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The thiol tripeptides glutathione (GSH) and homoglutathione (hGSH) are very abundant in legume root nodules and their
synthesis is catalyzed by the enzymes g-glutamylcysteine synthetase (gECS), GSH synthetase (GSHS), and hGSH synthetase
(hGSHS). As an essential step to elucidate the role of thiols in N2 fixation we have isolated cDNAs encoding the three
enzymes and have quantified the transcripts in nodules. Assay of enzyme activities in highly purified nodule organelles
revealed that gECS is localized in the plastids, hGSHS in the cytosol, and GSHS in the cytosol and mitochondria. These
results are consistent with sequence analyses. Subcellular fractionation of nodules also showed that bacteroids contain high
thiol concentrations and high specific gECS and GSHS activities. Results emphasize the role of nodule plastids in antioxidant
protection and in control of thiol synthesis, and suggest that plastids may be important in the stress response of nodules.
Overall, our results provide further evidence that thiol synthesis is critical for nodule functioning.

The thiol tripeptide glutathione (GSH; gGlu-Cys-
Gly) is very abundant in plants where it performs a
multiplicity of important functions ranging from
scavenging of reactive oxygen species to heavy metal
detoxification (Hausladen and Alscher, 1993; Ren-
nenberg, 1997; May et al., 1998a). The synthesis of
GSH involves two reactions, catalyzed by g-glutamyl-
cysteine synthetase (gECS; EC 6.3.2.2) and GSH syn-
thetase (GSHS; EC 6.3.2.3), which are strictly depen-
dent on ATP and Mg21 (Fig. 1). In the leaves the
synthesis of GSH is thought to take place in the
chloroplasts and cytosol (Hausladen and Alscher,
1993; Rennenberg, 1997; Noctor and Foyer, 1998).

Legumes may contain another thiol tripeptide, ho-
moglutathione (hGSH; gGlu-Cys-bAla), partially or
fully replacing GSH (Fig. 1). The synthesis of hGSH
from gEC and bAla is catalyzed by a specific hGSH
synthetase (hGSHS) with high affinity for bAla and

low affinity for Gly (Macnicol, 1987; Klapheck et al.,
1988). Based on analyses of thiol metabolites and
thiol synthetase activities in different organs and
nodule tissues of eight legumes of agronomic rele-
vance, we proposed the hypothesis that GSH plays a
critical role in N2 fixation (Matamoros et al., 1999b).
As an essential step to elucidate this role, we have
initiated the molecular study of gECS, GSHS, and
hGSHS of legume nodules. Using a strategy combin-
ing PCR screening of nodule cDNA libraries, 59-
RACE, and reverse-transcription (RT) PCR of nodule
and leaf RNA, we have obtained the complete cDNA
sequences encoding the three enzymes from the nod-
ule host cells. Results showed that the synthesis of
GSH and hGSH in nodules involves the participation
of several cell compartments. Subcellular fraction-
ation studies also showed that bacteroids contain
high thiol concentrations and the highest specific
activities of gECS and GSHS for any nodule fraction,
providing further evidence that GSH is critical for
nodule functioning.

RESULTS

Isolation and Sequence Analyses of Thiol
Synthetase cDNAs

We have previously reported the isolation of
cDNAs encoding gECS of pea (Pisum sativum) and
bean (Phaseolus vulgaris) nodules (Matamoros et al.,
1999b). To complete the molecular study of nodule
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thiol synthetases, the first part of this work was
devoted to isolate cDNA clones encoding the en-
zymes GSHS and hGSHS, which catalyze the second
step of GSH and hGSH synthesis in legumes (Fig. 1).
Screening of a pea nodule library by PCR with prim-
ers based on conserved sequences of GSHS from
other higher plants produced a number of positive
clones. The cDNA inserts were sequenced and shown
to correspond to two different genes. The complete
sequences of the cDNAs, designated GSHS1 and
GSHS2, were obtained and 59-RACE analysis was
used to confirm the starting ATG codons. Pea GSHS1
and GSHS2 shared 74% identity and both were ap-
proximately 65% identical with the homologous com-
plete cDNAs of Arabidopsis, Indian mustard, and
tomato. The pea sequences were also 74% to 88%
identical with two partial sequences obtained from a
Medicago truncatula cDNA library made from 4-d-old
nodules (Frendo et al., 1999) and with a full-length
sequence of soybean recently deposited in the data-
bases (accession no. AJ272035).

The same primers were used to screen a bean nod-
ule library, but in this case only cDNA clones corre-
sponding to a single gene could be isolated. All bean
nodule cDNA clones examined were truncated at the
59 end. The sequence was completed by 59-RACE,
which provided 19 bp extra in the open reading
frame (including the starting ATG) and 9 bp in the
59-untranslated region (UTR). The complete bean se-
quence showed approximately 63% identity with the
GSHS cDNAs of Arabidopsis, Indian mustard, and
tomato, 73% identity with pea GSHS1 and GSHS2,
and 72% to 87% identity with the sequences of M.
truncatula and soybean. At the protein level (Fig. 2),
the bean sequence shows higher homology with pea
GSHS2 (73% identity) than with pea GSHS1 (66%
identity), and the bean nodule cDNA was therefore
designated GSHS2. In a similar manner, the soybean
enzyme was designated as GSHS2 because of its
higher homology at the protein level with pea GSHS2

(76.2% identity) and bean GSHS2 (91.1% identity)
than with pea GSHS1 (71.3%).

