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Glutathione (GSH) and homo-GSH (hGSH) are the major low-molecular weight thiols synthesized in Medicago truncatula.
Two M. truncatula cDNAs (gshs1 and gshs2) corresponding to a putative GSH synthetase (GSHS) and a putative hGSH
synthetase (hGSHS) were characterized. Heterologous expression of gshs1 and gshs2 cDNAs in an Escherichia coli strain
deficient in GSHS activity showed that GSHS1 and GSHS2 are a GSHS and an hGSHS, respectively. Leucine-534 and
proline-535 present in hGSHS were substituted by alanines that are conserved in plant GSHS. These substitutions resulted
in a strongly stimulated GSH accumulation in the transformed E. coli strain showing that these residues play a crucial role
in the differential recognition of �-alanine and glycine by hGSHS. Phylogenetic analysis of GSHS2 and GSHS1 with other
eukaryotic GSHS sequences indicated that gshs2 and gshs1 are the result of a gene duplication that occurred after the
divergence between Fabales, Solanales, and Brassicales. Analysis of the structure of gshs1 and gshs2 genes shows they are
both present in a cluster and in the same orientation in the M. truncatula genome, suggesting that the duplication of gshs1
and gshs2 occurred via a tandem duplication.

Glutathione (�-glutamyl-cysteinyl-Gly; GSH) is the
major low-Mr thiol in most eukaryotic organisms,
where it is involved in the control of redox status, the
detoxification of xenobiotics, and the protection
against oxidative stress. In plants, GSH also acts as a
storage form of reduced sulfur and is the precursor of
phytochelatins, which participate in the sequestration
of heavy metals (Noctor et al., 1998). There are at least
two higher plant phylogenetic groups in which other
�-glutamyl-Cys-tripeptides are found either in addi-
tion to, or instead of, GSH. �-Glutamyl-cysteinyl-Ser
was identified in the Poaceae family (Klapheck et al.,
1992) and �-glutamyl-cysteinyl-Glu was detected in
maize (Zea mays) seedlings upon exposure to cad-

mium (Meuwly et al., 1993). Homo-GSH (hGSH) is a
low-Mr thiol that has been detected only in legumi-
nous plants. This tripeptide was first found in leaves
of Phaseolus vulgaris and Glycine max (Price, 1957) and
was characterized as �-glutamyl-cysteinyl-�-Ala (Car-
negie, 1963). The level of hGSH and the ratio of hGSH
to GSH vary dramatically between different genera of
the family Fabaceae (Klapheck, 1988; Matamoros et al.,
1999). hGSH is not detected in legumes like Vicia faba
or Lupinus albus. In contrast, hGSH is the major low-
molecular thiol in G. max, P. vulgaris, and Phaseolus
coccineus. Moreover, in legumes where both GSH and
hGSH are abundant, such as in Pisum sativum or in
Medicago truncatula, the ratio of hGSH to GSH varies
between the different organs of a given plant species
(Frendo et al., 1999; Matamoros et al., 1999).

Many of the roles ascribed to GSH are also per-
formed by hGSH. As such, it is the major storage form
of reduced sulfur in Vigna radiata (Macnicol and Berg-
mann, 1984). hGSH has also been implicated in the
plant defense against heavy metals acting as a precur-
sor in the biosynthetic pathway of the metal-
complexing phytochelatins (Grill et al., 1986; Klapheck
et al., 1995) and against xenobiotics via the GSH-S-
transferases (Skipsey et al., 1997). Dalton et al. (1986)
also have suggested that hGSH is implicated in the
scavenging of reactive oxygen species.

Synthesis of GSH and hGSH is a two-step process.
In the first step, �-glutamyl-Cys synthetase produces
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Clinica, Università di Modena, 71 via del Pozzo, Modena, Italy.

* Corresponding author; e-mail frendo@unice.fr; fax 33– 492–
07– 68 –38.

1706 Plant Physiology, August 2001, Vol. 126, pp. 1706–1715, www.plantphysiol.org © 2001 American Society of Plant Biologists



the dipeptide �-glutamyl-Cys (�-GC) from l-Glu and
l-Cys. The formation of GSH and hGSH is deter-
mined by the substrate specificity of the enzyme
catalyzing the second step. GSH synthetase (GSHS;
E.C. 6.3.2.3) catalyzes the addition of Gly to �-GC,
whereas hGSH synthetase (hGSHS; E.C. 6.3.2.23) cat-
alyzes the addition of �-Ala to �-GC. GSHS from
mammals (Rathbun et al., 1977; Oppenheimer et al.,
1979), yeast (Mooz and Meister, 1967), and tobacco
(Nicotiana tabacum; Hell and Bergmann, 1988) are
highly specific for Gly and do not accept �-Ala as a
substrate. In contrast, the hGSHS partially purified
from shoots of V. radiata and from leaves of P. coc-
cineus demonstrated a much higher affinity for �-Ala
than for Gly (Macnicol, 1987; Klapheck et al., 1988).
To our knowledge, no hGSHS has been purified yet
to homogeneity and the specificity of these enzymes
remains to be determined.

