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;
Two glutamine synthetase isogenes, GS1a and GS1b,

isolated from pine have been functionally expressed in E.

coli and the characteristics of individual gene products

compared. When bacteria were grown at 37����C most pine

GS1 protein was found in the insoluble fraction but lower-

ing of the expression temperature increased yield of both

GS1 polypeptide and activity in the soluble fraction. High

levels of functionally active GS1a (309����35 nkat mg–1) and

GS1b (1,166����65 nkat mg–1) enzymes were obtained by

decreasing the expression temperature to 10����C. Purifica-

tion and characterization of recombinant products showed

that pine GS1 polypeptides are assembled in octameric GS

holoenzymes showing structural and kinetic differences.

The results are discussed with regard to the specific locali-

zation of GS1a and GS1b in different cell types of pine

seedlings. The isoform GS1a may control the assimilation of

the high levels of ammonium released in photosynthetic tis-

sues, whereas GS1b enzyme could mitigate oscillations in

glutamate availability providing a constant flux of

glutamine for nitrogen transport in vascular cells.

Keywords: Conifers — Pinus — Nitrogen metabolism —
Recombinant isoenzymes — Negative cooperativity.

Introduction

Plants have developed metabolic mechanisms to over-
come the limitations of nitrogen availability in the environ-
ment. Extremely efficient membrane transporters and enzymes
participate in the absorption of available forms of inorganic
nitrogen and their incorporation into amino acids. Glutamine
synthetase (GS; EC 6.3.1.2) is a key enzyme in the nitrogen
assimilatory pathway and the maintenance of plant nitrogen
economy. GS is involved in the assimilation of ammonium
generated in the fixation of dinitrogen, nitrate reduction, or
directly incorporated from soil through the radical system (pri-
mary sources). GS is also involved in the assimilation of
ammonium released during variety of metabolic processes such
as nucleic acid bases and amino acid degradation, phenylpropa-

noid metabolism and photorespiration (secondary sources)
(Miflin and Lea 1980). In angiosperms, two different GS iso-
forms have been described: cytosolic GS1 and chloroplastic
GS2 (McNally and Hirel 1983). GS2 is the predominant iso-
form in the leaves where is located in mesophyll cells and
involved in the assimilation of ammonium released during
processes such as nitrate reduction and photorespiration. GS1
is a minor component enzyme in leaves but highly abundant in
the vascular elements of roots, nodules, flowers and fruits (Ire-
land and Lea 1999). The proposed role for GS1 is the primary
assimilation of ammonium in the root and the biosynthesis of
glutamine for nitrogen transport. However, very recently the
localization of GS1 in mesophyll cells has also been demon-
strated (García-Gutiérrez et al. 1998, Pérez-García et al. 1998)
and a number of reports in the past few years supported a role
for GS1 in plant development (Gallardo et al. 1999, Fuentes et
al. 2001, Hirel et al. 2001) including chloroplast development
(García-Gutiérrez et al. 1998, Suárez et al. 2002), senescence
(Masclaux et al. 2000) and the response to biotic and abiotic
stress (Bauer et al. 1997, Pérez-García et al. 1998). A post-
translational regulation of GS isoforms by phosphorylation has
recently been reported (Finnemann and Schjoerring 2000,
Riedel et al. 2001).

In our laboratory two cytosolic GS genes from pine
have been cloned and their expression patterns studied: GS1a
(Cantón et al. 1993) and GS1b (Ávila et al. 2000). The chloro-
plastic enzyme has not been detected by using many different
experimental approaches (Cánovas et al. 1998), however, the
expression profile of GS1a in pine seedlings is comparable to
that found for GS2 of angiosperms. GS1a mRNAs are undetec-
table in the seed but their relative abundance progressively
increases following germination (Cantón et al. 1999). In the
seedling, GS1a transcripts are highly abundant in the aerial part
of the plant particularly in the cotyledons where their presence
is circumscribed to cells of the chlorophyllic parenchyma
(Ávila et al. 2001). GS1b mRNA levels in the embryo are high,
showing a decreasing profile during the development of the
cotyledons. GS1b transcripts are abundant in roots, and in the
vascular bundles of hypocotyl and cotyledons, but the gene is
poorly expressed in mesophyll photosynthetic cells (Ávila et al.
2001) unless the seedlings have been treated with the herbicide
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phosphinothricin (Suárez et al. 2002). Thus GS1b, mainly
found in the vascular cells of heterotrophic tissues, would be an
enzyme comparable to other cytosolic GS of angiosperms with
similar physiological roles. Regulation of gene expression has
also been investigated in our laboratory by the functional char-
acterization of GS1a and GS1b promoters (Ávila et al. 2001,
Gómez-Maldonado, J., Ávila, C. and Cánovas, F.M. unpub-
lished). In contrast to what is known on gene structure and reg-
ulation of expression, the available knowledge on the protein
gene products and how they are assembled into functional
holoenzymes is much more limited. In addition, we are inter-
ested to know how these two different isoenzymes are special-
ized in specific physiological functions in the cells of conifers.
In this paper we describe the generation of GS1a and GS1b as
recombinant holoenzymes in E. coli, and then the structural
and catalytic properties of each enzyme are compared.