Predicted Properties and Phylogenetic Analysis of
Thiol Synthetases

The predicted properties of thiol synthetases from
nodules are indicated in Table I. The M. truncatula
enzymes were not included because the correspond-
ing cDNAs lack the 59 regions and therefore no pre-
dictions can be made with respect to their subcellular
localization. The gECS proteins contained a putative
cleavage site motif, Ile-X-Ala2Ala, for plastid target-
ing. We have now confirmed these findings with the
isolation of a soybean gECS cDNA bearing the com-
plete 59 end (accession no. AF128453). The deduced
amino acid sequence of soybean gECS also contained,
at the N terminus, a cleavage site motif (Ile-Val-
Ala2Ala) and a plastid transit peptide (56 amino
acids). In contrast, no such motif was found for any
of the GSHS proteins from nodules (Fig. 2). Predic-
tion programs indicated that pea GSHS2 has no sig-
nal peptide and is localized in the cytosol, and that
pea GSHS1 has a signal peptide for mitochondrial,
rather than plastidic, targeting. However, the puta-
tive subcellular localization of bean GSHS2 is more
ambiguous. The PSORT program gave rather similar
probabilities for localization in the plastids and cy-
tosol, whereas ChloroP indicated a plastidic localiza-
tion with a putative cleavage site between residues 59
and 60. The sequence alignment shown in Figure 2
shows that the length of bean GSHS2 is similar to
those of Arabidopsis GSHSp, Indian mustard GSHS,
and tomato GSHS, all of which are predicted to be
localized in organelles. As expected, the four se-
quences are in turn considerably longer than those of
the cytosolic enzymes, namely, pea GSHS2 and Ara-
bidopsis GSHSc. All these comparisons strongly sug-
gest that bean GSHS2 bears a signal peptide.

Figure 1. Pathway for GSH and hGSH synthesis in legumes. The two ATP-dependent reactions leading to GSH synthesis are,
respectively, the condensation of Glu and Cys to form gEC (catalyzed by gECS) and the addition of Gly to the C terminus
of gEC (catalyzed by GSHS). For hGSH synthesis, bAla replaces Gly in the second reaction (catalyzed by hGSHS).
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Figure 2. Alignment of complete deduced amino acid sequences of GSHS and hGSHS from higher plants. Abbreviations and
GenBank accession numbers are as follows: soybean GSHS (Gmax-GSHS2, AJ272035), bean GSHS2 (Pvul-GSHS2,
AF258320), pea GSHS2 (Psat-GSHS2, AF258319), pea GSHS1 (Psat-GSHS1, AF231137), Arabidopsis plastidic GSHS
(Atha-GSHSp, AJ243813), Arabidopsis cytosolic GSHS (Atha-GSHSc, U22359), Indian mustard GSHS (Bjun-GSHS, Y10984),
and tomato GSHS (Lesc-GSHS, AF017984). Dots denote gaps to maximize alignment. Residues in white lettering on a black
background are identical in at least five sequences.
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The programs PSORT, ChloroP, and MitoProtII
were also used, as a control, to predict the subcellular
localization of the other plant GSHS proteins shown
in Figure 2. The programs correctly localized Arabi-
dopsis GSHSp and tomato GSHS in the chloroplasts;
however, they predicted that Indian mustard GSHS,
assumed to be a mitochondrial enzyme (Schäfer et
al., 1998), is targeted to the plastids and that soybean
GSHS2, assumed to be a plastidic enzyme (accession
no. AJ272035), is cytosolic. The latter case is also
evidenced by an almost identical length of soybean
GSHS2 and pea GSHS2 (Fig. 2).

In addition, the criteria of von Heijne et al. (1989),
based on the Ser-to-Arg ratio to discriminate between
plastidic and mitochondrial transit peptides, identi-
fied Arabidopsis GSHSp and Indian mustard GSHS
as plastidic enzymes and pea GSHS1 as a mitochon-
drial enzyme. Figure 2 also shows that there is con-
siderable homology among the complete GSHS se-
quences of all higher plants examined from residue
92 onwards (numbering is based on the pea GSHS1
sequence) and little homology in the region before
residue 92, which includes the purported signal pep-
tides. There was also relatively low homology in
short stretches interspersed in the proteins, particu-
larly between residues 233 and 273, 329 and 343, 470
and 474, and 488 and 505.

The deduced GSHS sequences of plants, including
a complete sequence of soybean GSHS2 and the two
partial sequences of M. truncatula, were used to con-
struct an unrooted phylogenetic tree (Fig. 3). Se-
quences were aligned using PileUp and analyzed
using CLUSTAL W. The tree reveals that legume
GSHS proteins cluster together with respect to the
non-legume proteins, which in turn cluster in two
groups. However, the most interesting results for the
purposes of this paper are that, within legumes, the
GSHS1 and GSHS2 proteins cluster separately, and
that, within GSHS2 proteins, those from legumes
with determinate nodules (Phaseoleae) group sepa-
rately from those with indeterminate nodulation
(Vicieae, Trifolieae).

Sequence Assignment and Expression of
Thiol Synthetases

Previous work showed that legumes contain exclu-
sively GSH or hGSH in their leaves and that the

distribution of thiols in nodules is determined by the
respective synthetases (Matamoros et al., 1999a,
1999b). We then reasoned that the leaves also express
a single thiol synthetase and this was demonstrated
by measuring enzyme activities in pea, bean, and
cowpea (Vigna unguiculata) leaves (Table II). Pea
leaves express only GSHS and bean leaves only
hGSHS. This finding was very useful to assign the
cDNA sequences of pea and bean nodules to the
GSHS or hGSHS groups of enzymes. Cowpea was
introduced at this stage of the study because we
needed, for localization studies, an additional le-
gume species producing exclusively GSH and ame-
nable for subcellular fractionation of nodules.

