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In this paper, we report the cloning and characterization of the plastid-located glutamine synthetase (GS) of Medicago
truncatula Gaertn (MtGS2). A cDNA was isolated encoding a GS2 precursor polypeptide of 428 amino acids composing an
N-terminal transit peptide of 49 amino acids. Expression analysis, by Westerns and by northern hybridization, revealed that
MtGS2 is expressed in both photosynthetic and non-photosynthetic organs. Both transcripts and proteins of MtGS2 were
detected in substantial amounts in root nodules, suggesting that the enzyme might be performing some important role in
this organ. Surprisingly, about 40% of the plastid GS in nodules occurred in the non-processed precursor form (preGS2). This
precursor was not detected in any other organ studied and moreover was not observed in non-fixing nodules. Cellular
fractionation of nodule extracts revealed that preGS2 is associated with the plastids and that it is catalytically inactive.
Immunogold electron microscopy revealed a frequent coincidence of GS with the plastid envelope. Taken together, these
results suggest a nodule-specific accumulation of the GS2 precursor at the surface of the plastids in nitrogen-fixing nodules.
These results may reflect a regulation of GS2 activity in relation to nitrogen fixation at the level of protein import into nodule
plastids.

Glutamine synthetase (GS, EC 6.3.1.2) is an essen-
tial enzyme in nitrogen metabolism of higher plants
(Miflin and Lea, 1980). In conjunction with Glu syn-
thase (EC 1.4.1.14 and EC 1.4.7.1), it catalyzes the
assimilation of ammonium into Gln and Glu, which
then serve as the nitrogen donors for the biosynthesis
of all nitrogenous organic compounds in the plant.
GS is an octameric enzyme represented by a number
of isoenzymes located both in the cytosol (GS1) and
in the plastids (GS2). These isoenzymes are derived
from the differential expression of a small family of
nuclear genes (Forde and Cullimore, 1989; McGrath
and Coruzzi, 1991). In legumes, GS plays a key role in
root nodules being responsible for the assimilation of
ammonia that is released at high rates by nitrogen-
fixing rhizobia (Atkins 1987).

The legume Medicago truncatula is being exten-
sively used for studies on symbioses due to its small
genome and ease of manipulation, and a variety of

genetic and genomic tools have been developed for
this model plant (Barker et al., 1990; Cook, 1999; Bell
et al., 2001; Journet et al., 2002; Thoquet et al., 2002).
Studies on GS in M. truncatula have revealed only
two expressed genes, MtGSa and MtGSb, encoding
cytosolic polypeptides; a third cytosolic GS gene,
MtGSc, appears not to be expressed. Both MtGSa and
MtGSb are induced during symbiotic root nodule
development, although to different extents (Stanford
et al., 1993). Cellular expression studies have shown
that they have different but partially overlapping
patterns of expression in nodules (Carvalho et al.,
1997, 2000a, 2000b). MtGSa is highly expressed in
infected cells and is presumed to play the major role
in the assimilation of ammonium derived from dini-
trogen fixation (Carvalho et al., 2000a).

Studies on GS isoezymes in M. truncatula have
revealed that a considerable proportion (about 20%)
of the plant GS activity in nodules is attributed to the
plastid form (Carvalho et al., 1997). Work on other
higher plants has shown that this form, which is
expressed predominantly in leaves, is responsible for
the reassimilation of photorespiratory ammonia
(Wallsgrove et al., 1987; Migge and Becker, 2000;
Orea et al., 2002), and it has also been implicated in
the assimilation of ammonia reduced from nitrate
and nitrite (Vézina et al., 1987). In root nodules, its
role is unknown.
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Like most plastid proteins, GS2 is a nuclear-
encoded protein initially synthesized in the cytosol
as a higher molecular mass precursor polypeptide
containing a cleavable N-terminal extension, the
transit peptide (Lightfoot et al., 1988; Tingey et al.,
1988). The transit peptide mediates routing to the
inside of the organelle where it is cleaved off by
stromal processing peptidases (Keegstra and Cline,
1999; May and Soll, 1999). Inside the organelles, the
GS2 polypeptides presumably assemble to form the
catalytically active octameric enzyme.

In this work, we have extended our knowledge on
the GS gene family of M. truncatula by the cloning
and characterization of the plastid-located GS. Spe-
cial attention was devoted to its regulation and po-
tential role in root nodules. Surprisingly, this work
revealed an accumulation of the GS2 precursor spe-
cifically in root nodules. We have evaluated the ac-
cumulation of this precursor protein as it relates to
nitrogen fixation and nodule development.