Results

Overexpression of active pine GS1 enzymes

In a previous paper we reported a high-level expression of
the recombinant protein for pine GS1a in E. coli, however,
most of the protein was found as insoluble aggregates (Cantón
et al. 1996) and therefore no functional studies of the enzyme
were performed. In order to overcome this inconvenience, an

objective of this work was to increase the protein yield in the
soluble fraction of the cell. We have found that the expression
temperature affects the solubility of the expressed enzyme. As
shown in Fig. 1A, a relatively low level of GS activity was
detectable in protein extracts derived from bacterial cultures
grown at 37�C, however, a substantial increase in the steady-
state levels of active enzyme was found in the extracts derived
from cells grown at a lower temperature. The Western blot
analysis of soluble and insoluble fractions derived from bacte-
rial cultures grown at the different temperatures showed that
the observed increase in enzyme activity is supported by a pro-
gressive shift of the GS polypeptide towards the soluble frac-
tion (Fig. 1B). The time course of GS induction was first
studied by determination of GS activity in protein extracts
derived from cell cultures at several periods after isopropyl-�-
D-thiogalactoside (IPTG) addition, and the observed increase in
activity was accompanied by a parallel accumulation of the GS
polypeptide (results not shown). It was also found that gentle
shaking produced active recombinant enzyme (results not
shown), although obviously the bacteria needed much more
time to reach the late log-phase. In these conditions the rate of
cellular division was low, which was patent because the neces-
sary time to reach saturation of the culture was tripled. Accord-
ing to these results we decided to follow the same experimen-
tal protocol to overexpress GS1b in E. coli. As shown in Fig. 2,
high levels of GS activity were found in soluble extracts
derived from recombinant cells transformed with the pET3c-
GS1b construct after IPTG induction. The observed specific
activity was about 1,000 nkat mg–1, a value threefold higher
than that found in the extracts derived from cells transformed
with the pET3c-GS1a construct. The Western blots of these
extracts confirmed a parallel accumulation of the GS1b poly-
peptide with regard to non-induced or untransformed BL21
cells (Fig 2, Western).

Identification of the recombinant GS1a and GS1b holoenzymes

As described in a previous paper (Ávila et al. 1998), GS
activity in the cotyledons of phosphinothricin-treated pine
seedlings can be clearly resolved by ion-exchange chromatog-
raphy into two peaks, the first one (native GS1a) eluting at
0.15 M KCl and the second peak (native GS1b) eluting from
the column at higher ionic strength (0.5 M KCl). In the Fig.
3A, the ion-exchange chromatography profiles of bacterial
extracts overexpressing pET3c-GS1a and pET3c-GS1b con-
structs are compared to native isoenzymes from pine cotyle-
dons. In order to further characterize the recombinant holoen-
zymes, subunit composition was analyzed by two-dimensional
gel electrophoresis (2D-PAGE) and Western blotting (Fig. 3B)
and the results compared to pine native isoenzymes. As shown
in Fig. 3B, subunits of the GS isoenzymes are of similar size
(40–41 kDa) but different in charge; GS1a holoenzyme has
identical subunits with an estimated pI of 6.5 whereas GS1b
has identical subunits of about pI 5.6. These data indicate that
GS1 isoenzymes are composed of different subunits in perfect

Fig. 1 Influence of temperature in the overproduction of active
recombinant GS1 enzyme. (A) Bacteria overexpressing pine GS1a
were grown at 37�C, 28�C and 10�C for 5 h, 10 h and 14 h respec-
tively. Proteins were extracted and GS activity determined in the solu-
ble fraction by the transferase assay. The values are given as means �
SD of at least three independent experiments assayed twice. Maximal
GS activity corresponded to 309�35 nkat mg–1. (B) Proteins (50 �g)
from soluble (X) and insoluble (Y) fractions were separated by SDS-
PAGE, electrotransferred to nitrocellulose filters and the abundance of
the recombinant polypeptide analyzed by using specific GS antiserum
(Cantón et al. 1996).
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agreement with the predictions derived from the cDNA
sequence analysis (Ávila et al. 2000). Furthermore, these results
show a correspondence between the pine native GS1 and the
overexpressed gene products and demonstrate that GS1a and
GS1b genes encoded separate functional holoenzymes.

In order to determine whether or not the recombinant
enzymes exhibit similar characteristics to the pine native
enzymes, GS1a and GS1b active fractions from ion-exchange
chromatography were pooled separately, concentrated by
ammonium sulfate precipitation, and the molecular mass of the

Fig. 2 Levels of GS in E. coli cells overexpressing pine genes. Cells harbouring pET3c-GS1a or pET3c-GS1b plasmids were grown at 10�C for
14 h either in the presence or the absence of IPTG. Soluble proteins were extracted and samples processed for either determination of GS trans-
ferase activity or Western blotting analysis. The values of GS activity are given as means � SD of at least three independent experiments assayed
twice.