RT-PCR analysis using gene-specific primers based
on the 59-UTR of pea GSHS1 and 39-UTR of pea
GSHS2 revealed that GSHS1 is equally expressed in
leaves and nodules, but GSHS2 is expressed only in
nodules (Fig. 4). Therefore, pea GSHS1 encodes a

Figure 3. Unrooted phylogenetic tree of GSHS proteins from higher
plants. The tree was calculated using the neighbor-joining method of
the CLUSTAL W suite of programs. The numbers correspond to
percentages of 1,000 “bootstraps.” The bar represents 0.02 substitu-
tions per site.

Table I. Predicted properties of thiol synthetases from pea and bean nodules

Enzyme Lengtha Signalb Mr
c pId Cleavage Site Subcellular Localization

Pea gECS 499 51 56.6 6.22 RLIVA2ASPP Plastids
Bean gECS 508 60 57.6 6.12 RVIVA2ASPP Plastids
Pea GSHS1 552 20 61.5 6.50 FFSKH2IPST Mitochondria
Pea GSHS2 495 – 55.9 5.54 – Cytosol
Bean GSHS2 543 59? 60.2 5.64 NSAPL2AEPD? Plastids and/or cytosol

a No. of amino acid residues of precursor protein. b No. of amino acid residues of putative signal peptide. c Molecular mass of
precursor protein. d Isoelectric point of precursor protein.
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GSHS, whereas the product of GSHS2 can be tenta-
tively identified as a hGSHS because pea plants ex-
press hGSHS in nodules, but not in leaves (Table II).
The same analysis using primers based on the 39-UTR
sequence of bean GSHS2 indicated that this gene is
expressed at the same level in the leaves and nodules
(Fig. 4). Therefore, bean GSHS2 encodes a hGSHS.
The assignments of pea GSHS1 as GSHS and of pea
and bean GSHS2 as hGSHS were confirmed by the
cluster analysis described above. Thus, M. truncatula
GSHS2 (Frendo et al., 1999) and soybean GSHS2 (M.
Skipsey, C.J. Andrews, J.K. Townson, I. Jepson, and
R. Edwards, unpublished data) have been character-
ized as hGSHS enzymes. The two proteins cluster
together with pea and bean GSHS2 and separately
from GSHS1 (Fig. 3), indicating, together with our
expression data and those of Frendo et al. (1999), that
GSHS2 cDNAs encode hGSHS enzymes, whereas
GSHS1 cDNAs encode GSHS enzymes.

The same gene-specific primers along with primers
designed to the 39-UTR of gECS cDNA were used to
quantify expression of gECS, GSHS1, and GSHS2 in
pea nodules by RT-PCR. However, there were no
major variations in the abundance of any of the three
transcripts during natural (aging) or stress-induced
nodule senescence (data not shown). This contrasts
with the decline in the corresponding enzyme activ-
ities observed in aging pea nodules or the increase in
gECS activity observed in dark-stressed pea nodules
(Matamoros et al., 1999b), and suggests that thiol
synthetase activities may be regulated at the post-
transcriptional level, as shown by May et al. (1998b)
for gECS in Arabidopsis cell cultures.

Localization of Thiol Synthetases

The tentative localization of thiol synthetases in the
various nodule compartments, based on the presence
or absence of recognizable cleavage site motifs, re-
quired verification by purification of organelles on
density gradients. Marker enzymes and leghemoglo-
bin were used to assess cross-contamination among
nodule organelles. Specific protocols had to be em-
ployed to purify plastids and bacteroids, whereas a
single method served to purify mitochondria, peroxi-
somes, and cytosol. Mitochondria were ,10% con-
taminated with peroxisomes and plastids, and
showed no detectable contamination with the cytosol
or bacteroids. Plastids showed ,20% contamination

with bacteroids, ,10% with mitochondria and per-
oxisomes, and negligible contamination with cytosol.
Chloroplasts, mitochondria, and cytosol were also
purified from the leaves of the same plants to verify
results. Similar protocols were followed for organelle
purification, and chlorophyll and marker enzymes
were used to assess purity (Corpas et al., 1991; Jimé-
nez et al., 1997). Chloroplasts were essentially free of
contamination with cytosol or mitochondria. How-
ever, leaf mitochondria had still substantial contam-
ination (20%–30%) with thylakoids. Crude extracts of
nodules and leaves, in which the enzymes were re-
leased from organelles by prolonged sonication, were
also analyzed as parallel controls.

Bean nodule extracts showed gECS, GSHS, and
hGSHS activities (Fig. 5A). However, when the ex-
tracts were not sonicated, only gECS and hGSHS
activities could be detected, suggesting that GSHS
activity originated in the bacteroids. Bean and cow-
pea bacteroids have very high GSHS activities (Fig. 5,
A and B) and the small GSHS activity detected in the
plastids of the two legumes (15% of the specific ac-
tivity of bacteroids) was due to cross-contamination.
Thus, when the plastid fractions were made up to

Figure 4. Expression of GSHS in leaves and nodules of pea and bean
plants. RT-PCR analysis was performed using primers designed to
59-UTRs or 39-UTRs of pea (GSHS1 and GSHS2) and bean (GSHS2)
cDNAs, as shown in the left. Ubiquitin (Ubi) was used as a control for
uniform loading.

Table II. Thiol tripeptide synthetase activities in legume leaves and nodules
Values are means 6 SE of three to six samples obtained from two series of independently grown plants.