In M. truncatula, a model plant for the study of
plant-Rhizobium sp. symbioses (Barker et al., 1990;
Cook et al., 1997), we have shown previously that
hGSH can only be detected in the underground parts
of the mature plants (Frendo et al., 1999). This local-
ization of hGSH was correlated with the presence of
hGSHS activity that was detected in roots of mature
plants (Frendo et al., 1999). Two partial cDNAs gshs1
and gshs2 showing high identity with Arabidopsis
GSHS were isolated. Based on their expression, they
were putatively ascribed to be gshs and hgshs, respec-
tively (Frendo et al., 1999). Here, we show by heter-
ologous expression of gshs1 and gshs2 in Escherichia
coli that GSHS1 and GSHS2 are a GSHS and an
hGSHS, respectively. Using phylogenetic analysis,
we conclude that gshs1 and gshs2 result from a gene
duplication that occurred after the divergence be-
tween the Fabales, Solanales, and Brassicales. Site-
directed mutagenesis of GSHS2 shows that Leu534
and Pro535 play a crucial role in the differential
recognition of �-Ala and Gly by hGSHS.

RESULTS

Isolation and Characterization of a cDNA Clone
Encoding hGSHS in M. truncatula

Northern-blot analysis showed that gshs2 is ex-
pressed preferentially in roots and nodules rather
than in leaves and flowers of mature M. truncatula
plants (Frendo et al., 1999). Therefore, to isolate a
full-length gshs2 cDNA, an M. truncatula cDNA li-
brary constructed with RNAs extracted from roots
infected with Sinorhizobium meliloti was screened
using gshs2 partial cDNA as a probe. Twenty-one
positive clones were obtained from 5 105 clones in
the first round of screening, out of which 10 were
purified through the second and third rounds of
screening.

The nucleotide and the deduced amino acid se-
quences of the longest clone (phGSHS 2.3; accession
no. AF194422) insert were determined. 5�-RACE was

performed to obtain the gshs2 full-length cDNA se-
quence. An ATG (nucleotide 69) was detected on the
translated sequence obtained from the RACE proce-
dure. The presence of a stop codon (nucleotide 60)
upstream and in frame with this ATG indicates that
the encoded protein is complete. Protein analysis of
the translated sequence using PSORT and CHLOROP
computer programs predicted the presence of a plas-
tid transit peptide. Comparison of GSHS2 with plant
hGSHS and eukaryotic GSHS sequences is presented
in Figure 1. All these proteins are strongly conserved
among distantly related eukaryotic taxa (from plants
to yeast and animals). However, all the plant se-
quences presented an N-terminal sequence exten-
sion, suggesting the presence of transit peptide on all
the deduced protein sequences. GSHS2 shows higher
identity with the P. sativum putative hGSHS (87%),
the G. max putative hGSHS (76%), and the P. vulgaris
putative hGSHS (72%) than with GSHS1 from M.
truncatula (68%).

To determine the activity of GSHS2, the cDNA was
expressed in an E. coli mutant deficient in GSHS
activity. A PCR fragment corresponding to the pro-
tein sequence conserved among the GSHS (Met70 to
Thr546 of GSHS2) was cloned in the pBluescript SK
plasmid (pSK) in frame with the �-galactosidase cod-
ing sequence under the control of the lac promoter
(phGSHS.exp). The phGSHS.exp was transfected in
the gshsB-deficient E. coli strain 830 (strain hgshs830).
As shown in Table I, a high level of GSH and a very
low level of hGSH were detected in the wild-type
strain AB1157. In comparison, the GSHS-deficient
E.coli strain 830 carrying the pSK vector (strain 830sk)
accumulated �-GC and contained a very diminished
level of GSH. hGSH was below the limit of detection
in the 830sk strain, even when �-Ala was added to
the growth medium. Accumulation of GSH and
hGSH was observed in the hgshs830 strain and ad-
dition of �-Ala to the growth medium increased the
level of hGSH 9-fold. Furthermore, both hGSHS
(0.32 � 0.03 nmol hGSH min�1 mg protein�1) and
GSHS (0.12 � 0.02 nmol GSH min�1 mg protein�1)
activities were found in the hgshs830 strain, whereas
no GSHS and hGSHS activities were detected in the
830sk strain. The specificity of the expressed protein
with respect to �-Ala and Gly was estimated by
steady-state kinetic measurements in crude bacterial
extracts. The recombinant enzyme displayed a much
higher affinity for �-Ala [Km(app.) 28 mm, Vmax 1;1
nmol hGSH min�1 mg�1 protein] than for Gly
[Km(app.) 260 mm, Vmax 0; 26 nmol GSH min�1 mg�1