Fig. 3 Correspondence of pine GS1 isoenzymes with the GS1 isogenes. (A) Separation of GS isoforms from phosphinothricin-treated pine seed-
lings (Ávila et al. 1998) and bacterial cells overexpressing recombinant GS1a or GS1b. GS activity was determined by the transferase assay. (B)
Separation of GS1 polypeptides by 2D-PAGE and Western blot analysis. 2-D analysis of native enzymes is shown in the same panel for compara-
tive purposes. Native GS1a and GS1b peaks were shown to be constituted by single spots of the expected pI value.
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holoenzymes estimated by gel filtration through a calibrated
column with protein markers of a known size (Fig. 4). Recom-
binant and native GS1a and GS1b enzymes showed a similar
size of about 320 kDa, which is consistent with octameric
holoenzymes composed of subunits of 40–41 kDa (Fig. 3).
Taken together, all these data indicate that pine GS genes
encode distinct GS polypeptides that are assembled into homo-
octameric functional holoenzymes and therefore no hetero-oli-
gomers were found.

Thermal stability of recombinant GS1 enzymes

The differential behavior showed by the two recombinant
enzymes overexpressed in bacteria, suggested that each holoen-
zyme exhibited different properties as molecular catalysts. As
thermal inactivation profiles have been extensively used for the
differentiation of GS isoenzymes in higher plants we decided to
investigate the heat stabilities of GS1a and GS1b (Fig. 5). Both
enzymes were equally stable when incubated at 37�C, the assay
temperature. However, GS1a was more sensitive to heat than
GS1b at higher temperatures, retaining for example less than
10% of the initial activity after 15 min incubation at 45�C and

being immediately inactivated at higher temperatures. In con-
trast, GS1b was relatively heat stable retaining more than 80%
of its original activity after 20 min incubation at 53�C and still
about 40% of activity after 10 min at 60�C.

Catalytic properties of the recombinant GS1 isoenzymes

We were also interested to know whether or not GS1a and
GS1b isoenzymes differ in their kinetic parameters against sub-
strates because this would be a direct evidence for different
metabolic roles. Kinetic properties were determined by assay-
ing biosynthetic activity as described in the Materials and
Methods section and using GS fractions purified by DEAE-
Sephacel chromatography and Sephacryl S-300 gel filtration.
As shown in Table 1 GS1 isoforms differed in their kinetic
behavior for ammonium, glutamate, and ATP. GS1b exhibited
higher affinity for the ammonium ion (K

m
 value 80 �M) than

GS1a (K
m

 value 200 �M). GS1b enzyme has an apparently
strong affinity for glutamate when the concentrations of the
substrate are low, but this affinity is progressively decreased
when the concentration of glutamate is increased. This kinetic
behavior that was analyzed by the Lineweaver-Burk and Eadie-
Hofstee plots (Fig. 6A, B) was interpreted as a typical negative
cooperativity (Kennet 1983) whose extent was estimated
according to the Hill plot (nH 0.25) (Fig. 6C).

Discussion

Pine glutamine synthetase enzymes were overexpressed in
bacteria to prevent the inconveniences that interfere with pro-
tein extraction procedures from woody plants, particularly from
gymnosperm species. Conifer tissues contain abundant phe-
nolic compounds, even in seedlings, and other secondary
metabolites that greatly hinder the preparation of protein
extracts suitable for normal enzymatic determinations. In this
paper we present the production of recombinant GS1a and
GS1b enzymes in bacteria, and a comparative analysis of their
structural and kinetic properties. Our final goal is to highlight
the physiological roles that each one could play, according to
the differential expression profile of the two genes. This ques-
tion has an especial interest due the redundancy of the genes
encoding isoforms catalyzing the same metabolic reaction.

The growth of cells at low temperature is crucial to over-
produce active pine GS in E. coli. The production of active
recombinant enzyme was not possible under standard condi-
tions at 37�C because the polypeptide was present as inclusion
bodies in the bacteria (Cantón et al. 1996). These protein

Fig. 4 Molecular mass estimation of native and recombinant GS
isoenzymes. Samples (50 �g) of partially purified enzymes after
DEAE-Sephacel step were subjected to Sephacryl-S-300 chromatogra-
phy. The elution volume of GS was determined by the transferase
assay. The proteins used to calibrate the column were: Ferritin
(450 kDa), Catalase (240 kDa), Alcohol dehydrogenase (150 kDa),
Bovine serum albumin (68 kDa), Cytochrome c (12 kDa). The elution
profile correspond to GS1a. A similar pattern was observed for GS1b.

Table 1 Kinetic parameters of GS1a and GS1b pine recombinant enzymes

The biosynthetic assay was used (Cánovas et al. 1984).

