The K+-Dependent Asparaginase, NSE1, is Crucial for Plant
Growth and Seed Production in Lotus japonicus
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The physiological role of K+-dependent and K+-independent
asparaginases in plants remains unclear, and the contribution from individual isoforms during development is poorly
understood. We have used reverse genetics to assess the
phenotypes produced by the deficiency of K+-dependent
NSE1 asparaginase in the model legume Lotus japonicus.
For this purpose, four different mutants were identified by
TILLING and characterized, two of which affected the structure and function of the asparaginase molecule and caused
asparagine accumulation. Plant growth and total seed
weight of mature mutant seeds as well as the level of both
legumin and convicilin seed storage proteins were affected
in the mutants. The mutants isolated in the present work are
the first of their type in legumes and have enabled us to
demonstrate the importance of asparagine and K+-dependent NSE1 asparaginase for nitrogen remobilization and seed
production in L. japonicus plants.
Keywords: Asparaginase  Lotus japonicus  Nitrogen metabolism  Nitrogen remobilization  Reverse genetics  TILLING
mutants.
Abbreviations: EMS,
ethyl
methanesulfonate;
GOT,
glutamate-oxalacetate transaminase; LCP, Lotus convicilin
storage protein; LLP, Lotus legumin storage protein; MDH,
malate dehydrogenase; TILLING, Targeted Induced Local
Lesions IN Genomes; WT, wild type.

Introduction
In higher plants, organic nitrogen is mobilized from source to
sink tissues and, ultimately, transported to the developing
seeds. In most temperate legumes, it is proposed that asparagine, rather than glutamine, is the principal molecule used to

transport reduced nitrogen within the plant, in contrast to
many other plant species (Scott et al. 1976, Andrews 1986).
Asparagine has an N : C ratio of 2 : 4 (in contrast to 2 : 5 for
glutamine), which makes it an efficient molecule for the storage
and transport of nitrogen in living organisms (Cánovas et al.
2007, Lea et al. 2007). For the model legume Lotus japonicus, it
has been shown that asparagine can account for >80% of the
nitrogen transported from root to shoot (Waterhouse et al.
1996). A recent amino acid metabolism analysis of ears from
maize glutamine synthetase mutants highlighted the importance of asparagine for nitrogen translocation within sink organs
for non-legume plants (Cañas et al. 2010). In addition, a clear
role has been established for asparagine metabolism in plant
stress responses (Cho et al. 2007, Lea et al. 2007). Changes in
asparagine metabolism during nodule development have been
reported previously (Vincze et al. 1994). Moreover, a role for
amino acid cycling to facilitate both dicarboxylate oxidation
and ammonium assimilation into asparagine in the nodule
has been proposed (Lodwig et al. 2003).
Asparaginase (EC 3.5.1.1) is predominantly found in developing leaves and seeds where the enzyme catalyzes the conversion of asparagine into aspartate and ammonia, which are
then available for amino acid and polypeptide synthesis together with synthesis of other nitrogenous compounds
(Cánovas et al. 2007, Lea et al. 2007). Previous work suggested
that the products of asparaginase and glutamine synthetase
activity may regulate, in part, levels of storage protein gene
transcription (Grant and Bevan 1994). It was proposed that a
possible sequence of events governing nitrogen regulation of
storage protein gene expression may involve an initial induction of asparaginase expression by translocated nitrogenous
compounds such as aparagine (Grant and Bevan 1994). Other
findings also suggested special regulatory interactions which
involved amide amino acid metabolism in seeds (Zhu and
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Centre for Carbohydrate Recognition and Signalling, Department of Molecular Biology and Genetics, Aarhus University, Gustav Wieds
Vej 10, Aarhus C, DK-8000 Denmark
3
Metabolic Biology, John Innes Centre, Colney, Norwich NR4 7UH, UK
4
Instituto de Bioquı́mica Vegetal y Fotosı́ntesis, Centro de Investigaciones Cientı́ficas Isla de la Cartuja, c/Américo Vespucio s/n,
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Results
Generation of NSE1 TILLING mutants from
L. japonicus
The CODDLE program was used to identify a region within the
NSE1 gene that has the highest likelihood to be functionally affected by ethyl methanesulfonate (EMS) mutagenesis. A 1,500 bp
region was identified that encoded amino acid residues Thr71 (at
the beginning of exon 2) to Phe310 (at the end of exon 4).
Primers were designed to amplify a 1,495 bp genomic fragment
across this region. The TILLING process was carried out using
the main population as described by Perry et al. (2009). Eleven
different mutations were identified (Fig. 1). These mutations
were widely distributed along the entire DNA sequence
examined, and consisted mostly of G/A or C/T transitions
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(Supplementary Table S1). Six of the mutations identified
(Nos. 1, 2, 3, 7, 8 and 9) were in introns and one (No. 4)
caused no amino acid change. However, four of the identified
mutations (Nos. 5, 6, 10 and 11) were in the coding region and
result in four different amino acid replacements: D138N, P145L,
G206R and L230F, respectively (Supplementary Fig. S1).
Mutations Nos. 5 and 6 were located within exon 3, while mutations Nos. 10 and 11 were found in exon 4. The successive
progeny from the four plant lines bearing these mutations
were genotyped until viable homozygous plants were obtained
for phenotyping. The mutants have been named nse1-1 (D138N),
nse1-2 (P145L), nse1-3 (G206R) and nse1-4 (L230F).