RESULTS

Isolation and Characterization of a cDNA Encoding
M. truncatula Plastid GS

To complete the characterization of the GS multi-
gene family of M. truncatula, we set out to isolate
clones coding for the plastid-located isoenzyme. A
root nodule cDNA library of M. truncatula (Gamas et
al., 1996) was screened for GS2 clones by hybridiza-
tion with a heterologous probe prepared from the
plastid GS cDNA clone pcGS-�1 from bean (Phaseolus
vulgaris; Lightfoot et al., 1988). A clone containing a
cDNA of about 1.6 kb was isolated (GenBank acces-
sion no. AY225150), and sequencing revealed a com-
plete open reading frame encoding a polypeptide of
428 amino acids (47.1 kD). This sequence shows less
than 70% similarity to the two cytosolic GS polypep-
tides of M. truncatula and matches more closely the
plastid-located GS of alfalfa (Medicago sativa; Zozaya-
Garza and Sengupta-Gopalan, 1999), pea (Pisum sati-
vum; Tingey et al., 1988), and bean (Lightfoot et al.,
1988) with 98%, 96%, and 91% similarity, respec-
tively, at the amino acid level. The encoded polypep-
tide contains a 56-amino acid N-terminal extension
relative to the start of the cytosolic GS polypeptides
(Carvalho et al., 1997), which by comparison with
other plastid-located GS sequences corresponds to
the plastid targeting presequence. It is notable that
this presequence is rich in Ser and Thr residues and
contains no acidic amino acids, typical of the transit
peptide of nuclear-encoded plastid precursor pro-
teins (Karlin-Neumann and Tobin, 1986). An align-
ment of the M. truncatula GS2 protein with the
plastid-located GS precursor of pea (Fig. 1) suggests
a point of cleavage at amino acid 49 of the N-terminal
extension (Tingey et al., 1988) leading to a molecular
mass of the mature polypeptide (without the transit
peptide) of 41.7 kD.

To determine the gene copy number of the plastid-
located GS in M. truncatula, a Southern-blot analysis
of genomic DNA was performed under stringent
hybridization conditions using the M. truncatula GS2
cDNA as a probe (Fig. 2A). M. truncatula genomic
DNA was digested with different restriction enzymes
selected according to the cDNA restriction map. Con-
sidering the number of times that each restriction
enzyme cuts the cDNA (Fig. 2B) and the number and
size of the hybridizing genomic fragments, the re-
sults suggest either a single (or very few) intron-
containing genes coding for M. truncatula GS2. The
existence of introns in the M. truncatula GS2 gene was
confirmed by PCR amplification of the genomic
DNA. Two sets of primers were used to amplify this
DNA, and after the digestion of the amplification
products with HincII and BamHI, the existence of at
least three introns in the gene was confirmed located
between positions 200 and 1,080 of the 1,600-bp
cDNA (Fig. 2B).

Analysis of the M. truncatula expressed sequence
tag (EST) databases (Bell et al., 2001; Journet et al.,
2002) revealed that all of the current ESTs closely
related to the M. truncatula GS2 cDNA cluster as a
single gene entity (data not shown), further support-
ing the idea that M. truncatula contains a single ex-
pressed GS2 gene, which we have called MtGS2.

Expression of MtGS2 in Different Organs of
M. truncatula

The expression of MtGS2 was examined in various
organs of M. truncatula by northern analysis of total
RNA isolated from leaves, stems, flowers, roots, and
mature nodules (13 d postinoculation). The GS2
probe was shown to be highly specific for GS2 be-
cause it showed very poor cross-hybridization to the
cytosolic GS cDNAs in Southern blots (data not
shown) and because the pattern of expression in
different organs using the GS2 probe was found to be
different from those using the two cytosolic GS gene
probes (see Stanford et al., 1993). The blots were also
hybridized with a rRNA probe to evaluate the RNA

Figure 1. Comparison of the N-terminal transit peptide sequences of
GS2 from M. truncatula (MtGS2) and pea (PsGS2). The deduced
transit peptides are shown in bold.
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loading. The GS2 hybridization signals were quanti-
fied, and the values were standardized against the
rRNA hybridization data. The results (Fig. 3A) show
that MtGS2 mRNA accumulated to more than 3-fold
higher levels in leaves than in the other organs. Sur-
prisingly, this mRNA was found to be more than
2.5-fold more abundant in nodules than in roots and
was also higher than in stems and flowers. The high
expression in leaves and expression in nodules, roots,
and stems is moreover supported by a statistical
analysis (Journet et al., 2002) of the distribution of
GS2 ESTs in different cDNA libraries (data not
shown).

Western analysis of protein extracts from the same
organs was then used to evaluate the expression of
the GS proteins (a representative blot is shown in Fig.
3B). The GS immunoreactive bands were quantified
in three different membranes. The results revealed
that all of the organs contained two types of GS
polypeptide, one of around 39 kD corresponding to
the cytosolic GS (GS1) and another of about 42 kD
corresponding to the mature plastidic GS2. The
amount of GS2 protein in each of these organs could
be generally correlated with the amount of the cor-

responding transcript. However, in roots, GS2
polypeptides were hardly detected even though the
amount of transcripts was considerable, and in
leaves, the amount of the GS2 polypeptide accumu-
lated to almost 5-fold higher levels compared with
the other organs.

