L. japonicus plants exposed to heavy metals. This experimental treatment will 
be used to induce mobilization of thiol compounds, in particular cysteine and 
(homo)glutathione, for (homo)phytochelatin synthesis. 
 
(4) To characterize, at the molecular and biochemical levels, phytochelatin synthases of L. 
japonicus. 
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Outline 

Outline 
 
In chapter 1 we present an overview of the antioxidant composition of legume nodules. 
After a brief introduction on the properties and potential sources of reactive oxygen and 
nitrogen species in plants, the chapter describes the groups of antioxidant enzymes and 
metabolites. The emphasis is placed on the roles and localization of the antioxidants in 
nodules, as well as on the relevant features of the structure and regulation of the 
corresponding genes. The chapter closes with a critic discussion on the role of reactive 
oxygen and nitrogen species on nodule formation and senescence. 
 
In chapter 2 the purification to homogeneity of a genuine homoglutathione synthetase from 
legumes is reported for the first time. When this work was started, there was a controversy 
between two hypotheses: do legumes possess a single synthetase enzyme that carries out 
glutathione and homoglutathione synthesis, depending on substrate availability, or do they 
contain two enzymes, one of which is specific for homoglutathione? We demonstrate here 
that there are indeed two enzymes with differential regulation. 
 
In chapter 3, we perform a detailed molecular analysis of the three enzymes 
(γ−glutamylcysteine synthetase, glutathione synthetase and homoglutathione synthetase) 
involved in the biosynthesis of thiol tripeptides in the model legume L. japonicus. The genes 
encoding the enzymes are mapped in the Lotus genome and their exon-intron structures are 
fully resolved. Finally, the expression of the three genes is examined in leaves, roots, and 
nodules. 
 
In chapter 4 we conduct experiments in which plants of Lotus are treated with a heavy metal 
(cadmium) to provoke the mobilization of thiol metabolites for phytochelatin synthesis. This 
approach has allowed us to study the regulatory mechanisms of the biosynthetic enzymes. To 
this end, precise and simultaneous quantification of transcripts, proteins, enzyme activities, 
and associated metabolites was found to be essential and is therefore reported in detail in this 
chapter. As a complementary part of this work, we include the identification, structure 
determination, and mapping of the three phytochelatin synthase genes of Lotus. 
 
In chapter 5 we characterize in full detail the phytochelatin synthase 1 of Lotus. 
Recombinant enzyme was affinity purified and the N-terminal tag was removed by protease 
digestion. The enzyme was then studied in terms of substrate specificity and metal 
activation, with the emphasis placed on the physiologically-relevant aspects. The molecular 
and biochemical properties of the enzyme from Lotus was compared with those of a typical, 
previously described enzyme from Arabidopsis. 
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Abbreviations 

 
APX ascorbate peroxidase 
EST expressed sequence tag 
γEC γ-glutamylcysteine  
γECS γ-glutamylcysteine synthetase 
GSH glutathione 
GSHS glutathione synthetase 
hGSH homoglutathione 
hGSHS homoglutathione synthetase 
hPC homophytochelatin 
hPCS homophytochelatin synthetase 
OASTL o-acetylserine(thiol)lyase 
ORF open reading frame 
PC phytochelatin 
PCS phytochelatin synthetase 
qRT-PCR real-time quantitative PCR 
RACE rapid amplification of cDNA ends 
RNS reactive nitrogen species 
ROS reactive oxygen species 
RT-PCR reverse-transcription polymerase chain reaction 
SOD superoxide dismutase 
TAC transformation-competent artificial chromosome 
UTR unstranslated region 
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Biochemistry and Molecular Biology of Antioxidants in the Rhizobia-Legume Symbiosis 
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Chapter 1 

The complete reduction of molecular oxygen to water requires four electrons and is catalyzed 
by cytochrome oxidase in aerobic bacteria and mitochondria. However, 1-3% of all O2 
consumed by respiration is inevitably reduced to superoxide radicals and hydrogen peroxide 
(H2O2). These and other oxygen-derived molecules with moderate to very high reactivity are 
known as ROS. The term includes free radicals (molecules with one or more unpaired 
electrons, such as the superoxide and hydroxyl radicals) and non-free radicals (molecules with 
no unpaired electrons, such as H2O2 and singlet oxygen). The main sources of ROS in plants 
under physiological conditions are respiration, photosynthesis, and N2 fixation (Table 1). In 
addition, ROS are produced at high rates when plants are exposed to abiotic, biotic, or 
xenobiotic stress. Similarly, the term RNS refers to nitrogen-derived molecules with variable 
reactivity and includes free radicals (nitric oxide) and non-free radicals (peroxynitrite). Nitric 
oxide is involved in many key physiological processes in animals and, as shown in recent 
years, also in plants (Table 1). It reacts with the superoxide radicals to form peroxynitrite and 
probably with thiol compounds to form nitrosothiols. The investigation of RNS is at present a 
truly novel and important field in plant biology. 

The superoxide radical, H2O2, and nitric oxide have moderate reactivity toward 
biomolecules and may thus have some direct detrimental effects in plants. The superoxide 
radical inactivates dihydroxyacid dehydratase (required for the synthesis of branched chain 
amino acids) and aconitase (required for the operation of the Krebs cycle) by oxidizing the 
iron-sulfur clusters at the active site, and ribonucleotide reductase (required for DNA 
synthesis) by oxidizing an essential Tyr radical. Also, H2O2 can inactivate Calvin cycle 
enzymes, metalloproteins such as SODs, and hemoproteins such as nodule leghemoglobin 
(Dalton 1995, Scandalios et al. 1997). However, the real threat of the superoxide radical and 
H2O2 is their potential to act as precursors of the hydroxyl radical. The hydroyxl radical can 
readily oxidize amino acid residues of proteins, fatty acids of phospholipids, and deoxyribose 
and bases in DNA (Halliwell and Gutteridge 1999). Nitric oxide can directly inhibit iron-
containing proteins (Neill et al. 2002), but its toxicity stems mainly from its ability to react 
with the superoxide radical to form peroxynitrite. This compound can induce lipid 
peroxidation, nitrate Tyr residues of proteins, oxidize thiols, and cause nitration or deamination 
of DNA bases (Halliwell and Gutteridge 1999). 

However, the same three ROS or RNS mentioned above may perform useful roles in plants. 
This is largely because they show moderate reactivity and are mainly generated by enzymes, 
and hence their rates and subcellular sites of production may be under metabolic control. The 
superoxide radical and H2O2 are involved in lignification of cell walls, defense against 
pathogen attack, and sensing of, and subsequent adaptation to, stressful conditions. H2O2 can 
also induce programmed cell death during the plant's hypersensitive response to infection by 
modulating gene expression (Neill et al. 2002). Nitric oxide also acts as a signal molecule and 
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is involved in the control of gene expression, hypersensitive response, antioxidant defense, 
organogenesis, and stomatal closure (Neill et al. 2002, Lamattina et al. 2003). 
 
Table 1. Production of ROS in nodules 

ROS  Cellular source 

Superoxide radical Electron transport chains of mitochondria, bacteroids, plastids, 
endoplasmic reticulum, peroxisomes, and plasma membrane. NADPH 
oxidase in membranes. Oxidation of leghemoglobin in cytosol. Xanthine 
oxidase and membrane polypeptides in peroxisomes. Oxidation of 
nitrogenase and ferredoxin in bacteroids. 

H2O2 Electron transport chains of mitochondria, bacteroids, plastids, 
endoplasmic reticulum, and plasma membrane. CuZnSOD in cytosol and 
plastids, MnSOD in mitochondria and bacteroids, FeSOD in plastids. Fatty 
acid β−oxidation, urate oxidase, and MnSOD in peroxisomes. 

Organic and lipid peroxides Nonenzymatic lipid peroxidation. Lipoxygenase. 

Hydroxyl radical Reaction of superoxide radical with H2O2 catalyzed by trace amounts of Fe 
or Cu. 

Singlet oxygen Photoinhibition in chloroplast. 

Nitric oxide Nitrate reductase in leaves and other plant organs. Nitric oxide synthase (?) 
in peroxisomes. 

Peroxynitrite Reduction of nitric oxide with the superoxide radical. 

 
Plant cells contain an impressive array of antioxidant metabolites and enzymes that 

scavenge or prevent the formation of the most aggressive ROS and RNS, thus protecting cells 
from oxidative damage. Additionally, antioxidant enzymes control the steady-state levels of 
the moderately reactive ROS and RNS, allowing them to perform important roles at specific 
sites, environmental conditions, or developmental stages of plants. Although antioxidants have 
multiple roles in diverse physiological processes in plants, we present here a restricted 
overview of the role of antioxidants in the rhizobia-legume symbiosis. Readers are referred 
elsewhere for a more general coverage of antioxidants in plants, in particular the excellent 
reviews by May et al. (1998) and Mittler (2002). 

As a result of the complex and continuous molecular interplay between the bacteria and the 
plant, large amounts of ROS and possibly RNS are generated during the lifetime of nodules, 
and hence an important asset of antioxidant enzymes are expected in both symbiotic partners. 
These and other molecular studies of the symbiosis are greatly facilitated by selecting 
Medicago truncatula or Lotus japonicus as model legumes, respectively, for indeterminate or 
determinate nodulation (Udvardi 2001). Both legume species have a small diploid genome, are 
autogamous, have a short generation time and large seed production, and are amenable for 
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transformation and mutant screening. In addition, the chloroplastic genome of L. japonicus and 
the genomes of Sinorhizobium meliloti and Mesorhizobium loti (the bacterial components of 
the symbioses) have been entirely sequenced, and the nuclear genomes of M. truncatula and L. 
japonicus are being sequenced at a fast pace. 
 
Ascorbate, glutathione, and homoglutathione are major antioxidants of nodules 
 
Ascorbate (vitamin C) is a water-soluble reductant that can be found in nodules at 
concentrations of 1-2 mM. Ascorbate is required for the progression of the cell cycle and for 
cell elongation. The latter effect has been attributed to its participation as cofactor of prolyl 
hydroxylase (required for the synthesis of Hyp-rich proteins of the cell wall), as well as to the 
ability of apoplastic ascorbate to alter the properties of the plasma membrane or to inhibit the 
cross-linking of hydroxyproline-rich proteins by phenols (Horemans et al. 2000). However, the 
best known functions of ascorbate are based on its properties as an antioxidant. Ascorbate 
regenerates the α−tocopherol oxidized by ROS at the membrane-cytosol interface, is a direct 
scavenger of most ROS, and is the substrate of ascorbate peroxidase (APX). The major 
pathway for ascorbate synthesis has been elucidated (Wheeler et al. 1998). The last step, 
catalyzed by L-galactono-γ−lactone dehydrogenase, occurs in the inner membrane of 
mitochondria (Horemans et al. 2000). 

The thiol tripeptide GSH is also an abundant metabolite of plants, where it performs 
multiple functions, including transport and storage of sulfur, control of cell redox status, 
progression of the cell cycle, protection of protein thiol groups, and detoxification of heavy 
metals and xenobiotics (May et al. 1998). GSH is an important antioxidant in its own right but 
also as a substrate for glutathione reductase and glutathione peroxidase. However, in some 
legumes hGSH may partially or completely replace GSH. In nodules of soybean, common bean 
and mungbean hGSH is the major tripeptide, whereas in nodules of pea, alfalfa and cowpea 
GSH is predominant. In each case, the major thiol is present at concentrations of 0.5-1 mM. 
The synthesis of GSH and hGSH proceeds through two ATP-dependent steps catalyzed, 
respectively, by γECS and a specific GSHS or hGSHS (Fig. 1). The enzymes from pea, 
mungbean, and tobacco leaves have been partially purified and localized to the cytosol and 
plastids (Rennenberg 1997). The biochemical properties of such enzymes, along with the 
information gained for the nodule enzymes using molecular approaches, are summarized in 
Table 2. Genomic and cDNA clones for all three enzymes have been isolated and gene 
structures determined The γecs gene of L. japonicus contains 15 exons with identical size and 
high sequence homology (78% identity) to that of Arabidopsis (Matamoros et al. 2003). In 
both M. truncatula and L. japonicus, the gshs and hgshs genes have 12 exons of identical size 
(except for the first ones, which are very close in size), show high sequence homology (83% 
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identity between the coding sequences of the two genes), and are tandemly arranged (and with 
the same orientation) in the genome. These observations indicate that the two genes originated 
by duplication (Frendo et al. 2001, Matamoros et al. 2003). In L. japonicus, the genes are 
separated by only 8 kb, appear to be present as single copies, and encode proteins with putative 
plastid signal peptides. The expression patterns of gshs and hgshs are clearly different in the 
two model legumes. In M. truncatula, hgshs is preferentially expressed in the roots and 
nodules and gshs in the leaves (Frendo et al. 2001), whereas in L. japonicus hgshs is expressed 
in the roots and leaves and gshs in the nodules (Matamoros et al. 2003). Why the hgshs gene 
was recruited during evolution exclusively in the legume family and is only expressed in some 
species or organs remain unsolved questions but the differential expression of gshs and hgshs 
do suggest specific roles for their enzymatic products. 
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Figure 1. Three types of peroxidases that can be found in legume nodules. The scheme depicts gene structures, 
proteins, and activities catalyzed by representative enzymes of each type: ascorbate peroxidase (APX) of pea leaf 
cytosol, guaiacol peroxidase (GPX) of horseradish roots, and glutathione peroxidase (GSH-PX) of L. japonicus 
nodules. Gene diagrams show exons (except UTRs) in red, introns in yellow, and UTRs in blue. Numbers are 
length in bp. Protein diagrams show: (a) in APX and GPX, the distal and proximal His residues (H) that bind the 
heme groups (in red); (b) in GPX, the N- and C-terminal signal peptides, the four conserved disulfide bridges, and 
one of the eight glycosylated Asn residues (N*); and (c) in GSH-PX, the plastid signal peptide and some 
important residues of the three typical domains ('signatures'). Numbers are length in amino acid residues. 

 
Bacteroids also have high GSH concentrations due to their own γECS and GSHS (Moran et 

al. 2000). They lack hGSHS but significant amounts of hGSH are found in bean nodule 
bacteroids as a result of uptake from the host infected cells (Moran et al. 2000). The GSH may 
be internally consumed by bacteroids in metabolic reactions and maintenance of cellular redox 
status rather than being exported to the plant (Iturbe-Ormaetxe et al. 2001). Recently, a mutant 
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of Rhizobium tropici has been isolated which is deficient in GSHS and contains only 3% of the 
GSH present in the wild type strain (Riccillo et al. 2000). This mutant is sensitive to weak 
organic acids as well as to osmotic and oxidative stress, and the addition of GSH restores the 
responses to these stresses to wild type levels. Interestingly, the mutant can form effective 
nodules on bean but it is outcompeted by the wild type strain, indicating that GSH is important 
for stress tolerance and the symbiotic process (Riccillo et al. 2000). 
 
Nodules contain three types of peroxidases with distinct functions 
 
APXs belong to the class I of hemoperoxidases (intracellular enzymes) and catalyze the 
reduction of H2O2 to water by ascorbate. In nodules, APX activity has been found in the 
cytosol and mitochondria (Dalton et al. 1993, Iturbe-Ormaetxe et al. 2001), but additional 
isoforms probably exist in peroxisomes and plastids, as occurs in leaves (Jiménez et al. 1997). 
Cytosolic APX has been purified from soybean nodules, cDNA clones isolated, and 
recombinant enzyme and antibody produced. The most important properties of APX are 
compiled in Table 2. The cytosolic enzyme is stable in the absence of ascorbate, contrary to the 
chloroplastic isoforms, and is also immunologically distinct from them. Its amino acid 
sequence has little homology with guaiacol peroxidases but significant homology with yeast 
cytochrome c peroxidase (Mittler and Zilinskas 1992). The genes for cytosolic APX (apx1) of 
pea and Arabidopsis have ten exons and nine introns (Fig. 1). The first intron is located in the 
5'-UTR and this may have an effect on transcription, perhaps enhancing expression level 
(Mittler and Zilinskas 1992). This does not occur with the gene (apx2) encoding the two 
isoforms (stromal and thylakoidal) of chloroplastic APX (Shigeoka et al. 2002). 

Guaiacol ('nonspecific' or 'classical') peroxidases are class III peroxidases (secretory 
enzymes) found in the extracellular spaces and vacuoles. They have been implicated in a wide 
range of processes, including lignification, suberization, auxin catabolism, defense against 
pathogens, salt tolerance, and oxidative stress. Guaiacol peroxidases use phenolic compounds 
as substrates and are typically assayed with artificial electron donors. In nodules, they exist as 
multiple isoforms but none of them has been characterized. APXs and leghemoglobins also 
display 'guaiacol peroxidase' activity but at much lower rates. However, APXs are inactivated 
by the thiol reagent, p-chloromercuribenzoate, because they contain free Cys residues whereas 
archetypal guaiacol peroxidases (eg. horseradish peroxidases) contain four conserved disulfide 
bridges. The use of such inhibitors is the basis for an assay to discriminate between guaiacol 
and APXs (Amako et al. 1994). The two types of peroxidases share little homology, with the 
exception of the heme-binding domain, and the corresponding antibodies do not cross-react. 
The differences are also important at the gene level. The number and position of introns of 
guaiacol peroxidases (three or less) are very different from those of APXs (Fig. 1). 
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Table 2. Antioxidant proteins of legume nodules 

Enzyme Localization and biochemical properties 

CuZnSOD In cytosol and plastids. Dimer (32 kD, 2 Cu, 2 Zn). Inhibited by KCN and H2O2. 

MnSOD In mitochondria and bacteroids. The plant enzyme is a tetramer (82 kD, 4 Mn). 
The bacterial enzyme is a dimer (43 kD, 2 Mn) and may be cambialistic. Resistant 
to KCN and H2O2. 

FeSOD In plastids and cytosol. Dimer (56-58 kD, 2 Fe). Structurally related to MnSODs. 
Inhibited by H2O2 but resistant to KCN. 

Catalase In peroxisomes and bacteroids. The plant enzyme is a tetramer (220 kD, 4 heme). 
Inhibited by KCN and aminotriazole. The bacterial enzymes have a subunit size 
of 63 kD. 

APX Mainly in cytosol (0.9% of total soluble nodule protein). Dimer (subunits of 27 
kD, 2 heme). The enzyme is inactivated by p-chloromercuribenzoate and strongly 
inhibited by KCN. The cytosolic isoform is distinguished from chloroplastic 
isoforms by its insensitivity to ascorbate depletion. All isoforms use ascorbate 
effectively as a reductant, in contrast to classical (guaiacol) peroxidases that do 
not. Km = 300 µM for ascorbate and 20 µM for H2O2. Membrane-bound isoforms 
exist in mitochondria and possibly in peroxisomes.  

Glutathione reductase In cytosol, plastids, and mitochondria. Probably, a tetramer (135-190 kD; subunits 
of 32-60 kD), Km=23 µM for GSSG and NADPH. 

γECSa In plastids. Biochemical data suggest it is a dimer (58-60 kD). Km = 70 to 190 µM 
for Cys and 4 to 10 mM for Glu. Very labile enzyme. Strict requirement for ATP, 
Mg2+ and K+. Inhibited in vitro and in vivo by buthionine sulfoximide. Feedback 
inhibited in vitro by GSH. 

(h)GSHSc In cytosol and plastids. Dimer (113-120 kD; subunits of 56-61 kD). Strict 
requirement for ATP and Mg2+. Km = 20 to 70 µM for γEC and 0.2 to 1 mM for 
Gly (GSHS). Km = 1.9 mM for βAla (hGSHS). 

Ferritin In plastids. Multimeric protein (550-600 kD; subunits of 23-28 kD) At least three 
isoproteins. 

a Molecular mass predicted from cDNA sequences. b No data available for the nodule enzyme. Data for the cytosolic enzyme 
of potato tubers (Dipierro and Borraccino 1991) c Dimer molecular mass for higher plant enzymes (Rennenberg 1997). 
Subunit molecular mass predicted from cDNA sequences of the pea and bean nodule enzymes. 

 
Glutathione peroxidases are class I peroxidases that catalyze the reduction of H2O2, organic 

hydroperoxides, and lipid hydroperoxides to water by GSH. Once thought to be present only in 
animals and bacteria, it now seems that this enzyme is also present in plants. The first evidence 
came from citrus plants, which were found to contain phospholipid hydroperoxide glutathione 
peroxidase activity (Beeor-Tzahar et al. 1995). This activity was clearly different from 
glutathione S-transferases (some isoforms of which may also exhibit glutathione peroxidase 
activity) and was induced by salt stress. Since then several cDNA clones encoding homologous 
enzymes have been isolated in pea and other higher plants (Mullineaux et al. 1998). All of 
them are predicted to contain Cys (UGU or UGC codons) at their active site instead of the rare 
selenocysteine residue (UGA codon) found in mammalian phospholipid hydroperoxide 
glutathione peroxidases. Many plant glutathione peroxidases reported so far are predicted to be 
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located in the plastids; however, putative cytosolic and peroxisomal isoforms were found in 
barley (Churin et al. 1999). We have also isolated several cDNA and genomic clones encoding 
glutathione peroxidases that are expressed in nodules of L. japonicus (Fig. 1). The deduced 
proteins contain the three conserved signatures (domains) found in animal and plant 
glutathione peroxidases and lack selenocysteine. Prediction programs of subcellular 
localization indicate that there are cytosol and plastid isoforms. Two genes have been 
completely sequenced and found to comprise six exons of almost identical sizes (except for the 
first exon) but different intron sizes. Therefore, gene structures allow for a clear separation 
among the three types of nodule peroxidases (Fig. 1). 
 