protein]. Thus, the specificity constant (Vmax/Km) of
GSHS2 for �-Ala (3, 9 10�2) is 40-fold higher than that
for Gly (1 10�3). Taken together, these results indicate
that GSHS2 is an hGSHS.

Phylogenetic and Genomic Analysis of gshs1 and gshs2

Multiple sequence comparison of GSHS revealed a
high identity among all eukaryotic GSHS. The phy-
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logenetic tree of eukaryotic GSHS protein family,
shown in Figure 2, clearly indicates that gshs1 and
gshs2 were produced by gene duplication that oc-
curred in the Fabale lineage after the divergence
between Fabales, Solanales (tomato), and Brassicales
(Arabidopsis and leaf mustard) and before the diver-
gence between the different legume families.

Genomic Southern-blot analysis was used to esti-
mate the copy number of gshs1 and gshs2 in the M.
truncatula genome. As shown in Figure 3, multiple
restriction fragments from each digestion hybridized
to the gshs2 probes, suggesting that hGSHS is en-
coded by a small gene family. However, based on the
identity observed between the different GSHS and

Figure 1. Multiple alignment of eukaryotic GSHS and hGSHS. SWISSPROT-TREMBL accession nos. are as follows: Q21549
(M176.2, Caenorhabditis elegans), P46413 (GSHS rat [Rattus norvegicus]), P51855 (GSHS mouse [Mus musculus]), P48637
(GSHS human), P35668 (GSHS African clawed frog [Xenopus laevis]), Q08220 (GSHS baker’s yeast [Saccharomyces
cerevisiae]), P35669 (GSHS fission yeast [Schizosaccharomyces pombe]), O22494 (GSHS tomato [Lycopersicon esculen-
tum]), O23732 (GSHS leaf mustard [Brassica juncea]), AJ243812 (GSHS Arabidopsis), AJ272035 (hGSHS G. max),
AF194421 (GSHS1 M. truncatula), AF194422 (GSHS2 M. truncatula), AF258320 (hGSHS P. vulgaris), AF258319 (hGSHS P.
sativum), and AF231137 (GSHS P. sativum). Amino acid residues corresponding to GSHS2 are numbered on the right. Stars
represent identical amino acids and dots represent conserved amino acids (below). Amino acids involved in the catalytic site
of human GSHS and conserved in GSHS2 are represented by � and amino acids located in the catalytic site of human GSHS
and changed in GSHS2 are represented by # (above). Leu534 and Pro535 are represented in bold letters.
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hGSHS cDNAs, we cannot exclude that some of the
hybridizing fragments correspond to other gshs
genes. Only one BamHI restriction fragment hybrid-
ized to the gshs1 probe, suggesting that this enzyme
is encoded by a single gene. It is interesting that for
all other lineages for which data are available, GSHS
appears to be encoded by a single gene. We did not
find any other gshs-related genes in baker’s yeast, C.
elegans, and Arabidopsis genomes that have been
entirely sequenced. Compilation of DNA sequence
databases and Southern-blot analyses also suggest
that there is a single GSHS gene in the human ge-
nome (Webb et al., 1995).

Screening of a M. truncatula genomic library using
the gshs2 cDNA (Frendo et al., 1999) as a probe was
performed to characterize the structure of gshs2 gene.

The nucleotide sequence of a 9.5-kb genomic clone
G1-gshs (accession no. AF194421) was determined
and analyzed (Fig. 4). gshs1 and partial gshs2 gene
sequences were both present in the same orientation
in the genomic DNA clone (Fig. 4A). This result
strongly suggests that the gene duplication of gshs1
and gshs2 has occurred via a tandem duplication due
to an unequal crossing over. The gshs2 partial
genomic sequence contains seven exons ranging in
size from 70 to 305 bp and six introns that range from
76 to 503 bp (Fig. 4B).