Ammonium Glutamate ATP

GS1a K
m

 = 200 �M K
m

 = 13 mM K
m

 = 0.5 mM
GS1b K

m
 = 80 �M Negative cooperativity Hill index = 0.25 K

m
 = 2.7 mM
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aggregates are one of the classical problems found when
enzymes are overexpressed in bacteria. The denatured protein
chains accumulate as inclusion bodies, being recovered in the
insoluble fraction of bacterial extracts. The final yield of native
recombinant protein is function of a competition between
aggregation and folding tendency, which is conditioned by the
rate of recombinant protein synthesis. An intermediate state, as
thermolabile partially folded product, could evolve toward two
competitive possibilities: protein correctly folded or insoluble
aggregate (King et al. 1996). Several factors influence the way
finally followed but aggregation of recombinant polypeptides
is favored by their tendency to hydrophobic association
(Georgiou et al. 1994). The temperature seems to be a crucial
factor: Zwanzig (1995) has considered a theoretical thermody-
namic model of protein folding, concluding that lower temper-
atures favor correct native conformations. The technical prob-
lem has been treated by Weickert et al. (1997), who observed
that the levels of soluble recombinant protein were enhanced
by reducing the synthesis of recombinant protein. In addition,
when a protein reaches its correct folded state it could be stable

enough to remain soluble. Thus it is appropriate to lengthen
the time of overproduction to avoid aggregation. Bennett and
Cullimore (1990) have also reported a substantial production of
active Phaseolus vulgaris GS when the bacteria were cultured
at lower temperatures.

In the context of our results, it might be considered that
the rate of recombinant GS1a synthesis could control the
amount of folded product and therefore the availability of GS
subunits in good shape to be assembled into the holoenzyme.
In this way when the temperature of expression was lowered,
the growth of cultures was retarded and the production of pine
recombinant GS1a polypeptide diminished. These events
would avoid protein aggregation and improve the conditions
for a correct folding. This assumption is supported by a pro-
gressive shift of the GS1a protein from the insoluble to the sol-
uble fraction and a parallel yield in GS activity (Fig. 1). We
conclude that lowering the temperature and shaking slowly are
a good combination to overproduce active recombinant
enzymes.

The overexpression of functionally active GS enables us

Fig. 5 Thermal stability of recombinant GS1a and GS1b. The holoenzymes were purified by ion-exchange chromatography, concentrated with
ammonium sulfate and extensively dialyzed. Aliquots (12–15 �l) from fractions of GS1a (closed circle) and GS1b (open circle) were incubated at
different temperatures: 37�C, 45�C, 53�C, and 60�C. At the indicated periods of incubation (5, 10, 15 and 20 min), samples were removed from
the bath and stored on ice until GS activity was determined by the transferase assay. The 100% of GS1a and GS1b activities was 30 nkat and
15 nkat respectively.

Fig. 6 Representation of kinetic characteristics of GS1b for the substrate glutamate. (A) Lineweaver-Burk plot. (B) Eadie-Hofstee plot. (C) Hill
plot.
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to complete a detailed study of their subunit composition and
the comparison with native pine isoenzymes. The identity of
each functional isoenzyme was determined as the correspond-
ing in vivo expression product of a particular GS1 isogene. Our
results demonstrate that GS1a and GS1b polypeptides are
assembled into individual GS1a and GS1b homo-octameric
enzymes in E. coli and pine cotyledons (Fig. 3, 4). This appears
also to be the case in most plant tissues examined because GS1
isogenes showed non-overlapping expression patterns and indi-
vidual GS1a and GS1b mRNAs were localized in different cel-
lular types (Ávila et al. 2001), although the possible existence
of hetero-octameric holoenzymes cannot be completely ruled
out. These findings are in contrast to those found in some her-
baceous plants, such as maize (Sakakibara et al. 1996) and
Medicago truncatula (Carvalho et al. 1997) where expression
products for members of the GS1 family are assembled into
hetero-octameric holoenzymes.

The overexpression of pine GS1 also provided a good
source of the isoenzymes in unlimited amounts for purification
procedures and biochemical studies allowing us to perform
comparative studies of the enzyme properties for each isoform.
Taken together the results reported here suggest that the two
pine enzymes present differences in stability. This differential
feature became apparent even during the expression process in
bacteria, thus, when overexpressed in the same experimental
conditions at 10�C the final amount (in terms of specific activ-
ity) of recombinant GS1b was 3-fold greater than the GS1a iso-
form; moreover, recombinant GS1a was recovered at the insol-
uble fraction when synthesized at 37�C in the bacteria whereas
substantial GS1b activity was found in the same conditions
(results not shown). Differences in stability are additionally
supported by the differential response to thermal inactivation of
the holoenzymes (Fig. 5). GS1a was much more sensitive to
heat than GS1b suggesting a higher degree of stability for the
three-dimensional structure of this late isoform. The tempera-
ture inactivation behavior was similar to those reported for
GS2 and GS1 isoforms in angiosperms (McNally and Hirel
1983).