The ascorbate-glutathione pathway is critical for nodule functioning 
 
The initial product of APX is monodehydroascorbate (ascorbate free radical), which then 
disproportionates to ascorbate and dehydroascorbate. Monodehydroascorbate and 
dehydroascorbate are reduced back to ascorbate by specific reductases using NADH and GSH, 
respectively. Finally, the oxidized glutathione formed by dehydroascorbate reductase is 
reduced to GSH by glutathione reductase using NADPH. Therefore, the ascorbate-GSH 
pathway involves four enzymes operating in concert to remove H2O2 at the expense, 
ultimately, of the reducing power of NADH or NADPH (Fig. 2). 

APX was described above and hence we will focus now on the other enzymes of the 
pathway (Fig. 2). Glutathione reductases are found in the cytosol, mitochondria, and 
bacteroids, but are probably present also in nodule plastids because the enzyme is abundant in 
chloroplasts and root plastids (Bielawski and Joy 1986) and because cDNA clones encoding a 
putative plastid glutathione reductase have been isolated (Tang and Webb 1994). It is likely 
that the enzymes of nodule mitochondria and plastids are coded for by a single gene, as occurs 
with the enzymes of pea leaves (Creissen et al. 1995). Some nodules, such as those of bean and 
soybean, synthesize homoglutathione rather than GSH, and therefore the enzyme is 
functionally a homoglutathione reductase. Monodehydroascorbate reductases are ubiquitous 
flavoproteins of plants that occur in soluble and membrane-bound isoforms. In nodules, two 
isoforms have been found and at least one of them is associated with the cell wall. Only low 
enzyme levels are detected in the cytosol (Dalton et al. 1993). Thus, it appears that recycling of 
ascorbate through the ascorbate-GSH pathway in the cytosol is mainly accomplished by 
dehydroascorbate reductase, whereas monodehydroascorbate reductase may be involved in 
regeneration of apoplastic ascorbate, synthesis of Hyp-rich proteins, and lignification of cell 
walls. Very little is known about this enzyme in plants and, in particular, in nodules (Table 2). 
Dehydroascorbate reductase is a monomeric protein with active thiol groups and has been 
localized to the cytosol and mitochondria of nodule host cells (Dalton et al. 1993, Iturbe-
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Ormaetxe et al. 2001). In addition to the cytosol, the ascorbate-GSH pathway seems to be 
operative in other nodule compartments. The four enzymes of the pathway have been detected 
in nodule mitochondria (Dalton et al. 1993, Iturbe-Ormaetxe et al. 2001). A model has been 
proposed (Iturbe-Ormaetxe et al. 2001) for bean nodule mitochondria, in which H2O2 

generated in the inner membrane is removed by membrane-bound APX and the resulting 
ascorbate oxidation products are regenerated to ascorbate by monodehydroascorbate, 
dehydroascorbate, and homoglutathione reductases in the matrix or the cytosol (Fig. 2). The 
enzymes of the ascorbate-GSH pathway have also been found in pea leaf peroxisomes 
(Jiménez et al. 1997) and thus the pathway is probably functional in nodule peroxisomes. 

 

O2

 
Figure 2. Antioxidant enzymes of legume nodules. Abbreviations: ASC, ascorbate; CAT, catalase; CuZnSODc, 
cytosolic CuZnSOD; CuZnSODp, plastidial CuZnSOD; DHA, dehydroascorbate; DR, dehydroascorbate 
reductase; γEC, γ-glutamylcysteine; γECS, γ-glutamylcysteine synthetase; ETC, electron transport chain; GL, L-
galactono-γ−lactone; GLDH, L-galactono-γ−lactone dehydrogenase; GR, glutathione reductase; (h)GSH, 
(homo)glutathione, reduced form; (h)GSHS, (homo)glutathione synthetase; (h)GSSG, (homo)glutathione, 
oxidized form; Lb, leghemoglobin; MDHA, monodehydroascorbate; MR, monodehydroascorbate reductase; Ox 
met, oxidative metabolism. 
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Several lines of evidence show that the ascorbate-GSH pathway is critical for nodule 
functioning (Dalton 1995, Dalton et al. 1998). The activity, protein, and transcript of APX, the 
key enzyme of the pathway, are very abundant in nodules, particularly in the infected and 
parenchyma cells (Fig. 3A). In the infected cells, APX protects leghemoglobin and other 
redox-sensitive proteins from H2O2, whereas in the nodule parenchyma (a few cell layers 
outside the infected zone) the enzyme may participate in the operation of the oxygen diffusion 
barrier. This barrier has been proposed to be located, for the most part, in the nodule 
parenchyma and controls oxygen entry into the infected zone. The parenchyma cells have not 
only high levels of APX but also of ascorbate and respiratory dehydrogenases (Fig. 3B). Thus, 
we proposed that the parenchyma cells would regulate oxygen access to the infected region by 
adjusting their respiratory activity (Dalton et al. 1998). The concentration of the resulting H2O2 

would be then finely tuned by APX, allowing for H2O2 to act as a signal molecule for the 
'opening' or 'closure' of the oxygen diffusion barrier (Minchin 1997, Dalton et al. 1998). 

There are further indications of the importance of the ascorbate-GSH pathway for N2 
fixation. The activities of all four enzymes are much higher (2- to 36-fold) in nodules than in 
uninfected roots. The enzyme activities and thiol contents are also substantially higher (1.5- to 
5.5-fold) in effective than in ineffective nodules. Also, treatment of plants with fixed nitrogen 
(urea) inhibits N2 fixation concomitantly with three enzyme activities of the pathway, 
indicating that there is a link between N2 fixation and antioxidant defenses. The most 
compelling evidence for the connection between antioxidants and N2 fixation comes from 
observations that direct infusion of ascorbate into stems of soybean plants leads to an increase 
in leghemoglobin content, a 4-fold increase in rates of N2 fixation, and a substantial delay in 
nodule senescence (Bashor and Dalton 1999). Inclusion of ascorbate and purified recombinant 
APX in an in vitro reconstitution system containing leghemoglobin and bacteroids results in 
improved oxygenation of leghemoglobin and up to a 4.5-fold increase in N2 fixation (Ross et 
al. 1999). Collectively, these and other observations have confirmed that antioxidants play an 
important role in protecting and enhancing N2 fixation. 
 
Superoxide dismutases and catalases are critical for protection of nitrogen fixation and 
occur in both symbiotic partners 
 
SODs are a family of metalloenzymes that catalyze the dismutation of superoxide radicals into 
molecular oxygen and H2O2. Three classes of SODs, differing in their metals at the active site, 
may coexist in plants and all of them have been found in the nodule plant fraction. The 
subcellular localizations and biochemical properties of the CuZnSOD, FeSOD, and MnSOD of 
nodules are presented in Table 2. Recently, the proteins and transcripts of cytosolic CuZnSOD 
and mitochondrial MnSOD have been localized in alfalfa and pea nodules (Rubio et al. 2004).  
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Figure 3. Localization of APX, SODs, and H2O2 in alfalfa nodules. A, Immunofluorescence localization of 
cytosolic APX. High levels are evident in the central, infected region (arrowhead) and in a ring of cells in the 
nodule parenchyma (arrow) (from Dalton et al. 1998). B, Tetrazolium staining of respiratory dehydrogenase 
activity. Activity is enhanced in the nodule parenchyma (arrow), indicating increased respiration associated with 
the O2 diffusion barrier and probably with the enhanced level of APX protein shown in A (from Dalton et al. 
1998). C, In situ hybridization of cytosolic CuZnSOD mRNA. Transcript is most abundant in the nodule apex 
(arrow), which include the meristem and invasion zones (from Matamoros et al. 2003). D, In situ hybridization of 
MnSOD mRNA. Transcript is most abundant in the infected region, and especially in the infected cells (arrow). E 
and F, Localization of H2O2. Fresh nodule tissue was perfused with cerium chloride and processed for electron 
microscopy. The presence of H2O2 is marked by the deposition of cerium perhydroxide precipitates, which can be 
seen in the walls and matrix of infection threads (arrows in E) and in the cell walls and intercellular spaces of the 
cortex (arrows in F). Note that H2O2 can be also observed surrounding the bacteria within the threads (arrowhead 
in E). 
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The CuZnSOD is predominant in the nodule apex (Fig. 3C), especially in the infection 
threads, cytosol adjacent to cell walls, and apoplast; the MnSOD is abundant in the infected 
zone, especially in the infected cells (Fig. 3D). An additional CuZnSOD isozyme, the plastid 
CuZnSOD, is localized to the amyloplasts, whereas MnSOD is also found in the bacteroids and 
bacteria within infection threads. The distinct tissue localizations of 'cytosolic' CuZnSOD and 
MnSOD suggest specific functions for the two enzymes. The CuZnSOD may be associated 
with cell wall growth in the meristems, infection threads, and apoplast, and with the plant's 
response to bacterial infection. The MnSOD would play a role related to the protection and 
functioning of symbiotic tissue in mature nodules. 

The structures of the genes encoding cytosolic CuZnSOD (sodCc) and mitochondrial 
MnSOD (sodA) of L. japonicus have been determined. The sodCc gene consists of eight exons, 
and interestingly, the first intron is in the 5'-UTR, as occurs for the pea apx1 gene. The sodA 
gene has six exons with no apparent special features. The FeSODs are the most enigmatic class 
of SODs and, in fact, the corresponding gene (sodB) was once thought to be present, or 
expressed, only in a few families of higher plants. The FeSODs, when present, appear to be 
localized exclusively in the chloroplast stroma. We have found FeSODs in nodules of most 
legumes examined and isolated cDNAs for some species. Two types of FeSOD were clearly 
recognized: the typical FeSOD localized in the plastids of alfalfa and pea nodules, and an 
unusual FeSOD localized in the cytosol of cowpea nodules (Moran et al. 2003). 

Bacteroids possess a MnSOD in the cytoplasm and a CuZnSOD in the periplasmic space. 
These enzymes are encoded by the respective bacterial sodA and sodC genes. The MnSOD of 
S. meliloti shows high amino acid sequence similarity with bacterial FeSODs and is a 
'cambialistic' enzyme; in other words, it remains active (though less so) when the Mn is 
replaced by Fe (Santos et al. 1999). Interestingly, the enzyme is resistant to H2O2 regardless of 
the metal at the active site. The sodA- mutant of S. meliloti fails to differentiate into bacteroids 
and nodulates poorly (Santos et al. 2000). The CuZnSOD of S. meliloti is expressed during 
infection (Ampe et al. 2003), perhaps as a response of the bacteria to the superoxide radicals 
produced by the plant (see below). 

Catalases decompose H2O2 to water and molecular oxygen without consuming reductants 
and thus may provide plant cells with an energy-efficient mechanism to remove H2O2 

(Scandalios et al. 1997). However, catalases have a much lower affinity for H2O2 than APXs 
and are expected to be active only at subcellular sites where H2O2 or catalase concentrations 
are very high, such as the peroxisomes. Catalase from nodule peroxisomes was purified and 
appears to be similar to other higher plant enzymes. It is unclear if a specific catalase isoform 
occurs in nodule mitochondria, as was observed for maize leaves (Scandalios et al. 1997). The 
production of oxygen by catalase would appear to be unfavorable in the case of bacteroids, 
because nitrogenase and other proteins with high redox potential are readily inactivated by 
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excess oxygen. It is therefore interesting that bacteroids do not contain peroxidases but have 
catalases instead. Free-living S. meliloti and other rhizobia have three catalases: two 
monofunctional catalases (KatA and KatC) and one bifunctional catalase-peroxidase (KatB). 
Only KatA is induced by H2O2 and highly expressed in bacteroids, whereas KatB and KatC are 
expressed by the bacteria within the infection threads (Jamet et al. 2003). Double mutants, 
katAkatC or katBkatC, are severely impaired in N2 fixation, whereas the single mutants display 
no effect. Overall, these results demonstrate the essentiality of catalases during the infection 
process (Jamet et al. 2003). 
 

Nodules also have important antioxidant defenses against membrane damage and iron 
toxicity 
 

Several antioxidant enzymes are bound to plant membranes, such as the APX, 
monodehydroascorbate reductase and MnSOD of peroxisomes (Corpas et al. 2001) and the 
APX of mitochondria (Iturbe-Ormaetxe et al. 2001). These enzymes protect membranes from 
ROS but may have additional useful roles. Peroxisomal monodehydroascorbate reductase can 
generate superoxide (a common characteristic with the chloroplastic enzyme), which may then 
be used by the plant as a signal molecule. Plant membranes are mainly protected against lipid 
peroxidation and other types of oxidative damage by small lipophilic molecules such as 
tocopherols, ubiquinol, lipoic acid, and flavonoids. α−Tocopherol is found at concentrations of 
15 µg g-1 in both young and old soybean nodules (Evans et al. 1999). Ubiquinol (the reduced 
form of ubiquinone) and lipoic acid are abundant in membranes of mitochondria and other 
organelles, where they act as potent inhibitors of lipid peroxidation. However, they have not 
been quantified in nodules. Flavonoids and other polyphenols are found in nodules at 
concentrations of 0.4-4 mM. Some of these compounds have important antioxidant properties, 
protecting membranes by neutralizing lipid radicals (Moran et al. 1997). Polyamines are also 
abundant in nodules and inhibit lipid peroxidation in vitro, probably by their ability to 
associate with phospholipids and stabilize membranes (Fujihara et al. 1994). 

Plant cells also have an adequate protection against iron-mediated toxicity. Iron in the free 
form or bound to small chelators is potentially toxic because it can catalyze formation of 
hydroxyl radicals. The exceptions seem to be phytic acid and certain phenolic compounds that 
are able to chelate iron in a catalytically inactive form and may inhibit oxidative damage of 
lipids and proteins in vitro (Moran et al. 1997). The supply of free iron must be tightly 
regulated because plants require a steady, low iron supply for the synthesis of iron-proteins, 
DNA, and some hormones (Briat and Lobréaux 1997). This need must be carefully balanced 
against the potential toxicity of excess iron. The protein ferritin stores up to 4500 atoms of iron 
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in a form that avoids the deleterious effects of iron while controlling its availability for 
metabolic purposes. Plant ferritins are composed of a central iron-filled cavity surrounded by a 
shell of 24 identical subunits. Nodules have an active iron metabolism and abundant ferritin, 
which is localized in plastids and amyloplasts, much like the ferritin of leaves that is localized 
exclusively in the chloroplasts (Lucas et al. 1998, Matamoros et al. 1999). The ferritin protein 
and transcript increase very early in nodulation. Later in nodule development, the ferritin 
protein (but not its transcript) declines concomitantly with the increase in nitrogenase and 
leghemoglobin proteins. This suggests that ferritin is a reservoir of iron and supplies it for 
nitrogenase and leghemoglobin synthesis. Because changes in ferritin protein and transcript are 
not coordinated, ferritin expression may be post-transcriptionally regulated (Ragland and Theil 
1993). The ferritin content increases during natural and stress-induced senescence of nodules, 
although variations can be found depending on legume species and nodule tissue. This is most 
probably due to induction of ferritin expression by the iron released during degradation of 
leghemoglobin and other iron-proteins (Lucas et al. 1998, Matamoros et al. 1999). 
 

Reactive oxygen and nitrogen species are involved in nodule formation and senescence 
 

Plants respond defensively to pathogen infection with a hypersensitive reaction, an early 
feature of which is the rapid and transient production of ROS ('oxidative burst') (Lamb and 
Dixon 1997). Infection of legume roots by rhizobia also elicits a hypersensitive reaction. After 
the first nodule primordia have been induced, an increasing proportion of infection threads 
abort in a few cortical cells in which both rhizobia and host cells undergo necrosis. The 
hypersensitive reaction may be part of a mechanism whereby the plant controls infection and 
thus regulates nodulation (Vasse et al. 1993). As in the case of attack by pathogens, root cells 
respond to rhizobial infection with an enhanced production of superoxide and H2O2 (Santos et 
al. 2001, Ramu et al. 2002, D'Haeze et al. 2002). It has not been definitively proven that this is 
a genuine oxidative burst, but the finding that H2O2 accumulation is restricted to the very early 
stages of nodule formation in Sesbania (James, unpublished results) supports this hypothesis. 
Interestingly, one of the genes more rapidly induced by compatible rhizobia or Nod factors, 
rip1, seems to encode a peroxidase and has cis-elements in its promoter region that may be 
responsive to ROS. Because exogenous H2O2 is sufficient to activate rip1 transcription in the 
absence of Nod factors, ROS may act downstream in the signal transduction pathway (Ramu et 
al. 2002). In this respect, both Ramu et al. (2002) and D'Haeze et al. (2002) have concluded 
that Nod-factor induced nodulation requires H2O2. 

Most likely, the 'early' production of H2O2 is part of an oxidative burst, but, in later stages 
of nodule formation, H2O2 accumulation may be more related to cell wall formation and cross-
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linking of glycoproteins, both of which are required for succesful infection. An as yet unsolved 
question is, however, why some rhizobia have success during infection and form functional 
nodules. It is thought that during infection, rhizobia may escape or inhibit the defensive 
response. This inhibition has been attributed to the bacterial exopolysaccarides (González et al. 
1996). The enzymes responsible for enhanced ROS formation during infection and nodule 
organogenesis have not been definitively identified. The superoxide radicals are formed in the 
infection threads (Santos et al. 2001), possibly by a membrane-bound NADPH oxidase, much 
like the superoxide generation during the oxidative burst in activated neutrophils. Possible 
sources for H2O2 are cell-wall peroxidases, germin-like oxalate oxidases, and diamine oxidases 
(Wisniewski et al. 2000). We have found that H2O2 accumulates in the walls and lumen of 
infection threads, surrounding bacteria within the threads, and in the apoplast of the nodule 
cortex (Fig. 3D). Based mainly on co-localization studies, we propose that CuZnSOD is a 
source of H2O2. This may be important for the cross-linking of cell wall proteins in the 
apoplast and of the matrix glycoprotein in the infection threads (Wisniewski et al. 2000, Rubio 
et al. 2004). 

Additional signal molecules may be important for nodule formation. Salicylic acid may be 
implicated in the early stages of infection because compatible Nod factors inhibit the 
accumulation of salicylic acid (a defensive response) in the root (Martínez-Abarca et al. 1998). 
Nitric oxide could be another signal molecule, as both nitric oxide synthase-like activity 
(Cueto et al. 1996) and nitric oxide (Mathieu et al. 1998) have been detected in nodules. 
Recently, Corpas et al. (2001) have found nitric oxide synthase activity and its product in pea 
leaf peroxisomes. It will be of great interest to determine if nitric oxide is produced in the 
specialized nodule peroxisomes and to identify its origin. Also, a nitric oxide synthase has 
been identified in Arabidopsis (Guo et al. 2003). The enzyme is involved in hormone 
signalling and in regulation of plant growth. In any case, it is clear that the topic of RNS in 
nodules is an emerging area of study. 

There is a second period in the lifetime of nodules characterized by an enhanced production 
of ROS and probably RNS. Large amounts of H2O2 accumulate in the cells and apoplast in the 
central zone of senescing soybean nodules (Alesandrini et al. 2003), as well as surrounding 
bacteroids in the senescent zone of alfalfa and pea nodules (Rubio et al. 2004). In the senescing 
nodule tissue there is a major decrease in antioxidant defenses, oxidative degradation of 
leghemoglobin to nonfunctional green pigments, and enhanced autolytic processes (Mellor 
1989, Matamoros et al. 1999). These are all situations conducive to uncontrolled ROS and 
RNS production. As a consequence, oxidative damage of lipids, proteins, and DNA has been 
observed in nodules during natural (Evans et al. 1999) and stress-induced (Becana and Klucas 
1992, Matamoros et al. 1999) senescence. Similarly, the structural breakdown of organelles, 
symbiosomes, and bacteroids in the host cells usually accompanies senescence. All these 
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structural and biochemical alterations may be interpreted in terms of a switch from a reductive 
to an oxidative state, which may be a general characteristic of plant senescence (Swaraj and 
Bishnoi 1996). 
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ABSTRACT 
 
The thiol tripeptide GSH is very abundant in legume nodules where it performs multiple 
functions that are critical for optimal nitrogen fixation. Some legume nodules contain another 
tripeptide, hGSH, in addition to or instead of GSH. We have isolated from a pea (Pisum 
sativum L.) nodule library a cDNA, GSHS2, that is expressed in nodules but not in leaves. This 
cDNA was overexpressed in insect cells and its protein product was identified as a highly 
active and specific hGSHS. The enzyme, the first of this type to be completely purified, is 
predicted to be a homodimeric cytosolic protein. It shows a specific activity of 3400 nmol 
hGSH min-1mg-1 of protein with a standard substrate concentration (5 mM β−alanine) and Km 
values of 1.9 mM for β−alanine and 104 mM for glycine. The specificity constant (Vmax/Km) 
shows that the pure enzyme is 57.3-fold more specific for β−alanine than for glycine. Southern 
blot analysis revealed that the gene is present as a single copy in the pea genome and that there 
are homologous genes in other legumes. We conclude that the synthesis of hGSH in pea 
nodules is catalyzed by a specific hGSHS and not by a GSHS with broad substrate specificity. 
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INTRODUCTION 

 

The thiol tripeptide GSH is a major antioxidant metabolite in most procaryotic and eucaryotic 
cells. The synthesis of GSH involves two sequential reactions catalyzed by γECS and GSHS 
(Fig. 1). Both enzymes show a strict requirement for ATP and Mg2+ (Rennenberg 1997). 
However, plants may contain another thiol tripeptides (Fig. 1), such as hydroxymethyl-
glutathione (γGlu-Cys-Ser), found in cereals, and hGSH, found exclusively in legumes 
(Klapheck 1988, Rennenberg 1997, Matamoros et al. 1999). The pathway of hGSH synthesis is 
also thought to proceed through two steps, catalyzed respectively by γECS and either a specific 
hGSHS or a GSHS with broad substrate specificity (Macnicol 1987). 
 