Interestingly, in root nodule extracts, the anti-GS
antibody was able to detect a third polypeptide with
a higher molecular mass than the cytosolic and ma-
ture plastidic GS polypeptides. This polypeptide was
not detected in other organs of the plant (Fig. 3B;
H.G. Carvalho, L.M. Lima, and J.V. Cullimore, un-
published data). Western experiments on roots and
leaves of nodulated and non-nodulated plants sug-
gest that it cannot be induced in these other organs
by growth in symbiotic conditions (data not shown).
Because the antiserum does not cross-react with rhi-
zobial glutamine synthetase I encoded by a glnA gene
or glutamine synthetase II encoded by a glnII gene
(Cullimore and Miflin, 1984), this polypeptide must
be related to M. truncatula GS. It has a molecular
mass of around 47 kD, similar to the predicted size of
the GS2 precursor, and it represents about 40% of the
total GS2 polypeptides in the nodules (Fig. 3B).

Figure 2. Structure of the GS2 gene(s) of M.
truncatula. A, Southern hybridization of M. trun-
catula DNA digested with different enzymes us-
ing a complete MtGS2 cDNA as probe. The
positions of size markers are shown on the right.
B, Restriction map of the MtGS2 cDNA and the
corresponding genomic region (gDNA) deduced
by PCR using primers P1, P2, and P3. The ap-
proximate sizes but not the number of introns
are shown boxed. The enzymes are X, XbaI; Xh,
XhoI; H, HincII; Bg, BglII; and B, BamHI.
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Expression of GS2 Mature and Precursor
Polypeptides in Escherichia coli

To examine whether this nodule-specific polypep-
tide could indeed be the GS2 precursor (preGS2), we
expressed both the complete GS2 open reading frame
encoding the precursor (pTrc-preGS2) and a cDNA
encoding a mature GS polypeptide lacking the transit
peptide (pTrc-GS2) in an E. coli mutant strain defi-
cient for GS (glnA deletion).

The bacteria carrying the construct expressing the
mature form of GS2 (pTrc-GS2) was able to comple-
ment the E. coli glnA mutation for growth on minimal
medium containing ammonium as nitrogen source,
whereas the construct expressing the precursor form
(pTrc-preGS2) could only grow in the presence of a
Gln supplement. These results indicate that the pre-
cursor polypeptides were not functional in E. coli,
and GS activity determinations of the extracts re-
vealed that the mature form was catalytically active,
whereas no GS activity was found associated with
the precursor. It was notable also that the precursor
expressed poorly in E. coli, attaining only about 10%
of the level of GS protein as the mature GS2 (see
legend to Fig. 4).

The E. coli-produced polypeptides were analyzed
by western blot. The bacteria harboring pTrc-preGS2

produced a 47-kD GS product that migrated in an
identical position to the third GS polypeptide de-
tected in the nodule extract, thus confirming that this
nodule-specific polypeptide is the GS2 precursor
(Fig. 4). A minor band with molecular mass of
around 42 kD was also seen in this extract similar to
native plastid mature GS2 from nodules and to the
GS polypeptide expressed in E. coli harboring pTrc-
GS2. This minor polypeptide probably results from a
partial processing of the precursor polypeptide by
the bacterial proteases in a way similar to the cleav-
age performed by the plant stromal processing
peptidase.

Expression of MtGS2 during Nodule Development

To examine more fully the high levels of MtGS2-
specific mRNA and proteins detected in mature nod-
ules and the nodule-specific accumulation of the
plastid GS precursor, the expression of the GS2 gene
was examined over a time course of nodule develop-
ment. RNA and proteins were isolated from roots
and from nodules harvested at different times after
inoculation (5–20 d) and were analyzed and quanti-
fied by northern and western analysis as described
above.

The results show that the abundance of MtGS2
mRNA increased about 2.5-fold during nodulation
from a basal level detected in roots and at d 5 to a
maximal level at d 8 after inoculation (Fig. 5A). At d
13 and 20 postinoculation, a slight and progressive
decrease of the level of the GS2 mRNA was observed,
such that at d 20, the level was about 85% of the
maximum level.

Western-blot analysis of the same nodule samples
revealed a general correlation between the levels of
the GS2 polypeptide with the levels of its corre-
sponding mRNA (Fig. 5B); the abundance of the GS2
polypeptides also increased markedly in abundance
by d 8 followed by a slight reduction at d 13 and 20.
It is noteworthy that qualitatively the temporal
changes in abundance of the GS2 polypeptide were
very similar to the GS1 polypeptides, however the

Figure 4. Expression of GS2 and preGS2 in E. coli and comparison
with nodule GS. Western immunodetection of GS polypeptides from
a root nodule extract and from E. coli expressing pTrc-preGS2 and
pTrc-GS2. GS1, GS2, and preGS2 designate cytosolic, plastidic, and
plastid precursor GS, respectively. Due to the different levels of
expression of GS in E. coli, different amounts of protein were loaded
on the gel (nodule, 40 �g; pTrc-preGS2, 200 �g; and pTrc-GS2, 20
�g). Molecular masses are indicated.