Reverse transcriptase (RT)-PCR experiments were
performed to determine the 5� end of gshs1 coding
sequence. The gshs1 genomic sequence correspond-
ing to the gshs1 cDNA contains 12 exons ranging
from 70 to 370 bp and 11 introns that range from 86
to 964 bp. Structural comparison of gshs1 and gshs2
shows that the exon size has been conserved in the
two genes. In contrast, intron size has not been main-
tained between the two genes even if intron se-
quences bordering the splicing sites are highly simi-
lar. Comparison of gshs1 with the Arabidopsis gshs
(accession no. AJ243812) indicates that the structure
of the two genes presents a high similarity. The num-
ber and the size of the exons are conserved between
the two genes. These results demonstrate that the
genomic structure of these genes is highly conserved
in plants.

Characterization of GSHS1 Activity

Phylogenetic analysis of the eukaryotic GSHS
shows that gshs1 and gshs2 are the result of a gene

Figure 2. Unrooted phylogenetic tree of the GSHS and hGSHS protein
family. Branch lengths are proportional to sequence divergence. Branch
labels record the stability of the branches over 500 bootstrap replicates.
SWISSPROT-TREMBL accession nos. are indicated in Figure 1.

Table I. �-GC, GSH, and hGSH content measured in E. coli ex-
tracts

Extracts prepared from GSHS-deficient E. coli strain 830 contain-
ing the pSK vector (830sk) or the phGSHS exp vector (hgshs830) were
grown with 1 mM isopropyl �-D-thiogalactopyranoside (IPTG). �-Ala
was added to the growth medium where indicated. Nos. represent
the means of three independent experiments � SE. nd, Not detected.

Strains �-GC GSH hGSH

nmol per 5.109 cells

AB1157 nd 44 � 5 0.3 � 0.2
830sk 63 � 6 1 � 0.2 nd
830sk � �-ala 61 � 7 1.3 � 0.1 nd
hgshs 830 47.7 � 1.3 2.2 � 0.4 0.5 � 0.2
hgshs 830 � �-ala 45.4 � 3.2 2 � 0.3 4.3 � 0.4

Figure 3. Genomic southern analysis of M. truncatula gshs1 and
gshs2. Total genomic M. truncatula DNA was digested with EcoRI,
EcoRV, and BamHI. The filters were probed with gshs1 cDNA or
gshs2 cDNA as described in the experimental procedures. Size mark-
ers are indicated on the left.
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duplication. After duplication, gshs1 may have re-
tained its original GSHS function, whereas gshs2 has
acquired the ability to synthesize hGSH. This hy-
pothesis is in agreement with our previous results
showing that the expression of gshs1 in leaves is
correlated with the detection of GSHS activity in this
tissue and the lack of hGSHS activity (Frendo et al.,
1999). Nevertheless, to rule out the possibility that
gshs1 is an alternative hGSHS, GSHS1 was expressed
in the E. coli strain 830 deficient in GSHS activity. A
PCR fragment corresponding to the protein sequence
conserved among the GSHS (Pro78 to Thr554 of
GSHS1) was cloned in the pSK plasmid in frame with
the �-galactosidase coding sequence under the con-
trol of the lac promoter (pGSHS.exp). In the gshsB-
deficient E. coli strain 830 carrying the pGSHS.exp
(strain gshs830), an accumulation of GSH (44 � 1
nmol GSH/5 109cells) was observed and no hGSH
was detected even when �-Ala was added to the
growth medium. These results clearly show that
GSHS1 is a GSHS and indicate that it does not accept
�-Ala as a substrate. Thus, GSHS1 has retained its
GSHS activity after the gene duplication that oc-
curred in the Fabale lineage.

Substitution of Leu534 and Pro535 by Alas
Resulted in a Change of GSHS2 Activity

The amino acids involved in the human GSHS
catalytic site (Polekhina et al., 1999) are highly con-
served in hGSHS (Fig. 1). The amino acids that are
part of the magnesium ion binding site (Glu-216,
Asn-218, and Glu-439) and that interact with the
�-GC moiety (Arg-200, Ser-221, Ser-223, Glu-278,
Asn-280, Gln-284, Arg-332, and Tyr-345) are fully

conserved. The amino acids contributing to the
ATP-binding site (Met-204, Iso-215, Lys-381, Val-433,
Lys-435, Gly-441, Asn-444, Tyr-446, Met-471, Ileu-474,
Glu-498, and Lys-525) are conserved, whereas Gln-472
and Arg-473 replace Glu and Lys, respectively. These
two conservative changes in amino acids were ob-
served in all the plant GSHS and hGSHS sequences
reported so far. Likewise, the Arg-522 and Val-533
present in the glycyl moiety-binding site of GSHS are
conserved in hGSHS.