Enzyme
Pea Bean Cowpea

Leaves Nodulesa Leaves Nodulesa Leaves Nodulesa

nmol min21 g21 fresh wt

GSHS 5.0 6 0.2 11.4 6 1.2 0 0.7 6 0.2 10.5 6 3.5 15.8 6 1.8
hGSHS 0 6.9 6 0.4 2.6 6 0.1 7.0 6 1.0 0 0

a Data taken from previous work (Matamoros et al., 1999b).
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0.01% (v/v) Triton X-100 and centrifuged, the GSHS
activity remained in the sediment (contaminating
bacteroids) and not in the supernatant (broken
plastids).

Most gECS activity of bean nodules was localized
in the plastids and bacteroids, with somewhat less
activity being present in the cytosol; in contrast, the
hGSHS activity was localized in the cytosol, with no
measurable activity in the mitochondria, plastids,
peroxisomes, or bacteroids (Fig. 5A). Assay of en-
zymes in nodules of soybean, another hGSH-
producing legume (Matamoros et al., 1999b), con-
firmed that hGSHS activity was localized in the
cytosol (data not shown). The same location was
found for the hGSHS of bean leaves, with no mea-
surable activity in chloroplasts or mitochondria (Fig.
6A). Furthermore, when large amounts of bean
leaves were processed to partially purify hGSHS, we
were unable to detect GSHS activity in the extracts
and the hGSHS activity invariably remained in the
soluble fraction (cytosol) after sedimentation of or-
ganelles in isosmotic conditions. In consequence,
the subcellular localization data demonstrate that
hGSHS is the only thiol tripeptide synthetase present
in bean leaves and nodule host cells, and that there is
at least a hGSHS isoenzyme in the cytosol.

As could be anticipated for a GSH-producing le-
gume (Matamoros et al., 1999b), crude extracts of
cowpea nodules exhibited gECS and GSHS activities,
but not hGSHS activity (Fig. 5B). The majority of
gECS activity was localized in the plastids and bac-
teroids, and the majority of GSHS activity in the
cytosol and bacteroids. Unlike bean nodules, how-
ever, we found gECS and GSHS activities in the
mitochondria of cowpea nodules (Fig. 5B). Mitochon-
dria preparations showed no detectable contamina-
tion with bacteroids and negligible contamination
with plastids, and therefore we decided to purify leaf
organelles to verify results. Subcellular fractionation
of cowpea leaves revealed that the mitochondria, but
not the chloroplasts, contain GSHS (Fig. 6B). This
study also confirmed the presence of low levels of
gECS in cowpea mitochondria (data not shown).

Thiols and Thiol Synthetases of Bacteroids

Bacteroids purified on Percoll gradients were es-
sentially free of contamination with host cell or-
ganelles or cytosol, as judged by the assay of marker
proteins. Additional controls, consisting of bacte-
roids that had been washed up to four times or
repurified on two sequential Percoll gradients prior

Figure 6. Subcellular localization of GSHS (M) and hGSHS (f) in
bean (A) and cowpea (B) leaves. Values are means 6 SE of two or
three independent experiments. Ext, Crude extract; Cyt, cytosol; Mit,
mitochondria; Chl, chloroplasts.

Figure 5. Subcellular localization of gECS (o), GSHS (M), and
hGSHS (f) in bean (A) and cowpea (B) nodules. Values are means 6
SE of three or four independent experiments. Ext, Crude extract; Cyt,
cytosol; Mit, mitochondria; Pla, plastids; Bac, bacteroids.

Moran et al.
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to sonication, yielded identical results. Bacteroids
showed high specific gECS and GSHS activities, but
no hGSHS activity, regardless of the main thiol tri-
peptide synthetase present in the nodules (Fig. 5, A
and B).

The high capacity of bacteroids for GSH synthesis
and the lack of any previous information on their
contribution as a source of thiols within the nodules
prompted us to measure the thiol content of bacte-
roids. Bean and cowpea nodule bacteroids contained
0.29 nmol Cys and approximately 10 nmol GSH per
mg of protein (Table III). As expected, cowpea bac-
teroids had no hGSH, but bean bacteroids contained
1.5 nmol hGSH per mg of protein. This small but
significant hGSH concentration was not due to thiol
adsorbed to the bacteroid surface since it remained
constant after repeated washings of bacteroids. Soy-
bean bacteroids (strain USDA110) had significantly
higher concentrations—4.5 nmol hGSH per mg of
protein. Because bacteroids do not express hGSHS
(Fig. 5, A and B), we conclude that the hGSH found
in the bacteroids was synthesized by the host plant
and taken up through the symbiosome membrane.

DISCUSSION

Legumes are the only plants known so far to con-
tain hGSH in addition to or in place of GSH
(Klapheck, 1988). The first enzyme committed to the
synthesis of the thiol tripeptides, gECS, is ubiquitous
in leaves and nodules, whereas expression of the
second enzymes, GSHS and hGSHS, determines the
relative abundance of GSH and hGSH in the different
legume species and plant tissues (Matamoros et al.,
1999a, 1999b). To ascertain the specific roles of thiols
in legume nodules and particularly in N2 fixation, it
is essential to characterize the genes and localize the
three enzymes involved in their synthesis.