Figure 3. Expression analysis of MtGS2 in different organs of M.
truncatula. A, Total RNA (15 �g lane�1) isolated from different
organs was fractionated on formaldehyde-agarose gels. The gels were
blotted onto nitrocellulose and hybridized to a 32P-labeled GS2
fragment (MtGS2) or a rRNA gene fragment (rRNA). B, Total soluble
protein extracted from the same organs (30 �g lane�1) was fraction-
ated by SDS-PAGE and transferred to nitrocellulose, and the mem-
branes were probed with a GS antibody. GS1, GS2, and preGS2
designate cytosolic, plastid, and plastid precursor GS, respectively. L,
Leaves; S, stems; F, flowers; R, roots; and N, nodules. Molecular
masses are indicated.

Plastid-Located Glutamine Synthetase of Medicago truncatula

Plant Physiol. Vol. 132, 2003 393



quantitative analysis suggest that the latter are about
5-fold more abundant. The precursor polypeptide
showed a slightly different pattern of expression; it
was first observed at d 8 after inoculation and in-
creased in abundance by d 13, followed by a reduc-
tion in level by d 20.

To evaluate whether the expression of MtGS2 and
the accumulation of the GS2 precursor could be re-
lated to active nitrogen fixation, the expression of this
gene was compared in both nitrogen-fixing (effec-
tive) and non-nitrogen-fixing (ineffective) nodules.
RNA and proteins were extracted from 15-d-old nod-
ules of plants inoculated with three different Sinorhi-
zobium meliloti strains, an essentially wild-type strain
and two Fix� strains (nifH and fixJ). The nifH gene
encodes a subunit of nitrogenase, whereas fixJ en-
codes a regulator of nif and fix gene expression. The
MtGS2 mRNA and polypeptides were quantified as
before, and the results are shown in Figure 6.

The quantitative analysis shows that there was no
increase in the level of MtGS2 mRNA in nodules
produced by the two S. meliloti Fix� strains compared
with roots; the level of the GS2 mRNA in the nifH and
fixJ nodules was 16% and 37% lower, respectively,
than in roots. However, in contrast to roots, the ma-
ture GS2 polypeptide was easily detected in the in-
effective nodules, although its abundance was almost
2-fold lower compared with wild-type nodules (Fig.
6B). The GS2 precursor polypeptide was not detected
in the Fix� nodules.

Subcellular Location of the GS2 Precursor by
Cell Fractionation

To determine the subcellular location of the GS2
precursor in root nodules, a M. truncatula nodule
extract was fractionated by Percoll density gradient
centrifugation. The fractions corresponding to the
plastids and symbiosomes were identified using an-
tibodies to two membrane markers: E37, a plastid
outer envelope polypeptide (Joyard et al., 1982); and
E6, a nodulin-26 polypeptide from the symbiosome
membrane (Weaver et al., 1991).

After centrifugation on a self-generated Percoll
density gradient, the fractions were collected and
analyzed for GS, E6, and E37 immunoreactivity by
western blots (Fig. 7). Although it is possible to detect
the precursor polypeptide in the soluble fraction
(fraction 1), most of this form of GS2 was located in
the denser fractions of the nodules, suggesting an
association with membranes. The plastid marker E37
was detected in fractions 3, 4, and 5 with relative
amounts in these three fractions of 1:2.6:1.4. Previous
studies have shown that the majority of nodule plas-
tids are amyloplasts and that their starch content can
be highly variable between cell types (Carvalho et al.,
2000a). Thus the presence of the plastid membrane
marker in the three fractions probably corresponds to
amyloplasts with variable starch content and there-

Figure 5. Expression of MtGS2 during nodule development. A, Total
RNA (15 �g lane�1) isolated from roots and from nodules harvested
from 5 to 20 d after inoculation with S. meliloti was fractionated on
formaldehyde-agarose gels followed by RNA-blot hybridization us-
ing a 32P-labeled GS2 fragment (MtGS2) and a rRNA gene fragment
(rRNA). B, Total soluble protein extracted from similar roots and
nodules (30 �g lane�1) was fractionated by SDS-PAGE and trans-
ferred to nitrocellulose, and the membranes were probed with a GS
antibody. GS1, GS2, and preGS2 designate cytosolic, plastid, and
plastid precursor GS, respectively. Molecular masses are indicated.