The major difference in the amino acids involved in
the catalytic site between hGSHS and GSHS is the
replacement of Leu-534 by Ala. This residue has been
proposed to be implicated in the glycyl-binding site
of the human GSHS (Polekhina et al., 1999). It is
interesting that the Pro-535, present in hGSHS, is also
replaced by an Ala in the plant GSHS. To test
whether these two amino acids play a role in the
differential recognition of Gly and �-Ala by GSHS2,
site-directed mutagenesis was performed to substi-
tute Leu-534 by Ala (phgshsL/A) and to substitute
Leu-534 and Pro-535 by two Alas (phgshsLP/AA) on
the recombinant hGSHS. The production of hGSH
and GSH was tested in the GSHS-deficient E.coli
strain 830 transformed with the phgshsL/A (strain
hgshsL/A) or the phgshsLP/AA (strain hgshsLP/
AA; Fig. 5). As shown in Table II, an increased pro-
duction of GSH and a reduced formation of hGSH
were observed in the hgshsL/A strain as compared
with the hgshs830 strain. A ratio (hGSH to GSH) of
0.21 was obtained in the hgshsL/A strain compared
with the ratio of 6.14 for the hgshs830 strain. Thus,
the Leu-534 residue appears to be important for the
differential recognition of �-Ala/Gly by hGSHS. The
substitution of Leu-534 and Pro-535 by Alas led to a

Figure 4. Genomic organization of gshs1 and gshs2. A, Restriction map of the genomic clone G1-gshs showing the positions
of EcoRI sites (E) and the sizes (in kilobase pairs) of EcoRI fragments. The arrows indicate the regions of the clone
complementary to gshs1 and gshs2 cDNAs and the direction of transcription. B, The intron/exon structure of gshs1 and gshs2
genes. Size of exons (above) and introns (below) is indicated in base pairs. Conserved exons between gshs1 and gshs2 are
indicated in bold.
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further increased formation of GSH in the hgsh-
sLP/AA strain as compared with the hgshs830 strain;
formation of hGSH was also detected and the ratio
of hGSH to GSH produced in this strain was lowered
to 0.08.

DISCUSSION

hGSHS Specificity

There has been an open question about whether the
formation of hGSH is catalyzed by a specific hGSHS
or by a GSHS with a broad substrate specificity in
plants that contain both GSHS and hGSH activities.
In P. sativum (Bergmann and Rennenberg, 1993;
Matamoros et al., 1999) and in M. truncatula (Frendo
et al., 1999) where both tripeptides are present, stud-
ies of GSHS and hGSHS activities indicated that both
plants have a specific hGSHS in addition to a GSHS.
cDNA sequences corresponding to legume putative
hGSHS and GSHS have been described very recently
(Moran et al., 2000). However, to our knowledge,
no biochemical data have been reported about the
activities of the proteins encoded by these cDNAs.
Here, we show for the first time the hGSHS activity
of a recombinant protein by heterologous expression
of a cDNA in E. coli. This protein, named GSHS2, has
a high identity with putative hGSHS from other
plants. Heterologous expression of gshs2 cDNA in E.
coli shows that recombinant GSHS2 has hGSHS ac-
tivity. GSHS2 also shows GSHS activity but with an
approximately 10-fold higher Km(app) for Gly than
that for �-Ala. This differential substrate recognition
by the recombinant GSHS2 is similar to the 6-fold
ratio observed for the hGSHS of P. sativum, a plant
that contains both hGSH and GSH (Bergmann and
Rennenberg, 1993). However, this ratio is much
lower than the 73-fold ratio observed in partial puri-
fied protein extracts from leaves of P. coccineus, a
legume plant that contains only hGSH (Klapheck et
al., 1988). With respect to the M. truncatula GSHS1,
heterologous expression of gshs1 cDNA in E. coli
shows that GSHS1 is a GSHS and has a high speci-
ficity for Gly. This result is in agreement with the
results observed for the other eukaryotic GSHS
(Mooz and Meister, 1967; Rathbun et al., 1977; Op-
penheimer et al., 1979; Hell and Bergmann, 1988).