Catalytic studies carried out with partial purified prepara-
tions of the two enzymes showed that they have different
kinetic properties confirming they are different enzymes and
these data are of interest for a better understanding of the
respective physiological role of the enzymes in pine trees.
Recently, it has been demonstrated that GS1a and GS1b genes
have distinct expression patterns during plant development and
their corresponding transcripts have been located in different
cell types by in situ hybridization (Ávila et al. 2001, Suárez et
al. 2002). The expression of GS1a mRNA is highly abundant in
mesophyll cells of cotyledons, while the presence of GS1b
transcripts is restricted to the vascular bundles. Recently, it has
been reported that asparagine is the form of nitrogen that is
transported from cotyledons to other parts of the pine seedling
(King and Gifford 1997) and asparagine synthetase (AS)
expression has been reported in the vascular bundles of rice

(Nakano et al. 2000). Furthermore, an asparagine synthetase
gene (psAS1) with a pattern of expression close to GS1b has
been characterized in pine seedlings (Cañas, R., Cantón, F.R.,
Cánovas, F.M., unpublished). Therefore the available biochem-
ical and molecular data suggest the existence of two metabolic
cycles in developing pine seedlings: (1) a GS1a/GOGAT path-
way implicated in ammonium assimilation and glutamate bio-
synthesis in mesophyll cells where a high demand of nitrogen
compounds would be required for cell growth and prolifera-
tion; and (2) a GS1b/AS pathway involved in the biosynthesis
of amides in vascular tissues for nitrogen transport to the grow-
ing apices.

Accordingly, it would be of interest to consider the results
on kinetics (Table 1) presented here at the light of these recent
findings. Negative cooperativity refers to the phenomenon in
oligomeric enzymes in which the binding activities of ligands
decrease as a function of ligand saturation. This kinetic behav-
ior desensitizes the enzyme preventing fluctuations in the lev-
els of the substrate being reflected in the final flux of the prod-
uct (Levitzki and Koshland 1976). Thus, in the case of pine
GS1b the consequence will be the desensitization of the
enzyme for glutamate in such a way that enzyme activity
would remain relatively constant in the presence of great cellu-
lar fluctuations of the substrate. Therefore, GS1b could act as a
buffer enzyme able to provide a constant flux of glutamine in
the cellular environment where it is located, the vascular bun-
dles. This sustained supply of glutamine would be required for
asparagine biosynthesis and nitrogen transport to sink tissues.
This hypothesis would also be supported by the high affinity of
the enzyme (K

m
 value of 80 �m) for ammonium. However,

GS1a showed higher K
m

 values for ammonium and glutamate
than GS1b (Table 1), and these results are consistent with the
functional role of the enzyme in photosynthetic cells where
high levels of ammonium ions should be incorporated to car-
bon skeletons for net glutamate biosynthesis.

Materials and Methods

General techniques

Chemicals, reagents and chromatographic resins were obtained
from Sigma, St Louis (U.S.A.). Enzymes for molecular biology were
from Roche Diagnostics, Barcelona (Spain). Media for bacterial
culture were from DIFCO, Detroit (U.S.A.). Standard molecular
biology manipulations, such as restriction digestions, ligations, bacte-
rial cultures, plasmid preparations, agarose analytical electrophoresis,
and restriction analysis were performed according to Sambrook and
Russell (2001). The SDS-PAGE, 2D-PAGE and Western blot analysis
were carried out as previously described (Ávila et al. 2001).

Construction of plasmids for bacterial expression of pine GS1

isoenzymes

The construction of plasmid to overexpress GS1a (pET3c-GS1a)
was described elsewhere (Cantón et al. 1996). To construct pET3c-
GS1b plasmid the original GS1b cDNA clone (pGSP15) (Ávila et al.
2000) was amplified by PCR using the forward 5�-CCCATTAA-
GTCTCTACTGACGGATTTGATC-3� and reverse 5�-CCCATTAAT-
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CGGCATCTTTATTCATTGAG-3� primers which corresponded to
stretches from the 5� and 3� non-coding ends respectively, of the cDNA
sequence. Amplifications were made with Pfu DNA Polymerase from
Stratagene (La Jolla, CA, U.S.A.). The amplified DNA was digested
with the restriction enzyme AsnI (bold in the oligonucleotide
sequences), and then subcloned in the NdeI site of the pET3c vector,
placing the ATG of the GS1b cDNA under transcriptional control of
the �-10 promoter of the T7 phage. The insertion was easily made
because of the compatibility of the sticky ends generated by AsnI and
NdeI DNA digestion. The constructions were transformed in the E.

coli strain BL21(DE3). The definitive constructions with the correct
orientation of inserts were selected by restriction analysis.

Expression of recombinant enzymes

Transformed BL21(DE3) bacteria with pET3c-GS1a or pET3c-
GS1b were grown at 37�C in 3 liter of LB medium supplemented with
ampicillin (100 �g ml–1) and chloramphenicol (170 �g ml–1). When the
OD of cultures was 0.5 at 600 nm, the temperature was lowered at
28�C or 10�C and then 0.1 mM IPTG was supplied to induce the
expression of the recombinant proteins. The incubation was prolonged
for 12–14 h more by shaking at 200 rpm at the same temperature.