Structural analysis of TILLING mutations
The four mutant lines were examined on the basis of the structural model available for NSE1 (Credali et al. 2011). The position
of each amino acid residue affected is shown in Fig. 2A.
According to this model, the two mutations corresponding
to nse1-1 and nse1-2 were predicted to have only minor effects
on the structure and function of the active asparaginase
enzyme. Although several negatively charged residues were previously shown to be of crucial importance for the binding of K+
and/or enzyme activity (Credali et al. 2011), D138 was not one
of them. Supplementary Fig. S2 shows that the D138 residue is
located at the surface of the protein, far from the active site, and
replacement of this residue by another polar residue of similar
size, such as asparagine, would only produce a minor change in
the surface electrostatic potential of the protein. The P145 residue is also predicted to be at the surface of the protein (Fig. 2A)
and far from the active site. Thus, the P145L substitution probably would also not have any effect.
In contrast, the L230F and G206R replacements may affect
the active enzyme. The L230 residue is located at the interface
of the two ab dimers, and the G206 residue is positioned in the
turn of two b strands (Fig. 2A). Replacement of L230 by the
aromatic residue phenylalanine results in several steric constraints (Fig. 2B), making the nse1-4 asparaginase highly unstable because of its inability to adopt the correct tetrameric
quaternary structure. Replacement of the small residue G206 by
arginine affects the electrostatic environment within the
protein and alters the structure of the nse1-3 asparaginase.
The Ramachandran diagram shown in Fig. 2C indicates that
such a change would be completely unfavorable.

Fig. 1 Location of NSE1 mutations identified by TILLING. The
CODDLE-predicted region for PCR amplification and sequencing is
indicated on top with a solid line. Each of the different mutations
identified is indicated by an arrow. Arrows in bold refer to missense
mutations producing amino acid replacements in protein sequence
that were further analyzed in this work.
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Galili 2003). Reciprocal changes in asparaginase mRNA levels
and asparagine content during seed development and germination have been shown in Arabidopsis (Fait et al. 2006), where
mutants lacking asparaginases developed normally, but
exhibited enhanced root inhibition by exogenous asparagine
(Ivanov et al. 2011). Recently, a relationship between a specific
asparaginase gene (ASPGB1a), asparagine metabolism and protein concentration has been described in soybean seed
(Pandurangan et al. 2012). Currently, no asparagine metabolism
mutants are available in legumes to test the importance of
asparagine in nitrogen remobilization in this family.
The existence of both K+-dependent and K+-independent
asparaginase isoforms in many plants remains intriguing since
the exact physiological significance of each of these isoenzymes
is poorly understood, despite the fact that potassium is the
most abundant inorganic cation in plants. In L. japonicus, the
K+-dependent NSE1 asparaginase is the most highly expressed
asparaginase in sink tissues (Credali et al. 2011). The active
enzyme consists of a (ab)2 heterotetramer composed of two
different subunits, a (20 kDa) and b (17 kDa), resulting from the
autoproteolytic cleavage of a single polypeptide precursor.
Furthermore, site-directed mutagenesis on the active enzyme,
performed recently, revealed the key importance of E248, D285
and E286 amino acid residues for the catalytic activity and K+
dependence of NSE1 (Credali et al. 2011).
In this paper, we make use of TILLING (Targeted Induced
Local Lesions IN Genomes) (Perry et al. 2003) to isolate and
characterize mutants deficient in NSE1 from L. japonicus. The
TILLING mutants isolated in the present work are the first
described in legumes and enabled us to determine the crucial
relevance of this particular K+-dependent asparaginase in plant
growth and seed production. Furthermore, they have also
enabled us to show that NSE1 is not important in the nodulation of L. japonicus plants. Since mature wild-type (WT)
L. japonicus seeds contain approximately 40% protein (mainly
in the form of the storage globulins, legumin and convicilin;
Dam et al. 2009), the effects of asparaginase deficiency on seed
storage protein accumulation was also investigated.