Comparison of the amino acids involved in the cat-
alytic site of human GSHS with those of plant GSHS
and hGSHS shows that they are very conserved
among these proteins. This observation is in accor-
dance with the in vitro biochemical data obtained on
plant GSHS and hGSHS. Both plant GSHS and hGSHS
showed maximum activity at pH 8.0 to 9.0, an absolute
requirement for magnesium and slight stimulation by
potassium (Bergmann and Rennenberg, 1993). More-
over, both enzymes showed similar apparent Km for
�-GC (Bergmann and Rennenberg, 1993). Thus, GSHS
and hGSHS are very similar enzymes that differ only
by the differential affinity for their substrates Gly and
�-Ala. The substitution of Leu534 by Ala in GSHS2
results in a 70% decrease in the production of hGSH in
E. coli, indicating that this Leu residue plays a major
role in the recognition of �-Ala. The hgshsLP/AA
strain produces the same amount of GSH as the strain
expressing GSHS1. This indicates that the replacement

Figure 5. HPLC Analysis of thiol compounds in E. coli mutant strain
expressing the different constructs. A, Elution profile of thiol standard
containing �-GC, GSH, and hGSH. Elution profile of thiol com-
pounds present in the E. coli 830sk strain extract (B), the E. coli
hgshs830 strain extract (C), the E. coli hgshsL/A strain extract (D), the
E. coli hgshsLP/AA strain extract (E), and the E. coli gshs830 strain
extract (F). R represents a reagent peak. �-Ala was added to the
growth medium.
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of the Leu and Pro residues by Alas results in the
restoration of a high GSHS activity. On the other hand,
in contrast with the strain expressing GSHS1, the
hgshsLP/AA strain keeps an hGSHS activity, indicat-
ing that other amino acids are involved in the Gly/�-
Ala specificity.

Acquisition of hGSHS Activity in Legumes

Phylogenetic analysis of the eukaryotic GSHS
shows that gshs1 and gshs2 are the result of a gene
duplication that occurred after the divergence be-
tween Fabales, Solanales, and Brassicales. Sequenc-
ing of genomic DNA reveals that gshs1 and gshs2 are
present in a cluster and in the same orientation on the
M. truncatula genome, strongly suggesting that this
gene duplication has occurred via a tandem duplica-
tion due to an unequal crossing over. Gene duplica-
tions have played a major role in the acquisition of
new functions during evolution (Ohno, 1970; Li and
Graur, 1991). After duplication, one copy may retain
its original function, whereas the other accumulates
sequence changes such that it may be modified in its
expression pattern and/or in the biochemical activity
of its protein product. The evolution of gshs1 and
gshs2 genes seems to have followed this scenario:
gshs1 has retained the original GSHS activity,
whereas gshs2 has acquired a distinct expression pat-
tern and the ability to synthesize hGSH. Consistent
with this model, GSHS1 is slightly more conserved
than GSHS2 with respect to their common ancestral
gene. The Fabales are the only plants in which hGSH
has been detected. Thus, it is tempting to propose
that this feature results directly from the acquisition
of hGSHS activity in the Fabale lineage after dupli-
cation of the ancestral gshs gene. The differential
localization of hGSH and various hGSH/GSH ratios
observed in different legume plants (Klapheck, 1988;
Matamoros et al., 1999) suggests that the hgshs and
gshs genes have evolved in various manners in the
different genera of the Fabaceae family after the gene
duplication.

It will now be of interest to understand why this
activity has been specifically developed in legumi-
nous plants and why the expression patterns of hgshs

and gshs have evolved in various manners in the
different genera of the Fabaceae family.

MATERIALS AND METHODS

Plants, Bacterial Strains, and Libraries

Seeds of Medicago truncatula cv Jemalong genotype J5
were grown as previously described (Frendo et al., 1999).
Escherichia coli parental strain AB1157 (F�, thr�, leu�,
proA�, his�, arg�, thi�, and strA�) and the GSHS-deficient
gshB mutant strain 830 (F�, thr�, leu�, proA�, his�, arg�,
thi�, strA�, and gshB�) were obtained from the Delft Uni-
versity of Technology (Delft, The Netherlands). The M.
truncatula cDNA library, constructed with RNAs extracted
from roots 6 to 48 h after infection with Sinorhizobium
meliloti, and the genomic library were generous gifts from
Dr. Pascal Gamas and from Dr. David Barker, respectively
(Laboratoire de Biologie Moléculaire des Relations Plantes-
Microorganismes, Castanet-Tolosan, France).

Cloning and Analysis of cDNA and Genomic Clones

The 1-kb gshs2 partial cDNA (Frendo et al., 1999) was
radiolabeled with [�32P] dCTP by random priming (Prime-
a-gene labeling system, Promega, Charbonnières, France)
and used as a probe to screen M. truncatula cDNA and
genomic libraries. Hybridization was performed at 65°C
and filters were washed twice in 6� SSC and twice in 1�
SSC (1� SSC: 150 mm NaCl and 15 mm sodium citrate, pH
7.0) at 65°C.