In this paper we demonstrate by subcellular frac-
tionation that the gECS of nodule host cells is local-
ized in the plastids (Fig. 5). Previous studies showed
that the enzyme is present in the chloroplasts and
cytosol of leaves (Hell and Bergmann, 1990) and in
root plastids (Rüegsegger and Brunold, 1993). How-
ever, we found only very low gECS activity in the
nodule cytosol and this is probably attributable to

contamination with the enzyme of plastids, which
are extremely fragile organelles (Atkins et al., 1997).
There are some significant differences between the
gECS from legume nodules and that from tobacco
suspension cells. The nodule enzymes have a pre-
dicted molecular mass of approximately 51 kD, sig-
nificantly smaller than the 60 kD found for the en-
zyme purified from tobacco (Hell and Bergmann,
1990). Likewise, the gECS activities of tobacco cells
and of pea and spinach leaves, but not of Arabidopsis
or maize (May and Leaver, 1994), were inhibited by
reductants. In tobacco, the inhibition was due to dis-
sociation of the protein into subunits (Hell and Berg-
mann, 1990). In contrast, we have observed that 5 mm
dithioerythritol enhanced the assayable gECS activity
of nodules from 1.2- to 3.5-fold (depending on spe-
cies), which suggests that the nodule enzymes are
active as monomers.

Knowledge on non-photosynthetic plastids lags
well behind that on chloroplasts partly due to diffi-
culties encountered in their isolation (for review, see
Emes and Neuhaus, 1997). The same holds true for
nodule plastids. As more biochemical and molecular
information on nodule metabolism becomes avail-
able, the picture is emerging that plastids perform
multiple functions essential for N2 fixation. The best
known functions of nodule plastids are related to
their participation in ammonia assimilation (Temple
et al., 1998) and purine synthesis (Atkins et al., 1997).
We report here that another function, so far over-
looked, is protection against reactive oxygen. Thus,
the specific localization in plastids of gECS (Fig. 7),
along with glutathione reductase (Tang and Webb,
1994), ferritin (Matamoros et al., 1999a), and Fe-
superoxide dismutase (M.C. Rubio and M. Becana,
unpublished data), emphasize that these organelles
are a primary line of antioxidative defense in nod-
ules. The three antioxidant proteins are responsive to
stress and may be directly induced by reactive oxy-
gen species (Lobréaux et al., 1995; May et al., 1998a;
Matamoros et al., 1999a, 1999b). In particular, gECS is
the regulatory step of GSH synthesis and is post-
transcriptionally activated in response to stressful
conditions (May et al., 1998a, 1998b). Therefore, plas-
tids from nodules and probably from other non-
green tissues have an important complement of an-
tioxidant proteins that enable them to sense and
respond to conditions generating oxidative stress in
the plant.

Our results also indicate that the second step of
GSH and hGSH synthesis in nodule host cells takes
place predominantly in the cytosol (Fig. 7). This is
only in partial agreement with earlier studies of sub-
cellular localization in leaves. In pea and spinach
leaves, between 47% and 69% of total GSHS activity
is localized in the chloroplasts and the rest in the
cytosol (Klapheck et al., 1987; Hell and Bergmann,
1990). We have found that the majority of GSHS in
nodules and leaves of cowpea was localized in the

Table III. Thiol contents of bacteroids from bean and cowpea
nodules

Data are means 6 SE of four to six samples of bacteroids isolated
from at least two series of independently grown plants.

Thiola Bean (Strain 3622) Cowpea (Strain 32H1)

nmol mg21 protein

Cys 0.29 6 0.05 0.29 6 0.03
GSH 9.40 6 0.68 12.70 6 0.87
hGSH 1.53 6 0.32 0
a The content of gEC was ,0.06 nmol mg21 protein in both

legumes.
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cytosol. Indeed, we have also isolated a cDNA clone
from cowpea nodules that encodes a cytosolic GSHS
(J.F. Moran and M. Becana, unpublished data). A
novel observation is, however, that there is also
GSHS in the mitochondria (but not in the plastids or
chloroplasts) of cowpea leaves and nodules (Fig. 7),
implying a further protective role of GSH against
oxidants generated during respiration. In the leaves
the specific activity of GSHS in mitochondria was, in
fact, slightly higher than that in the crude extract and
cytosol (Fig. 6B). The GSHS activity of nodule and
leaf mitochondria is genuinely restricted to these or-
ganelles because they were not contaminated with
bacteroids or nodule plastids and because, although
leaf mitochondria were contaminated with chloro-
plasts, these do not contain GSHS. The finding of
GSHS activity in mitochondria is consistent with the
sequence analysis of pea nodule GSHS1, which en-
codes a protein bearing a putative mitochondrial
transit peptide (Fig. 2).

We have found hGSHS activity only in the cytosol
from nodules and leaves of bean (Figs. 5A and 6A)
and soybean (data not shown). However, we cannot
exclude the possibility that an additional hGSHS
isozyme exists in the chloroplasts and nodule plas-
tids in view of the cDNA sequence, bean GSHS2, that
has been isolated in the course of this work. Al-
though this sequence is consistent with both a plas-
tidic and a cytosolic localization of the enzyme, it
might be that the hGSHS activity in the chloroplasts
and plastids is very low or unusually labile, escaping
detection. This explanation would be more in agree-

ment with, to our knowledge, the only previous re-
port addressing hGSHS localization in plants.
Klapheck et al. (1988) estimated that 17% of the
hGSHS activity of Phaseolus coccineus leaves is in the
chloroplasts, whereas the rest was assumed to be in
the cytosol.

We have also reported that the majority of hGSHS
activity of bean nodules is in the cortex (Matamoros
et al., 1999b) and have now expanded this observa-
tion to soybean nodules. These have distinctly differ-
ent thiol synthetase activities (nmol min21 g21 fresh
weight) in the cortex (GSHS 5 0, hGSHS 5 9.9 6 0.3)
and in the infected zone (GSHS 5 1.5 6 0.8, hGSHS 5
3.3 6 1.4). Therefore, the predominant localization of
hGSHS at the subcellular (cytosol) and tissue (nodule
cortex) levels appears to be widespread in hGSHS-
producing nodules.