K+-dependent asparaginase mutants
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Fig. 2 Amino acid positions affected in TILLING mutants. (A) Structural view of NSE1 asparaginase according to Credali et al. (2011), showing the
amino acid residues that were replaced in TILLING mutants. (B) Steric hindrance produced between phenylalanine residues in the nse1-4 mutant.
Atoms in blue and green belong to the two ab heterodimers; those in red are those changing at the interface. (C) Ramachandran diagram
showing that G206R substitution is structurally unfavorable. Levels in green represent permitted conformational space for glycine residues. Levels
in red represent permitted regions for arginine residues.

Characterization of recombinant mutant proteins
The effect of the TILLING mutations on NSE1 was analyzed
further using site-directed mutagenesis of NSE1 cDNA and
heterologous expression of the recombinant proteins in
Escherichia coli. Each of the four mutations was introduced
on the corresponding cDNA by using the appropriate mutagenic oligonucleotides (Supplementary Table S2). Mutant
cDNAs were cloned into the TOPO 101 expression vector for
production of His-tagged asparaginase mutant proteins, and
subsequently purified using Ni-affinity chromatography.
Compared with the WT, lower yields of nse1-1 and nse1-2 purified proteins were obtained with no apparent change in their
specific activity or Km for asparagine, whereas no protein at all
could be detected when the G206R or L230F substitutions were
introduced (Table 1). These results are in agreement with the
structural predictions above.

Asparagine accumulation in asparaginase-deficient
mutants
According to the above results, a higher level of asparagine
would be expected in L. japonicus mutants which are deficient
in asparaginase. Table 2 shows that the asparagine content was
2- to 3-fold higher in crude extracts from nse1-3 and nse1-4
mutant plants, compared with the WT. This result confirmed
the asparaginase deficiency of these mutants.

Consequences of NSE1 asparaginase deficiency for
plant growth and nodulation
WT and mutant plants were grown for comparison on standard
nitrate- and ammonium-containing media, or on nitrogen-free
media for inoculation with rhizobia. In both cases, the sizes of
nse1-3 and nse1-4 plants were much smaller than those of WT,
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Table 1 Heterologous expression in E. coli of asparaginase mutant proteins
nse1-1

WT
–1

Yield (mg l )

nse1-2

nse1-3

nse1-4

1.0

0.3

0.3

ND

ND

Specific activity (U mg–1)

21.5

20.0

20.5

ND

ND

Km for asparagine (mM)

7.2

6.5

5.8

ND

ND

Recombinant asparaginase proteins, expressed in and purified from E. coli, of the WT and four mutants using site-directed mutant versions of NSE1 cDNAs. The table
shows the most representative data of the yield of recombinant protein that could be purified in each case per liter of culture of E. coli, as well as the main catalytic
parameters obtained.
ND, not detected.

Asparagine content
WT

8.05 ± 1.23

nse1-3

17.83 ± 8.27*

nse1-4

28.39 ± 9.89*

The asparagine content of leaf crude extracts was determined and is expressed
as the asparagine to aspartate specific ratio for normalization purposes (mmol
asparagine divided by mmol aspartate per g FW of leaves).
*Statistically significantly different (P < 0.05) with regard to the WT, using the
Student’s t-test.