DNA sequencing was carried out on both strands by the
dideoxy chain termination method. Sequence data were an-
alyzed using the UWGCG software (Devereux et al., 1984).
Deduced GSHS1 and GSHS2 protein sequences were com-
pared with all sequences available in the National Center for
Biotechnology Information databases with BLASTP and
BLASTN programs (Altschul et al., 1997). Homologous se-
quences were aligned with CLUSTALW (Thompson et al.,
1994). The phylogenetic tree was derived from this multiple
alignment (306 sites, gap excluded), using the neighbor-
joining method (Saitou and Nei, 1987) with percentage of
accepted point mutations distances. Analysis of possible
transit peptide was performed using PSORT (Nakai and
Kanehisa, 1992) and CHLOROP programs (Emanuelsson et
al., 1999).

Characterization of gshs1 and gshs2 5� cDNA Ends

The characterization of the 5� part of the gshs1 open
reading frame was achieved by RT-PCR amplification. To-
tal RNA was purified from leaves according to Shirzade-
gan et al. (1991). Reverse transcription reaction was per-
formed using the Omniscript RT kit (Qiagen, Courtaboeuf,
France). PCR amplification was achieved using a genomic
clone- (G1-gshs) specific primer, 5�-GCAATAGGCAATG-
GCTGCTTC-3�, and a gshs1 cDNA clone-specific primer,
5�-CCATGGCAAGTAAGTATGTACCTG-3�, during 35 cy-
cles of sequential incubations at 95°C for 0.5 min, 60°C for
1 min, and 72°C for 1 min in a 50-�L reaction mixture

Table II. GSH and hGSH content measured in E. coli extracts

Extracts prepared from GSHS-deficient E. coli strain 830sk, hg-
shs830, hgshsL/A, hgshsLP/AA, and gshs830 were grown with 1 mM

IPTG and �-Ala. Nos. represent the means of three independent
experiments � SE. nd, Not detected.

Strains GSH hGSH

nmol per 5.109 cells

830sk 1.3 � 0.2 nd
hgshs 830 2 � 0.3 4.3 � 0.4
hgshsL/A 6 � 0.7 1 � 0.1
hgshsLP/AA 47 � 6 3.5 � 0.6
gshs830 44 � 1 nd
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containing 10 pmol of each primer and 5 units of Taq DNA
polymerase (Appligene-Oncor, Illkirch, France).

The rapid amplification of the 5� gshs2 cDNA end (5�-
RACE) was performed using the Marathon cDNA ampli-
fication kit (CLONTECH, Palo Alto, CA). PCR amplifica-
tion was performed using the adaptor-specific primer
(AP1) 5�-CATAACGAATCTGGAAAGCAGATGG- 3� and
a gshs2-specific primer (GSHS2.1) 5�-TGAGTTTCAGGAA-
GAGGGGGAGGAG- 3� during 35 cycles of sequential
incubations at 95°C for 0.5 min and 68°C for 2 min in a
50-�L reaction mixture containing 10 pmol of each primer
and 5 units of Taq DNA polymerase (Appligene-Oncor).
The reaction product was purified from agarose gel using
QIAEX II kit (Qiagen) and used as template for a nested
PCR using a second gshs2-specific primer (GSHS2.2)
5�-AAGATGCACCAACCCTACACCAGGAACTC-3� with
the same reaction parameters.

The PCR-amplified DNA fragments were inserted in the
pGEM-T vector (Promega) and three independent transfor-
mants from each subcloning were sequenced and found to
be identical.

Southern-Blot Analysis

Genomic DNA was extracted from leaves of M. trunca-
tula genotype J5 with Genomic-tip 500/G kit (Qiagen).
DNA samples (10 �g) were digested, fractionated by elec-
trophoresis on agarose gel, and transferred by capillary
flow onto Hybond N membranes (Amersham, Orsay,
France). A filter carrying EcoRI and EcoRV DNA digests
was probed at 65°C with the gshs1-partial cDNA (1,133 bp;
Frendo et al., 1999) and gshs2 full-length cDNA radiola-
beled with [�32P]dCTP. Filters were washed twice in 6�
SSC and twice in 1� SSC at 65°C. The filter carrying BamHI
DNA digest was probed at 55°C with the gshs1- and gshs2-
partial cDNAs radiolabeled with [�32P]dCTP and washed
twice in 6� SSC at 55°C.

Expression of gshs1 and gshs2 cDNAs in the GSHS
Activity-Deficient Mutant Strain of E. coli

To express GSHS2, a DNA fragment (1,450 bp) was
amplified by PCR using 0.5 �g of phGSHS-2.3 as template
and 50 pmol each of primers: sense, 5�-TTCT-GGATCC-
ATGACGCTTCCCAGCTT-3� (BamHI site is underlined);
and antisense, 5�-AATTCCTCGAGTTGGTTTC-ATCATG-
TGAGG-3� (XhoI site is underlined). DNA was amplified
during 10 cycles of sequential incubations at 95°C for 0.5
min, 60°C for 1 min, and 72°C for 2 min, in a final 50-�L
reaction mixture containing 5 units of Taq DNA polymer-
ase (Appligene-Oncor).