Figure 6. Expression of MtGS2 in effective and ineffective root nod-
ules. A, Total RNA (15 �g lane�1) isolated from nodules inoculated
with S. meliloti, wild-type (WT), fixJ, and nifH mutants, and from
noninoculated roots was fractionated on formaldehyde-agarose gels
followed by RNA-blot hybridization using a 32P-labeled GS2 frag-
ment (MtGS2) and an rRNA gene fragment (rRNA). B, Total soluble
protein extracted from roots and nodules produced by S. meliloti,
wild-type (WT), fixJ, and nifH mutants (30 �g lane�1) was fraction-
ated by SDS-PAGE and transferred to nitrocellulose, and the mem-
brane was probed with a GS antibody. GS1, GS2, and preGS2 refer
to the cytosolic, plastid, and plastid precursor GS, respectively. Mo-
lecular masses are indicated.
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fore with different densities. The symbiosome mem-
brane marker (E6) was detected in fractions 4 and 5
but not in fraction 3. The GS precursor was detected
in fractions 3, 4, and 5 with relative amounts of
1:2.3:1.3, respectively, thus showing less than 13%
variation in comparison with the distribution of the
plastid membrane marker. This close correlation and
the lack of correlation with the symbiosome marker
suggests an association of the GS2 precursor with the
plastids. GS activity was determined in each of the
fractions using the highly sensitive and highly spe-
cific GS transferase assay. Only fraction 1 contained
detectable GS activity (data not shown), suggesting
that the precursor is catalytically inactive.

Immunolocalization of GS Polypeptides

To determine whether the GS precursor could be
visualized in association with the plastid mem-
branes, GS was localized in root nodules by immu-
nogold electron microscopy. As ascertained by west-
ern blot, the GS antibody recognizes both the
cytosolic and plastidic GS polypeptides present in M.
truncatula nodules. GS was found to be highly abun-
dant in the amyloplasts of both infected and unin-
fected cells (Fig. 8A) and was also evident in the
ground cytosol of both cell types as previously de-
scribed by Carvalho et al. (2000a). In control sections,
where nonimmune rabbit serum was used instead of
the anti-GS primary antiserum, the general back-
ground of nonspecific labeling was very low (Fig.
8B). Gold particles were frequently observed at the
periphery of the plastids on top of the membranes,
indicating an association of GS with the plastid en-
velope (Fig. 8C).

DISCUSSION

The importance of GS in plant nitrogen metabolism
justifies the numerous studies performed on this en-
zyme. Particular interest has been devoted to the
study of GS in leguminous plants where the enzyme
plays a major role in the assimilation of symbiotically
fixed nitrogen. In this paper, we report on the cloning
and characterization of the plastid-located GS of the
model legume M. truncatula and studies on the reg-
ulation of expression of this enzyme particularly in
root nodules.

A combination of Southern and PCR analyses (Fig.
2) and examination of the EST databases is consistent
with GS2 being encoded by a single intron-
containing expressed gene in M. truncatula. Similar
conclusions were obtained by molecular analysis of
GS2 in pea (Tingey et al., 1988), bean (Cock et al.,
1991), and Arabidopsis (Peterman and Goodman,
1991) and by genetic analysis of barley (Hordeum
vulgare) and Lotus japonicus (Wallsgrove et al., 1987;
Orea et al., 2002). However, in soybean (Glycine max)
and alfalfa, several GS2 genes have been identified
(Zozaya-Garza and Sengupta-Gopalan, 1999).

The identification of the plastid-located GS gene
augments the characterization of the GS gene family
of M. truncatula. Three cytosolic GS genes and one
plastid GS gene have now been identified. To distin-
guish between plastid GS- and cytosolic GS-encoding
genes we propose to rename the MtGSa, MtGSb, and
MtGSc genes MtGS1a, MtGS1b, and MtGS1c, respec-
tively, and the plastid GS encoding gene becomes
MtGS2 (referred to as MtGSd in a previous publica-
tion; Carvalho et al., 2000b). MtGS1a, MtGS1b, and
MtGS2 are clearly the three most highly expressed GS
genes in M. truncatula, but whether there are addi-
tional, functional GS genes in this model legume
must await further genomic analysis.

Expression analysis of MtGS2 in several organs of
M. truncatula by western and northern hybridization
(Fig. 3) revealed that the plastid GS is expressed in
both photosynthetic and non-photosynthetic organs.
Although highly abundant in leaves, the plastid GS
was also found to be present in root nodules and to
be more highly expressed in this organ than in roots.
A more detailed study of nodule development (Fig.
5) revealed that the MtGS2-specific mRNA and
polypeptide accumulated rapidly from basal levels in
the root to more than 2-fold higher levels by d 8 after
inoculation with S. meliloti. This pattern of expression
parallels the kinetics of expression of the cytosolic GS
gene MtGS1a (Stanford et al., 1993) and the late nodu-
lin leghemoglobin Mtlb1 (Gallusci et al., 1991) from
M. truncatula. These results suggest that the three
genes may respond to the same physiological signals.
Moreover, the level of MtGS2 mRNA was found to be
enhanced only during effective rather than ineffec-
tive nodule development (Fig. 6), implying that the
level of nitrogen fixation at least partially regulates

Figure 7. Localization of the GS2 precursor in nodule extracts frac-
tionated by Percoll gradient centrifugation. Western immunodetec-
tion of GS, symbiosome membrane nodulin-26 (E6), and plastid
membrane polypeptide (E37) in fractions of a nodule extract sepa-
rated on a self-generated Percoll gradient. The fractions are num-
bered from the top to the bottom of the gradient. Equal amounts of
total protein (50 �g) were loaded on a SDS-PAGE gel and transferred
to nitrocellulose, and the membrane was probed with the different
antibodies. Molecular mass markers are indicated.
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the expression of this gene in root nodules of M.
truncatula.

