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SHORT COMMUNICATION

Molecular Cloning of a cDNA Encoding Glutamine Synthetase
from Root Nodules of Elaeagnus umbellata

Ho Bang Kim, Soo Hyun Kim, Hyoungseok Lee, Chang Jae Oh, and Chung Sun An*
Department of Biological Sciences, Seoul National University, Seoul 151-742, Korea

We analyzed a ¢cDNA clone encoding cytosolic glutamine synthetase, EuUNOD-GS1, isolated from a root nodule ¢cDNA
library of Elaeagnus umbellata. This clone has an insert size of 1359 bp and encodes a protein for 355 amino-acid
residues, with a molecular weight of 39.2 kDa. Its expression is slightly higher in the root nodules than in the leaves
or uninfected roots. Analysis of the deduced amino acid sequences and phylogeny revealed that EUNOD-GST is clus-
tered with cytosolic GS-a. isoenzymes. Therefore, based on this and previous results, we propose that the main physi-
ological role of EuNOD-GST is the assimilation of ammonia from secondary and, in part, primary sources.
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Clutamine synthetase (GS; EC 6.3.1.2) is the first
enzyme in the main pathway of ammonia assimila-
tion in higher plants. This assimilation occurs primarily
through the glutamate synthase cycle, in which GS
acts in conjunction with glutamate synthase (Fd- or
NADH-GOGAT) to convert ammonium ions and 2-
oxoglutarate to glutamate, via glutamine, at the
expense of ATP and reducing power (Coruzzi and
Last, 2000). Plant GS isoenzymes are located in the
cytosol (GSy) or the chloroplast/plastid (GS,). Different
GS polypeptides are encoded by small multigene
families whose members regulate in a tissue-specific
and developmental manner (Forde and Cullimore,
1989; Morey et al., 2002).

The glutamine and glutamate produced by the GS/
GOCGAT cycle can be used to synthesize all other
nitrogen-containing compounds, and can also per-
form as essential precursors for various secondary
metabolites in the plant (Gallardo et al., 2003).
Ammonium arises from numerous sources, both pri-
mary (such as nitrate or ammonium ions in the soil or
nitrogen-fixing bacteria in root nodules) and second-
ary (e.g., from photorespiration in green leaves,
protein catabolism, phenylpropanoid and lignin
metabolisms, or the de-amination of amino acids in
germinating seeds). GS expression has been exten-
sively studied in legumes, especially in their root nod-
ules, where GS plays a central role in the assimilation
of ammonium, the product of symbiotic nitrogen
fixation.
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Over the past twenty years, molecular genetic and
biochemical studies on the ammonia assimilation
pathway have focused on legume plants, which form
symbiotic relationships with rhizobia and fix atmo-
spheric N,. However, little research has been per-
formed concerning this pathway in plants that form
symbiotic N,-fixation relationships with frankia, even
though those species play crucial roles in forest eco-
systems where nitrogen is frequently a limiting factor
in tree growth. Several genes involved in ammonia
assimilation have been isolated from these woody
actinorhizal species (Guan et al., 1996; Mullin and
Dobritsa, 1996; Franche et al., 1998; Kim et al.,
1999). Their genetic transformation is also now being
established (Franche et al., 1998; Smouni et al., 2002).
These recent advances in the actinorhizal plant-
Frankia symbiotic relationships shed light on the
genetic modification of nitrogen metabolism as well
as the elucidation of functional roles for nodulin
genes in those plants.

In this report, we have isolated and characterized a
cDNA clone encoding GS from the root nodule of an
actinorhizal plant, E. umbellata. The GS clone, show-
ing enhanced expression in the root nodules,
encodes a cytosolic GS; isoform and clusters with o-
type isoenzymes.

MATERIALS AND METHODS

Bacterial Strain and Plant Material

Nodulation of E. umbellata seedlings with Frankia
strain EulK1 has been described previously (Kim et al.,
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1993). Seedlings that were not inoculated with
Frankia strain were used in the isolation of total RNA
from the leaves and roots. All harvested tissues were
frozen in liquid nitrogen and stored at —80°C.

Isolation of Nucleic Acids

Total RNA and genomic DNA were isolated accord-
ing to the method of Kim and An (1999). RNase-free
DNase (Promega, USA) was used to remove genomic
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DNA contamination in the RNA samples during puri-
fication.