Extraction of proteins from bacteria

Cells were collected by centrifugation and resuspended in 5 vol-
umes of buffer A (50 mM Tris pH 8, 5 mM 2-mercaptoethanol, 1 mM
MnCl

2
) for 1 volume of pellet. The bacteria were lysed by ultrasonica-

tion with a microprobe emitting 20 pulses of 3 s and identical inter-
vals, at the intensity level 2 of a sonifier-250 (Branson Ultrasonics,
U.S.A.). The soluble fraction was clarified by centrifugation
(22,000�g, for 30 min).

Purification of recombinant enzymes

All experiments were carried out at 4�C. Proteins from the solu-
ble fraction of bacterial extracts were precipitated with 20–60%
(NH

4
)
2
SO

4
, centrifuged at 22,000�g for 30 min, resuspended in Buffer

A, and then dialyzed twice in the same buffer. Twenty mg of dialyzed
protein were loaded onto an ion-exchange column (DEAE-Sephacel,
2.5�25 cm) equilibrated in buffer A (the buffer used for recombinant
GS1a was 10 mM instead of 50 mM Tris). The enzymes were eluted
by a linear 0–0.8 M KCl gradient. Fractions showing GS activities
were pooled, concentrated by ammonium sulfate precipitation, dia-
lyzed in buffer A, and stored in 20% (v/v) glycerol for use in kinetic
measurements. Molecular masses of GS1a and GS1b holoenzymes
(native and recombinant) were calculated by gel filtration through a
Sephacryl S-300 column (1.6 cm �1.0 m) equilibrated in buffer A and
calibrated with proteins of known molecular mass.

Determination of GS activity and protein quantification

The protein concentration was estimated by the method of
Bradford (1976). GS activity was determined by the transferase assay
and catalytic properties were studied by means of the biosynthetic
assay (Cánovas et al. 1984).

Acknowledgments

Supported by Grants 1FD97–0746 and PB98–1396 from the
Ministry of Science and Technology of Spain.

References

Ávila, C., García-Gutiérrez, A., Crespillo, R. and Cánovas, F.M. (1998) Effects
of phosphinothricin treatment on glutamine synthetase isoforms in Scots pine
seedlings. Plant Physiol. Biochem. 36: 857–863.

Ávila, C., Muñoz-Chapuli, R., Plomion, C., Frigerio, J.M. and Cánovas, F.M.
(2000) Two genes encoding distinct cytosolic glutamine synthetase genes are
closely linked in the pine genome. FEBS Lett. 477: 237–243.

Ávila, C., Suárez, M.F., Gómez-Maldonado, J. and Cánovas, F.M. (2001) Spa-
tial and temporal expression of two cytosolic glutamine synthetase genes in
Scots pine: functional implications on nitrogen metabolism during early
stages of conifer development. Plant J. 25: 93–102.

Bauer, D., Biehler, K, Fock, H., Carrayol, E., Hirel, B., Migge, A. and Becker,
T.W. (1997) A role for cytosolic glutamine synthetase in the remobilization of
leaf nitrogen during water stress in tomato. Physiol. Plant. 99: 241–248.

Bennett, M. and Cullimore, J. (1990) Expression of three plant glutamine syn-
thetase cDNA in Escherichia coli. Eur. J. Biochem. 193: 319–324.

Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of
microgram quantities utilising the principle of protein-dye binding. Anal. Bio-

chem. 72: 248–254.
Cánovas, F.M., Cantón, F.R., García-Gutiérrez, A., Gallardo, F. and Crespillo,

R. (1998) Molecular physiology of glutamine and glutamate biosynthesis in
developing seedlings of conifers. Physiol. Plant. 103: 287–294.

Cánovas, F.M., Valpuesta, V. and Núñez de Castro, I. (1984) Characterization of
tomato leaf glutamine synthetase. Plant Sci. Lett. 37: 79–85.

Cantón, F.R., García-Gutiérrez, A., Crespillo, R. and Cánovas, F.M. (1996) High
level expression of Pinus sylvestris glutamine synthetase in Escherichia coli.
Production of polyclonal antibodies against the recombinant protein and stud-
ies in pine seedlings. FEBS Lett. 393: 205–210.

Cantón, F.R., García-Gutiérrez, A., Gallardo, F., de Vicente, A. and Cánovas,
F.M. (1993) Molecular characterization of a cDNA clone encoding glutamine
synthetase from a gymnosperm, Pinus sylvestris. Plant Mol. Biol. 22: 819–
828.

Cantón, F.R., Suárez, M.F., José-Estanyol, M. and Cánovas, F.M. (1999)
Expression analysis of a cytosolic glutamine synthetase gene in cotyledons of
Scots pine seedlings: developmental, light regulation and spatial distribution
of specific transcripts. Plant Mol. Biol. 40: 623–634.

Carvalho, H., Sunkel, C., Salema, R. and Cullimore J. (1997) Heteromeric
assembly of the cytosolic glutamine synthetase polypeptides of Medicago

truncatula. Complementation of a glnA Escherichia coli mutant with a plant
domain-swapped enzyme. Plant Mol. Biol. 35: 623–632.