In general, in all of the experiments, the analysis of
plastid GS polypeptides showed a similar pattern of
changes in abundance to that observed for the
mRNA, suggesting that the regulation of MtGS2 ex-
pression occurs primarily at the mRNA level. How-
ever, it is noteworthy that in roots, MtGS2 expression
seems to be regulated posttranscriptionally because
the GS2 polypeptide was hardly detected in this or-
gan despite the accumulation of its mRNA (Fig. 3).

Although studies on other higher plants have es-
tablished clearly a role of the plastid GS in green
tissues in assimilating ammonium from photorespi-
ration and also from nitrate/nitrite reduction, it is
noteworthy that the plastid isoenzyme represents a
considerable proportion of total GS activity in root
nodules of M. truncatula (Carvalho et al., 1997). Care-
ful examination of the literature reveals that plastid
GS is also expressed well in nodules of other legume
species such as pea (Tingey et al., 1987), bean (Ben-
nett and Cullimore, 1989), and soybean (Brangeon et
al., 1989), suggesting that this isoform is performing
an important role within the nodule. Because cytoso-
lic GS generally constitutes more than 80% of total
nodule GS activity, it has generally been assumed
that this isoform is responsible for the assimilation of

the ammonia released by nitrogen fixation in legume
root nodules (Forde et al., 1989; Datta et al., 1991;
Carvalho et al., 2000a). However, we cannot exclude
that this function is partly fulfilled by GS2 and that
these two forms have partially redundant functions.
Another possibility is that GS2 is performing some
additional function in the plastids, presumably re-
lated to nitrogen fixation because of its expression
pattern. Because GS2 is in the same subcellular com-
partment as porphobilinogen (PBG) deaminase, one
likely function could be the assimilation of ammonia
released by this enzyme during heme biosynthesis. In
addition to acting as cofactors for cytochromes and
other proteins, heme is required in nodules to pro-
duce leghemoglobin, the most abundant protein in
infected cells. Although it was initially suggested
that the heme moiety is synthesized by the bacte-
roids, there is now convincing evidence that this
function is performed by the plant host (Santana et
al., 1998). PBG deaminase has been shown to be
up-regulated in nodules of both soybean and pea,
and immunohistochemical studies have demon-
strated that this enzyme is preferentially located in
the central infected cells (Santana et al., 1998). GS2
shows a similar pattern of distribution in root nod-
ules of M. truncatula (Carvalho et al., 2000a) and thus
could conceivably play a role in the assimilation of

Figure 8. Immunogold localization of GS in
root nodules of M. truncatula. A, Section
through the central tissues of the nitrogen-fixing
zone showing infected (IC) and uninfected (UC)
cells and GS localization using immunogold
(black dots). B, Similar nonimmune control sec-
tion. C, High magnification using the GS anti-
serum. The amyloplast in an infected cell (IC)
shows an association of the gold particles with
the plastid membrane (arrows). IC, infected cell;
UC, uninfected cell; B, rhizobial bacteroids; A,
amyloplast; S, starch grain; M, mitochondria; IS,
intercellular space; CW, cell wall; V, vacuole.
Bar � 1 �m.
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ammonia produced by PBG deaminase during acti-
vation of the heme biosynthetic pathway during ef-
fective nodulation.

In addition to the cytosolic and mature plastidic
GS, a higher Mr GS polypeptide was detected in
nodules that by comparison with the size of the
protein expressed in E. coli (Fig. 4) corresponds to the
precursor to the plastid GS (preGS2). The accumula-
tion of this precursor was specific to root nodules and
moreover was not observed in non-fixing nodules
formed with rhizobial Fix� mutants. The GS2 precur-
sor appears to be bound to the plastid envelope, which
was demonstrated both by cellular fractionation stud-
ies (Fig. 7) and by electron microscopy (Fig. 8).

The physiological relevance of the accumulation of
the GS2 precursor in relation to nodule nitrogen me-
tabolism is not clear. The precursor seems to be cat-
alytically inactive both in the plant and when ex-
pressed in E. coli, thus its accumulation on the surface
of the plastids is unlikely to provide a mechanism for
channeling Gln into the plastids for Glu synthase
activity. It may, however, represent a regulatory
mechanism for controlling GS activity inside the
plastids, and the fact that we only observed the pre-
cursor in nitrogen-fixing nodules suggests that this
form of regulation is related to the nitrogen fixation
process. We cannot, however, eliminate the possibil-
ity that the accumulation of the precursor is due to a
“translocation failure,” perhaps due to the levels of
ATP being too low to complete this process. More-
over, the absence of this protein in non-fixing nod-
ules could be due to a higher protease activity in
these early-senescing nodules rather than a more
efficient translocation.