L-Glu + L-Cys γGlu-Cys (γEC)
γECS

γGlu-Cys-Gly (GSH)

γGlu-Cys-βAla (hGSH)

+ Gly

+ βAla

γGlu-Cys-Ser
(hydroxymethylglutathione)

+ Ser

+ Glu γGlu-Cys-Glu

GSHS

hGSHS

?

?

?

 
Figure 1. Proposed pathway for the synthesis of thiol tripeptides in plants. The synthesis of GSH proceeds 
through two steps catalyzed by γECS and GSHS. The synthesis of hGSH, a GSH homolog found exclusively in 
legumes, is thought to proceed through the same γECS enzyme and then by either a specific hGSHS or by a 
GSHS isozyme with broad substrate specificity. Hydroxymethyl-glutathione, found in cereals such as wheat and 
rice, could be synthesized by addition of a Ser residue to the C-terminus of γEC or by hydroxymethylation of the 
C-terminal Gly of GSH (KIapheck et al. 1992), and γGlu-Cys-Glu, detected in maize seedlings exposed to Cd, is 
thought to be synthesized from γEC (Meuwly et al. 1995). 

 
Thiol compounds are particularly abundant in nodules and this may be related to their 

critical role in the overall protection of nitrogen fixation (Dalton et al. 1986, Matamoros et al. 
1999). In previous work on thiol metabolism in pea plants, we found GSHS activity in leaves 
and nodules, whereas hGSHS activity was only detected in nodules (Matamoros et al. 1999). 
We subsequently isolated two cDNA clones, GSHS1 and GSHS2, from a pea nodule library. 
Based on the correlation between activity and expression data, we concluded that GSHS1 and 
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GSHS2 code for GSHS and hGSHS, respectively (Moran et al. 2000). A similar correlative 
hypothesis was proposed for two partial GSHS clones obtained from a Medicago truncatula 
root cDNA library (Frendo et al. 1999). Sequence analysis revealed that, in pea, GSHS1 
encodes a protein bearing a mitochondrial signal peptide whereas GSHS2 encodes a cytosolic 
protein (Moran et al. 2000). These data, although predictive, indicate that GSHS enzymes may 
be localized in at least two subcellular compartments of nodules. In fact, we were able to detect 
GSHS activity in mitochondria of cowpea nodules (a GSH producing species) but not of bean 
nodules (a hGSH producing species), suggesting that hGSHS is not present in mitochondria. 

Up to date a hGSHS enzyme has not been completely purified from any plant (Macnicol 
1987) or from any heterologous organism (Frendo et al. 2001). This is probably due to the 
lability and low abundance of the enzyme in plant tissues (Macnicol 1987; Klapheck et al. 
1988) and the low yield of conventional heterologous expression systems (Frendo et al. 2001). 
The availability of a cDNA that putatively encodes pea hGSHS, the absence of pure enzyme 
preparations for adequate kinetic analysis and thereby for function assignment, and the 
presence of GSHS2 transcripts specifically in pea nodules, all prompted us to characterize the 
GSHS2 cDNA and the corresponding protein product. 
 
MATERIALS AND METHODS 
 
Plant material 
 
Nodulated plants of pea (Pisum sativum L. cv. Lincoln x Rhizobium leguminosarum biovar. 
viciae strain NLV8) and common bean (Phaseolus vulgaris L. cv. Contender x Rhizobium 
leguminosarum biovar. phaseoli strain 3622) were grown under controlled environment 
conditions as described by Gogorcena et al. (1997). Leaves and nodules to be used for 
extraction of genomic DNA or mRNA were harvested from plants at the vegetative growth 
period (approximately 30 days of age), immediately frozen in liquid N2, and stored at -80°C. 
 
Overproduction and purification of recombinant protein 
 
The ORF of GSHS2 was PCR-amplified using cDNA from 3-week-old pea nodules as a 
template using gene-specific primers (NcoI and NotI sites are underlined in the respective 
primers): forward 5'-CACCATGGCTAAATCATCTCAACAGC-3' and reverse 5'-CTAATC 
GCAGCGGCCGCAATGCTA-3'. The resulting 1.7 kb fragment was gel purified, subcloned 
into pCRII-TOPO (Invitrogen, Groningen, The Netherlands), and transformed into DH5α 
competent cells. The inserted ORF of GSHS2 was digested out with NcoI and NotI, gel 
purified, and ligated into pFastBac HTb. This procedure resulted in the GSHS2 cDNA being 
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placed under the transcriptional control of the strong polyhedrin promoter (Autographa 
californica nuclear polyhedrosis virus) and in the addition of a poly-His tag to the recombinant 
protein for further detection and purification. DH5α competent cells were then transformed 
and positive colonies were identified by PCR using pFastBac specific primers. The 
pFAstBac::GSHS2 DNA was isolated from an overnight culture and used to transform 
DH10BAC competent cells following the BAC-to-BAC protocol (Life Technologies, Paisley, 
UK). White positive colonies were verified by colony PCR. High molecular mass recombinant 
bacmid DNA was produced overnight in Escherichia coli and used to transfect Sf21 
Spodoptera frugiperda insect cells with CellFectin reagent (Life Technologies). Recombinant 
baculoviruses were harvested 72 h post-transfection and amplified by infecting monolayer 
cultures of insect cells. These cultures were grown at 27ºC in TC-100 medium supplemented 
with 10% fetal calf serum and antibiotics, using media and chemicals from Sigma and 
protocols available from Life Technologies. Recombinant viruses were collected 48 h after 
infection from the culture supernatant and kept at 4ºC or -20ºC until subsequent infection of 
fresh cells. 

To optimize infection conditions and protein yield, confluent Sf21 cell cultures (5 ml of 
medium) were infected with different amounts of recombinant viruses and cells were collected 
by centrifugation 24 to 96 h after infection. Cells were resuspended in lysis medium consisting 
of 10 mM Tris-HCl (pH 7.5), 130 mM NaCl, 10 mM NaF, 10 mM sodium phosphate buffer 
(pH 7.5), 10 mM sodium pyrophosphate, 1% Triton X-100, 1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride, and protease inhibitor cocktail (Boehringer Mannheim, Mannheim, 
Germany). Cell-free extracts were loaded on a cobalt Talon affinity column (Clontech, Palo 
Alto, CA, USA) and protein was eluted with 50 mM sodium phosphate buffer (pH 7.0), 300 
mM NaCl, and 150 mM imidazole. 
 
Western blot analysis 
 

Western blots were performed following protocols supplied by the manufacturer (Clontech). 
Briefly, protein samples were separated in SDS gels, blotted onto nitrocellulose membranes, 
incubated overnight at 4°C with blocking solution (0.1% Tween-20, 1% nonfat milk in 
phosphate-saline buffer), and then for 1 h with the antibodies diluted in blocking solution. The 
primary antibody (6xHis monoclonal antibody; Clontech) was used at a 1:5000 dilution and the 
secondary antibody (anti-mouse antibody-alkaline phosphatase conjugate; Sigma) at a 1:2500 
dilution. Color was developed with 5-bromo-4-chloro-3-indolylphosphate/nitroblue 
tetrazolium chloride (Sigma). 
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Functional characterization of the enzyme 
 
The assay of GSHS and hGSHS activities of the GSHS2 overexpressed protein was based on 
the amount of GSH and hGSH synthesized from γEC and Gly or βAla, respectively 
(Matamoros et al. 1999). Thiol tripeptides were derivatized with monobromobimane and 
quantified by HPLC with fluorescence detection (Fahey and Newton 1987) with minor 
modifications (Matamoros et al. 1999). The Km and Vm values were calculated from double-
reciprocal plots using 0.5 mM γEC and 10 to 150 mM Gly (for GSHS activity) or 0.5 mM γEC 
and 0.4 to 5 mM βAla (for hGSHS activity). For comparison, the activity rates (V) of GSHS 
and hGSHS were also measured using fixed standard concentrations of γEC (0.5 mM) and Gly 
or βAla (5 mM).  
 
Southern blot analysis of GSHS2 
 
Genomic DNA was isolated from pea and bean leaves, digested with the restriction enzymes 
stated in Fig. 3, fractionated on agarose gels, and transferred to Hybond N+ membranes 
(Amersham) following standard protocols. Hybridizations were performed at high stringency 
with 32P-labeled probes prepared from PCR products. For pea, the primers (forward 5'-
GCAGTCGCAATCGTTTACTTCC-3', reverse 5'-CCCACCTTCATCAAA TAATGATGG-3') 
amplified a 594-bp fragment within the ORF (GenBank accession no. AF258319). For bean, 
the primers (forward 5’-GAAAGTGGCTATATGGTGCG-3’, reverse 5’-GACACCATTCAG 
TAGGAAAAGC-3’) amplified a 233-bp fragment including part of the ORF and part of the 3'-
UTR (GenBank accession no. AF258320). 
 
RESULTS AND DISCUSSSION 

 
We attempted initially to overproduce pea nodule GSHS2 using conventional E. coli 
expression systems but this approach proved unsuccessful. In contrast, we found that large 
amounts of virtually pure protein could be produced efficiently in insect cells. The yield of 
GSHS2 protein was optimized by monitoring the amount of baculovirus used to infect the 
insect cells and the time course of protein production. Western blot analysis demonstrated that 
the protein was correctly expressed (expected size of approximately 59 kD) in infected cells 
(Fig. 2). The protein yield was similar between 48 and 96 h after infection but after this time 
there were significant amounts of smaller degradation products. Therefore, protein production 
was scaled up by culturing insect cells in 50 ml of medium and by harvesting cells 48 h after 
infection. 
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Figure 2. Overproduction in insect cells and purification of pea nodule GSHS2. (A) Red Pounceau-stained SDS-
gel of proteins from control (uninfected) and infected cells after 24, 48, 72, and 96 h. (B) Western blot of the 
same gel using 6xHis monoclonal antibody. (C) Coomassie-stained SDS-gel of proteins from cell free extracts 
prior to loading on the metal-affinity column (fraction 0) or subsequently eluted with 1 ml of imidazole elution 
buffer per fraction (fractions 1 and 2). (D) Western blot of a gel similar to (C) using the same antibody and 
conditions as in (B). 

 
The baculovirus expression system allowed us to produce large amounts of highly pure 

active GSHS2 enzyme suitable for biochemical characterization. Thus, the GSHS and hGSHS 
activities of GSHS2 were first determined using identical standard concentrations (5 mM) of 
the substrates, Gly and βAla, respectively (Table 1). The specific activity of GSHS2 with βAla 
was 3433 nmol of hGSH produced min-1 mg-1 protein, which is approximately between 100- 
and 1000-fold higher than the two putative hGSHS activities reported in the leaves of other 
legumes (Macnicol 1987, Klapheck et al. 1988). This is consistent with the highly purified 
enzyme preparation that we obtained using the insect expression system. Likewise, the 
hGSHS/GSHS ratio of activities was 21.7, thus suggesting a higher affinity of GSHS2 for βAla 
than for Gly. The catalytic constants of GSHS2 were then determined using a fixed saturating 
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concentration of γEC and a range of concentrations of Gly or βAla (see "Materials and 
methods"). The enzyme showed saturation kinetics and linear double-reciprocal plots with 
respect to both substrates. The Km of GSHS2 for βAla was 55-fold lower than for Gly but, 
perhaps most relevant in terms of substrate specificity, the Vmax/Km ratio (specificity constant) 
for βAla was 57-fold higher (Table 1). These kinetic data using virtually pure, recombinant 
enzyme demonstrate that GSHS2 encodes a genuine hGSHS. 

 
Table 1. Kinetic properties of the recombinant GSHS2 enzyme. Values are means ± SE of three preparations of 
pure enzyme. The assay of GSHS and hGSHS activities of GSHS2 was based on the amounts of GSH and hGSH 
synthesized from γEC and Gly (GSHS) or from γEC and βAla (hGSHS). The activity rate (V) was measured using 
a standard concentration (5 mM) of Gly or βAla for the enzyme assay. 

Constant GSHS activity hGSHS activity hGSHS / GSHS 

V (nmol min-1mg-1 protein)   158 ± 22 3433 ±137 21.7 

Vmax (nmol min-1mg-1 protein) 4199 ± 108 4719 ± 430 1.12 

Km (mM)   104 ± 9    1.9 ± 0.3 0.018 

Specificity constant (Vmax/Km)     41 ± 4 2350 ± 331 57.3 

 
Very recently, Frendo et al. (2001) reported the expression, in E. coli, of a cDNA from 

Medicago truncatula. The enzyme product in bacterial crude extracts showed a specific 
activity of 0.32 nmol min-1mg-1 protein as hGSHS and of 0.12 nmol min-1mg-1 protein as GSHS. 
These activities were therefore about 10000- and 1300-fold, respectively, lower than those of 
our enzyme preparation. These extremely large differences in activities are due to the use of 
crude extracts instead of purified enzyme and probably also to the fact that the pea GSHS2 
protein has been expressed in an eucaryotic system, which can improve the folding and 
processing of the enzyme. Reliable kinetic analysis requires enzyme purification. Clearly, our 
highly purified enzyme preparation is more appropriate for kinetic studies and also allows the 
subsequent structural analysis of the protein. 

Genomic Southern blot analysis of GSHS2 was performed in pea and common bean using 
gene-specific probes for each legume species (Fig. 3). Bean was included in this analysis 
because this plant has hGSHS (but not GSHS) activity and hence a functional GSHS2 gene 
(Moran et al. 2000). In both legumes, restriction enzymes cutting inside (Xba I, Hind III) or 
outside (other enzymes) of the ORFs generated single fragments (Fig. 3). This observation, 
along with the high sequence identity (73%) between pea and bean GSHS2 (Moran et al. 
2000), allowed us to conclude that an homologous gene to pea nodule GSHS2 is present in the 
bean genome, that both pea and bean GSHS2 are present as single copies, and that the pea 
GSHS2 enzyme is responsible for the hGSH content and hGSHS activity found in nodule 
extracts (Matamoros et al. 1999). 
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Figure 3. Southern blot analysis of GSHS2 in pea and bean. Genomic DNA was extracted from leaves, digested 
with restriction enzymes, electrophoresed (10 µg of pea DNA per lane or 5 µg of bean DNA per lane), blotted 
onto Hybond N+ membranes, and hybridized with 32P-labeled probes. 

 
Assuming that the molecular mass of native hGSHS is similar to that of GSHS (113-

120 kD) of other plants (Rennenberg 1997), it follows that hGSHS is also present in the 
nodules as a homodimer. The derived amino acid sequence of hGSHS (GSHS2) is devoid of 
N-terminal signal peptides or C-terminal motifs, and the enzyme is predicted by several 
algorithms to be located to the cytosol (Moran et al. 2000). We conclude that thiol biosynthesis 
in pea nodules proceeds via two genuinely different enzymes (GSHS and hGSHS), rather than 
two GSHS isozymes. The enzymes are located in two nodule compartments known to generate 
toxic oxygen species at high rates (Becana et al. 2000). The synthesized GSH and hGSH may 
fulfil antioxidative and regulatory roles that are important during nodule initiation and 
senescence. Thus, GSH is involved in the osmotic and oxidative stress tolerance of bacteroids 
(Riccillo et al. 2000), and both GSH and hGSH are involved in peroxide detoxification in the 
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plant fraction of nodules via the Halliwell-Asada pathway (Moran et al. 2000, Iturbe-Ormaetxe 
et al. 2001). The two thiols are generally assumed to be functionally interchangeable 
(Klapheck 1988). While this may be correct, our compartmentation results emphasize that 
there is at least the potential for specific different functions of GSH and hGSH. With the 
availability of hGSHS cDNAs (this work) and the use of antisense technology this question 
may be adequately addressed in future. 
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ABSTRACT 
 
The thiol tripeptides GSH and hGSH perform multiple roles in legumes, including protection 
against toxicity of free radicals and heavy metals. The three genes involved in the synthesis of 
GSH and hGSH in the model legume, Lotus japonicus, have been fully characterized and 
appear to be present as single copies in the genome. The γecs gene was mapped on the long 
arm of chromosome 4 (70.0 cM) and consists of 15 exons, whereas the gshs and hgshs genes 
were mapped on the long arm of chromosome 1 (81.3 cM) and found to be arranged in tandem 
with a separation of approximately 8 kb. Both genes consist of 12 exons of exactly the same 
size (except exon 1, which was similar). Two types of transcripts were detected for the gshs 
gene, which putatively encode proteins localized in the plastids and cytosol. Promoter regions 
contain cis-acting regulatory elements that may be involved in the plant's response to light, 
hormones, and stress. Determination of transcript levels, enzyme activities, and thiol contents 
in nodules, roots, and leaves revealed that γecs and hgshs are expressed in all three plant 
organs, whereas gshs is significantly functional only in nodules. This strongly suggests an 
important role of GSH in the rhizobia-legume symbiosis. 
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INTRODUCTION 

 

Glutathione is an abundant metabolite in plants and other organisms, where it performs a 
multiplicity of functions. These include storage and transport of sulfur, scavenging of H2O2, 
control of cell cycle and redox status, and detoxification of xenobiotics and heavy metals 
(Zenk 1996, May et al. 1998). In some legume tissues, hGSH can partially or completely 
replace GSH (Klapheck 1988, Matamoros et al. 1999). There is evidence that hGSH can share 
some functions with GSH, such as the transport of reduced sulfur from leaves to developing 
fruits (Macnicol and Bergmann 1984) and the antioxidative defense of nodules (Moran et al. 
2000). However, the low hGSH concentration found in the chloroplasts of some legumes may 
be insufficient for H2O2 detoxification in the leaves (Zopes et al. 1993). The synthesis of GSH 
and hGSH involves two ATP-dependent steps. The first reaction is common to both tripeptides 
and is catalyzed by γECS, whereas the second reaction is catalyzed by specific enzymes, GSHS 
or hGSHS. 

We have initiated a long-range molecular analysis of the antioxidants in the rhizobia-
legume symbiosis using Lotus japonicus as a model legume. This species is particularly 
amenable for molecular and genetic studies because of its small genome (2n=12, 450 Mb/n), 
short generation time, abundant seed production, availability of symbiotic mutants, and ease of 
transformation (Handberg and Stougaard 1992). Surprisingly, there is no information about the 
antioxidant composition of L. japonicus or its bacterial symbiont, Mesorhizobium loti, despite 
the fact that the chloroplast (Kato et al. 2000) and bacterial (Kaneko et al. 2000) genomes have 
been already sequenced and that the nuclear genome is being sequenced at fast pace (Sato et al. 
2001, Nakamura et al. 2002). 

In this work, the three genes involved in the synthesis of thiol tripeptides in L. japonicus 
have been fully characterized. The promoter regions of γecs, gshs, and hgshs contain response 
elements to light, hormones, and stress conditions. However, some elements are found only in 
one or two of the promoters, suggesting differential gene regulation. We show here that γecs 
and hgshs are expressed in nodules, roots, and leaves, whereas gshs is fully functional only in 
nodules, which may reflect an important, and rather specific, role of GSH in the rhizobia-
legume symbiosis. 
 
MATERIALS AND METHODS 
 
Plant material 
 
Seeds of L. japonicus ('Gifu' B-129) were gently scarified and germinated for 2 days in Petri 
dishes. Seedlings were then transferred to pots containing vermiculite, inoculated 2 days later 
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with Mesorhizobium loti strain NZP2235, and grown under controlled environment conditions 
for 44 to 50 days (Handberg and Stougaard 1992). Plants were fed with B&D nutrient solution 
(Broughton and Dilworth 1971) supplemented with 0.25 mM NH4NO3. Nodules, roots, and 
leaves were harvested in liquid nitrogen and stored at -80°C for subsequent analysis. 
 
Thiol tripeptide contents and thiol tripeptide synthetase activities 
 
All extraction procedures were performed at 4°C. Thiol compounds were extracted from 50 mg 
of plant tissue with 500 µl of 200 mM methanesulfonic acid containing 0.5 mM 
diethylenetriaminepentaacetic acid. Extracts were cleared by centrifugation at 14,000g for 5 
min, and thiols were derivatized with monobromobimane and quantified by HPLC with 
fluorescence detection (Matamoros et al. 1999). Thiol synthetases were extracted from 50 mg 
of plant tissue with 500 µl of an optimized medium consisting of 50 mM Tris-HCl (pH 8.0), 
0.2 mM EDTA, 10 mM MgCl2, and 10% glycerol. Extracts were centrifuged at 14,000g for 10 
min and depleted of low molecular mass compounds with Centricon-10 devices (Amicon, 
Danvers, MA). The activities were then assayed based on the HPLC quantification of the 
synthesized GSH and hGSH (Matamoros et al. 1999). 
 
Isolation and characterization of cDNA clones 
 
A single EST (MR068f07) encoding γECS was obtained from a root cDNA library. No 
corresponding ESTs were found in either leaf or nodule cDNA libraries. A primer (Table 3) 
was designed based on the 3'-end EST sequence (accession no. AB084239), and the complete 
sequence of the cDNA clone was determined using the primer walking method (Voss et al. 
1993). Two additional primers were obtained from the walking (Table 3) and the sequences 
generated in the three rounds of walks were assembled to obtain the complete cDNA sequence. 