Finnemann, J. and Schjoerring, J.K. (2000) Post-translational regulation of
cytosolic glutamine synthetase by reversible phosphorylation and 14-3-3 pro-
tein interaction. Plant J. 24: 171–181.

Fuentes, S.I., Allen, D.J., Ortíz-López, A. and Hernández, G. (2001) Over-
expression of cytosolic glutamine synthetase increases photosynthesis and
growth at low nitrogen concentrations. J. Exp. Bot. 52: 1071–1081.

Gallardo, F., Fu, J., Cantón, F.R., García-Gutiérrez, A., Cánovas, F.M. and
Kirby, E.G. (1999) Expression of a conifer glutamine synthetase gene in
transgenic poplar. Planta 210: 19–26.

García-Gutiérrez, A., Dubois, F., Cantón, F.R., Gallardo, F., Sangwan, R.S. and
Cánovas, F.M. (1998) Two different modes of early development and nitro-
gen assimilation in gymnosperm seedlings. Plant J. 13: 187–199.

Georgiou, G., Valax, P., Ostermeier, M. and Horowitz, P.M. (1994) Folding and
aggregation of TEM beta-lactamase: Analogies with the formation of inclu-
sion-bodies in Escherichia coli. Protein Sci. 3: 1953–1960.

Hirel, B., Bertin, P., Quilleré, I., Bourdoncle, W., Attagnant, C., Dellay, C.,
Gouy, A., Cadiou, S., Retailleau, C., Falque, M. and Gallais, A. (2001)
Towards a better understanding of the genetic and physiological basis for
nitrogen use efficiency in maize. Plant Physiol. 125: 1258–1270.

Ireland, R.J. and Lea, P.J. (1999) The enzymes of glutamine, glutamate, asparag-
ine, and aspartate metabolism. In Plant Amino Acids. Biochemistry and Bio-
technology. Edited by Singh, B.K. pp. 49–109. Marcel Dekker Inc, New
York.

Kennet, E.N. (1983) Cooperativity in enzyme function: Equilibrium and kinetic
aspects. Methods Enzymol. 64: 139–192.

King, J. and Gifford, D.J. (1997) Amino acid utilization in seeds of loblolly pine
during germination and early seedling growth. Plant Physiol. 113: 1125–
1135.

King, J., Haase-Pettingell, C., Robinson, A.S., Speed, M. and Mitraki, A. (1996)
Thermolabile folding intermediates: inclusion body precursors and chaper-
onin substrates. FASEB J. 10: 57–66.

Levitzki, A. and Koshland, D.E. Jr. (1976) The role of negative cooperativity
and half-of-the-sites reactivity in enzyme regulation. In Current Topics in
Cellular Regulation, Vol. 10. Edited by Horecker, B.L. and Stadman, E.R. pp.



Different properties of pine GS1 holoenzymes 809
1–40. Academic Press, New York.
Masclaux, C., Valadier, M.-H., Brugière, N., Morot-Gaudry, J.-F. and Hirel, B.

(2000) Characterization of the sink/source transition in tobacco (Nicotiana

tabacum L.) shoots in relation to nitrogen management and leaf senescence.
Planta 211: 510–518.

McNally, S. and Hirel, B. (1983) Glutamine synthetase isoforms in higher
plants. Physiol. Veg. 21: 761–774.

Miflin, B.J. and Lea, P.J. (1980) Ammonia assimilation. In The Biochemistry of
Plants, Vol. 5. Edited by Miflin, B.J. pp. 169–202. Academic Press, New
York.

Nakano, K., Suzuki, T., Hayakawa, T. and Yamaya, T. (2000) Organ and cellu-
lar localization of asparagine synthetase in rice plants. Plant Cell Physiol. 41:
874–880.

Pérez-García, A., Pereira, S., Pisarra, J., García-Gutiérrez, A., Cazorla, F.,
Salema, R., de Vicente, A. and Cánovas, F.M. (1998) Cytosolic localization
in tomato mesophyll cells of a novel glutamine synthetase induced in
response to bacterial infection or phosphinothricin treatment. Planta 206:
426–434.

Riedel, J., Tischner, R. and Mack, G. (2001) The chloroplastic glutamine syn-
thetase (GS2) of tobacco is phosphorylated and associated with 14-3-3 pro-
teins inside the chloroplast. Planta 213: 396–401.

Sakakibara, H., Shimizu, H., Hase, T., Yamazaki, Y., Takao, T., Shimonishi, Y.
and Sugiyama, T. (1996) Molecular identification and characterization of
cytosolic isoforms of glutamine synthetase in maize roots. J. Biol. Chem. 271:
29561–29568.

Sambrook, J. and Russell, D.J. (2001) Molecular Cloning. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York.

Suárez, M.F., Ávila, C., Gallardo, F., Cantón, F.R., García-Gutiérrez, A., Claros,
M.G. and Cánovas, F.M. (2002) Molecular and enzymatic analysis of ammo-
nium assimilation in woody plants. J. Exp. Bot. 53: 891–904.