nse1-1 or nse1-2 plants after 15 d of growth (Fig. 3). Growth
parameters for each mutant were determined at different times
during growth: the total number of trifoliate leaves; the fresh
weight of leaves and roots; and the average length of stems and
roots. Fig. 4 shows the results obtained for non-nodulated
plants and Fig. 5 for nodulated plants including total fresh
weight and number of nodules. For nse1-3 and nse1-4 mutants,
stem length and leaf fresh weight were about 60–70% reduced
in non-nodulated plants and 70–90% reduced in nodulated
plants at 35 d after sowing. In both cases, a 70–80% decrease
in root fresh weight was also observed. Other growth parameters (stem number, trifoliate leaf number and root length)
were also lower in these mutant plants. These results indicate
that NSE1 deficiency observed in nse1-3 and nse1-4 mutants
had a substantial detrimental effect on plant growth for both
nodulated and non-nodulated plants. Mutant nse1-2 showed
an intermediate response with regard to some of the shoot
parameters examined, such as total number of stems, average
stem length and fresh weight of leaves. Mutant nse1-1 was in
general the least affected mutant allele.
Co-segregation of the mutant genotype and phenotype was
observed in 58 individual plants from an F2 backcross (14
homozygous mutants, 44 homozygous WT or heterozygous),
indicating a single Mendelian locus. Furthermore, analysis of 52
individual plants from the progeny of self-fertilized original heterozygous TILLING mutants also showed co-segregation (see
Supplementary Table S3). These results indicate that mutations in the NSE1 gene are responsible for the effects on plant
growth.
Several studies were carried out to test if nodulation performance was affected in mutant plants (Fig. 5). WT and
mutant plants were inoculated with Mezorhizobium loti, and
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the number and fresh weight of nodules were determined at 16,
27 and 35 d post-inoculation. Plants of nse1-3 and nse1-4
showed a much lower number and fresh weight of nodules
compared with the WT and nse1-1 and nse1-2 mutants.
However, the specific ratio between the fresh weight of nodules
and the fresh weight of roots was not significantly altered in any
of the mutant plants, indicating that the results obtained are
likely to be a consequence of their smaller size.

Effect of NSE1 deficiency in seeds
Asparagine has been proposed to be a major nitrogen translocation molecule in L. japonicus (Waterhouse et al. 1996). The
cellular and physiological/metabolic differences between WT
and mutant seeds were therefore examined in more detail.
Fig. 6A shows a representative open pod with mature seeds
from the WT and each of the four mutant lines. All mutant
pods were shorter, especially pods from the nse1-3 mutants,
and all mutant pods contained abnormal seeds. This developmental effect was examined further by categorizing the mature
seeds into three subgroups—normal, abnormal and aborted.
Abnormal seeds were only found in the mutant lines, and
these were significantly smaller than and had a shape different
from that of normal seeds (Fig. 6B). The highest percentage of
abnormal seeds was found in the nse1-4 mutant (45%), whereas
between 3% and 16% abnormal seeds were found in the three
other mutant lines (Fig. 7A). Aborted seeds were also more
frequent in the mutants than in the WT; however, no clear
pattern between the four mutants was observed. Overall, the
WT produced 66% normal seeds under our growth conditions,
whereas reduced production of normal seeds was observed in
the four mutants: approximately 10% and 25% for the nse1-4
and nse1-3 mutants, respectively, and approximately 40% for
nse1-1 and nse1-2 mutant plants. This difference in normal seed
development was accompanied by a reduced seed weight, approximately 10% lower for nse1-1 and nse1-2 seed, and 30%
lower for the nse1-3 and nse1-4 seeds (Fig. 7B). For the abnormal seeds, the seed weight also differs between the four mutant
lines, with the lowest value for the most severe alleles, nse1-3
and nse1-4.
In order to investigate development at the cellular level, thin
sections of normal seeds from the WT and mutants were inspected. These sections were fairly similar (Fig. 8A, B). In contrast, sections of the abnormal seeds indicated that no embryos
were visible (Fig. 8C).
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Table 2 Asparagine content of TILLING mutants deficient in
asparaginase

K+-dependent asparaginase mutants

Fig. 3 Phenotypes of WT and mutant plants. Plants were grown for 15 d after rhizobial inoculation in Hornum medium without nitrogen (A) or
without inoculation and irrigated in standard N-sufficient Hornum medium (B). White bars = 1 cm.
Downloaded from http://pcp.oxfordjournals.org/ at Aarhus Universitets Biblioteker / Aarhus University Libraries on January 21, 2013

Fig. 4 Comparison of WT and mutant plants at different stages of growth. Lotus japonicus plants were grown on standard nitrate plus
ammonium medium. Data correspond to the average ± SD of five plants grown in vermiculite pots.