The cDNA clones encoding GSHS were isolated by PCR screening of a L. japonicus nodule 
cDNA library using degenerate primers (Table 3) based on plant GSHS cDNAs (Moran et al. 
2000). The PCR mix contained 0.2 µM of both primers, 0.2 mM dNTPs, 1.5 mM MgCl2, 
0.05% W-1 detergent, and 1.5 U of Taq polymerase (Life Technologies, Paisley, U.K.) in a 
final volume of 25 µl. The "touchdown" PCR cycling protocol consisted of 3 min at 95°C, 6 
cycles (75 s at 95°C, 60 s at 59°C decreasing by 0.5°C every cycle, 90 s at 72°C), 35 cycles 
(75 s at 95°C, 60 s at 56°C, 90 s at 72°C), and 10 min at 72°C. A fragment of approximately 
460 bp was obtained, cloned in pCRII (Invitrogen, Carlsbad, CA, USA), and sequenced. To 
amplify the 5’ and 3’ ends, a new set of specific L. japonicus GSHS primers (Table 3) were 
designed based on the internal sequence and used in combination with T7 and T3 primers. The 
PCR mix was separated in 1% agarose gels and the top bands were cloned in pCRII and 
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sequenced. The same set of specific GSHS primers (Table 3) were used, in combination with 
T3 and T7 primers, to isolate the hGSHS cDNA clones by PCR screening of a L. japonicus 
leaf cDNA library. 
 
Isolation, characterization, and mapping of genes 
 
A genomic library of L. japonicus accession 'Miyakojima' MG-20 was generated with the TAC 
vector (Liu et al. 1999). Oligonucleotides (Table 3) were synthesized based on cDNA 
sequences and used as primers for PCR screening of the TAC library according to the three 
dimensional pooling method (Sato et al. 2001). PCR products were sequenced to confirm 
authenticity of screening. The nucleotide sequence of each TAC insert was determined 
according to the bridging shotgun method and genes were mapped using simple sequence 
repeat markers found in the TAC sequences (Sato et al. 2001). Appropriate primers (Table 3) 
were used for mapping of γecs in the TAC clone LjT04E19 and of gshs and hgshs in the TAC 
clone LjT44N05. 
 
Analysis of cDNA, gene, and deduced protein sequences 
 
Sequence alignments and phylogenetic trees were done with CLUSTAL W 1.7 (Thompson et 
al. 1994). Identity and homology calculations were performed with Gap (Genetics Computer 
Group, Madison, WI, USA) and BLAST (Altschul et al. 1997). Regulatory elements in the 
promoter regions were searched with PLACE (Higo et al. 1999) and PlantCARE (Lescot et al. 
2002). Predictions of subcellular localization and analysis of signal peptides were performed 
with MitoProtII (Claros 1995), PSORT (Nakai and Kanehisa 1992), and ChloroP and TransitP 
(Center for Biological Sequence Analysis, Technical University of Denmark). 
 
Southern analysis 
 
Genomic DNA was isolated from leaves and flowers according essentially to the 
cetyltrimethylammonium bromide method (Aldrich and Cullis 1993). DNA digested with 
restriction enzymes was fractionated on 0.7% agarose gels and transferred to nylon membranes 
(Hybond-N+; Amersham Biosciences, Uppsala, Sweden). Probes for γecs and gshs/ hgshs were 
PCR generated using the primers indicated in Table 3 and labeled with 32P-dCTP by random 
priming (Megaprime; Amersham Biosciences). Hybridizations were carried out at 65°C 
overnight with a standard buffer consisting of 5x SSC (1x SSC is 0.15 M NaCl plus 0.015 M 
sodium citrate), 5x Denhardt solution (1x Denhardt is 0.02% Ficoll 400, 0.02% 
polyvinylpyrrolidone, and 0.02% bovine serum albumin), 0.5% SDS, and 20 µg/ml salmon 
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sperm DNA (Sambrook et al. 1989). The membrane was then rinsed at 65°C successively with 
2x SSC, 1x SSC, and 0.5x SSC, for 15 min each. All SSC solutions contained 0.1% SDS. 
Hybridization signals were scanned and imaged with a Molecular Imager FX (Bio-Rad, 
Hercules, CA, USA). 
 
Gene expression analysis 
 
Total RNA was isolated from nodules, roots, and leaves using the RNAqueous kit from 
Ambion (Austin, TX, USA). For RT-PCR, total RNA (5 µg) was treated with DNase I (Roche, 
Mannheim, Germany) and reverse transcribed with Moloney murine leukemia virus reverse 
transcriptase (Promega, Madison, WI, USA) in the presence of RNase inhibitor (Roche). The 
RNA was shown to be free of genomic DNA by performing control reactions, with ubiquitin 
primers, in which the reverse transcription step was omitted. No PCR product was detected 
after 37 cycles. The amplicons of γecs, gshs, and hgshs were shown indeed to correspond to 
cDNA and not to genomic DNA because, for each gene, the forward and reverse primers were 
designed to sequences on different exons. The absence of contaminating genomic DNA was 
also confirmed by real-time RT-PCR analysis: heat dissociation curves showed a single PCR 
product for each gene and parallel analysis with genomic DNA showed that this amplified 6-7 
cycles earlier than the cDNA. 

For RT-PCR at different amplification cycles, the PCR mix contained 0.5 mM dNTPs, 0.2 
µM primers (Table 2), and 1 U of DNA polymerase from Thermus thermophilus (Biotools, 
Madrid, Spain) in a final volume of 25 µl. PCR conditions were 5 min at 94°C, the number of 
cycles (30 s at 94°C, 40 s at 54°C, 30 s at 72°C) stated in the legend to Fig. 5, and 10 min at 
72°C. Ethidium bromide-stained gels were visualized with a Gel Doc 2000 (Bio-Rad). 

For real-time RT-PCR, primers were designed using Primer Express software (Applied 
Biosystems, Foster City, CA, USA). The PCR mix contained 0.3 µM of each primer and 10 µl 
of SYBR Green I PCR Master Mix in a total volume of 20 µl. Reactions were amplified in an 
ABI Prism 7000 Sequence Detection System following a standard cycling protocol: 10 min at 
95°C and 40 cycles (15 s at 95°C, 1 min at 60°C). Heat dissociation curves showed that a 
single PCR product was amplified for each gene and that there was no cross-hybridization 
between gshs and hgshs. Melting temperatures were 76.1°C for the PCR products of γecs and 
hgshs and 71.2°C for the PCR product of gshs. 
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RESULTS 
 
Distribution of thiol compounds and thiol synthetase activities 
 
The first step of this study was to determine the relative abundance of thiol tripeptides (GSH 
and hGSH) and associated biosynthetic enzyme activities (GSHS and hGSHS) in L. japonicus. 
Thiols were extracted in acid medium to precipitate proteins and minimize oxidation, and, 
although the isolation of the nodule plant fraction was done in less than 5 min, we cannot 
discard that a small proportion of the GSH found in nodules originated in the bacteroids. 
Enzyme activities were extracted with an optimized buffered medium containing glycerol to 
preserve enzyme activity and bacteroid integrity. In these conditions the contamination of the 
nodule plant fraction with bacteroids, which have their own GSHS, is estimated to be 
negligible using marker enzymes (Moran et al. 2000). 
 

Table 1. Distribution of thiol tripeptides and thiol synthetase activities in plants of Lotus japonicus 

Thiola or Enzymeb Nodules Roots Leaves 

GSH  188 ± 11     7 ± 3     22 ± 3 

hGSH  102 ± 10 194 ± 19   540 ± 26  

GSHS 10.3 ± 0.9 0.6 ± 0.0          0  

hGSHS 12.4 ± 0.6 9.0 ± 1.6 11.1 ± 1.0 
a Thiol contents (nmol g-1 fresh weight) are means ± SE (n=12 -16 samples) 
b Enzyme activities (nmol min-1g-1 fresh weight) are means ± SE (n=8-12 samples) 

 
In plants at the vegetative growth stage, hGSH accounts for 96% of the total tripeptides in 

roots and leaves but only 35% in nodules (Table 1). Also, hGSHS activity accounted for >94% 
of the total thiol tripeptide synthetase activity in roots and leaves, whereas GSHS and hGSHS 
activities were roughly similar in nodules. The correlation between thiol contents and enzyme 
activities is consistent with the conclusion that GSH and hGSH are synthesized in legume 
tissues by specific thiol tripeptide synthetases (Frendo et al. 1999, Matamoros et al. 1999, 
Moran et al. 2000). Our results also indicate that the major thiol synthesized in L. japonicus 
plants is hGSH and that significant amounts of GSH are produced only in the nodules. 
 
Characterization of cDNAs and deduced proteins 
 
The organ-dependent distribution of enzyme activities in L. japonicus prompted us to isolate 
clones encoding GSHS and hGSHS from nodule and leaf cDNA libraries, respectively. Only 
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one EST (accession no. AV429187) was found in the databases for the hgshs gene and none 
for the gshs gene, which suggests a very low abundance of transcripts. Several GSHS and 
hGSHS clones were completely sequenced and at least four clones of each type were analyzed 
by 5'-RACE (Rapid Amplification of cDNA Ends) to verify start codons. Interestingly, two in-
frame ATG codons were present in the 5'-region of the hGSHS clones, but only the second 
ATG in the GSHS clones. Further experiments with primers designed to the genomic sequence 
upstream of the first ATG resulted in the isolation, from cDNA libraries or cDNA prepared 
from nodule RNA, of GSHS clones that contained the two ATG codons homologous to the 
hGSHS clones. Therefore, two populations of GSHS transcripts appear to be present in 
nodules. The longest GSHS cDNA has an ORF of 1653 bp and encodes a protein of 550 amino 
acids and 61.3 kD, and the hGSHS cDNA has an ORF of 1638 bp and encodes a protein of 545 
amino acids and 61.0 kD (Table 2). The amino acid sequences show 76% identity to each other 
and >75% identity with the homologous enzymes of other legumes. The GSHS and hGSHS 
sequences contain a Gly-rich domain (KPQREGGGNNXYG) that is highly conserved among 
the GSHS proteins from yeasts, plants, and animals (Ullmann et al. 1996). This domain was 
identified as a flexible loop and presumably takes part of the catalytic active site (Wang and 
Oliver 1997). Prediction programs of subcellular localization indicate that GSHS and hGSHS 
contain typical chloroplast signal peptides; however, the deduced GSHS protein starting with 
the second Met residue lacks any recognizable signal peptide for organelle targeting and hence 
is predicted to be localized in the cytosol (Table 2). These subcellular localizations are 
consistent with the presence of plastid and cytosol GSHS isoforms in pea and spinach (Hell 
and Bergmann 1990, Rennenberg 1997) and the isolation of cDNA clones encoding a putative 
cytosolic GSHS in Arabidopsis (Ullmann et al. 1996). 

 
Table 2. Predicted properties of thiol synthetases from L. japonicus 

Enzyme Molecular 
mass 

pIa Lengthb Subcellular 
localizationc

Observations 

γECS 55.9 6.22 495 Only in plastids? Ambiguous signal peptide 

GSHS 55.0 /61.3d 6.17 / 8.17d 493/550d Plastids and cytosol Putative chloroplast signal 
peptide of 58 amino acids 

hGSHS 61.0 6.04 545 Plastids and cytosol Putative chloroplast signal 
peptide of 54 amino acids 

a Theoretical molecular mass (in kD) and isoelectric point of the preprotein calculated by ExPASy (Expert Protein 
Analysis System). 
b Number of amino acid residues of the preprotein. 
c Predicted subcellular localization based on ChloroP, Target P, PSORT, and MitoProt programs. 
d Values for the GSHS products deduced from the two types of transcripts. 
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Figure 1. Phylogenetic analyses of γECS, GSHS, and hGSHS. Unrooted trees were calculated using the 
neighbor-joining method of CLUSTAL W. Numbers correspond to percentages of 1,000 bootstraps and bar 
represents 0.1 substitution per site. To construct the tree for γECS the following sequences were used: Acep, 
Allium cepa (AAL61610); Atha, Arabidopsis thaliana (CAA71075); Atum, Agrobacterium tumefaciens 
(NP_353679); Bjun, Brassica juncea (O23736); Bmel, Brucella melitensis (NP_541506); Bsui, Brucella suis 
(NP_699940); Ccre, Caulobacter crescentus (NP_422208); Gmax, Glycine max (AAG13459); Lesc, 
Lycopersicon esculentum (O22493); Ljap, Lotus japonicus; Mlot, Mesorhizobium loti (NP_107315); Mtru, 
Medicago truncatula (Q9ZNX6); Osat, Oryza sativa (CAD48598); Psat, Pisum sativum (AAF22137); Pvul, 
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Phaseolus vulgaris (AAF22136); Smel, Sinorhizobium meliloti (NP_384876); Zmay, Zea mays (CAC83005). To 
construct the tree for GSHS and hGSHS the following sequences were used: Agam-GSHS, Anopheles gambiae 
(EAA06258); Atha-GSHSc, A. thaliana cytosolic isoform (AAA99146); Atha-GSHSp, A. thaliana plastid isoform 
(CAB51027); Bjun-GSHS, Brassica juncea (CAA71878); Cele-GSHS, Caenorhabditis elegans (NP_063610); 
Gmax-hGSHS, Glycine max (CAB91078); Hsap-GSHS, Homo sapiens (NP_000169); Lesc-GSHS, Lycopersicon 
esculentum (AAB71231); Ljap-GSHS, L. japonicus (AAK77663); Ljap-GSHS, L. japonicus; Mtru-GSHS, M. 
truncatula (AAK93946); Mtru-hGSHS, M. truncatula (AAD29849); Psat-GSHS, Pisum sativum (AAF98121); 
Psat-hGSHS, P. sativum (AAF98156); Pvul-hGSHS, Phaseolus vulgaris (AAF98157); Rnor-GSHS, Rattus 
norvegicus (P46413); Scer-GSHS, Saccharomyces cerevisiae (NP_014593); Xaxo, X. axonopodis (NP_641081); 
Xcam, Xanthomonas campestris (NP_638742); Xfas, Xylella fastidiosa (NP_298717); Xlae-GSHS, Xenopus 
laevis (P35668). 
 

To complete this part of the work, we isolated a cDNA clone encoding γECS, the first 
enzyme of the pathway. The γECS clone was isolated on the basis of a single EST 
(MR068f07), obtained from a root cDNA library, within the framework of the L. japonicus 
genome sequencing project at the Kazusa DNA Research Institute (Japan). No EST sequences 
encoding γECS could be detected in leaf or nodule cDNA libraries. This indicates that the γecs 
transcript, as occurred with the gshs and hgshs transcripts, is scarcely represented in the cDNA 
libraries generated from nodules, roots, or leaves of young plants. The complete γECS cDNA 
has an ORF of 1488 bp that encodes a protein of 495 amino acids and 55.9 kD (Table 2). The 
deduced protein sequence is 84-88% identical to the enzymes of other higher plants and is 
predicted to contain a signal peptide, probably for plastid targeting. The same localization was 
proposed for the γECS of pea and spinach, although activity was also detected in the cytosol 
(Hell and Bergmann 1990). 

The amino acid sequences of γECS, GSHS, and hGSHS were used to generate phylogenetic 
trees (Fig. 1). The γECS proteins clustered in three groups (% identity relative to the L. 
japonicus γECS is indicated in parentheses): proteobacteria (56-60%), Arabidopsis and Indian 
mustard (83%), and legumes and other important crops (80-90%). The γECS sequences from 
E. coli and Salmonella typhimurium (18%), yeast (27%), and animals (26%) had to be 
excluded from the analysis due to their very low homologies. The sequences of GSHS and 
hGSHS were also grouped in three clusters (% identities with the L. japonicus GSHS and 
hGSHS are indicated in parentheses): legumes (70-90%), other higher plants (63-70%), and 
yeast and animals (37-44%). 
 
Characterization of genes 
 
Partial cDNA sequences encoding γECS, GSHS, and hGSHS were used to screen TAC 
libraries. The respective genes were identified and their structure determined by comparison of 
cDNA and genomic sequences (Fig. 2). The γecs gene was mapped on the long arm of 
chromosome 4 (70.0 cM) and consists of 15 exons (69 to 245 bp excluding the UTRs), 
interrupted by 14 introns (71 to 846 bp). The gshs and hgshs genes were mapped on the long 
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arm of chromosome 1 (81.3 cM) and found to be arranged in tandem with a separation of 8 kb. 
Both genes consist of 12 exons of exactly the same size (70 to 193 bp excluding the UTRs), 
except for exon 1, which is very similar. There are, however, some significant differences in 
intron size for the two genes, in particular in introns 1 and 9. All exon/intron junctions of the 
three genes conformed to the GT/AG rule for splicing described for eukaryotic genes (Shapiro 
and Senapathy 1987), except for intron 6 of gshs and hgshs, which show an AT/AC splicing. 
Comparative analyses of genomic Southern blots and restriction maps suggest that γecs, gshs, 
and hgshs are present as single copy genes in the L. japonicus genome (Fig. 3). 
 

γecsγecs

hgshs  gshs
8 kb

165  245              151    108         93               84   69  71   69            94   90   81      93                  81  70            89  365

719          154       389         794         148  90 85     742      144  103   232         846          71      524

 
Figure 2. Structures of the γecs, gshs, and hgshs genes. The lengths of exons (open reading frames in red boxes; 
untranslated regions in blue boxes) and introns (yellow boxes) are given in bp. 

 

 
Figure 3. Genomic Southern analysis of γecs and (h)gshs in L. japonicus. DNA (10 µg per lane) was digested 
with Dra I (D), EcoR I (E), and Hind III (H). Blots were hybridized either with a γecs specific probe or with a 
probe that recognizes both gshs and hgshs (Table 3). Size markers in kb are shown on the left. 
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Table 3. Oligonucleotides used in this study 

Target gene Sequencea Use Ampliconb

γecs TAAACTCCCACGTAGAC 
AGAAGTCCCTGAATGTC 
TCAGCACAAGTCTGATG 

cDNA sequencing by 
primer walkingc

 

γecs AACTTCTATTTCCTCAAGTATCAGC 
TGCTTATTAATCACGTCTACGTGGG  

Screening of LjT04E19 269 

γecs TCATCTCTAATTATAAACCACTCC 
GACTGAGTCAATCAAAATGTG 

Mapping of LjT04E19 119 

γecs ATGCTGCCCTTTGTTTTTG 
AACACCTCCGCTACCTCAT 

RT-PCR and Southern 534 

γecs GGCATGCTGCCCTTTGTTT 
TCGATATATTTGTGTTTCCGATAGACA 

Real-time RT-PCR 107 

gshs CG[A/C]AACATGTA[C/T]GA[C/T]CA[A/G]CAT
T CCTTCTCT[C/T]TG[A/G]GG[C/T]TTCAT 

Isolation of GSHS 
cDNA clone (internal 
fragment) 

464 

gshs GCAATTAACCCTCACTAAAGGG (T3) 
GTAGTCTGGCTCTCCATTCTG 

Isolation of GSHS 
cDNA clone (5' end) 

1012 

gshs GGCAGAAGTTGATCGAGAAGG 
GCGTAATACGACTCACTATAGGGC (T7) 

Isolation of GSHS 
cDNA clone (3' end) 

1193 

gshs TCGACTCACACTTTCTCTACCG 
TGGAACCGTTACCATTGACA  

Screening of LjT44N05 144 

gshs TGGCTCAACAACAACAACAT 
GTGACAAGACTCCCTAAACCA 

RT-PCR 535 

gshs AACACTATTTCCTCTTCATTTGCTGG 
TGAAGTTCAGTGACAAGACTCCCTAA 

Real-time RT-PCR 53 

hgshs AGGTGGATGTGGATCTGGTT 
TCGAAGCTGGAAGAATCGTT 

Screening of LjT44N05 219 

hgshs ATGGGGGTAGGTGGATGT 
CAGTAACTTTCAGGTAATGG 

RT-PCR 408 

hgshs AAAAGTTCCTGGTGTGGGCTT 
GCTTCCAGTAACTTTCAGGTAATGG 

Real-time RT-PCR 77 

gshs, hgshs AAGTACTTAAGTTTGTGTTAATGAC 
AAATGATTATTAATATTGACCTTTG 

Mapping of LjT44N05 161 

gshs, hgshs CTGATGGAGCAATCCTCTGC 
AACCATTGCGCATCAAAACT 

Generation of probe for 
Southern 

382 

β-actin GCATTGTTGGTCGTCCTCGT 
TGTGCCTCATCCCCAACATA 

Real-time RT-PCR 79 

a Sequences (5'  3') of the forward (upper line) and reverse (lower line) primers. 
b Size of amplified fragment in bp. 
c Three forward primers were used for sequencing by the primer walking method. 
 

The promoter regions of γecs, gshs, and hgshs had not been examined so far for any legume. 
Because the exact transcription start site is unknown, only the first 800 bp upstream of the start 
codon were considered in a computer-assisted search for cis-acting regulatory elements. The 
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promoter regions of one or more of the three genes contain elements involved in the response 
of plants to hormones and other growth regulators (auxins, ethylene, gibberellins, abscisic, 
salicylic, and methyl jasmonic acids) and to stress conditions (water, heat, cold, and oxidative 
stress; pathogenesis; anoxia; wounding). The promoters also contain elements commonly 
found in light-regulated genes (eg. GT-1 and GATA-motifs) and in many other eukaryotic 
genes (eg. TATA- and CAAT-boxes). 
 
Gene expression 
 
Gene-specific primers (Table 3) based on the cDNA sequences were used to analyze 
expression of γecs, gshs, and hgshs in nodules, roots, and leaves. Primers for gshs and hgshs 
were designed to amplify cDNA products of different size and thus confirm specificity. As 
expected, the primers amplified a single product and did not recognize the gshs gene of 
bacteroids. Preliminary experiments were conducted by RT-PCR with different amplification 
cycles. No major differences in expression were detected for the γecs and hgshs genes (not 
shown), whereas the gshs transcript was clearly more abundant in nodules than in roots or 
leaves (Fig. 4). Interestingly, the gshs transcript, but not the corresponding enzyme activity, 
was found in the leaves, suggesting post-transcriptional regulation. 