¢DNA Library Screening, Cloning, and Sequence
Analysis

Construction and screening of a root nodule cDNA
library was performed according to the technique
described by Kim and An (1999). A full-length GS
cDNA clone was isolated from 1x10° recombinant
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Figure 1. Multiple sequence alignments of glutamine synthetases (GSs) from bacteria, mammals, and plants. Active-site residues
(black circles) are completely conserved among different GS species. Sources and GenBank accession numbers used in this align-
ment are Escherichia coli (NP_418306), Salmonella typhimurium (AAA27134), Homo sapiens (AAH18992), Mus musculus
(AAH15086), Phaseolus vulgaris GSyl (CAA32759), and E. umbellata GS1 (in this study, AY620818). Percentage values at ends of
sequences indicate identities among E. umbellata GS; and GSs from other organisms.
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phages using, as a probe, the partial GS ¢cDNA clone
that had been obtained via screening by the hybrid-
ization-competition method (Kim, 1998). Positive
phage clones were changed into phagemid clones
according to the manufacturer’s in vivo excision pro-
tocol (Stratagene, USA), and the nucleotide sequences
were determined with a BigDye Terminator Cycle
Ready Reaction Kit (Applied Biosystems, USA) and an
ABI 3730 DNA Analyzer (Applied Biosystems). The
sequences were analyzed with the ExPASy Molecular
Biology Server (URL http://kr.expasy.org) and the
BLAST program (Altschul et al., 1990). A phylogenetic
tree was then generated using the PHYLIP program.

RNA and DNA Gel Blot Analyses

RNA and DNA gel blot analyses, using the partial
GS cDNA clone as a probe, have been described pre-
viously (Kim et al., 2003). ‘

RESULTS AND DISCUSSION

We have isolated a partial cDNA clone (insert size
of approximately 600 bp) that shares high sequence
homology with the previously reported glutamine
synthetases (GSs) from a root nodule cDNA library of
E. umbellata (Kim, 1998). To isolate a full-length
cDNA clone corresponding to the partial GS clone,
we again screened the library using the partial clone
as a probe. A full-length cDNA clone, EUNOD-GST (E.
umbellata Nodule Glutamine Synthetase 1), was iso-
lated from this screening and analyzed to further
characterize its molecular nature.

The GS cDNA clone is 1359 bp long and contains
an open reading frame of 1068 b, with an ATG initia-
tion codon at position 36 and a termination codon at
position 1065 (TGA). The 3’-untranslated region is
256 b long and possesses a putative poly(A) signal at
position 1187 (AATAA). The deduced peptide con-
tains 355 amino acids, with a calculated molecular
mass of 39.2 kDa. No organellar targeting or signal
peptide sequences were found, suggesting that
EuNOD-GST might be a cytosolic GS1 isoenzyme.

EuNOD-CS1 shows high sequence identities (>80%)
with cytosolic GS, isoforms from various plant spe-
cies (Fig. 1). The plant cytosolic GS isoenzymes (355
to 357 residues) are significantly smaller than those of
either mammals (372 to 373 residues) or bacteria
(443 to 478 residues). However, comparisons among
these plant, mammalian, and bacterial GS sequences
revealed a number of strongly conserved regions
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Figure 2. Phylogenetic tree of CS1 genes in legumes and
actinorhizal plants. Deduced amino acid sequences were
aligned with CLUSTAL W program and a neighbor-joining
tree was generated via PHYLIP program. Sources and Gen-
Bank accession numbers of GS1 sequences used here are E.
umbellata (in this study, EuGS1), Alnus glutinosa (AgGST1,
Y08681), Datisca glomerata (DgGS1, AAR29057), Clycine
max (GmCSB1, AF301590; GmGSy! and y2, AAC97935 and
CAA57346, respectively), Lotus japonicus (LjGS1, X94299),
Lotus luteus (LINGS1, X71399), Medicago sativa (MsGS1,
AAB41554; MsGSP, CAA27570), Pisum sativum (PsGSc,
P07694; PSGSP, P08282), Phaseolus wulgaris (PvGSa,
X04002; PvGSB, P04770; PvCSy1, CAA32759), and Vigna
aconitifolia (VaGS1, 2106409A).

(Regions | to VII). These conserved residues play criti-
cal roles as active sites, suggesting a similar catalytic
mechanism among the different GS species (Eisen-
berg et al., 2000). In EuNOD-CST1, all these active-
site residues are completely conserved (Fig. 1), indi-
cating that EuUNOD-GST encodes a functional GS
isoenzyme.