The physiological/metabolic changes in the mature normal
seeds with no obvious histological differences were further
investigated using 2D gel electrophoresis to determine the storage globulin content. Storage globulins from equal dry weights

of WT and mutant seeds were extracted and separated using
2D gels as described by Dam et al. (2009). Fig. 9A–C shows
representative 2D gels for WT together with nse1-2 and nse1-3
mutants. The staining clearly indicated that there was less
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Fig. 5 Comparison of WT and mutant plants including nodulation parameters at different stages of growth. Lotus japonicus plants were
inoculated with M. loti and grown on N-free medium. Data correspond to the average ± SD of five plants grown in vermiculite pots.

storage globulin in the mutant seeds (Fig. 9D). However, the
ratio between legumin storage proteins (LLPs) and convicilin
storage proteins (LCPs), according to the protein identifications
in Dam et al. (2009), was not significantly altered (Fig. 9E).
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Discussion
Many asparaginase enzymes have been described in the literature, but plant types have been less well studied than those

Plant Cell Physiol. 54(1): 107–118 (2013) doi:10.1093/pcp/pcs156 ! The Author 2012.
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from bacteria. Plant asparaginases belong to the superfamily of
N-terminal nucleophile (Ntn) hydrolases and comprise two different groups—aspartyl-glucosaminidases (EC 3.5.1.26)
involved in the catabolism of N-linked glycans (Borek and
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Fig. 6 Phenotype of NSE1 mutant fruits. (A) The WT and mutant
seeds in their pods. The black bar corresponds to 1 cm. (B) An optical
microscopy picture of some seeds of WT plants compared with the
nse1-4 mutant. The black bar corresponds to 1 mm.

Jaskolski 2001, Borek et al. 2004), and plant asparaginases.
Two different plant asparaginase subtypes have been described,
according to their dependence on K+ for catalytic activity. A
K+-dependent asparaginase was isolated from developing seeds
of pea as long ago as 1980 (Sodek et al. 1980), but, with the
availability of the complete sequence of the Arabidopsis thaliana genome, Bruneau et al. (2006) were able to show that two
evolutionarily distinct subfamilies of plant asparaginases
existed, as revealed by phylogenetic analysis; the K+-dependent
enzyme had 55% identity to another form which was K+ independent. Previous microarray analysis had shown that the K+dependent asparaginase was highly expressed in stamens and
mature pollen of A. thaliana (Schmid et al. 2005), but Bruneau
et al. (2006) measured by quantitative RT-PCR the steady-state
mRNA levels of the genes encoding both asparaginases in various tissues of A. thaliana during development. As expected, the
expression of both genes was associated with sink tissues—
flowers, siliques, flower buds and leaves. The two genes
showed largely overlapping patterns of developmental expression, which led the authors to suggest that the two enzymes
had redundant functions. In addition, the structural determinants responsible for the substrate preference of the K+-independent and K+-dependent asparaginases from A. thaliana
were also investigated (Gabriel et al. 2012).
Recently, the molecular features responsible for K+ dependence in L. japonicus NSE1 asparaginase were investigated
through a combination of enzymatic, homology modeling, molecular dynamics and site-directed mutagenesis studies (Credali
et al. 2011). These authors established that three negatively
charged acidic residues, namely E248, D285 and E286, were
crucial for K+ interaction. In addition, it was shown that K+
was able to stabilize the enzyme against thermal inactivation,
thus enhancing by 10-fold the enzyme activity, lowering the Km
for asparagine and allowing the proper orientation of the asparagine substrate within the enzyme molecule (Credali et al.
2011). The existence of an asparaginase isoform with a higher

Fig. 7 Analysis of seeds produced by NSE1 mutant plants. (A) Percentages of normal, abnormal and aborted seed detected in WT and
asparaginase mutant plants. (B) Average fresh weight for an individual seed calculated from the total fresh weight obtained for 500 seeds of
each plant type. *Statistically significantly different (P < 0.05) with regard to the WT, using the Student’s t-test.
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Fig. 9 Analysis of WT and mutant seed storage globulins using two-dimensional gel electrophoresis. (A–C) Two-dimensional gel electrophoresis
images obtained from WT (A) and mutant (B, nse1-2; C, nse1-3) protein extracts after separation on a non-linear pH 3–10 gradient in the first
dimension and by a 5–15% acrylamide gradient SDS–PAGE in the second dimension. Molecular weights of the markers (kDa) are indicated on
the left. (D) Percentage seed globulin content in mature normal seeds from WT and asparaginase mutant plants. The total intensity of legumin
and convicilin protein spots according to Dam et al. (2009) on gel images was quantified using quantity-one software and referred to the WT.
*Statistically significantly different (P < 0.01) with regard to the WT, using the Student’s t-test. (E) Proportion of legumin (LLPs) and convicilin
storage proteins (LCPs) in total globulins of L. japonicus.