To quantify expression of all three thiol synthetases and, in particular, to verify enhanced 
expression of gshs in nodules, we used real-time quantitative RT-PCR. Appropriate primers 
were adapted from those used for conventional RT-PCR to retain gene specificity (Table 3). 
The γecs transcript in leaves was approximately 4-fold more abundant than in roots and 9-fold 
more abundant than in nodules (Table 4). The hgshs transcript was most abundant in roots and 
similarly abundant in the other two plant organs. In contrast, the gshs transcript level in 
nodules was 22-fold greater than in roots and 15-fold greater than in leaves (Table 4). The 
higher expression of hgshs in roots was not mirrored by similar increases in hGSHS activity or 
hGSH content, which again suggests post-transcriptional regulation or in vivo limitation of the 
enzyme activity. 

N1 R1        L1

gshs

ubi

535

N2 R2        L2 N3 R3        L3N1 R1        L1

gshs

ubi

535

N2 R2        L2 N3 R3        L3

 
Figure 4. Enhanced expression of gshs in nodules of L. japonicus. Reverse transcription-polymerase chain 
reaction of RNA isolated from nodules (N), roots (R), and leaves (L) was performed as described in Materials and 
methods. For gshs (amplicon of 535 bp), the reactions were stopped after (1) 32, (2) 34, or (3) 36 amplification 
cycles. For ubiquitin (ubi), which was used to ensure uniform loading, the reactions were stopped after (1) 24, (2) 
26, or (3) 28 amplification cycles. 
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Table 4. Real-time reverse-transcription polymerase chain reaction analysis of thiol synthetases in roots (R), 
nodules (N), and leaves (L) of Lotus japonicus 

Gene Organ Cta ∆Ctb ∆∆Ctc Rd

γecs R 32.51 3.39 0 1 

 N 32.96 4.45 1.06 0.4 

 L 27.62 3.73 0.35 3.7 

gshs R 34.56 5.44 0 1 

 N 29.50 0.99 -4.45 21.8 

 L 32.88 4.88 -0.56 1.5 

hgshs R 31.04 1.91 0 1 

 N 31.22 2.71 0.80 0.6 

 L 31.29 3.29 1.38 0.4 

β-actin R 29.13   

 N 28.51   

 L 28.00   

a Average threshold cycle number. 
b Difference in cycle number between thiol synthetase genes and control gene. 
c Difference in cycle number relative to roots. 
d Transcript relative abundance calculated as 2exp(-∆∆Ct). 
 
DISCUSSION 

 
Legumes are unique among higher plants in that they are able to synthesize both GSH and 
hGSH. We show here that L. japonicus is essentially an hGSH-producing legume because this 
thiol accounts for 96% of the total tripeptides in roots and leaves. Interestingly, nodules 
contain nearly twofold more GSH than hGSH due to a high expression level of GSHS in the 
nodule plant fraction (this work) as well as in the bacteroids (Moran et al. 2000). The thiol 
composition of L. japonicus clearly contrasts with that of M. truncatula, a model legume that 
produces exclusively GSH in leaves and the two thiols in roots and nodules (Frendo et al. 
1999). These differences should be considered in selecting the model legume for subsequent 
alteration of thiol metabolism. 

The thiol biosynthetic pathway in L. japonicus was further studied by characterizing the 
relevant genes. The γecs gene contains 15 exons interrupted by 14 introns. Except for exon 1 
(probably due to differences in signal peptides), all exons have identical or very similar size to 
those of Arabidopsis (Cobbett et al. 1998) and rice (accession no. AJ508915), the only two 
other γecs genes reported so far in plants. Likewise, the exons of the gshs and hgshs of L. 
japonicus have almost identical size and high sequence homology with those of the gshs of 

64 



 
 
 
 

Pathway for the synthesis of thiol tripeptides 

Arabidopsis (Wang and Oliver 1996, Skipsey et al. 1999) and M. truncatula (Frendo et al. 
2001). This strongly suggests that the gshs and hgshs genes are highly conserved and 
originated in legumes by duplication, as proposed by Frendo et al. (2001). This hypothesis is 
further substantiated by our finding that the two genes of L. japonicus are tandemly arranged 
and separated by only 8 kb, and also by the unusual AT/AC splicing for intron 6 in both genes. 
This so-called U12-type of intron has an ATATCCTTT consensus sequence at the 5' splice site 
and is extremely rare in eukaryotes. In fact, only 11 out of 19,553 introns surveyed in 
Arabidopsis belong to the U12-type family (Burge et al. 1998). To our knowledge, this 
noncanonical splice has not been detected yet in any legume, and certainly not during the Lotus 
sequencing project. Although the regulatory role, if any, of this unsual splice site is unknown, 
it does mean that a U12- spliceosome has been conserved during plant evolution. There is no 
apparent relationship in the function of the Arabidopsis genes bearing the unusual introns. 

It is noteworthy that two transcript populations were detected for the gshs gene in nodules. 
Given the similarity and common origin indicated above, it is likely that the same occurs for 
the hgshs gene in nodules or other plant organs. However, both genes appear to be present as 
single copies, strongly suggesting alternative splicing of the pre-mRNA to ultimately produce 
the cytosolic and plastid isoforms. Both subcellular compartments have been reported to 
contain GSHS activity in other plants (Klapheck et al. 1988, Rennenberg 1997). 

The promoter regions of the γecs, gshs, and hgshs genes contain cis-acting regulatory 
elements that may be involved in the plant's response to light, hormones, and stress conditions. 
Although results of promoter domain analysis obviously require verification with transgenic 
plants, they are indicative of an intertwined regulation of thiol synthetase genes and underline 
the central role of GSH in the adaptive response of plants to environmental stress (May et al. 
1998). Elements homologous to ARE or NF-κB, associated with the response of animal cells to 
oxidative stress, were also found in the three promoters, albeit with a minimal mismatch (1-2 
bp). Such elements were also observed in two other antioxidant genes of plants, catalase 
(Scandalios et al. 1997) and SOD (Kernodle and Scandalios 2001). 

Differential regulation of the three genes was evident in considering the distribution of 
transcripts, enzyme activities, and thiols within the plant. The γecs and hgshs transcripts were 
most abundant in the leaves and roots, respectively, whereas both plant organs showed a very 
low expression of gshs. In contrast, nodules have high levels of gshs transcript, GSHS activity, 
and GSH, indicating that the gene is fully functional and may play a critical role in the 
symbiosis. We can only surmise at this stage that the role of GSH is related to nodule 
formation and/or protection of N2 fixation in the infected zone. Thus, our previous studies with 
pea and common bean nodules, which are amenable for careful tissue dissection, showed that 
the γECS activity and GSH content are highest in the apical zone of indeterminate nodules and 
in the infected zone of determinate nodules, whereas hGSH is higher in the cortex (Matamoros 
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et al. 1999). Also, a role of GSH in nodule formation may be envisaged given that this thiol is 
involved in cell division in meristems (Sánchez-Fernández et al. 1997, Vernoux et al. 2000), a 
key process in nodule formation (Mylona et al. 1995). 

Phylogenetic analysis of the γECS of L. japonicus reveals high homology (80-90% identity) 
with other plants, moderate homology (56-60%) with bacteria of the Rhizobiales and other 
proteobacteria, and poor homology (18-27%) with E. coli, yeast, and animals. These 
observations suggest at least three clades in the evolution of γECS and provide only partial 
support to the proposal of May and Leaver (1994) that there is considerable structural 
heterogenity among the γECS from several organisms, and even within the enzymes from 
higher plants. In fact, the calculated molecular mass of 56 kD for L. japonicus γECS is very 
similar to those of Arabidopsis, tobacco, pea, and bean (Hell and Bergmann 1990, May and 
Leaver 1994, Matamoros et al. 1999). The enzyme from tobacco is, however, dissociated into 
two equal subunits by thiol reagents (Hell and Bergmann 1990), and therefore differences in 
tertiary or quaternary structure may exist between the γECS of plants. The phylogenetic 
analysis of the GSHS and hGSHS of L. japonicus shows high homology with other plants (63-
90% identity), significant homology (37-44%) with yeast and animals, and virtually no 
homology (<25%) with prokaryotes. The molecular mass of 55.0 to 61.3 kD expected for L. 
japonicus GSHS and hGSHS is also similar to that of other plants (Rawlins et al. 1995, 
Rennenberg 1997) and suggests that the native enzyme is a homodimer, as occurs for other 
eukaryotes (Rennenberg 1997). Given the importance of thiol metabolism for most life forms, 
it will be of interest to determine whether the differences (or similarities) in the structures of 
γECS and GSHS among the various groups of organisms reflect distinct (or similar) catalytic 
and regulatory properties of the enzymes. 
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ABSTRACT 
 
The regulation of hPC biosynthesis has been studied in the model legume, Lotus japonicus, 
exposed to cadmium. Within a few hours, roots started to synthesize elevated amounts of γEC, 
PCs, and hPCs. This response was associated with a very rapid and strong upregulation of the 
gshs gene, but not of the γecs or the hgshs genes, and is consistent with the strict requirement 
of GSH for the synthesis of both types of PCs. Simultaneous quantification of gene-specific 
mRNAs, enzyme activities, and metabolites reveals that the hPC biosynthetic pathway is both 
transcriptionally (OASTL) and post-transcriptionally (GSHS, hGSHS) regulated. Furthermore, 
quantification of γECS protein with a polyclonal monospecific antibody provides strong 
evidence that this enzyme is primarily regulated at the post-translational level. Screening of 
TAC libraries allowed the identification of a cluster of three pcs genes, which were mapped at 
69.0 centimorgans on chromosome 1. The genes differ in exon-intron composition and 
responsiveness to cadmium. Gene structures and phylogenetic analysis of the derived proteins 
are consistent with two sequential gene duplication events during evolution and suggest that 
the second duplication occurred after legumes had diverged from other vascular plants. 
Detailed sequence comparisons reveal two sites for alternative splicing of introns 2 and 7 in 
the primary transcripts, which account for the expected differences in amino acid sequences 
between the typical PCS1 and the unusual PCS2 and PCS3 of L. japonicus. 
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INTRODUCTION 

 

Phytochelatins are Cys-rich polypeptides that play an essential role in heavy-metal 
detoxification in fungi, plants, nematodes, and possibly other organisms (Cobbett and 
Goldsbrough 2002, Grill et al. 1987). The synthesis of PCs is catalyzed by PCS in a stepwise 
reaction in which a γEC unit from GSH is first added to the GSH molecule itself and then to 
the elongating PC chain (Grill et al. 1989, Rea 2004). The supply of the thiol precursors, Cys 
and GSH, is provided by the sequential operation of the enzymes OASTL, γECS, and GSHS, 
which are ubiquitous in bacteria, plants, and animals (Fig. 1). Some legumes produce hGSH 
instead of or in addition to GSH, and are thus able to synthesize hPCs through the action of 
hGSHS (Frendo 1999, Klapheck et al. 1995, Matamoros et al. 1999) and hPCS (Grill et al. 
1986, Klapheck et al. 1995, Oven et al. 2002) when exposed to heavy metals (Fig. 1). 
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Figure 1. Biosynthesis of (h)PCs in legumes. The enzyme OASTL catalyzes the last step of Cys synthesis from 
o-acetylserine (o-AcSer) and disulfide. Two sequential ATP-dependent reactions, catalyzed by γECS and by 
specific thiol tripeptide synthetases, produce GSH or hGSH. In the presence of some heavy metals and metalloids, 
these thiols are used as substrates by PCS and homophytochelatin synthase (hPCS) for the synthesis of (h)PCs. 

 
The expression of genes involved in PC synthesis has been examined in Arabidopsis 

thaliana and Brassica juncea. However, results are fragmentary and in most cases 
contradictory. In Arabidopsis, Xiang and Oliver (1998) found upregulation of the γecs and gshs 
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genes in response to Cd, whereas May et al. (1998) failed to detect any changes in mRNA 
levels but instead provided evidence for a post-transcriptional regulation of γECS activity. 
Likewise, in B. juncea, Cd increased transcription of the oas, γecs, and gshs genes in roots of 
light-grown plants (29), but had no effect on the expression of γecs in etiolated seedlings 
(Schäfer et al. 1997). The two pcs genes of Arabidopsis (Atpcs1 and Atpcs2) appear to be 
constitutively expressed and not transcriptionally regulated by Cd (Cazalé and Clemens 2001, 
Ha et al. 1999). In sharp contrast, other authors found that the level of mRNA, but not of the 
protein, of Atpcs1 is responsive to Cd (Lee et al. 2002). The effects of Cd on pcs expression 
may vary also with the organ and species of the plant because the level of PCS protein was 
enhanced in leaves but not in roots of B. juncea after prolonged Cd exposure (Heiss et al. 
2003). 

These conflicting results, which may reflect complex regulatory mechanisms of gene 
expression, along with the lack of comparable molecular studies for any of the PC homologs, 
prompted us to investigate the regulation of hPC biosynthesis in Lotus japonicus. This legume 
has been proposed as a model for genetic and molecular analyses (Handberg and Stougaard 
1992). Within a few hours of exposure to Cd, roots started to synthesize significant amounts of 
PCs in addition to hPCs, and this response was associated with a strong upregulation of gshs, 
but not of hgshs. In this work, we show that the hPC biosynthetic pathway is regulated at the 
transcriptional, post-transcriptional, and post-translational levels. Three contiguous pcs genes 
(Ljpcs1, Ljpcs2 and Ljpcs3) have been identified, mapped, and characterized. Most 
interestingly, they differ in exon-intron composition and in responsiveness to Cd. Sequence 
analyses indicate two putative sites for alternative splicing in the primary transcripts, which 
account for the expected differences between the typical LjPCS1 and the unusual LjPCS2 and 
LjPCS3. 
 
MATERIALS AND METHODS 
 
Plant material 
 
Plants of L. japonicus cv. Gifu B-129 were nodulated by Mesorhizobium loti strain NZP2235 
to mimic their natural state and were grown in pots containing vermiculite under controlled 
environment conditions for 48-52 days (Matamoros et al. 1999). Treatments of plants with Cd 

were as stated in the legend to Figure 2. Roots and nodules were collected in liquid nitrogen 
and stored at -80°C until analysis. 
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Identification and quantification of thiols and (h)PCs 
 
Thiols were quantified by HPLC after precolumn derivatization with monobromobimane 
(Fahey and Newton 1987) with modifications (Matamoros et al. 1999). The bimane conjugates 
were resolved on a C18 column (4.6 x 250 mm; 5 µm; Baker), eluted with 15% 
methanol/0.25% acetic acid (pH 3.5) at 1 ml min-1, and detected by fluorescence with 
excitation at 380 nm and emission at 480 nm. Thiol peaks were identified by pretreatment of 
samples with N-ethylmaleimide and by coelution with standards of Cys, γEC, and GSH 
(Sigma), or hGSH (Bachem, Weil am Rhein, Germany). 

The (h)PCs were extracted from roots with 2 volumes of 0.1% trifluoroacetic acid 
containing 0.5 mM diethylenetriaminepentaacetic acid and were quantified by HPLC with 
postcolumn derivatization (Grill et al. 1989). Dinitrophenyl derivatives were detected at 412 
nm and identified by coelution with PC standards provided by Prof. Zenk (Halle, Germany) or 
with chemically synthesized hPC standards (Biosynthan, Berlin, Germany). 
 
Enzyme assays 
 
OASTL was extracted in a medium containing 50 mM potassium phosphate (pH 7.8), 1 mM 
EDTA, 1 mM DTE, and 20 µM pyridoxal phosphate. The enzyme was assayed as described in 
Domínguez-Solís et al. (2001), except that the synthesized Cys was quantified by HPLC with 
postcolumn derivatization. (h)GSHS were extracted and their activities assayed in optimized 
media (Matamoros et al. 1999). PCS was extracted with 50 mM Tris-HCl (pH 8.0) and 10 mM 
β−mercaptoethanol. The extract was loaded on a HiTrap desalting column (Amersham 
Biosciences), was eluted with the same buffer but containing 1 mM β−mercaptoethanol, and 
was concentrated. The enzyme was assayed essentially as Klapheck et al. (1995), with final 
concentrations of 1 mM β−mercaptoethanol, 100 µM CdCl2, and 5 mM GSH. The reaction was 
left to proceed for 60 min at 35°C and was terminated by acidification. The synthesized PCs 
were quantified by HPLC with postcolumn derivatization. 
 
Production of recombinant γECS and antibody 
 
The ORF encoding γECS (without the putative signal peptide) from nodules of Phaseolus 
vulgaris (AF128454) was cloned into pCRII (Invitrogen) and subsequently into the NcoI and 
PstI sites of an expression vector derived from pMAL-c2 (New England BioLabs). This vector 
was modified to encode a NcoI site and a (His)6-tag upstream of the cloned ORF. Expression 
of the fusion protein was induced in Escherichia coli BL21(DE3) cells by incubation with 0.25 
mM of isopropyl-β-D-thiogalactopyranoside for 2 h. The protein purification protocol will be 
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published elsewhere. A polyclonal monospecific antibody to recombinant γECS was raised in 
rabbits and subsequently purified by affinity chromatography (BioGenes, Berlin, Germany). 
Immunoblot analysis was performed following conventional protocols, with a dilution of 
1:1,000 for the primary antibody and a dilution of 1:20,000 for the goat anti-rabbit IgG 
horseradish peroxidase-conjugate antibody (Sigma). Immunoreactive bands were detected by 
chemiluminiscence (SuperSignal West Pico; Pierce). 
 
RNA isolation and qRT-PCR analysis 
 
Total RNA was extracted from roots and nodules with the RNAqueous isolation kit (Ambion). 
RNA was treated with DNaseI (Roche), and first-strand cDNA was synthesized using poly-T17 
primers and Moloney murine leukemia virus reverse transcriptase (Promega). In some initial 
experiments, cDNA was synthesized using random hexamers (Amersham Biosciences) with 
similar results. cDNA concentrations were equalized using ubiquitin as reference gene. qRT-
PCR analysis was carried out using SYBR Green Supermix reagents and the iCycler IQ (Bio-
Rad). Oligonucleotide primers (see Table 1, which is published as supporting information on 
the PNAS web site) were designed using Primer Express v2.0 (Applied Biosystems). The PCR 
program comprised an initial step for polymerase activation (5 min at 95°C), 45 cycles of 
amplification and quantification (15 s at 95°C, 1 min at 60°C), and a final melting curve (55 to 
95°C). 
 
Identification, mapping, and characterization of Ljpcs genes 
 
A genomic clone (LjT27M11) was isolated by screening transformation artificial chromosome 
(TAC) libraries of L. japonicus with primers based on the pcs1 sequence of Glycine max 
(AF411075). The clone was entirely sequenced in the context of the L. japonicus genome 
sequencing project and was mapped by using a simple sequence repeat marker (TM0332) 
found in LjT27M11, as described (Sato et al. 2001). The clone contained three candidate pcs 
genes based on their homologies with the sequences of Arabidopsis (AF135155) and G. max. 
To determine the ORF sequences, total RNA from roots and nodules was used as template to 
prepare cDNA and isolate the relevant clones by screening with gene-specific primers. 
 
Production and activity assay of recombinant LjPCS proteins 
 
The complete ORFs of Ljpcs1 and Ljpcs2 were isolated by PCR using high-fidelity Platinum 
Taq DNA polymerase (Invitrogen) and gene-specific primers (for Ljpcs1, 5'-AACATAT 
GGCGATGGCGGGGTTG-3' and 5'-TACTCGAGCTAAGACAAAGGTACACC-3'; for 
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Ljpcs2, 5'-AACATATGGCGAGCGTAAGTCTATAC-3' and 5'-ATCTCGAGCGATACATA 
ACTAGAAAATA-3'; for Ljpcs3, 5'-AACATATGCATTGCATACCACCAT-3' and 
5'-ATCTCGAGTTCGTTCTCCATATTTTCATCAAG-3') containing NdeI and XhoI 
restriction sites (underlined). The PCR products were cloned into pCRII-TOPO (Invitrogen) 
and, after sequence verification, were subcloned into the pET-28 a(+) expression vector 
(Novagen). BL21(DE3) cells were induced overnight with 0.1 mM isopropyl-β-D-
thiogalactopyranoside at 18ºC. Cells were resuspended in phosphate saline buffer, washed in 
extraction buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 mM β−mercaptoethanol), and 
lysed by sonication. The supernatant was desalted in a HiTrap desalting column and was used 
for the assay of PCS activity. The reaction medium contained 2-3 mg of protein, 90 mM Tris-
HCl (pH 8.0), 500 µM CdCl2, 1 mM β−mercaptoethanol, and 5 mM GSH or hGSH. 
 
RESULTS AND DISCUSSION 
 
The synthesis of γEC and (h)PCs in roots is rapidly activated in response to cadmium 
 
Plants of L. japonicus were treated with 100 or 200 µM Cd for 3 to 96 h to detect rapid 
responses in mRNA levels as well as slower changes in enzyme activities and metabolites. 
None of the plants exhibited symptoms of heavy metal toxicity, such as a reduction of root or 
shoot growth, or leaf chlorosis. Preliminary experiments showed that (h)PC synthesis in 
nodules was low compared to roots (<12%) and undetectable in leaves, and therefore this 
metabolic pathway was studied in detail only in root tissue. Contamination of roots with 
nodule primordia was found to be negligible (0.4%) by quantification of the mRNA for the 
nodule-specific gene nitrogenase (nifH). 