To our knowledge, this is the first report of an
accumulation of a plastid-targeted precursor protein
in planta. The precursors of plastid-located proteins
are normally transient forms that are rapidly trans-
ported and processed to the mature forms within the
organelle (Keegstra and Cline, 1999; May and Soll,
1999). However, it is well documented that some
yeast and mammalian nuclear proteins are retained
in the cytosol before import to the nuclei, and it has
recently been shown that their import is regulated by
protein phosphorylation (Hood and Silver, 1999). In
vitro studies have shown that the transit peptides of
chloroplast precursors can be phosphorylated and
that this modification affects the efficiency of precur-
sor import into plastids (Waegemann and Soll, 1996;
Su et al., 2001). Waegemann and Soll (1996) have
postulated that a cycle of phosphorylation/dephos-
phorylation might be a regulatory switch in the
translocation pathway of plastid precursor proteins
in vivo. By consequence, phosphorylated precursors
might accumulate outside the plastids if the cycle is
blocked. Our observation that the plastid GS precur-
sor is accumulating in root nodules may represent
the in vivo proof of the hypothesis raised by Waege-
mann and Soll (1996), and studies are currently being

undertaken to evaluate the involvement of phosphor-
ylation in the regulation of GS2 import into the
plastids.

In conclusion, the work presented here has pro-
vided new insights into the functional significance
and regulation of plastid-located GS in root nodules.
An important role of GS2 for nodule functioning is
postulated by this work, unequivocal proof requiring
either silencing GS2 gene expression or isolating mu-
tants lacking GS2 activity. The possibility of a regu-
lation of GS2 activity at the level of protein import
into the plastids opens the way to new experiments
aimed at understanding the importance of this pro-
cess for regulating the nitrogen assimilatory path-
ways and defining whether the mechanism of GS2
precursor accumulation involves protein phospho-
rylation.

MATERIALS AND METHODS

Plant Material

Plants of Medicago truncatula Gaertn. cv Jemalong J5 were grown in
aeroponic conditions at 20°C with a relative humidity of 75% and a 14-h
light period. For nodule induction, the growth medium described by Lullien
et al. (1987) was replaced with fresh medium lacking ammonium nitrate 2 d
before inoculation with Sinorhizobium meliloti 2011 effective wild-type (GMI
708) and ineffective fixJ (GMI 347) and nifH (GMI 296) strains. Nodules were
harvested at 0, 5, 8, 13, and 20 d after inoculation. Flowers, leaves, stems,
and roots were collected from noninoculated plants. All plant material was
immediately frozen in liquid nitrogen and stored at �70°C.

Isolation and Sequencing of MtGS2 cDNAs

A M. truncatula nodule cDNA library (Gamas et al., 1996) was screened
by plaque hybridization using a 32P-labeled probe prepared from the
EcoRV/XhoI fragment from the plastid-located GS cDNA clone pcGS-�1 of
bean (Phaseolus vulgaris; Lightfoot et al., 1988), essentially as described by
Carvalho et al. (1997). The cDNA in pBluescript SK� were excised in vivo
from the �-ZAPII vector (Stratagene, La Jolla, CA) and sequenced on both
strands using an automatic sequencer (Applied Biosystems, Foster City, CA).

Sequence and Database Analyses

Sequence analyses used the GCG programs (Genetic Computer Group,
Madison, WI) and the PC gene computer program (IntelliGenetics, Moun-
tain View, CA). Homology searches used the National Center for Biotech-
nology Information BLAST server (Altschul et al., 1997). Searches for GS2
EST sequences used both the National Center for Biotechnology Information
EST database and the two M. truncatula EST databases: The Institute for
Genomic Research Medicago truncatula gene index, v5.0 (http://www.
tigr.org/tdb/tgi/mtgi/) and the Functional Genomics in Medicago trunca-
tula (September 2001) database (Toulouse, France; http://medicago.toulou-
se.inra.fr/Mt/EST/DOC/MtB.html; Journet et al., 2002). The electronic
northern analysis used the GS2 MtC50790_GC cluster at the latter EST
database.

Southern and PCR Analysis of Genomic DNA

All molecular biology techniques were carried out essentially as de-
scribed (Sambrook et al., 1989). Southern hybridization used a probe corre-
sponding to the GS2 cDNA. PCR analysis of GS2 genes used primers P1
(5�-CAGAGCCATGGCAGTCAAC-3�), P2 (5�-GCCATTTCACATCGTTTG-
3�) and P3 (5�-TGTCTCTTCCCACACGG-3�).
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Expression of MtGS2 cDNA in Escherichia coli

Two constructs were prepared to express the M. truncatula GS2 precursor
and mature polypeptide in E. coli using the expression vector pTrc99A
(Amersham Biosciences, Uppsala). The cloning procedure involved the
introduction by PCR of NcoI restriction sites both at the start codon of the
complete cDNA and at the predicted start of the mature polypeptide (after
the transit peptide region) to allow in frame ligation into the NcoI site of the
vector. The PCR was performed over the first 250 bp of the cDNA or 100 bp
of the non-transit peptide coding region using VentR DNA polymerase
(New England Biolabs, Beverly, MA), and the amplified fragments were
fully sequenced to assure that no mistakes had been introduced. The rest of
the cDNA was then introduced from a ClaI restriction site. In this way, the
N termini of the precursor and mature proteins commenced with MAQI and
MAVN, respectively.