enzyme activity and stability as well as a higher affinity for
asparagine must be of a critical importance for plants that
use asparagine as a nitrogen transport compound, such as
L. japonicus. Since NSE1 is the most highly expressed asparaginase isoform in sink tissues (Credali 2011), these results indicate
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that this particular isoform must be the main enzyme responsible for asparagine utilization in L. japonicus.
The present work was aimed at determining the precise
physiological significance of the K+-dependent NSE1 asparaginase isoform in L. japonicus. For this purpose, we made use of an
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Fig. 8 Thin sections of normal and abnormal seeds from WT and mutant plants. (A) WT mature seed. (B) nse1-4 mature mutant seed. (C) nse1-4
abnormal mutant seed. The seeds were harvested, fixed, cut into 5 mm sections and stained with toluidine blue. C, cotyledon; EN, endosperm; R,
radicle; SC, seed coat.

K+-dependent asparaginase mutants

acids in the phloem sap of Brassicaceae, whereas it accounts for
approximately 80% of nitrogen translocated in L. japonicus
(Waterhouse et al. 1996).
Legumes constitute the third largest plant family and are an
important source of food, feed and natural compounds of industrial importance. For this reason, legumes play a central role
in biological research and are a key component of sustainable
agricultural systems because of their symbiotic nitrogen fixation and their beneficial symbiosis with mycorrhizal fungi.
Studies on major leguminous crops are hampered by large
genome sizes and other disadvantages which have hindered
the isolation and characterization of genes with important
roles in legume biology and agriculture. Considering that L.
japonicus is one of the foci for modern genome sequencing
and functional genomics programs (Márquez 2005, Udvardi
et al. 2005, and references therein), we anticipate that the mutants characterized in this study will be extremely useful for
future studies on plant nitrogen nutrition.
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established reverse genetics TILLING platform (Perry et al.
2003). Mutations identified consisted mostly of G/A and C/T
transitions, as would be expected from EMS mutagenesis
(Anderson 1995). Protein structural analysis and site-directed
mutagenesis proved that two of the mutants isolated, namely
nse1-3 and nse1-4, were truly asparaginase deficient and accumulated high levels of asparagine. Modeling indicated that the
G206R and L230F mutations were likely to impair the folding or
assembly of the protein (Fig. 2). The crucial relevance of K+dependent NSE1 asparaginase for plant growth and seed production in L. japonicus plants was clearly demonstrated, since
nse1-3 and nse1-4 mutants showed a drastic reduction in all
three of these characteristics (Figs. 3–7). In contrast, nse1-1 and
nse1-2 mutants showed an intermediate situation. This may be
related to the fact that, although no effect on enzyme kinetic
properties was observed, some minor effects on the nse1-1 and
nse1-2 protein structures may also be present that resulted in
an instability. This could explain the lower yield obtained
for these two particular proteins when expressed in E. coli
(Table 1). One representative of each of these two classes of
mutants, namely nse1-2 and nse1-3, was utilized to demonstrate
further that asparaginase mutations resulted in a lower storage
protein content of the normal seeds (Fig. 9) and produced
abnormal seeds, which had defects in development (Fig. 8).
Interestingly, the importance of asparagine metabolism for protein concentration in soybean seed has been recently reported
(Pandurangan et al. 2012).
In contrast, the importance of NSE1 for plant growth and
seed production was not extended to nodulation. Although a
lower number and fresh weight of nodules was observed in
nse1-3 and nse1-4 mutants, this was likely to be a consequence
of the smaller size of the mutant plants, and not due to an effect
per se of NSE1 mutations on nodulation since the ratio of the
total number and fresh weight of nodules relative to the fresh
weight of roots remained unaltered in the mutant plants compared with the WT (Fig. 5). Further work will be required to
determine if any of the other asparaginase isoforms are significant for nodule function in L. japonicus. However, considering
that the NSE1 mutants reported here are the first of their type
in legumes, they are a unique tool for examining the precise role
of asparagine and K+-dependent asparaginase in nitrogen nutrition and seed production. The fact that the seed proteome in
L. japonicus has been described recently (Dam et al. 2009,
Nautrup-Pedersen et al. 2010) means that it should be possible
to analyze other specific proteins in the near future, and their
significance in asparagine metabolism and seed development,
two processes of particular interest in legumes.
The results in this paper highlight the relevance of K+-dependent asparaginase in L. japonicus and demonstrate a key
difference between this legume and Arabidopsis where asparaginase activity is dispensable; AspG insertional mutants lacking
asparaginases develop normally, but exhibit enhanced root inhibition by exogenous asparagine (Ivanov et al. 2011). This weak
phenotype in Arabidopsis was attributed to the fact that asparagine only accounts for approximately 5% of total amino