Results of this work also reveal that bacteroids
have very high gECS and GSHS activities and thiol
concentrations (Fig. 5; Table III), and hence actively
synthesize GSH (Fig. 7). These and previous findings
(Matamoros et al., 1999b) suggest that bacteroids are
a major source of GSH and would explain, at least in
part, why this thiol is so abundant in the infected
zone of indeterminate and determinate nodules. In
bacteroids, as in other prokaryotes, GSH may have
multiple functions. One such function has been dem-
onstrated very recently. A Rhizobium tropici mutant
strain containing 3% of the GSH present in the wild
type was more sensitive to osmotic and acid stress
and was less competitive in co-inoculation experi-
ments, suggesting an important role of GSH in stress

Figure 7. Diagram depicting the subcellular localization of GSH and hGSH synthesis in nodules. Enzymes are gECS (1),
GSHS (2), and hGSHS (3). In GSH-producing legume nodules, reaction 1 occurs in the bacteroids, plastids, and mitochon-
dria, and reaction 2 in the bacteroids, mitochondria, and cytosol. In hGSH-producing legume nodules, reaction 1 occurs in
the bacteroids and plastids, reaction 2 in the bacteroids, and reaction 3 in the cytosol and probably also in the plastids.
Arrows in discontinuous lines indicate possible contributions of bacteroids and mitochondria to the cytosolic GSH pool and
of the plastids to the cytosolic hGSH pool.
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tolerance (Riccillo et al., 2000). Bacteroids cannot syn-
thesize hGSH, but this thiol, produced by the plant,
can apparently cross the symbiosomal membrane
and reach the bacteroids (Fig. 7). Whether these are
energy-intensive or simple diffusive processes awaits
further investigation.

MATERIALS AND METHODS

Plant Growth

Nodulated pea (Pisum sativum L. cv Lincoln 3 Rhizobium
leguminosarum biovar viciae NLV8), bean (Phaseolus vulgaris
L. cv Contender 3 Rhizobium leguminosarum biovar phaseoli
3622), soybean (Glycine max Merr. cv Williams 3 Bradyrhi-
zobium japonicum USDA110), and cowpea (Vigna unguicu-
lata Walp. cv California no. 5 3 Bradyrhizobium sp. [Vigna]
32H1) plants were grown under controlled environment
conditions as described (Gogorcena et al., 1997). All le-
gumes were at the vigorous vegetative growth stage (30–35
d) when leaves and nodules were harvested. Leaves and
nodules to be used for RT-PCR experiments were collected
with gloves and immediately frozen in liquid N2. All plant
material was stored at 280°C except nodules to be used for
dissection and subcellular fractionation studies, which
were processed immediately after harvest.

Thiol Synthetase Assays

Thiol compounds were derivatized with monobromobi-
mane and quantified by HPLC with fluorometric detection
(Fahey and Newton, 1987) with the modifications de-
scribed in detail elsewhere (Matamoros et al., 1999b). Thiol
synthetase activities in nodule extracts and organelles were
determined using the same HPLC method based on the
gEC synthesized from Cys and Glu (gECS), GSH synthe-
sized from gEC and Gly (GSHS), and hGSH synthesized
from gEC and bAla (hGSHS). The optimized extraction and
assay media for the enzymes were identical to those pre-
viously reported (Matamoros et al., 1999b), with the only
exception that the dithioerythritol concentration for the
assay of gECS activity was increased from 0.5 to 5 mm.
Enzyme activities in all nodule fractions and organelles
were expressed on a protein basis. Protein was quantified
by the dye-binding microassay (Bio-Rad Laboratories, Her-
cules, CA), using bovine serum albumin as a standard.

Isolation of cDNA Clones Encoding Thiol
Synthetase cDNAs

The cDNA clones encoding gECS were isolated by PCR
screening of nodule libraries using oligonucleotide primers
designed to conserved sequences (GenBank accession
nos. in parentheses) of Arabidopsis (Y09944), tomato
(AF017983), and Indian mustard (Y10848). Pea and bean
lZAP cDNA libraries were provided by Dr. Carroll Vance
(U.S. Department of Agriculture-University of Minnesota,
St. Paul), and the soybean lgt11 cDNA library was pro-
vided by Dr. Robert Klucas (University of Nebraska,
Lincoln).

The same libraries were PCR-screened to isolate cDNA
clones encoding GSHS and hGSHS of legume nodules.
Degenerate primers were designed based on the complete
GSHS cDNA sequences of Arabidopsis (U22359 and
AJ243813), tomato (AF017984), and Indian mustard
(Y10984), and on the partial GSHS cDNA sequences of Medi-
cago truncatula (AF075699 and AF075700). Primers used to
isolate internal cDNA sequences were: sense, 59-CG[A/
C]AACATGTA[C/T]GA[C/T]CA[A/G]CATT-39; and anti-
sense, 59-CCTTCTCT[C/T]TG[A/G]GG[C/T]TTCAT-39.
The 59 and 39 ends of all nodule clones, except those of pea
nodule GSHS2, were amplified using the above primers in
combination with T3 and T7 primers. The PCR mixture
contained 0.5 mm of primers, 0.2 mm dNTPs, 2.5 mm MgCl2,
0.05% (v/v) W-1 detergent, and 1.5 units of Taq polymerase
(Life Technologies, Paisley, UK), in a final volume of 25 mL
of PCR buffer (20 mm Tris-HCl, pH 8.4, and 50 mm KCl).
PCR conditions were exactly as previously described (Mata-
moros et al., 1999b).