Roots of control (untreated) plants contained 170 nmol g-1 of hGSH and 9 nmol g–1 of GSH 
and Cys (Fig. 2), confirming that hGSH is the major thiol produced by L. japonicus 
(Matamoros et al. 1999) and therefore that this model legume is useful to study the regulation 
of the hPC biosynthetic pathway. Treating plants with 100 µM Cd for 3-6 h caused a 30% 
decrease in hGSH but had no effect on Cys and GSH. This decrease cannot be attributed to an 
inhibition of hGSHS activity, which remained constant (Fig. 3), but to a higher consumption 
rate of hGSH, relative to GSH, within the first hours of Cd exposure. After 96 h with Cd, 
hGSH returned to control values, whereas Cys increased up to 2-fold and GSH up to 2.8-fold. 
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Figure 2. Effect of Cd on thiol metabolites in roots of L. japonicus. Pots containing six to eight plants were 
separated at random into six groups. One group was used as a control (white) and the other groups were treated 
with 100 µM CdCl2 for 3 h (yellow), 6 h (orange), 24 h (red), or 96 h (blue), or with 200 µM CdCl2 for 96 h 
(green). Thiol contents are given in nmol g-1 and values represent means ± SEM (n=5-12 plants). Maximum 
contents in roots of PC2, PC2, hPC2, and hPC4 were 1.7, 2.6, 33.9, and 24.2 nmol g-1 of GSH equivalents, 
respectively. 

 
However, the most remarkable effects of Cd were on the contents of γEC and (h)PCs. The 

γEC content of control roots was only 0.8 nmol g-1, but increased 12-fold after 6 h with 100 
µM Cd and reached 106-fold after 96 h with 200 µM Cd. The accumulation of γEC is not due 
to an inhibition of (h)GSHS activities (Fig. 3), which in fact were stimulated, but is a reflection 
of the increase in γECS activity, the enzyme responsible for γEC synthesis in plants and other 
organisms (Hell and Bergmann 1990, Sun et al. 1996). Roots of control plants had no 
detectable (h)PCs but started to synthesize them within 3 h of Cd exposure, in agreement with 
the strict metal requirement for PCS activation (Cazalé and Clemens 2001, Grill et al. 1989, 
Rea et al. 2004, Zenk 1996). The total content of hPCs was 3 nmol g-1 after 3 h with 100 µM 
Cd and reached 250 nmol g-1 after 96 h with 200 µM Cd. Roots were also able to rapidly 
synthesize significant amounts of PCs (18-25% of hPCs). Notably, the hPC3 and PC3 
polypeptides accounted for 70-80% and 94-97% of the total hPCs and PCs formed, 
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respectively, regardless of Cd exposure. This suggests that, in our experimental conditions, the 
PCS activity of L. japonicus is more efficient at synthesizing (h)PC3 and/or that these 
polypeptides are more stable than their structural variants. 
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Figure 3. Regulation of genes involved in (h)PC biosynthesis in roots of L. japonicus. Activities of thiol 
metabolism enzymes. Values are given in nmol min-1g-1 of fresh weight and represent means ± SEM (n=4-8 
plants). 

 
The synthesis of (h)PCs is regulated at multiple levels and involves gene differential 
expression 
 
An essential prerequisite to study gene regulation was the highly sensitive and specific 
quantification of mRNA levels (Fig. 4). We used qRT-PCR, rather than northern analysis, for 
two reasons. First, mRNA levels were in general low (γecs, hgshs) or very low (gshs, pcs), with 
an average threshold relative to ubiquitin of 10-11 or 13-15 cycles, respectively. Second, most 
of the genes of the pathway are members of multigene families, with 75-85% identity in the 
ORFs. Gene-specific primers for qRT-PCR were designed on the basis of tentative consensus 
sequences (oasA, oasB), gene sequences (γecs, gshs, hgshs) previously reported by us 
(Matamoros et al. 2003), or gene sequences (pcs) obtained in this work. Primer specificity was 
validated by detection of single peaks in melting curves and by sequencing of PCR products. 

The availability of Cys is considered to be a limiting factor in GSH synthesis (Domínguez-
Solís et al. 2001, Wirtz et al. 2004). We have found that the oas genes, which encode the 
enzyme catalyzing the last step of Cys biosynthesis, show differential expression in response to 
Cd (Fig. 4). In Arabidopsis the oasA, oasB, and oasC genes encode, respectively, the OASTL 
isoforms of the cytosol, plastids, and mitochondria, but in other plant species the presence of a 
genuine mitochondrial isoform has not been demonstrated (Wirtz et al. 2004). Indeed, we 
failed to detect any ortholog of oasC in L. japonicus but found that the two other genes were 
highly expressed. Notably, the mRNA level of oasA was ≈ 3-fold higher than that of oasB and 
increased by 2.5-fold after 6 h with Cd (Fig. 4). The increase in oasA mRNA level was 
accompanied by moderate, but significant, increases in OASTL activity after 6-96 h (Fig. 3), 
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and was genuinely due to Cd and not to other factors, such as a circadian rhythm, because 
additional untreated controls, harvested simultaneously to treated plants, did not show it. These 
results provide evidence that the OASTL activity is regulated at the transcriptional level. The 
same conclusion was drawn for Arabidopsis, where inductions of 7-fold in oasA transcript and 
of 2.5-fold in OASTL activity were found in the leaves after 18 h with Cd (Domínguez-Solís et 
al. 2001). 
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Figure 4. Steady-state mRNA levels of thiol synthetase and pcs genes in L. japonicus. Values of Cd-treated roots 
were normalized with those of control plants and are expressed in relative units 

 
The gshs and hgshs genes of L. japonicus are closely related but show distinct organ-

dependent expression within the plant (Matamoros et al. 1999, 2003). The two genes also 
responded differently to Cd. The mRNA level of hgshs was not affected, whereas that of gshs 
increased 6-fold after 3 h, reached 25-fold after 6 h, and remained ≈ 4.5-fold over the control 
thereafter (Fig. 3). The strong and sustained upregulation of gshs, along with the large 
accumulation of PCs (Fig. 2), indicates that the plant responds to Cd by rapidly activating the 
synthesis of GSH. This is fully consistent with a specific role of this thiol as substrate for both 
PCs and hPCs (Oven et al. 2002). In sharp contrast, GSHS and hGSHS activities increased by 
≈ 2-fold, but only after 96 h with Cd (Fig. 4), indicating that they are post-transcriptionally 
modulated. Our conclusion is supported by experiments in Arabidopsis showing that H2O2 
does not affect the mRNA levels of the GSH biosynthetic enzymes but raises the GSH content, 
suggesting a multilevel regulation of γECS and GSHS (Schäfer et al. 1998). In fact, a fine 
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tuning of GSHS and hGSHS activities is to be expected, given the multiplicity of functions that 
GSH and hGSH fulfil in plant cells (Klapheck et al. 1995, Matamoros et al. 1999, May et al. 
1998, Xiang and Oliver 1998). The effects of Cd on thiol metabolites have been also examined 
in Zea mays (Rauser et al. 1991, Rüegsegger and Brunold 1992) and Pisum sativum (Klapheck 
et al. 1995, Rüegsegger et al. 1990), which are essentially GSH-producing plants (Klapheck et 
al. 1995, Matamoros et al. 1999). In the roots of both species, PC synthesis was accompanied 
by a depletion of GSH and increases in γEC and GSHS activity, but the regulation of the 
enzymes was not studied at the molecular level and hence these results are difficult to 
compare. However, our finding that treatment with Cd for 96 h increases GSH, hGSH, and 
γECS activity argues against a feedback inhibition mechanism for controlling γECS activity in 
vivo (Rüegsegger and Brunold 1992). 

The regulation of γECS was studied further because the low γEC content of control roots 
and its dramatic increase with Cd suggested a rapid activation of the enzyme in vivo. There is 
evidence that γECS in post-transcriptionally regulated in Arabidopsis cell suspensions (May et 
al. 1998), but this study was not pursued further probably because an appropriate antibody was 
lacking. Because the mRNA level of γecs was unaffected by Cd (Fig. 4), we investigated if the 
increase in γECS activity, estimated as γEC content, was due to an increased protein level or to 
post-translational modification. The γECS of plants and bacteria are structurally unrelated, and 
antibodies generated to them do not cross-react. We therefore produced a specific antibody 
against a heterologously-expressed legume γECS and used it to quantify the protein in roots. 
The γECS content increased ≈ 2-fold after 96 h with 100 or 200 µM Cd (Fig. 5). Consequently, 
the 100-fold increase observed in γEC content was largely the result of a post-translational 
activation of γECS. In fact, in vitro experiments have shown that the activity of animal γECS is 
affected by enzyme phosphorylation (Sun et al. 1996) and the activity of plant γECS by 
reducing compounds (Hell and Bergmann 1990). The twofold increase in γECS protein is also 
consistent with an additional regulation of the activity at the translational level, in line with the 
suggestion for Arabidopsis γECS (Wachter et al. 2005, Xiang and Oliver 1998). In contrast to 
the latter authors, however, we could not find a coordinated response of the (h)GSH 
biosynthetic enzymes to Cd stress at the mRNA level (Xiang and Oliver 1998). 

In this study three pcs genes have been identified and mapped contiguously in the L. 
japonicus genome (see next section for details). The genes, named Ljpcs1, Ljpcs2, and Ljpcs3 
according to their position on the chromosome, were found to be differentially expressed in the 
roots in response to Cd. Whereas the mRNA level of Ljpcs1 remained fairly constant, that of 
Ljpcs2 and Ljpcs3 increased between 2.3- and 3.5-fold with Cd (Fig. 4). We were unable, 
however, to detect significant PCS activity in L. japonicus root extracts by using HPLC with 
either precolumn or postcolumn derivatization. Parallel controls with two other legumes, 
Pisum sativum and Phaseolus vulgaris, showed specific activities of 59 and 235 pmol GSH 
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equivalents min-1mg-1 of protein, respectively, in roots treated with Cd. This observation, 
together with findings that there is an active synthesis of (h)PCs in the roots and that the 
recombinant PCS of L. japonicus are functional (Fig. 6), led us to conclude that the root 
extracts of this legume have PCS activity but it is below the detection limit. 

55.4 kDa

0 96 96*

γECS protein 1.0 1.6 ± 0.3 2.0 ± 0.3

 
Figure 5. Content of γECS protein in root extracts. A representative immunoblot shows detection of the γECS 
protein at the expected molecular mass (55.4 kD). Protein contents were calculated densitometrically from four 
immunoblots and were normalized with values of control plants. No significant changes in γECS protein content 
were found after 3-24 h. 
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Figure 6. Activities of recombinant PCS enzymes. The substrates were 5 mM GSH or 5 mM hGSH, and the 
products were PC2 (white), PC3 (yellow), PC4 (orange), and hPC2 (red). Values are given in nmol of GSH 
equivalents min-1mg-1 of protein. 

 
Exon-intron structures and sequences of the three Ljpcs genes suggest evolution through 
two sequential duplication events 
 
The structure and function of pcs genes have been studied in detail only in Arabidopsis (Cazalé 
and Clemens 2001, Ha et al. 1999). In this model plant, two functional genes (Atpcs1 and 
Atpcs2), sharing 84% identity, have been localized in different chromosomes (loci At5g44070 
and At1g03980, respectively). Because comparable studies did not exist for any hPC-producing 
plant and highly specific primers were needed to quantify pcs transcripts, we sought to identify 
pcs genes in L. japonicus. We failed to detect any EST sequences in the databases and thus 
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searched in genomic libraries. As a result, a TAC clone (LjT27M11) containing three putative 
pcs genes was isolated, and the cluster was mapped at 69.0 cM on chromosome 1 (Fig. 7). 
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Figure 7. Structural analysis of pcs genes and derived proteins of L. japonicus. Composition of exons (red) and 
introns (yellow) of the three genes, with indication of the distances (bp) within the cluster. 
 

To elucidate gene structures, cDNAs were synthesized from root and nodule RNAs, and 
specific primers were used to isolate the relevant clones. In contrast to the 9 exons of Atpcs1 
and Atpcs2 (Cazalé and Clemens 2001, Ha et al. 1999), Ljpcs1 consists of 8 exons and Ljpcs2 
and Ljpcs3 consist of 7 exons. The ORFs of Ljpcs1, Ljpcs2, and Ljpcs3 encoded putative 
proteins of 501 (55.5 kD), 477 (53.0 kD), and 479 (53.2 kD) amino acids, respectively, which 
are in the range (421-504) reported for the PCS of other higher plants (accession numbers are 
given in legend to Figure 8). 

Comparison of structures of known pcs genes revealed interesting features. Exons 1 to 6 of 
the two genes of Arabidopsis and the three genes of L. japonicus have identical sizes, except 
exon 1 of Atpcs2 (3 bp shorter) and exon 2 of Ljpcs2 (15 bp shorter). Also, introns of Ljpcs2 
and Ljpcs3 are very close in size and show high sequence identity (77-94%), except for intron 
1 (62%). In contrast, intron sizes and sequences largely differed between Ljpcs1 and Ljpcs2 or 
Ljpcs3. These findings lead us to propose that the three pcs genes of L. japonicus resulted from 
two sequential gene duplication events. The first duplication probably occurred in all higher 
plants and originated Ljpcs1 and another gene that, in turn, underwent a second duplication. 
This gave rise to Ljpcs2 and Ljpcs3, and probably took place once legumes had diverged from 
other vascular plants. This hypothesis would explain why two pcs genes are present in 
Arabidopsis but three in L. japonicus and probably all other legumes. In fact, the ESTs 
available in the databases are consistent with the occurrence of three pcs genes also in G. max 
and Medicago truncatula. Further support for two gene duplications was provided by multiple 
alignment and subsequent phylogenetic analysis of the derived LjPCS proteins, which 
faithfully reflects taxonomic groupings, with the exceptions of the LjPCS2 and LjPCS3 (Fig. 
8). The tree shows separate clades for the PCS of nematodes, cyanobacteria, yeasts, ferns, and 
the higher plant families, Typhaceae, Liliaceae, Poaceae, Leguminosae, Brassicaceae, and 
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Solanaceae. The high sequence identity (84%) and similarity (88%) between the LjPCS1 and 
the recently reported PCS of G. max (Oven et al. 2002), together with the ability of both 
enzymes to catalyze the synthesis of PCs and hPCs (Fig. 6), indicates that they are functional 
homologs. In sharp contrast, LjPCS2 and LjPCS3 share high identity (90%) with each other, 
but poor identity (≈ 60%) with the PCS of Arabidopsis and G. max. 
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Figure 8. Structural phylogenetic analysis of PCS proteins from cyanobacteria, fungi, plants, and nematodes. 
Complete amino acid sequences were aligned with the PILEUP program of GCG, and the tree was constructed 
using the neighbor-joining method with 1,000 boostrap replicates (CLUSTALW). The bar represents 0.1 
substitutions per site. GenBank accession numbers are as follows. Asat (Allium sativum, AAO13809), Atha1 (A. 
thaliana PCS1, AAD41794), Atha2 (A. thaliana PCS2, AAK94671), Ayok (Athyrium yokoscense, BAB64932); 
Bjun (B. juncea, CAC37692), Cdac, (Cynodon dactylon, AAO13810), Cele (Caenorhabditis elegans, 
NP496475), Gmax (G. max, AAL78384), Ljap1 (L. japonicus PCS1, AAQ01752), Ljap2 (L. japonicus PCS2, 
AAX99139), Ljap3 (L. japonicus PCS3, DQ013041), Ntab (Nicotiana tabaccum, AAO74500), Nostoc (Nostoc, 
NP485018), Osat (Oryza sativa, AAO13349), Pmar (Prochlorococcus marinus, NP894844), Taes (Triticum 
aestivum, AAD50592), Tjap (Thlaspi japonicum, BAB93119), Tlat (Typha latifolia, AAG22095), Spom 
(Schizosaccharomyces pombe, CAA92263), Stub (Solanum tuberosum, CAD68109). 

 
Alternative pre-mRNA splicing accounts for the unusual LjPCS2 and LjPCS3 protein 
sequences 
 
A close examination of DNA and protein sequences allowed us to identify two putative sites of 
alternative splicing for introns 2 and 7 (Fig. 9). All intron-exon splice junctions conformed to 
the GT/AG rule described for eukaryotic genes (Shapiro and Senapathy 1987). Splicing of 
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intron 2 in the pre-mRNAs of Ljpcs1 and Ljpcs3 followed the canonical splicing of pcs 
messages found in yeasts, ferns, and vascular plants. This contrasts with the splicing of intron 
2 in the Ljpcs2 pre-mRNA, which results in the loss of 15 bp in the coding sequence and hence 
of 5 amino acids [GRKWK] in the protein product (Fig. 9). Interestingly, such amino acid 
motif is present in the PCS of the fission yeast, ferns, and higher plants. On the other hand, 
canonical splicing of intron 7 in the Ljpcs1 pre-mRNA skips a TAA stop codon located 30 bp 
downstream exon 7, whereas alternative splicing in the Ljpcs2 and Ljpcs3 pre-mRNAs leads to 
premature termination of the coding sequence. It is noteworthy that exon 8 encodes an amino 
acid motif [LHLR(R/G)Q] that appears to be conserved in all PCS from vascular plants, except 
in the predicted PCS of rice and in LjPCS2 and LjPCS3 (Fig. 9). 

 
Figure 9. Proposed sites of alternative splicing for the precursor mRNAs of the three pcs genes of L. japonicus. 
For each gene, coding sequences found are marked in red, coding sequences for alternative splicing are marked in 
blue, and noncoding sequences are marked in black. The GT/AG splicing sites of introns are underlined. 

 
Comparative amino acid sequence analyses of known PCS, along with analysis of mutated 

and truncated proteins, have led to the hypothesis that the enzymes are functionally organized 
into an N-terminal, conserved domain involved in catalysis, and a C-terminal, variable domain 
involved in metal sensing and enzyme stability (Cobbett and Goldsbrough 2002, Ruotolo et al. 
2004). The position and arrangement of Cys residues, particularly in the N-terminal domain, 
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are important for PCS activity and Cd-tolerance (Cobbett and Goldsbrough 2002, Maier et al. 
2003). The three proteins of L. japonicus contain all the amino acid residues (numbering based 
on AtPCS1) that are essential for activity: Cys-56, His-162, and Asp-180 (present in all PCS) 
and Cys-90, Cys-91, and Cys-109 (present in all PCS except in the cyanobacterial enzymes) 
(Maier et al. 2003, Rea et al. 2004). However, LjPCS2 and LjPCS3 lack Cys-144, Cys-363, 
Cys-366, and Cys-471 (present in all or most PCS of higher plants), and contain Cys-139, Cys-
347, Cys-352, and Cys-353 (present only in these two PCS). Although the physiological role of 
these changes is clearly beyond the scope of this work, they may affect the biochemical 
properties of the enzymes. Alternative splicing is most often associated with differences in 
tissue localization or stress responses (Lorkovic et al. 2000). Interestingly, the pre-mRNA 
encoding the GSH-S-transferase of maize is alternatively spliced in response to Cd (Marrs and 
Walbot 1997). Because the relative transcript abundance of the three Ljpcs genes is also 
affected by Cd, it will be most interesting to investigate their expression pattern in different 
plant tissues and environmental conditions. In this context, our results provide an 
unprecedented view of the multiple regulatory mechanisms of (h)PC biosynthesis in legumes 
and of the large potential for variation, and probably adaptation, of the pcs genes and their 
protein products in response to heavy metals and to other, as yet unidentified, developmental 
or environmental factors. 
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ABSTRACT 

 
Phytochelatin synthases (PCS) catalyze the synthesis of PCs from GSH in the presence of 
certain metals and metaloids. The resulting PC-metal complexes are transported into the 
vacuole, thus avoiding toxic effects on cellular metabolism. Legumes are unique among plants 
in their capacity to replace partially or completely GSH and PCs by hGSH and hPCs, 
respectively. However, the synthesis of hPCs has received little attention. A search for pcs 
genes in the model legume Lotus japonicus resulted in the isolation of a cDNA clone encoding 
a protein (LjPCS1) highly homologous to a previously reported hPCS of Glycine max 
(GmhPCS1). Recombinant LjPCS1 and Arabidopsis thaliana PCS1 (AtPCS1), produced using 
an identical expression vector, were affinity purified and their polyHis-tags removed. Substrate 
specificity studies revealed that, for both enzymes, hGSH is a good acceptor, but a poor donor, 
of γGlu-Cys units. AtPCS1 catalyzed the synthesis of hPCs from hGSH alone at even higher 
rates than did LjPCS1, indicating that GmhPCS1 is not a genuine hPCS and that a low ratio of 
hPC to PC synthesis is an inherent feature of PCS1 enzymes. Purified AtPCS1 and LjPCS1 
were activated by Cd2+, Zn2+, Cu2+ and Fe3+ (in decreasing order), but not by Co2+ or Ni2+, in 
the presence of 5 mM GSH and 50 µM metal ions. Activation of both enzymes by Fe3+ was 
proven by the complete inhibition of PC synthesis by the Fe-specific chelator desferrioxamine. 
Plants of A. thaliana and L. japonicus accumulated PCs or hPCs only in response to a large 
excess of Cu2+ and Zn2+, but to a much lower extent than did with Cd2+, indicating that (h)PC 
synthesis does not significantly contribute to Cu, Zn and Fe detoxification. 
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INTRODUCTION 

 

Phytochelatins [(γGlu-Cys)2-11Gly] are Cys-rich polypeptides that play an essential role in the 
detoxification of some heavy metals in yeasts, plants and other organisms (Grill et al. 1987; 
Cobbett and Goldsbrough, 2002). The synthesis of PCs from GSH is catalyzed by PCS and 
involves a transpeptidation reaction in which γEC units of GSH are added to another GSH 
molecule or to an elongating PC polypeptide: 

 

 γGlu-Cys-Gly + (γGlu-Cys)n-1Gly    →   (γGlu-Cys)nGly  +  Gly 
 

This reaction is strictly dependent on the presence of metals, but the mechanism of enzyme 
activation is a subject of debate (Grill et al. 1989; Vatamaniuk et al. 2000; Oven et al. 2002). 