Materials and Methods
Plant growth and rhizobial inoculation
WT L. japonicus (Regel) Larsen cv. Gifu (B-129) seeds were used
as controls or for mutagenesis. WT and mutant seeds were
scarified, surface-sterilized, germinated in Petri dishes on
agar-solidified medium and transferred to sterilized pots containing vermiculite. Five seedlings were planted in each plot and
grown in SANYO or IBERCEX growth chambers under 16/8 h
day/night cycles at 20/18 C, respectively, with a photosynthetic
flux density of 250 mmol m–2 s–1 and a constant humidity of
70%. For standard growing conditions, plants were watered
with Hornum nutrient solution containing 5 mM ammonium
nitrate plus 3 mM potassium nitrate as nitrogen source
(Handberg and Stougaard 1992). For nodulation studies,
plants were watered with 40 ml of sterile Hornum nutrient solution without a nitrogen source and supplemented with 3 mM
KCl. Mesorhizobium loti strain TONO JA76 (Kawaguchi et al.
2002) was grown in YM liquid medium (Vincent 1970) at 28 C
up to an OD at 600 nm = 1, then collected by centrifugation for
30 min at 2,408g and resuspended in 0.75% (w/v) NaCl. Once
sown in the pots, the plants were inoculated by addition of 2 ml
of this bacterial solution. Uninoculated plants were used as a
control to check for the absence of nodules.

In silico analysis of asparaginase gene and protein
sequences
The gene encoding NSE1 asparaginase from L. japonicus
(chr5.CM0096.20.r2.m) was identified from the Miyakogusa
genome database (Kazusa DNA Research Institute; http://
www.kazusa.jp) (Sato et al. 2008) using gene names as keywords. BLASTp analysis of L. japonicus NSE1 with the protein
sequences of their Arabidopsis and soybean orthologs
(Bruneau et al. 2006, Pandurangan et al. 2012) is shown in
Supplementary Fig. S3.
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Multiple protein sequence alignments were carried out
using the ClustalW program (http://www.ebi.ac.uk) and visualized by Genedoc (http://nrbsc.org/gfx.genedoc).
Gene structures and potential effects on protein function
were predicted using the CODDLE program (for Codons
Optimized to Discover Deleterius Lesions; http://www.
proweb.org/coddle/).

TILLING

Site-directed mutagenesis of NSE1 asparaginase
cDNA
The QuikChange IITM site-directed mutagenesis kit (Stragene)
was used according to the manufacturer’s instructions. The
PCR-based mutagenesis protocol was performed using
PET101/D-TOPO vectors harboring the NSE1 asparaginase
cDNAs (Credali et al. 2011). Mutant cDNAs were fully
sequenced to ensure fidelity. Mutagenic primers are listed in
Supplementary Table S2.