Primers used for PCR amplification of the 59 and 39 ends
of pea nodule GSHS2 were: sense, 59-GCAGTCG-
CAATCGTTTACTTCC-39; and antisense, 59-CCCACCT-
TCATCAAATAATGATGG-39. These were used in combina-
tion with T3 and T7 primers. The PCR mixture contained 0.2
mm of both primers, 0.24 mm dNTPs, 1.5 mm MgCl2, 0.05%
(v/v) W-1 detergent, and 1.25 units of Taq polymerase, in a
final volume of 25 mL of PCR buffer. The PCR cycling
protocol consisted of an initial denaturation step at 95°C for
3 min, 40 cycles (95°C for 45 s, 62°C for 45 s, and 72°C for
90 s), and a final elongation step at 72°C for 10 min.

RACE-PCR and RT-PCR

For 59-RACE the manufacturer’s instructions (Life Tech-
nologies) were followed using the primer 59-CCTTCTCT[C/
T]TG[A/G]GG[C/T]TTCAT-39 to generate specific cDNA.
For the subsequent PCR of pea nodule GSHS1, pea nodule
GSHS2, and bean nodule GSHS2, the antisense primers 59-
CGGAAGAAGAACAAGAATCGTCG-39, 59-TGGTGTAT-
AGCCAGCTCGGAAG-39, and 59-CCAAACTCACACGAT-
CAACAAGC-39 were used, respectively.

Total RNA was extracted from nodules using the hot
phenol method followed by LiCl precipitation (de Vries et
al., 1982). For the RT-PCR analysis of leaves and nodules,
total RNA (5 mg) was treated with 2 units of DNase I at
37°C for 10 min to remove traces of contaminating DNA.
After addition of 2.5 mm EDTA, samples were incubated at
65°C for 15 min to inactivate DNase. For RT, RNA samples
were annealed to the primer 59-CTCGAGGATCCGCGG-
CCGC-(T)20-39at 70°C for 10 min, and then the cDNAs were
synthesized using 200 units of reverse transcriptase (Super-
script, Life Technologies) in a buffer containing 10 mm
dithiothreitol and 1.25 mm dNTPs. The reaction proceeded
at 42°C for 55 min and was stopped at 70°C for 15 min. The
remaining RNA present in the samples was removed by
incubation with 1 unit of RNase H at 37°C for 20 min. The
reaction mix was diluted to 120 mL, and 5 mL was used as
template for PCR amplification.

For the PCRs, gene-specific primers were designed
based on the UTR sequences. Oligonucleotides used were as
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follows: For pea GSHS1, sense, 59-CCCCTTTCTT-
CTCCAAACACATTC-39, and antisense, 59-CGGAAGAA
GAACAAGAATCGTCG-39; for pea GSHS2, sense, 59-
GTTGTTGATTGATGGCTTGCATG-39, and antisense, 59-
GCGCCAAAATCCATTGTGAAC-39; for bean GSHS2,
sense, 59-GAAAGTGGCTATATGGTGCG-39, and antisense,
59-GACACCATTCAGTAGGAAAAGC-39. The reaction
mixture contained 5 mL of first-strand cDNA, 0.25 mm
dNTPs, 1.5 mm MgCl2, 0.2 mm of primers, and 1.25 units of
Taq polymerase (Perkin-Elmer Applied Biosystems, Foster
City, CA) in a total volume of 25 mL. The PCR cycling
conditions comprised an initial denaturation step at 94°C for
2 min, 30 to 35 cycles (94°C for 30 s, 60°C for 30 s, and 72°C
for 45 s), and a final elongation step at 72°C for 10 min. As
an internal control, PCR was performed simultaneously us-
ing ubiquitin primers (Horvath et al., 1993). In all cases,
preliminary runs were used to verify that the number of
amplification cycles was well below that required for signal
saturation.

Cloning and Sequencing

The cDNA bands of the expected sizes were gel purified
(Concert, Life Technologies, or QIAquick gel extraction kit,
Qiagen, Santa Clarita, CA) and subcloned into pCRII or
pCR2.1 (Invitrogen, Carlsbad, CA). All sequencing was
conducted on both strands of cDNA from at least two clones
with an ABI Prism 377 sequencer (Applied Biosystems) us-
ing AmpliTaq DNA polymerase, FS dye-terminator cycle
sequencing chemistry. Homology searches were done with
the BLAST algorithm (Altschul et al., 1997). Sequence align-
ments and homology analyses were performed using the
PileUp and Gap programs, respectively, of the Genetics
Computer Group (Madison, WI). Phylogenetic analysis
was performed with the CLUSTAL W (1.75) suite of pro-
grams (Thompson et al., 1994). Signal peptide analyses and
predictions of subcellular localization were performed us-
ing the programs MitoProtII (Claros, 1995), PSORT (Nakai
and Kanehisa, 1992), and ChloroP and TransitP (Center for
Biological Sequence Analysis, Department of Biotechnol-
ogy, Technical University of Denmark, Denmark).