Legumes are unique among higher plants due to their ability to synthesize hGSH and hPCs 
[(γGlu-Cys)2-11βAla] in addition to, or instead of, GSH and PCs, respectively. The thiol 
tripeptide hGSH is synthesized by a specific hGSHS (Frendo et al. 2001; Matamoros et al. 
2003), but the existence of hPCS enzymes in legumes is far from clear. It is well known that 
hPCs are formed by legume plants or cell suspension cultures when challenged with several 
metals and metaloids (Grill et al. 1986; Klapheck et al. 1995). However, only one report has 
examined the substrate specificity of the responsible enzyme (Oven et al. 2002). These authors 
concluded that the PCS1 of Glycine max is a hPCS (GmhPCS1), based on the finding that this 
enzyme, but not the PCS1 of Arabidopsis thaliana (AtPCS1), is able to catalyze hPC synthesis 
from hGSH as the sole substrate. 

Another consideration of physiological interest is to ascertain what metals are able to 
activate PCS because there has been a number of contradictory results. A few studies have 
examined the effects of a broad range of metals on recombinant PCS enzymes either in 
purified form or in soluble extracts of the expression vector. Taking into account only those 
metals established as nutrients in plants, purified tagged AtPCS1 was found to catalyze PC 
synthesis in the presence of Cu2+, Zn2+, Mg2+, Ni2+ or Co2+ (Vatamaniuk et al. 2000). In sharp 
contrast, purified untagged AtPCS1 and GmhPCS1 did not show any activity with Mg2+, Ni2+ 

or Co2+ (Oven et al. 2002). Also, soluble extracts of Escherichia coli expressing AtPCS1 
produced PCs when challenged with Cu2+ or Zn2+ (Ha et al. 1999). The same enzyme 
expressed in the yeast Schizosaccharomyces pombe had no activity with Zn2+ or Ni2+, but was 
activated by both metal ions when expressed in Saccharomyces cerevisiae (Cazalé and 
Clemens, 2001). 

As part of our studies on the response of the model legume Lotus japonicus to heavy metals, 
in this work we have isolated a full-length cDNA clone (accession no. AY633847) encoding a 

93 



 
 
 
 
Chapter 5 

protein (LjPCS1) with high homology to PCS enzymes. Recombinant LjPCS1 was affinity 
purified and the untagged protein was compared with the previously described AtPCS1 
(Vatamaniuk et al. 2000; Oven et al. 2002) in terms of substrate and metal specificities. 
Complementary experiments were performed to detect PCS activation in vivo by quantification 
of PCs in A. thaliana and L. japonicus plants treated with a metal excess. Our goal was to 
answer three questions of physiological relevance. First, is the PCS1 from legumes a genuine 
homophytochelatin synthase? Second, what metals known to be essential for plants are also 
able to activate PCS at low concentrations? Third, is there a correlation between the capacities 
of metals to activate PCS in vitro and to elicit PC synthesis in vivo? Using highly-purified 
enzymes and strict controls with specific metal chelators, we provide conclusive answers to 
those questions, which, in some cases, are at odds with published results using identical 
biological material. 
 
MATERIALS AND METHODS 
 
Chemicals and biochemicals 
 
All chemicals and biochemicals were of the highest purity available. NaCl, KCl, CaCl2.2H2O, 
MgCl2.6H2O, H3BO3, MnSO4.H2O and ZnSO4.7H2O were purchased from Panreac 
(Barcelona, Spain). CdCl2, CuCl2.2H2O, NiSO4.6H2O, FeCl2.4H2O, FeCl3.6H2O, FeSO4.7H2O, 
Fe(NO3)3.9H2O, GSH and desferrioxamine (deferoxamine mesylate) were from Sigma-Aldrich 
(St Louis, USA). Na2MoO4.2H2O was from Fisher (Fair Lawn, USA) and CoCl2.6H2O was 
from Mallinckrodt (St Louis, USA). hGSH was purchased from Bachem (Weil am Rhein, 
Germany). 
 
Plant material and growth conditions 
 
Lotus japonicus cv Gifu B-129 seeds were scarified, germinated for 2 days in petri dishes and 
transferred to pots containing vermiculite under controlled environment conditions 
(Matamoros et al. 2003). Plants were fed BD nutrient solution (Broughton and Dilworth, 
1971) supplemented with 5 mM NH4NO3. Salt concentrations in the BD medium (pH 6.5) 
were 1 mM CaCl2·2H2O, 0.5 mM KH2PO4, 0.25 mM MgSO4·7H2O, 0.25 mM K2SO4, 1 µM 
MnSO4·H2O, 2 µM H3BO3, 0.5 µM ZnSO4·7H2O, 0.2 µM CuSO4·5H2O, 0.1 µM CoCl2·6H2O, 
0.1 µM Na2MoO4·2H2O and 27 µM Fe (in the form of Sequestrene). After approximately 45 
days, pots were separated at random in six groups and plants were given distilled water 
(control), 100 µM CdCl2, 100 µM CuCl2.2H2O, 100 µM ZnSO4.7H2O, 100 µM NiSO4.6H2O 
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or 500 µM FeCl3.6H2O, respectively, for 4 days. Roots were harvested in liquid nitrogen and 
stored at -80°C until analysis. 

Arabidopsis thaliana ecotype Col-0 seeds were surface sterilized, washed and plated on a 
medium containing 1.5% (w/v) Phytagar and half-strength MS medium (pH 5.6), in which the 
amount of ZnSO4 had been reduced to 0.1 µM. After stratification at 4°C for 3 days, seedlings 
were grown for 15 days in a controlled environment chamber at 23°C with a 16 h photoperiod. 
Plants were then transferred to plates containing the same medium supplemented with water 
(control), 100 µM CdCl2, 100 µM CuSO4.5H2O, 100 µM ZnSO4.7H2O or 500 µM 
FeCl3.6H2O. After 4 days, plants were washed, harvested in liquid nitrogen and stored at -80°C 
until analysis. 
 
Quantification of PCs and hPCs 
 
The (h)PCs were extracted from 60 mg of roots with 120 µl of 0.1% trifluoroacetic acid 
containing 0.5 mM diethylenetriaminepentaacetic acid and were quantified by HPLC with 
postcolumn derivatization (Grill et al. 1987) with modifications. The (h)PCs were separated on 
two C18 (4.6 x 250 mm; 5 µm) columns (Baker, Phillipsburg, USA) connected in series, with a 
linear gradient (A, 0.1% trifluoroacetic acid; B, 20% acetonitrile and 0.1% trifluoroacetic acid) 
using the following program (3 min, 50% B; 30 min, 100% B; 35 min, 100% B; 38 min, 0% B) 
at a flow rate of 0.8 ml min–1. The (h)PCs eluting from the column were derivatized with 75 
µM 5,5'-dithio-bis(2-nitrobenzoic acid) in 80 mM potassium phosphate (pH 7.8) in a reaction 
loop (total flow rate of 1.6 ml min–1 residence time of 1.56 min) at 50°C. Dinitrophenyl 
derivatives were detected at 412 nm (PDA996 detector, Waters) and identified by coelution 
with PC standards provided by Prof. Zenk (Halle, Germany) or with chemically synthesized 
hPC standards (Biosynthan, Berlin, Germany). 
 
Isolation and cloning of LjPCS1 
 
Total RNA from L. japonicus roots was isolated with the RNAqueous kit (Ambion, 
Huntingdon, UK), treated with DNase I (Roche, Mannheim, Germany) and reverse transcribed 
with Moloney murine leukemia virus reverse transcriptase (Promega, Madison, USA). The 
complete open reading frame of LjPCS1 was isolated by PCR using high-fidelity Platinum Taq 
DNA polymerase (Invitrogen, Paisley, UK) and specific primers (forward, AACATA 
TGGCGATGGCGGGGTTG; reverse, TACTCGAGCTAAGACAAAGGTACACC), based on 
a genomic sequence obtained within the frameshift of the L. japonicus sequencing project 
(Kazusa DNA Research Institute, Japan). The PCR program comprised an initial denaturation 
step at 94°C for 5 min, followed by 40 cycles of 30 s at 94°C, 40 s at 61°C and 2 min at 68°C, 
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and a final elongation step at 68°C for 10 min. The resulting 1.5 kb product was cloned in 
pCRII-TOPO (Invitrogen) and subsequently in the pET-28a(+) expression vector (Novagen, 
Madison, USA) using the NdeI and XhoI restriction sites. 
 
Production, purification and assay of recombinant PCS 
 
Transformed Escherichia coli BL21(DE3) cells were incubated overnight at 37°C in 3 ml of 
LB broth. Then, 1.5 ml of the subculture was added to 500 ml of broth, which was further 
incubated at 37°C until an absorbance at 600 nm of 1.0 was reached. Protein expression was 
induced by overnight incubation at 18°C with 0.1 mM IPTG. Cells were collected by 
centrifugation and lysed by sonication in buffer A, consisting of 20 mM Tris-HCl (pH 8.0), 
150 mM NaCl, 2.5 mM CaCl2, 10% glycerol, 50 mM imidazole and 10 mM 
β−mercaptoethanol. The soluble extract was loaded on a Ni affinity column (HiTrap Chelating, 
Amersham Biosciences, Uppsala, Sweden), the column was washed with buffer A, and the 
recombinant protein was eluted with buffer A containing 250 mM imidazole. The enzyme was 
loaded on a HiTrap desalting column (Amersham Biosciences), eluted with buffer A 
containing 1 mM β−mercaptoethanol but no imidazole, and concentrated four-fold with 
centricon-10 devices (Amicon, Bradford, USA). 

To remove the (His)6-tag from the purified protein, a second addition of 2.5 mM CaCl2 was 
made to the protein (approximately 0.5 mg) preparation and this was incubated with 2 units of 
biotinylated thrombin (Novagen) at 20 ºC for 16 h. Thrombin was then removed with 
streptavidine agarose beads as recommended by the manufacturer and β−mercaptoethanol was 
added at a final concentration of 2 mM. The preparation was loaded on a Ni affinity column 
and the untagged protein was eluted (first 1.5 ml) with buffer B, which comprised 20 mM Tris-
HCl (pH 8.0), 500 mM NaCl, 10% glycerol, 10 mM β−mercaptoethanol and 20 mM imidazole. 
The protein was loaded on a desalting column, eluted with buffer B containing 1 mM 
β−mercaptoethanol but no imidazole, and concentrated. 

The PCS activity was determined by quantification of the synthesized PCs and hPCs. 
Briefly, the reaction mixture contained 100 mM Tris-HCl (pH 8.0), 1 mM β−mercaptoethanol, 
50 or 500 µM CdCl2, 2.5 or 5 mM GSH and/or hGSH, and 50 µl extract, in a final volume of 
100 µl. The reaction was allowed to proceed for 30 or 60 min at 35°C and was stopped by 
addition of 15 µl of 5% trifluoroacetic acid. The extract was cleared by centrifugation and 
filtered, and 50 µl was injected on the HPLC. 
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Other analyses 
 
Inductively coupled plasma atomic emission spectrometry (Perkin-Elmer Optima 3200RL) and 
inductively coupled plasma mass spectrometry (Perkin-Elmer ELAN6000) were used for 
semiquantitative detection of trace amounts of other elements in Fe(NO3)3.9H2O and 
FeSO4.7H2O. Matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry 
(Voyager DE-PRO; Applied Biosystems, Foster City, USA) and nano-electrospray tandem 
mass spectrometry (Finnigan LCQ ion trap mass spectrometer; ThermoQuest, Finnigan MAT, 
San Jose, USA) were used to verify PC and hPC structures. 
 
RESULTS 
 
Sequence and phylogenetic analyses of LjPCS1 
 
L. japonicus has been proposed as a model legume for genetic and molecular analyses because 
it is an autogamous plant with a small diploid genome, has a short generation time with a high 
seed yield and is amenable for transformation (Handberg and Stougaard, 1992). Additional 
advantages of L. japonicus with respect to common crop legumes are that there is a large 
collection of mutagenized and tagged lines, its chloroplast genome has been completely 
sequenced and its nuclear genome is being sequenced at a fast pace. A preliminary search in 
the databases of L. japonicus for ESTs encoding a putative PCS was unsuccesful, suggesting a 
low abundance of PCS transcripts. Therefore, gene-specific primers were designed in the 
framework of the L. japonicus genome sequencing project to screen cDNAs produced from 
total RNA of roots. As a result, a full-length cDNA clone encoding a protein with high 
homology to known plant PCS enzymes was isolated and characterized. The open reading 
frame is 1506 bp long and encodes a protein (LjPCS1) with a predicted molecular mass of 
55.5 kD, 501 amino acid residues and an isoelectric point of 6.68. The nucleotide and amino 
acid sequences share 65-69% identity with AtPCS1 and 84-86% identity with GmhPCS1. 

The protein is very rich in Cys residues (4.2%), including Cys-56, Cys-90 and Cys-91, 
which are essential for function (Maier et al. 2003). Among other features, the purported 
variable domain of LjPCS1 contains a Cys-X3-Cys-X2-Cys motif, which is present in the PCS 
proteins from most higher plants (Cobbett and Goldsbrough, 2002). In addition to Cys-56, the 
protein contains the two other residues, His-162 and Asp-180, that are conserved in all known 
PCS sequences (Rea et al. 2004). An unrooted phylogenetic tree was constructed including the 
majority of the predicted PCS sequences available in the databases (Fig. 1). The tree revealed 
separate clusters, paralleling taxonomic distance, for the PCS of cyanobacteria, nematodes, 
yeasts, ferns and the families of vascular plants Poaceae, Alliaceae-Typhaceae, Solanaceae, 
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Brassicaceae and Leguminosae. Sequence and phylogenetic analyses of LjPCS1 and 
GmhPCS1 also indicated that, most probably, the two proteins are functional homologs. To 
gain insight into the function of LjPCS1, the enzyme was heterologously expressed and 
purified to near homogeneity, and its properties were compared with those of an identically 
produced AtPCS1. 
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Figure 1. Phylogenetic analysis of PCS proteins from cyanobacteria, nematodes, fungi and plants. The unrooted 
tree was constructed using the neighbor-joining method (CLUSTALW) with 1,000 boostrap replicates. Branch 
lengths are proportional to genetic distance which is indicated by a bar (0.1 substitutions per site). GenBank 
accession numbers are as follows: Asat (Allium sativum, AAO13809), Atha1 (Arabidopsis thaliana PCS1, 
AAD41794), Atha2 (Arabidopsis thaliana PCS2, AAK94671), Ayok (Athyrium yokoscense, BAB64932), Bjun 
(Brassica juncea, CAC37692), Cdac, (Cynodon dactylon, AAO13810), Cele (Caenorhabditis elegans, 
NP496475), Gmax (Glycine max, AAL78384), Ljap1 (Lotus japonicus PCS1, AY633847), Ntab (Nicotiana 
tabaccum, AAO74500), Nostoc (Nostoc, NP485018), Osat (Oryza sativa, AAO13349), Pmar (Prochlorococcus 
marinus, NP894844), Taes (Triticum aestivum, AAD50592), Tjap (Thlaspi japonicum, BAB93119), Tlat (Typha 
latifolia, AAG22095), Spom (Schizosaccharomyces pombe, CAA92263), Stub (Solanum tuberosum, CAD68109). 
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Purification of recombinant proteins 
 
An essential part of this work was to produce large amounts of highly purified and active 
enzymes for biochemical analysis. An identical expression vector was used to produce 
recombinant LjPCS1 and AtPCS1 containing an N-terminal (His)6-tag. Optimizing conditions 
for protein purification and tag removal were critical because some inconsistencies found on 
the metal activation of recombinant AtPCS1 might be due to the use of differently tagged 
(Vatamaniuk et al. 2000; Beck et al. 2003) or untagged (Oven et al. 2002) proteins. 
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Figure 2. Purification of PCS enzymes from model plants, expressed in E. coli, by immobilized metal affinity 
chromatography. 
(a) SDS-PAGE analysis of fractions obtained during purification of AtPCS1 and LjPCS1. Gels were stained 
conventionally with Coomassie Brilliant Blue R250. Lanes: (1) desalted extract of recombinant AtPCS1; (2) 
proteins eluted with 50 mM imidazole; (3) AtPCS1 eluted with 250 mM imidazole; (4) AtPCS1 preparation used 
to obtain (5), prior to thrombin digestion; (5) AtPCS1 after tag removal with thrombin; (6) desalted extract of 
recombinant LjPCS1; (7) LjPCS1 eluted with 250 mM imidazole; and (8) LjPCS1 after tag removal with 
thrombin. Lanes were loaded with 20 µg of protein. 
(b) Immunoblot analysis of fractions shown in Figure 2a, using anti-polyHis monoclonal antibody and an alkaline 
phosphatase-based detection system (Sigma). Lanes were loaded with 2 µg of protein. 
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Purification of AtPCS1 and LjPCS1 by immobilized metal affinity chromatography was 
monitored by SDS-PAGE (Fig. 2a) and immunoblots (Fig. 2b). Both analyses also confirmed 
the complete removal of the tag and the absence of significant protein degradation during 
overnight incubation with thrombin. Unspecifically-bound proteins were eluted from the Ni-
loaded affinity column with 50 mM imidazole and the (His)6-tagged proteins with 250 mM 
imidazole. The use of 20 mM imidazole in the washing buffer or 500 mM imidazole in the 
eluting buffer did not increase the yield of recombinant proteins but rather resulted in 
contamination with unwanted proteins. In our conditions, thrombin cleavage of the (His)6-tag 
did not cause any loss of AtPCS1 or LjPCS1 activities, contrary to other reports (Oven et al. 
2002), but resulted instead in highly purified and catalytically active enzyme preparations. 
Protein purity was at least 96% as assessed by densitometric analysis. Typical specific 
activities for both the untagged and tagged preparations of AtPCS1 and LjPCS1 using 5 mM 
GSH as the substrate and 50 µM Cd2+ as the activating metal ion were in the range of 80-100 
nmol of total PCs produced (expressed as GSH equivalents) min-1mg-1of protein. For 
calculations of enzyme activity, only the sum of the three major polypeptides (PC2-4), or of 
their homologs (hPC2-4), was considered. 
 
Substrate specificity of PCS enzymes 
 

To determine the specificity of AtPCS1 and LjPCS1 for GSH and hGSH, preliminary 
experiments were conducted using desalted enzyme preparations, 500 µM Cd2+ and varying 
concentrations of the thiol tripeptides (Fig. 3a). This study was important because Oven et al. 
(2002) had reported that AtPCS1 was completely inactive in catalyzing hPC synthesis from 
hGSH alone, whereas GmhPCS1 was able to do it, albeit at low rates. In the presence of 5 mM 
GSH and 500 µM Cd2+, AtPCS1 and LjPCS1 produced approximately 60 nmol of total PCs 
min-1mg-1 of protein. As expected, AtPCS1 produced decreasing amounts of PC2, PC3 and PC4. 
During the assay period (30 min), many AtPCS1 preparations were also able to produce PC5 
(49% of PC4), PC6 (9% of PC4) and, ocassionally, even higher order polypeptides. However, 
LjPCS1 produced similar amounts of the three major polypeptides and, in a few cases, PC5 
(17% of PC4). Desalted preparations of AtPCS1 and LjPCS1 produced at least two-fold more 
hPCs than PCs when a combination of 2.5 mM GSH and 2.5 mM hGSH was used as the 
substrate and 500 µM Cd2+ as the activating metal ion (Fig. 3a). This strongly suggests that the 
two enzymes preferentially use hGSH as the acceptor tripeptide of the γGlu-Cys units provided 
by GSH. As occurred with PCs, AtPCS1 produced decreasing amounts of hPC2, hPC3 and 
hPC4, and ocassionally hPC5 (40% of hPC4) and hPC6 (5% of hPC4). LjPCS1 also produced 
decreasing amounts of the three major hPC polypeptides but negligible amounts of hPC5. Most 
interestingly, AtPCS1 and LjPCS1 were able to synthesize hPCs with hGSH as the only 
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substrate (Fig. 3a). Furthermore, AtPCS1 synthesized three-fold more hPCs than did LjPCS1. 
The amounts of hPCs produced by AtPCS1 and LjPCS1 with 5 mM hGSH were, respectively, 
24% and 9% of the amounts of PCs formed with 5 mM GSH (Fig. 3a). 
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Figure 3. Substrate specificity of PCS enzymes from model plants. (a) Desalted extracts of AtPCS1 (200 µg of 
protein) and LjPCS1 (120 µg of protein) were assayed with 500 µM Cd2+ and the stated concentrations of 
(h)GSH. (b) Purified AtPCS1 (60 µg of protein) and LjPCS1 (60 µg of protein) were assayed with 50 µM Cd2+ 
and the stated concentrations of (h)GSH.  
After 30 min of incubation, the polypeptides PC2 (yellow), PC3 (orange), PC4 (red), hPC2 (light blue), hPC3 (dark 
blue), and hPC4 (green) were quantified by HPLC with postcolumn derivatization. Values are given in nmol of  
(h)PCs produced (GSH equivalents) min-1 mg-1 of protein and represent means (with SE<15%) of 4-6 enzyme 
preparations 

 
The results with desalted enzyme preparations were confirmed with the corresponding 

purified, untagged proteins (Fig. 3b). For these experiments, the concentration of Cd2+ was 
lowered to 50 µM, which is closer to that expected in vivo after plant treatment but still non-
limiting for enzyme activities under our assay conditions. When a combination of 2.5 mM 
GSH and 2.5 mM hGSH was used as the substrate, AtPCS1 and LjPCS1 produced two-fold 
more hPCs than PCs. When 5 mM hGSH was used as the sole substrate, AtPCS1 and LjPCS1 
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produced 31 and 15 nmol hPCs min-1mg-1of protein, respectively. The amounts of hPCs 
formed with 5 mM hGSH relative to those of PCs formed with 5 mM GSH were 36% for 
AtPCS1 and 15% for LjPCS1 (Fig. 3b). These results indicate that both enzymes can use 
hGSH as the donor tripeptide of γGlu-Cys units, albeit less efficiently than as an acceptor 
molecule. 
 