Weickert, M.J., Pagratis, M., Curry, S.R. and Blackmore, R. (1997) Stabiliza-
tion of apoglobin by low-temperature increases yield of soluble recombinant
hemoglobin in Escherichia coli. Appl. Environ. Microbiol. 63: 4313–4320.

Zwanzig, R. (1995) Simple model of protein folding kinetics. Proc. Natl. Acad.

Sci. USA 92: 9801–9804.

(Received March 18, 2002; Accepted May 7, 2002)


	Functional Expression of Two Pine Glutamine Synthetase Genes in Bacteria Reveals that they Encode...
	Functional Expression of Two Pine Glutamine Synthetase Genes in Bacteria Reveals that they Encode...
	Functional Expression of Two Pine Glutamine Synthetase Genes in Bacteria Reveals that they Encode...
	Functional Expression of Two Pine Glutamine Synthetase Genes in Bacteria Reveals that they Encode...
	Functional Expression of Two Pine Glutamine Synthetase Genes in Bacteria Reveals that they Encode...


	de la Torre,F.
	de la Torre,F.
	de la Torre,F.
	Fernando

	Garc誕-Guti屍rez,A.
	Garc誕-Guti屍rez,A.
	Angel

	Crespillo,R.
	Crespillo,R.
	Remedios

	Cant溶,F.R.
	Cant溶,F.R.
	Francisco R.

	轅ila,C.
	轅ila,C.
	Concepción

	Covas,F.M.
	Covas,F.M.
	Francisco M.


	Departamento de Biología Molecular y Bioquímica, Instituto Andaluz de Biotecnología, Unidad Asoci...
	Departamento de Biología Molecular y Bioquímica, Instituto Andaluz de Biotecnología, Unidad Asoci...
	Departamento de Biología Molecular y Bioquímica, Instituto Andaluz de Biotecnología, Unidad Asoci...


	Two glutamine synthetase isogenes, GS1a and GS1b, isolated from pine have been functionally expre...
	Keywords
	Keywords


	Introduction
	Introduction
	Introduction

	Results
	Results
	Overexpression of active pine GS1 enzymes
	Overexpression of active pine GS1 enzymes

	Identification of the recombinant GS1a and GS1b holoenzymes
	Identification of the recombinant GS1a and GS1b holoenzymes

	Thermal stability of recombinant GS1 enzymes
	Thermal stability of recombinant GS1 enzymes

	Catalytic properties of the recombinant GS1 isoenzymes
	Catalytic properties of the recombinant GS1 isoenzymes


	Discussion
	Discussion

	Materials and Methods
	Materials and Methods
	General techniques
	General techniques

	Construction of plasmids for bacterial expression of pine GS1 isoenzymes
	Construction of plasmids for bacterial expression of pine GS1 isoenzymes

	Expression of recombinant enzymes
	Expression of recombinant enzymes

	Extraction of proteins from bacteria
	Extraction of proteins from bacteria

	Purification of recombinant enzymes
	Purification of recombinant enzymes

	Determination of GS activity and protein quantification
	Determination of GS activity and protein quantification


	Acknowledgments
	Acknowledgments

	References
	References


	Ávila
	Ávila
	Ávila
	Ávila
	Ávila


	Ávila
	Ávila
	Ávila


	Ávila
	Ávila
	Ávila


	Bauer
	Bauer
	Bauer


	Bennett
	Bennett
	Bennett


	Bradford
	Bradford
	Bradford


	Cánovas
	Cánovas
	Cánovas


	Cánovas
	Cánovas
	Cánovas


	Cantón
	Cantón
	Cantón


	Cantón
	Cantón
	Cantón


	Cantón
	Cantón
	Cantón


	Carvalho
	Carvalho
	Carvalho


	Finnemann
	Finnemann
	Finnemann


	Fuentes
	Fuentes
	Fuentes


	Gallardo
	Gallardo
	Gallardo


	García-Gutiérrez
	García-Gutiérrez
	García-Gutiérrez


	Georgiou
	Georgiou
	Georgiou


	Hirel
	Hirel
	Hirel


	Ireland
	Ireland
	Ireland


	Kennet
	Kennet
	Kennet


	King
	King
	King


	King
	King
	King


	Levitzki
	Levitzki
	Levitzki


	Masclaux
	Masclaux
	Masclaux


	McNally
	McNally
	McNally


	Miflin
	Miflin
	Miflin


	Nakano
	Nakano
	Nakano


	Pérez-García
	Pérez-García
	Pérez-García


	Riedel
	Riedel
	Riedel


	Sakakibara
	Sakakibara
	Sakakibara


	Sambrook
	Sambrook
	Sambrook


	Suárez
	Suárez
	Suárez


	Weickert
	Weickert
	Weickert


	Zwanzig
	Zwanzig
	Zwanzig



	(Received March 18, 2002
	(Received March 18, 2002
	Accepted May 7, 2002)