Organelle Purification for Assay of Thiol Synthetases

Nodule host-cell organelles and bacteroids were purified
from nodules at 0°C to 4°C using Percoll gradients. For the
purification of the mitochondria and peroxisomes, nodules
(10 g) were gently ground in a mortar with 30 mL of a
medium containing 0.3 m mannitol, 50 mm Tris-HCl (pH
8.0), 2 mm EDTA, 20 mm MgCl2, and 2% (w/v) polyvinyl-
polypyrrolidone. The homogenate was filtered through
four layers of cheesecloth (moistened with extraction me-
dium). An aliquot (1 mL) of the filtrate was sonicated in an
ice bath (4 3 30 s with 30-s breaks; Branson sonifier) and
centrifuged at 13,000g for 5 min. The cleared supernatant
(“crude extract”) was saved for enzyme analysis. The rest
of the homogenate was centrifuged twice at 4,000g for 5
min and then at 12,000g for 15 min. An aliquot of the
supernatant (“cytosol”) was also saved for subsequent en-

zyme analysis. The pellet was washed with 25 mL of wash-
ing medium (extraction medium omitting polyvinylpoly-
pyrrolidone) and resuspended in 1.8 mL of washing
medium. The whole volume was loaded on a first Percoll
gradient essentially as described by Sandalio et al. (1987).
Peroxisomes, which banded between the 35% and 50%
(v/v) Percoll layers, were freed from Percoll with two
washes with washing medium. Mitochondria, which
banded between the 15% and 35% (v/v) Percoll layers,
were freed from Percoll, as was done for peroxisomes, and
loaded on a second Percoll gradient following the method
of Struglics et al. (1993). Mitochondria and peroxisomes
were broken by resuspension in 0.5 mL of hypotonic me-
dium (50 mm Tris-HCl [pH 8.0], 0.2 mm EDTA, and 20 mm
MgCl2) and overnight incubation at 0°C. Broken organelles
were then centrifuged and immediately used for enzyme
analyses. Freezing and thawing of organelles did not sig-
nificantly affect the yield and activity of enzymes.

For plastid purification, nodules (10 g) were carefully
ground in a mortar with 30 mL of a medium containing 0.3
m Suc, 30 mm Tris-HCl (pH 8.0), 1 mm EDTA, and 20 mm
MgCl2. The homogenate was filtered through one layer of
cheesecloth and centrifuged at 3,000g for 5 min. The pellet
was resuspended in 25 mL of extraction medium. After a
new centrifugation at 200g for 5 min, the pellet was dis-
carded and the supernantant was centrifuged at 3,000g for
5 min. The plastid-enriched pellet was resuspended in 2
mL of extraction medium and the plastids were purified by
using sequentially two 35% (v/v) Percoll gradients as de-
scribed by Atkins et al. (1997). Plastids were broken as
indicated for mitochondria and peroxisomes.

For bacteroid purification, nodules (1 g) were carefully
ground in a mortar with 1 mL of a medium containing 50
mm KH2PO4 and 150 mm NaCl (pH 8.0). The residue was
further ground with 1 mL of the same medium and the
pooled extract was filtered through four layers of cheese-
cloth. The extract (1.5 mL) was loaded on 70% (v/v) Percoll
made in extraction buffer, and bacteroids were purified as
described by Reibach et al. (1981). Bacteroids were broken
by sonication (4 3 30 s with 30-s breaks) in an ice bath. For
the thiol analysis of bacteroids, the same extraction buffer
was used except that the pH was adjusted to 6.5. The
purified bacteroids were broken by resuspension in 200
mm methanesulfonic acid (containing 0.5 mm diethylene-
triaminepentaacetic acid) and by subsequent sonication.

Organelle Purification for Assay of Marker Proteins

Similar procedures, but at pH 7.2, were used to monitor
the purification process of organelles with the assistance of
the following marker proteins: b-hydroxybutyrate dehy-
drogenase and Ala dehydrogenase (bacteroids; Reibach et
al., 1981), Cyt c oxidase (mitochondria; Schnarrenberger et
al., 1971), uricase and catalase (peroxisomes; Hanks et al.,
1981), NADH-Glu synthase (plastids; Atkins et al., 1997),
and leghemoglobin (cytosol; LaRue and Child, 1979). Nod-
ule crude extracts, cytosol, mitochondria, and peroxisomes
were purified using an extraction medium comprising 0.35
m mannitol, 30 mm MOPS [3-(N-morpholino)-propane-
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sulfonic acid, pH 7.2], 2 mm EDTA, 10 mm KH2PO4, and 2%
(w/v) polyvinylpolypyrrolidone. The purified organelles
were washed with the same medium omitting polyvinyl-
polypyrrolidone. Plastids were purified using an extraction
and washing medium containing 0.3 m Suc, 30 mm MOPS
(pH 7.2), 1 mm EDTA, and 20 mm MgCl2. Bacteroids were
purified using an extraction and washing medium contain-
ing 50 mm KH2PO4 and 150 mm NaCl (pH 7.2).

To assay b-hydroxybutyrate dehydrogenase and Ala de-
hydrogenase, nodule crude extracts and purified fractions
were sonicated 4 3 30 s (with 30-s breaks) in an ice bath. To
assay Cyt c oxidase, uricase, catalase, and leghemoglobin,
nodule extracts and fractions were made to 0.05% (v/v)
Triton X-100. To assay NADH-Glu synthase, nodule ex-
tracts and fractions were made (immediately after isola-
tion) to 94 mm MES [2-(N-morpholino)-ethanesulfonic acid,
final pH 6.5], 0.05% (v/v) Triton X-100, and 270 mm
b-mercaptoethanol. This enzyme was found to be labile at
pH 8.0 and in the absence of b-mercaptoethanol, as previ-
ously reported by others (Groat and Vance, 1981).
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Rüegsegger A, Brunold C (1993) Localization of g-gluta-
mylcysteine synthetase and glutathione synthetase activ-
ity in maize seedlings. Plant Physiol 101: 561–566

Sandalio LM, Palma JM, Del Rı́o LA (1987) Localization of
manganese superoxide dismutase in peroxisomes iso-
lated from Pisum sativum L. Plant Sci 51: 1–8
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