Production and purification of recombinant
proteins
The production of WT and site-directed mutant recombinant
asparaginases in E. coli cultures (A600 = 0.6) was induced with
1 mM isopropyl-b-D-thiogalactopyranoside (IPTG), and the cells
were allowed to grow for 4 h at 37 C in the case of WT proteins
and 24 h at 15 C in the case of the mutants. Then, they were
centrifuged at 4,000g, at 4 C for 15 min, resuspended in 4 ml
(per mg of pellet fresh weight) of standard buffer (50 mM Tris–
HCl pH 8.0 containing 10 mM imidazole and 1 mM phenylmethylsulfonyl fluoride), and sonicated three times for 10 min at 0 C and
30 kHz power. The homogenate was centrifuged at 27,000g for
30 min at 4 C, and the supernatant, after filtration through a
45 mm syringe filter membrane, was used as the crude extract.
As the C-termini of recombinant asparaginases have a
His-tag, the proteins were easily purified by affinity chromatography using a nickel–agarose gravity trap column (GE
Healthcare) equilibrated with standard buffer. The standard
purification procedure started with 5–10 g FW of cells, and
the corresponding crude extract was passed through a
column packed with 2 ml of Ni-NTA resin, which retained the
recombinant proteins. The column was first washed with
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Asparaginase enzyme activity measurements
The L-asparaginase assay measuring the release of L-aspartate as
a reaction product was performed according to Möllering
(1985). This was based on subsequent transamination from
aspartate to a-ketoglutarate, catalyzed by glutamateoxalacetate transaminase (GOT) releasing oxalacetate, followed
by malate dehydrogenase (MDH)-mediated reduction of oxalacetate to malate using NADH. The decrease in NADH concentration was measured at 340 nm using a Beckman DU 640
spectrophotometer. All the reagents and enzymes for the GOTand MDH-coupled assays were obtained from Sigma. Each reaction was performed at room temperature in 1 ml of 20 mM
Tris–HCl buffer, pH 7.5, containing 0.1 mM a-ketoglutarate,
0.2 mM of NADH, 12.5 U each of GOT and MDH, as well as
the corresponding asparaginase substrate, typically 50 mM
L-asparagine. The assay mixture was pre-incubated for about
10 min at room temperature until a plateau in absorbance at
340 nm was reached. This accounted for the small decrease of
NADH concentration due to L-aspartate impurities in the commercial L-asparagine samples. Then, an appropriate amount of
recombinant asparaginase was added and absorbance at
340 nm continuously monitored. One unit (U) of asparaginase
enzyme activity represents the amount of enzyme which catalyzes the oxidation of 1 mmol NADH min–1.
All enzyme assays were performed in triplicate. In all cases, a
linear correlation was observed between the amount of product formed and the length of time or amount of enzyme present in the assay.

Amino acid determinations
Mature leaves from five plants (35 d old) of L. japonicus were
harvested and homogenized in the presence of liquid nitrogen.
Asparagine and aspartate measurements were carried out by
HPLC analysis after extraction of 100 mg FW of tissue with
400 ml of a solution containing 50% ethanol plus 50% 10 mM
phosphate buffer, pH 7.0. A 78 ml sample of each extract was
used for derivatization with 162 ml of o-phthaldialdehyde reagent
(0.4 M boric acid-NaOH, pH 10; 0.6 M mercaptoethanol and
0.1 M o-phthaldialdehyde in methanol, according to Dı́az et al.
2005). The samples were separated on a reverse-phase C18
column (Nova-Pak 3.9300 mm, 4 mm, from Waters) using a
Merck-Hitachi L-6200 HPLC coupled to an L-4200 UV-Vis detector running at 337 nm, and EZChrom analysis software
(Agilent). Elution solvents were 20 mM sodium acetate, pH 5.5
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Two primers were designed using Primer3 in the region identified by CODDLE as having the maximum likelihood of producing deleterious alleles following EMS mutagenesis. These
primers were: CCCTGACAGAGAAAGGGACTGTGGAAA (forward) and CTGAACATGCGTTGCAGTTAAAACCA (reverse).
These gene-specific primers were labeled with fluorescent
dyes IRD 700 and IRD 800, and used for TILLING on the NSE1
gene as described previously (Horst et al. 2007). Genomic DNA
isolation, genotyping and sequencing were carried out as
described previously (Perry et al. 2003, Perry et al. 2005) for
M2 plants resulting from the main TILLING population (Perry
et al. 2009).

standard buffer, then with 50 mM Tris–HCl pH 8.0 buffer containing 50 mM imidazole, and finally recombinant asparaginase
was eluted with the same buffer supplemented with 0.5 M imidazole. Purified proteins were dialyzed overnight against 50 mM
Tris–HCl pH 8.0 buffer, at 4 C, and stored at –80 C in the same
buffer containing 40% glycerol (v/v). The electrophoretic
homogeneity of protein preparations was confirmed by SDS–
PAGE on 20% acrylamide gels.
Protein concentration was determined according to
Bradford (1976) using bovine serum albumin (BSA) as standard.

K+-dependent asparaginase mutants

(A) and methanol (B), which were used according to the following A : B gradients at a flow rate of 0.9 ml min–1: 0–45 min, linear
gradient from 80 : 20 to 20 : 80; 45–46 min, linear gradient from
20 : 80 to 80 : 20; 46–65 min, isocratic elution with 80 : 20.

Seed globulin extractions and two-dimensional
electrophoresis analysis

Supplementary data
Supplementary data are available at PCP online.
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