For the complementation analysis and protein induction the E. coli glnA
mutant, strain ET8894 (rbs lacZ::IS1 gyrA hutCx [glnA- ntrC]) was used as
host (McNeil, 1981). Recombinant colonies were grown on M9 minimal
medium plates, containing ammonium as nitrogen source and 2 mm
isopropyl-thio-�-d-galactopyranoside, with or without a Gln supplement
(250 �g mL�1). For protein induction, the cells were grown in liquid M9
medium in the presence of 2 mm isopropyl-thio-�-d-galactopyranoside.

Protein Extraction, GS Activity Determinations, and
Western Immunoblotting

Plant material was homogenized by grinding the tissues with insoluble
polyvinylpyrrolidone in a mortar and pestle at 4°C, with 2 volumes of
extraction buffer (10 mm Trizma [pH 7.5], 5 mm sodium Glu, 10 mm MgSO4,
1 mm dithiothreitol, 10% [v/v] glycerol, and 0.05% [v/v] Triton X-100). E.
coli cells were collected by centrifugation, and the pellets were frozen in
liquid nitrogen and ground with alumina type V (Sigma-Aldrich, St. Louis)
in a mortar and pestle with 2 volumes of the same buffer. The homogenates
were centrifuged at 12,000g for 15 min at 4°C.

GS transferase activity was determined as described by Cullimore and
Sims (1980). Soluble protein concentration was measured by the method of
Bradford (1976) using the Bio-Rad dye reagent (Bio-Rad, Hercules, CA) and
bovine serum albumin as a standard. For western analysis, protein samples
(30 �g lane�1) were separated by SDS-PAGE and electroblotted onto nitro-
cellulose membranes. The blots were incubated with primary antibodies:
anti-GS antibody (Cullimore and Miflin, 1984), antibody E6 against nodulin
26, (Weaver et al., 1991), and antibody E37 against a plastid envelope
polypeptide (Joyard et al., 1982) and detected with secondary peroxidase-
conjugated goat IgG (Vector Laboratories, Peterborough, UK). The intensity
of the immunoreactive bands from three replicate experiments were quan-
tified using the ImageQuant software on a Typhoon Molecular Imager
(Molecular Dynamics, Sunnyvale, CA), and the average values were plotted.

RNA Isolation and Northern Analysis

Total RNA was isolated from plant material using TRIzol (Invitrogen,
Carlsbad, CA) reagent as described by the manufacturer. RNA samples (15
�g lane�1) were separated by electrophoresis on formaldehyde gels and
were transferred to positively charged nylon membranes by capillary action.
Hybridization was performed as described before, using a specific probe
constituted by a BamHI internal fragment of MtGS2 cDNA, corresponding to
nucleotide 445 to 1,222 of the coding sequence. The blots were washed with
2� SSC and 0.1% (w/v) SDS at 57°C.

The blots were also probed with an rRNA gene probe to evaluate equal
loading of total RNA. The hybridization signals were quantified on a
Typhoon PhosphorImager using ImageQuant software (Molecular Dynam-
ics), and the values for the GS2 gene probe were standardized against the
hybridization signals with the rRNA gene probe.

Cell Fractionation

A sample of 0.5 g fresh weight of nodules was gently crushed in a mortar
and pestle with 1 mL of breaking medium (Atkins et al., 1997). The homog-
enate was filtered through Miracloth (Calbiochem, San Diego), and the
filtrate was centrifuged at 200g for 2 min. The supernatant was loaded onto
2 mL of 30% to 60% (v/v) Percoll density gradient and centrifuged for 30

min at 4°C and 25,000g in an Optima centrifuge with a TLA-100.4 fixed-
angle rotor (Beckman Coulter, Fullerton, CA). The gradient was fractionated
in 500-�L aliquots.

Immunogold Electron Microscopy

Eight-day-old root nodules were fixed and embedded in LR-white resin
(London Resin Company, Berkshire, UK), sectioned, and processed as de-
scribed by Carvalho et al. (1992).

Materials

The MtGS2 cDNA clone sequence is GenBank accession number
AY225150. Upon request, all novel materials described in this publication
will be made available in a timely manner for noncommercial research
purposes.

ACKNOWLEDGMENTS

We thank Dr. P. Gamas (Institut des Interactions Plantes Microorgan-
ismes, Toulouse, France) for making available the cDNA library and Dr.
D.M. Roberts (University of Tennessee, Knoxville), Dr. M. Block, and Dr. J.
Joyard (Centre National de la Recherche Scientifique/Université de
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