Plant GS isoenzymes are classified, by their cellular
localization, into two major isoforms (Forde and Culli-
more, 1989) -- GS;, cytosolic form, and GS,, plastid
form. Three distinct genes (glne, ginf, and giny
encode the cytosolic GS; isoenzymes, in an organ-
specific manner and a pattern of developmental
expression (Forde and Cullimore, 1989; Morey et al.,
2002). The plastid GS isoforms are encoded by giné
genes (Forde and Cullimore, 1989). To determine
which type of GS isoform is clustered with EUNOD-
GS1, we generated a phylogenetic tree for GS; genes
from leguminous and actinorhizal species, i.e., plants
that form symbiotic N-fixations with rhizobia and
Frankia, respectively. Our analysis demonstrated that
EUNOD-GS1 is grouped with GS-a isoforms (Fig. 2).
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Figure 3. Expression pattern of EUNOD-GST gene from dif-
ferent organs. Lf, leaves; Rt, uninoculated roots; Nd, root
nodules.

Genes that encode GS, isoenzymes are highly or
specifically expressed in the developing root nodules,
where ammonium is assimilated as the product of
symbiotic nitrogen fixation (Vance, 1990). Here, the
clone encoding EUNOD-GS1 was isolated from a
root nodule cDNA library using the hybridization-
competition method. We hypothesized that this gene
would have a nodule-specific or -enhanced expres-
sion pattern. Therefore, we purified total RNA from
leaves, uninoculated roots, and root nodules, and
subjected these to northern hybridization using the
partial GS clone as a probe. Transcript levels for
EuNOD-CS1 were slightly higher in the nodules
than in the leaves and uninoculated roots (Fig. 3).

To determine the number of EuNOD-GST genes in
the E. umbellata genome, we performed genomic
Southern hybridization under a low-stringency condi-
tion, using the partial GS cDNA clone as a probe (Fig.
4). Total genomic DNA was digested with three
restriction enzymes, EcoRI, Hindlll, and Xbal, none of
which cuts the full length of the cDNA clone. More
than five signals were detected in each lane (Fig. 3), a
hybridization pattern that suggests EUNOD-GST is
encoded by a small family of genes, as has been
reported in other plant species (Tingey et al., 1987;
Peterman and Goodman, 1991; Morey et al., 2002).

In the leaves, the major physiological roles of plastid
GS, are the assimilation of ammonia reduced from
nitrate and the re-assimilation of photorespiratory
ammonia. In the roots, cytosolic GS; assimilates
ammonia, which is generated by the concerted reac-
tions of nitrate and nitrite reductases that use NO;
derived from the soil (Lam et al., 1996; Lea and Ire-
land, 1999). In root nodules, the primary function of
GS1 is the rapid assimilation of ammonia excreted
into the plant cytosol of infected cells by N,-fixing
bacteroids (Atkins, 1987). EUNOD-GST1 s classified as
a cytosolic and oform GS isoenzyme in terms of its
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Figure 4. Genomic Southern analysis of FuNOD-CST gene.
DNA blot was probed with *?P-labeled partial GS cDNA
clone and washed under a low-stringency condition. E,
EcoRl; H, Hindlll; X, Xbal.

molecular characters, phylogenic analysis, and expres-
sion pattern. Previous studies of legume species have
shown that transcripts of glna genes are either highly
detected in the nodules (Stanford et al., 1993; Tem-
ple et al., 1995) or are not (Cebhardt et al., 1986;
Morey et al., 2002). The f-forms are found in all
plant tissue types, and have an especially high level of
expression in N,-fixing root nodules (Tingey et al.,
1987; Roche et al., 1993; Morey et al., 2002). In
contrast, the glny group of genes is highly or specifi-
cally expressed only in those nodules (Bennett et al.,
1989; Morey et al., 2002).

Based on previous results and these current data,
we propose that the primary physiological role of
EuNOD-CST1 in the tissues investigated here is the
assimilation of ammonia from secondary sources (e.g.,
protein degradation, de-amination of amino acids,
phenylpropanoid pathway). In addition, EUNOD-GST1
may partially function to assimilate ammonia from the
primary source, i.e., the product of nitrogen-fixation
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by symbiotic Frankia in the root nodules of actinorhizal
plants, because its expression level was increased
during root nodule development (data not shown).
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