Activation of PCS enzymes by physiologically-relevant metals 
 
Metal activation of AtPCS1 was initially examined by assaying the activity of desalted soluble 
extracts with all metals known to be essential nutrients in plants (Fig. 4a). In all experiments, 
Cd2+ was included as a positive control to verify the quality of the enzyme preparations and as 
a reference value to normalize PCS activities. Controls omitting metal ions were run in 
parallel. AtPCS1 activity was not detectable when K+ (KCl), Mg2+ (MgCl2.6H2O), Ca2+ 
(CaCl2.2H2O), Mn2+ (MnSO4.H2O), Mo6+ (Na2MoO4.2H2O) or B3+ (H3BO3) was included in 
the assay medium at concentrations of 500 µM. In contrast, the activity was low but 
significant (1.9%) with Ni2+ (NiSO4.6H2O), moderate (9-29%) with Cu2+ (CuCl2.2H2O), Co2+ 
(CoCl2.6H2O) or Fe3+ [Fe(NO3)3.9H2O], and very high (135%) with Zn2+ (ZnSO4.7H2O) at 
concentrations of 500 µM (Fig. 4a). 

The finding that Fe3+ is an activator of the enzyme was totally unexpected and was verified 
with additional Fe3+ (FeCl3.6H2O) and Fe2+ (FeSO4.7H2O, FeCl2.4H2O) salts. All of them were 
able to activate AtPCS1 at similar extents. To discard any contamination of the 
Fe(NO3)3.9H2O salt with adventitious metals or metaloids, a semiquantitative analysis of 68 
elements was performed by inductively coupled plasma atomic emission spectrometry and 
inductively coupled plasma mass spectrometry. Only Al and Cr could be detected as 
contaminants of the Fe salt. Because these metals were present at trace levels (20-80 µg g-1) 
and are unable to activate PCS (Oven et al. 2002), they can not account for the observed Fe-
dependent PCS activity. 

A second set of experiments was carried out with affinity-purified AtPCS1 and LjPCS1 
enzymes using a concentration of 50 µM of the metal ions that activated the enzymes in 
desalted extracts (Fig. 4b). Similar results of metal activation were obtained for the purified 
tagged and untagged enzymes, ruling out any possible interaction of metals with the (His)6-
tag. This is consistent with the fact that Ni2+ or Co2+, which are typically employed in metal 
affinity chromatography because of their ability to strongly bind His, did not activate the 
enzymes. Again, Zn2+ was the best activator among the physiologically-relevant metals, 
although AtPCS1 and LjPCS1 activities were, respectively, 74% and 45% of those obtained 
with Cd2+. The corresponding activities with Cu2+ were 44% and 23% and those with Fe3+ 
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were 17% and 2% (Fig. 4b). As was the case with desalted extracts, the purified untagged 
enzymes showed similar activations with Fe2+ and Fe3+. 
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Figure 4. Activation of PCS enzymes from model plants by physiologically-relevant metals. 
(a) Desalted extracts of AtPCS1 (200 µg of protein) were assayed with 500 µM metal ions and 5 mM GSH. 
Values represent means ± SE of 3-6 enzyme preparations and are expressed in percent relative to the PCS 
activities with Cd2+. The 100% value corresponds to a specific activity of 56 ± 7 nmol of total PCs produced min-

1mg-1 of protein. 
(b) Purified AtPCS1 (60 µg of protein) and LjPCS1 (60 µg of protein) were assayed with 50 µM metal ions and 5 
mM GSH. Values represent means ± SE of 4-8 enzyme preparations and are expressed in percent relative to the 
PCS activities with Cd2+. The 100% values correspond to specific activities of 87 ± 3 (AtPCS1) and 89 ± 14 
(LjPCS1) nmol of total PCs produced min-1mg-1 of protein. 

 
Further experiments were performed to verify that the AtPCS1 activity observed with Fe2+ 

or Fe3+ was genuine. Addition to the assay medium of 500 µM EDTA, a general metal 
chelator, abolished the reaction initiated by Cd2+, Cu2+, Zn2+, Fe2+ or Fe3+ (Fig. 5). In contrast, 
addition of 500 µM desferrioxamine, a highly Fe-specific chelator (Gower et al. 1989), failed 
to inhibit the activation of PCS by Cd2+, Cu2+ or Zn2+, but completely prevented the activation 
by Fe2+ or Fe3+ (Fig. 5). These results provided a final proof for the Fe-dependent activation of 
PCS. 
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Figure 5. Activation of PCS enzymes from model plants by iron. 
(a) Representative HPLC chromatogram showing activation of purified AtPCS1 by 5 mM GSH and either 50 µM 
Cd2+ (solid line) or 50 µM Fe3+ (dotted line). The latter reaction is completely inhibited by 500 µM 
desferrioxamine (dashed line). Note the synthesis of PC2-4 with Cd2+ and of PC2-3 with Fe3+ after the 30-min 
incubation period. 
(b) Purified AtPCS1 (60 µg of protein) and LjPCS1 (60 µg of protein) were assayed with 50 µM metal ion, 5 mM 
GSH and either 0 µM (white) or 500 µM (black) of desferrioxamine. AtPCS1 was incubated for 30 min and 
LjPCS1 for 60 min. All reactions were completely inhibited by 500 µM of EDTA. Values are means (with 
SE<6%) of 2-3 enzyme preparations and are expressed in percent relative to the PCS activities with Cd2+. The 
100% values correspond to specific activities of 91 ± 4 (AtPCS1) and 68 ± 4 (LjPCS1) nmol of total PCs 
produced min-1mg-1 of protein. 

 
Synthesis of PCs and hPCs in plants 
 
Experiments were also conducted to demonstrate (h)PC synthesis in vivo using the same metals 
found to activate AtPCS1 and LjPCS1 in vitro (Fig. 6). Concentrations up to 100-fold of Cu2+ 
or Zn2+ and up to 20-fold of Fe3+ higher than those present in the nutrient solution were given 
to plants of A. thaliana and L. japonicus grown on Petri dishes or in pots, respectively. Again, 
Cd2+ was used as a positive control for (h)PC synthesis. 

Whole plants of A. thaliana and leaves and roots of L. japonicus were harvested after 4 days 
of metal treatment and were used for (h)PC analysis. Metal treatments did not cause any 
symptoms of toxicity in L. japonicus plants. In contrast, Cu2+ (100 µM) and Fe3+ (200 µM) had 
minor and moderate detrimental effects, respectively, on the growth of A. thaliana plants, 
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whereas Zn2+ (100 µM) had a stimulatory effect. No (h)PCs were detected in leaves of L. 
japonicus for any of the metal treatments. Application of 100 µM Cd2+ led to the accumulation 
(in decreasing order) of PC3, PC2 and PC4 in whole plants of A. thaliana and of PC2 and PC3 in 
roots of L. japonicus. However, in the latter species, the total amount of hPCs exceeded the 
total PC content. In particular, there was a large accumulation of hPC3 and lower amounts of 
hPC2 and hPC4 in the roots. Treatment with 100 µM of Cu2+ or Zn2+ also induced PC synthesis 
in both plant species, albeit the amounts were in the range of 5-13% with Cu2+ and 0.5-1.5% 
with Zn2+ relative to those with Cd2+ (Fig. 6). Interestingly, in roots of L. japonicus, Zn2+ 
induced preferentially hPC synthesis, as occurred with Cd2+, whereas Cu2+ had a major effect 
on PC synthesis. Decreasing the concentration of Cu2+  and Zn2+ to 20 µM also lowered the 
content of (h)PCs. Treatment with Fe3+ (200-500 µM) or Ni2+ (100 µM) had no effect on (h)PC 
accumulation (<0.4% relative to Cd2+). 
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Figure 6. Synthesis of PCs and hPCs in model plants in response to metals. 
Plants of A. thaliana and L. japonicus were treated for 4 days with 100 µM Cd2+, 100 µM Cu2+, 100 µM Zn2+ or 
500 µM Fe3+. Control (untreated) and Fe3+-treated plants had no detectable (h)PCs. Colour codes for the (h)PC 
polypeptides are as in Figure 3a. Values are means (with SE<12%) of 3-4 plants. 

 
DISCUSSION 
 
Legumes are a particularly attractive plant material to study PCS genes and proteins because 
they can synthesize hGSH and hPCs in a species-specific and organ-dependent manner (Grill 
et al. 1986; Klapheck et al. 1995; Matamoros et al. 2003). The pathway of (h)PC biosynthesis 
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involves, in addition to PCS, the enzymes γECS, GSHS and hGSHS. We have fully 
characterized the genes encoding all three enzymes in L. japonicus and demonstrated that GSH 
and hGSH are produced by specific GSHS and hGSHS (Matamoros et al. 2003). To complete 
the molecular study of the (h)PC biosynthetic pathway, we set up to characterize genes 
encoding PCS in L. japonicus. A full-length cDNA clone was isolated which encoded LjPCS1, 
a Cys-rich protein with a theoretical mass of 55.5 kD and 84-86% identity with GmhPCS1, the 
only other PCS so far characterized from legumes (Oven et al. 2002). However, G. max 
produces exclusively hPCs (Grill et al. 1986; Oven et al. 2002), whereas L. japonicus is able to 
synthesize both PCs and hPCs. Possible explanations include differences in the availability of 
GSH and hGSH in the two legumes or in the capacity of their PCS enzymes to produce each 
type of polypeptide. Consequently, we decided to characterize in detail LjPCS1 and compare 
its properties with those of AtPCS1, a typical PC-producing enzyme (Ha et al. 1999; 
Vatamaniuk et al. 2000; Cazalé and Clemens, 2001; Oven et al. 2002). 

LjPCS1 contains all the residues known to be essential for PCS activity and, indeed, when 
expressed in E. coli, catalyzed the synthesis of PCs from GSH. The assay of LjPCS1 purified 
by immobilized metal affinity chromatography confirmed the results obtained with E. coli 
soluble extracts, indicating that the enzyme is a genuine PCS. The substrate specificity of 
LjPCS1 and, for comparison, of AtPCS1 was examined using purified enzymes. These were 
obtained using the same expression vector and purification protocol, and were assayed under 
identical conditions. This comparison allowed us to draw some important conclusions. The 
assay of LjPCS1 and AtPCS1 with different combinations of GSH and hGSH reveals that, for 
both enzymes, hGSH is a very good acceptor, but a poor donor, of γGlu-Cys units. The two 
purified enzymes can catalyze hPC synthesis from hGSH alone, and indeed AtPCS1 was two-
fold more active than LjPCS1 in this respect. This is in open contradiction with a previous 
failure to detect hPC synthesis using the same AtPCS1 clone (Oven et al. 2002). We can only 
suggest, as possible reasons, an insufficient sensitivity of their method to quantify hPCs or a 
limitation of enzyme activity under their assay conditions. Our results clearly evidence that 
hPC synthesis from hGSH, at lower rates than PC synthesis from GSH, is an intrinsic 
biochemical feature of PCS1 enzymes and not a peculiarity of those of legumes. It also follows 
that GmhPCS1, previously characterized as a homophytochelatin synthase (Oven et al. 2002), 
is not such an enzyme but a typical PCS. In fact, GmhPCS1 catalyzed hPC synthesis from 
hGSH at much lower rates than PC synthesis from GSH. We cannot discard, however, the 
occurrence of several PCS in legumes with distinct specificities for GSH and hGSH. In this 
context, we propose that a genuine homophytochelatin synthase, yet to be discovered, should 
be significantly more efficient in catalyzing hPC synthesis than PC synthesis from their 
respective thiol precursors. 
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The effects of metals on the activation of purified PCS have only been investigated in a few 
cases with some controversial results (Vatamaniuk et al. 2000; Oven et al. 2002; Beck et al. 
2003). We conclude from our studies, using purified untagged AtPCS1 and LjPCS1, that Cu2+ 
and Zn2+, but not Mg2+, Ni2+ or Co2+, are enzyme activators at concentrations of physiological 
interest (50 µM). Qualitatively, these results support those of Oven et al. (2002) and Beck et 
al. (2003), and disagree with those of Vatamaniuk et al. (2000). We found, however, that Zn2+ 

was the best activator at 50-500 µM, whereas other authors, using similar concentrations, have 
reported that Cu2+ is more stimulatory than Zn2+ on purified FLAG-tagged AtPCS1 
(Vatamaniuk et al. 2000). Because it is likely that not only Cu2+ but also Cu+ activates PCS 
(Beck et al. 2003), these quantitative discrepancies may be explained by differences in the 
relative abundance of the two cations under the various assay conditions. 

A completely unexpected finding in this work is that Fe is able to activate AtPCS1 and 
LjPCS1. Results were similar regardless of the Fe2+ and Fe3+ salts used, and elemental analysis 
ruled out any possible contamination of the salts with known metal activators of PCS. 
Definitive proof for an Fe-mediated activation of PCS was obtained by using desferrioxamine, 
a siderophore that binds one atom of Fe3+ with a stability constant of 1031 (Gower et al. 1989). 
Although desferrioxamine specifically binds the ferric form, it exhibits a potent ferroxidase 
activity on Fe2+ ions (Gower et al. 1989). Because desferrioxamine completely inhibited PCS 
activation by Fe2+ or Fe3+, we conclude that either both cations are PCS activators or only Fe3+ 
is an activator and all Fe2+ is oxidized to Fe3+ by desferrioxamine during the assay. A previous 
study with purified AtPCS1 failed to demonstrate enzyme activation by Fe2+ (Oven et al. 
2002). We cannot offer an explanation for this discrepancy, but it is worth noting that 
significant enzyme activation occurred after 30 min for AtPCS1 (31% relative to Cd2+) but 
only after 60 min for LjPCS1 (18% relative to Cd2+). In contrast, LjPCS1 activities with Cd2+, 
Cu2+ or Zn2+ were already maximal after 30 min. The observations that the activation rates 
with Fe3+ are different for AtPCS1 and LjPCS1, and slower than those found for other metal 
ions, can be explained by a direct, slow binding of Fe2+/3+ to the enzymes, but also by a two-
step mechanism involving the rapid formation of (GS)n-Fe2+/3+ complexes and the slow 
binding of the thiolates, as co-substrates, to the enzymes. Thus, we cannot distinguish at this 
stage between the two mechanisms so far proposed for the PCS reaction (Vatamaniuk et al. 
2000; Oven et al. 2002). 

Several metals of physiological interest induce PC accumulation in intact plants and cell 
suspension cultures. Cells of Rauvolfia serpentina (Zenk, 1996) and Lycopersicon esculentum 
(Chen et al. 1997) accumulated PCs in response to an excess of Cu2+ or Zn2+. In contrast, PC 
and hPC accumulation in plants of Cicer arietinum was observed after challenge with Cd2+ or 
As5+, but not with Cu2+ or Zn2+ (Gupta et al. 2004). These differences may be attributed to 
variations in metal concentrations, in the duration of metal treatment and in the accessibility of 
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metals to PCS. We have found that plants of A. thaliana and L. japonicus accumulate only low 
amounts of (h)PCs in response to moderate or high concentrations (20-100 µM) of Cu2+ or 
Zn2+. Because these metal ions, especially Zn2+, are strong activators of AtPCS1 and LjPCS1 
in vitro, we have to conclude that (h)PC synthesis is not a primary mechanism for Cu2+ or Zn2+ 
detoxification. This conclusion is consistent with previous results that the PC-deficient (cad1) 
mutant and wild-type plants of A. thaliana are similarly sensitive to Cu2+ and Zn2+ toxicity (Ha 
et al. 1999; Cobbett and Goldsbrough 2002). A stronger case occurs for Fe3+, which did not 
induce (h)PC accumulation in plants but activated both PCS enzymes. The lack of correlation 
between enzyme activation in vitro and (h)PC accumulation in intact plants is best explained 
by the inability of metals ions to reach PCS due to processes such as adsorption to cell walls, 
accumulation in the apoplast, long-distance transport and binding to metallothioneins, in the 
case of Cu and possibly Zn (Cobbett and Goldsbrough 2002), and to ferritin, in the case of Fe 
(Briat and Lobréaux, 1997). This explanation is supported by the interesting, and subsequently 
overlooked, observation that high concentrations (100-500 µM) of Ni2+ or Fe2+ induce PC 
accumulation in cultured cells of L. esculentum, an experimental system in which metal ions 
can readily reach PCS in vivo (Chen et al. 1997). It is becoming clear that PCs and PCS 
enzymes are more ubiquitous in living organisms than previously envisaged (Rea et al. 2004), 
and hence that they may have roles other than the detoxification of nonessential heavy metals, 
which are mainly of anthropogenic origin. In this respect, our results cannot rule out an 
involvement of (h)PCs in the homeostasis of Cu, Zn and even Fe, processes in which subtle 
changes of metal concentration and low rates of PC synthesis are expected. Also, emerging 
additional functions for PCs and PCS enzymes, such as detoxification of xenobiotic 
compounds (Beck et al. 2003) or scavenging of reactive oxygen species (Tsuji et al. 2002), 
deserve further investigation. 
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Conclusions 
 
1. The synthesis of glutathione and homoglutathione is catalyzed by specific enzymes and 

not by a single enzyme with broad substrate specificity. The homoglutathione synthetase 
enzyme from Pisum sativum has been heterologously expressed and purified to 
homogeneity. It shows Km values of 1.9 mM for β−alanine and 104 mM for glycine. The 
specificity constant (Vmax/Km) reveals that the enzyme is 57.3-fold more specific for 
β−alanine than for glycine. 

 
2. In the model legume L. japonicus, the γ−glutamylcysteine synthetase gene was mapped on 

the long arm of chromosome 4 (70.0 cM), whereas the glutathione synthetase and 
homoglutathione synthetase genes were mapped on the long arm of chromosome 1 
(81.3 cM) and found to be arranged in tandem with a separation of approximately 8 kb. 
The glutathione synthetase and homoglutathione synthetase genes are present as single 
copies in the genomes of Pisum sativum, Medicago truncatula, Lotus japonicus and 
probably all other legumes. Both genes consist of 12 exons of exactly the same size 
(except exon 1, which was similar) and originated by duplication. 

 
3. Determination of transcript levels, enzyme activities, and thiol contents in nodules, roots, 

and leaves of L. japonicus reveals that γecs and hgshs are expressed in all three plant 
organs, whereas gshs is significantly functional only in nodules. This strongly suggests an 
important role of glutathione in the rhizobia-legume symbiosis. 

 
4. Plants of Lotus japonicus exposed to cadmium synthesize elevated amounts of 

γ−glutamylcysteine, phytochelatins, and homophytochelatins in the roots within a few 
hours. This response is associated with a very rapid and strong upregulation of the 
glutathione synthetase gene, but not of the γ−glutamylcysteine synthetase or the 
homoglutathione synthetase genes, and is consistent with the strict requirement of 
glutathione for the synthesis of both types of phytochelatins. 

 
5. Experiments of cadmium treatment also reveal that the (homo)phytochelatin biosynthetic 

pathway in L. japonicus roots is regulated at the transcriptional [o-
acetylserine(thiol)lyase], post-transcriptional (glutathione and homoglutathione 
synthetases) and post-translational (γ−glutamylcysteine synthetase) levels. 

 
 
 

111 



 
 
 
 
Conclusions 

6. The genome of L. japonicus contains a cluster of three phytochelatin synthase genes, 
which are mapped at 69.0 centimorgans on chromosome 1. The genes differ in exon-intron 
composition and responsiveness to cadmium. Gene structures and phylogenetic analysis of 
the derived proteins are consistent with two sequential gene duplication events during 
evolution and suggest that the second duplication occurred after legumes had diverged 
from other vascular plants. 

 
7. Detailed sequence comparisons of the three phytochelatin synthases (LjPCS1, LjPCS2 and 

LjPCS3) of L. japonicus reveal two sites for alternative splicing of introns 2 and 7 in the 
primary transcripts, which account for the expected differences in amino acid sequences 
between the typical LjPCS1 and the unusual LjPCS2 and LjPCS3. 

 
8. Substrate specificity studies of affinity-purified recombinant LjPCS1 reveal that 

homoglutathione is a good acceptor, but a poor donor, of γ-glutamylcysteine units. 
Purified LjPCS1 is activated by Cd2+, Zn2+, Cu2+ and Fe3+, but not by Co2+ or Ni2+, in the 
presence of 5 mM GSH and 50 µM metal ions. Activation of the enzyme by Fe3+ was 
proven by the complete inhibition of phytochelatin synthesis by the iron-specific chelator 
desferrioxamine. 

 
9. Plants of L. japonicus accumulated (homo)phytochelatins only in response to a large 

excess of Cu2+ and Zn2+, but to a much lower extent than did with Cd2+, indicating that 
(homo)phytochelatin synthesis does not significantly contribute to Cu, Zn and Fe 
detoxification. 
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