To express GSHS1, RT-PCR amplification was per-
formed, essentially as described previously in this paper.
PCR amplification was realized using 2.5 units of pfuturbo
DNA polymerase (Stratagene Europe, Amsterdam) and the
following oligonucleotides: sense, 5�-AAAGGATCCTTC-
TCCTCTATTCGTTGATG-3� (BamHI site is underlined);
and antisense, 5�-AAACTCGAGCAATGTGGCCTCCCTTTC
-3� (XhoI site is underlined). DNA amplification was per-

formed during 30 cycles of sequential incubations at 95°C for
0.5 min, 60°C for 1 min, and 72°C for 2 min in a final 50-�L
reaction volume.

The PCR reaction products were purified from agarose
gel using QIAEX II kit (Qiagen) and inserted in the
pGEM-T vector (Promega). The PCR inserts were digested
with BamHI and XhoI and the restricted DNA fragments
were cloned in the pBS phagemid expression vector (Strat-
agene, Europe), in frame with the �-galactosidase gene.
The constructions (phGSHS.exp and pGSHS.exp) were ver-
ified by sequencing. gshsB-deficient E. coli strain was trans-
formed with each construction and grown in Luria broth
medium containing 100 �g ml�1 ampicillin, 1 mm IPTG,
and 400 �g ml�1 �-Ala.

Site-Directed Mutagenesis of GSHS2

Substitution of Gly534 and Pro535 by Alas was in-
troduced using the quick change site-directed mutagenesis
kit (Stratagene Europe). PCR was achieved using the
phGSHS.exp as template and the following oligonucleotide
primers: sense, 5�-GATGAAGGTGGGGTTGCGCCTGG-3�
(substituted nucleotides are underlined); antisense, 5�-
CCAG-GCGCAACCCCACCTTCATC-3� for Gly/Ala
substitution and sense, 5�-GATGAAGGTGGGGTTGCG-
GCTGG-3� (substituted nucleotides are underlined); and
antisense, 5�-CCAGCCGCAACCCCACCTTCATC-3� for
Gly-Pro/Ala-Ala double substitution. DNA amplification
was performed during 35 cycles of sequential incubations
at 95°C for 1 min, 58°C for 1 min, and 72°C for 6 min, in a
50-�L reaction mixture containing 0.2 �g of phGSHS.exp,
50 pmol of each primer, and 2.5 units of pfuturbo DNA
polymerase (Stratagene Europe). The construction was ver-
ified by sequencing (MWG-Biotech, Courtaboeuf, France).
gshsB-deficient E. coli strain was transformed and grown in
Luria broth medium containing 100 �g ml�1 ampicillin and
1 mm IPTG and 400 �g ml�1 �-Ala.

Quantification of GSH and hGSH and Determination of
GSHS and hGSHS Activities

Thiols were extracted with perchloric acid, derivatized
with monobromobimane, and quantified after separation on
reverse phase HPLC as described previously (Frendo et al.,
1999). Commercial GSH (Sigma, Saint Quentin Fallarier,
France) and �-GC (Promochem, Molsheim, France) were
used as standards. The hGSH used as a standard was syn-
thesized by Neosystem (Strasbourg, France). Results are the
mean of three independent experiments � se.

For the enzymatic activity determination, cells were re-
suspended in 1% of the original volume in the extraction
buffer (100 mm Tris-HCl [pH7.8], 5 mm EDTA, 20 mm
MgCl2, and 0.4 mm dithiothreitol), disrupted by two pas-
sages through a French press (8,500 lb/in2) and centrifuged
at 33,000g for 30 min at 4°C. Endogenous low-Mr thiols
were eliminated by gel filtration of the resulting superna-
tant on Sephadex G15 columns (Pharmacia, Orsay, France)
using the extraction buffer. Protein containing fractions
were concentrated with a Diaflow cell fitted with a YM5-
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type membrane (MERCK-EUROLAB, Illkirch, France). Pro-
teins were quantified according to the method of Bradford
(Bradford, 1976) with bovine serum albumin as a standard.
Activities of GSHS and hGSHS were determined as de-
scribed (Frendo et al., 1999). Results are the mean of two
independent experiments �se. Apparent Km and Vm val-
ues were determined using Lineweaver-Burk plot.
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