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Three asparagine synthetase genes, asnB, asnH, and asnO (yisO), were predicted from the sequence of the
Bacillus subtilis genome. We show here that the three genes are expressed differentially during cell growth. In
a rich sporulation medium, expression of asnB was detected only during exponential growth, that of asnH was
drastically elevated at the transition between exponential growth and stationary phase, and that of asnO was
seen only later in sporulation. In a minimal medium, both asnB and asnH were expressed constitutively during
exponential growth and in stationary phase, while the expression of asnO was not detected in either phase.
However, when the minimal medium was supplemented with asparagine, only the expression of asnH was
partially repressed. Transcription analyses revealed that asnB was possibly cotranscribed with a downstream
gene, ytnA, while the asnH gene was transcribed as the fourth gene of an operon comprising yxbB, yxbA, yxnB,
asnH, and yxaM. The asnO gene is a monocistronic operon, the expression of which was dependent on one of
the sporulation sigma factors, sigma-E. Each of the three genes, carried on a low-copy-number plasmid,
complemented the asparagine deficiency of an Escherichia coli strain lacking asparagine synthetases, indicating
that all encode an asparagine synthetase. In B. subtilis, deletion of asnO or asnH, singly or in combination, had
essentially no effect on growth rates in media with or without asparagine. In contrast, deletion of asnB led to
a slow-growth phenotype, even in the presence of asparagine. A strain lacking all three genes still grew without
asparagine, albeit very slowly, implying that B. subtilis might have yet another asparagine synthetase, not
recognized by sequence analysis. The strains lacking asnO failed to sporulate, indicating an involvement of this
gene in sporulation.

Asparagine biosynthesis in the gram-positive bacteria has
not been studied extensively. We chose Bacillus subtilis as a
convenient bacterium for such study, since it is able to grow
well in minimal media without asparagine, implying that it
possesses efficient asparagine biosynthesis pathways. In addi-
tion, the completion of the genome sequencing of this organ-
ism (10) should allow the identification of genes which could
be involved in asparagine biosynthesis.

The reactions that are catalyzed by asparagine synthetase
use either glutamine or ammonia as a nitrogen source, as
follows: L-Asp 1 ATP 1 NH3 3 L-Asn 1 AMP 1 PPi (reac-
tion 1) and L-Asp 1 ATP 1 L-Gln3 L-Asn 1 AMP 1 PPi 1
L-Glu (reaction 2). To our knowledge, two families of aspara-
gine synthetase have been reported. One is the AsnA family,
represented by AsnA of Escherichia coli, whose members were
found in prokaryotes such as E. coli and Klebsiella aerogenes (8,
15). Members of the AsnA family are able to use only ammo-
nia as the amino group donor, as in reaction 1. The other is the
AsnB family, represented by AsnB of E. coli, whose members
were found in both prokaryotes and eukaryotes (7, 18, 20).
Members of the AsnB family are able to use both glutamine
and ammonia as the nitrogen donor, but glutamine is pre-
ferred. E. coli and K. aerogenes have two asparagine synthetase
genes, asnA and asnB, and the presence of either ensures
sufficient asparagine biosynthesis, while inactivation of both
causes asparagine auxotrophy (8, 15).

Analysis of the genome sequence of B. subtilis predicted

three genes encoding glutamine-dependent AsnB-type en-
zymes but no gene for an ammonia-dependent AsnA-type en-
zyme. The three genes were designated asnB, asnH, and yisO
(10); the last gene is referred to as asnO in this paper. We
report here that each of the three genes encodes an asparagine
synthetase and describe their expression pattern as well as the
study of mutants lacking the three genes individually or in
combination, revealing a physiological role for asnB in vege-
tative cells and for asnO in sporulating cells.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains used in this study
are listed in Table 1. Plasmids pOU71 (11), pBEST-4F and pBEST513, pIC156,
and pUC19 (23) were provided by Seiichi Yasuda (Cloning Vector Collection,
National Institute of Genetics, Mishima, Japan), Mitsuo Itaya (Mitsubishi Kasei
Institute of Life Sciences, Tokyo, Japan), Rozenn Dervyn (Institut National de la
Recherche Agronomique, Jouy-en-Josas, France), and Takara Shuzo Co., Ltd.
(Ohtsu, Japan), respectively. Plasmid pMUTIN2mcs (19) was provided by Valé-
rie Vagner (Institut National de la Recherche Agronomique, Jouy-en-Josas,
France). E. coli cells harboring plasmids were grown on following media con-
taining ampicillin (50 mg/ml): Luria broth (LB) (16) and M9 minimal medium
(16) supplemented with asparagine-free Casamino Acids (2 mg/ml) (Difco),
thiamine (50 mg/ml), thymine (5 mg/ml), and, when required, asparagine (50
mg/ml). B. subtilis cells were grown on the following media containing appropri-
ate antibiotics when needed (see below): tryptose blood agar base (Difco) sup-
plemented with 0.18% glucose (referred as TBABG), DSM (17), and S6 minimal
medium (4) supplemented with tryptophan (50 mg/ml), 0.02% Casamino Acids,
and, when required, asparagine (S6 plates were prepared by adding 2.0% Noble
agar [Difco] containing no nitrogen source).

Construction of recombinant plasmids. E. coli plasmids pASNB, pASNH,
pASNO, and pYXBB, carrying asnB, asnH, asnO, and the genes from yxbB to
asnH of B. subtilis, respectively (Fig. 1), were constructed as follows. DNA
fragments carrying the entire coding and 59 flanking regions of the genes were
amplified by PCR with specific primer pairs and chromosomal DNA of B. subtilis
168 as a template (Fig. 1). All PCR was done with a GeneAmp XL PCR kit
(Perkin-Elmer). The specific primer pairs used were as follows (restriction sites
are underlined): for pASNB, asnBupB (59-CGCGGATCCATAGCCGCTTAC
TGGTTAAG-39) and asnBdnB (59-CGCGGATCCTGGGTAAATCAATGAT
GATGG-39); for pASNH, asnHupE (59-CCGGAATTCTCGTAAATACCCAC
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ACTTGG-39) and asnHdnB (59-CGCGGATCCATTGCTAATCCCCTAAGTG
C-39); for pASNO, asnOupE (59-CCGGAATTCTTTCCGTTTCATCCATGCT
G-39) and asnOdnB (59-CGCGGATCCTCTTATTGAAGGAATGCGGG-39);
and for pYXBB, yxbBupE (59-CCGGAATTCTACAAGGAAGGAGGGAAAA
G-39) and asnHdnB (59-CGCGGATCCATTGCTAATCCCCTAAGTGC-39).
The PCR product for the pASNB construction was trimmed with BamHI and
then ligated with pOU71 previously digested with BamHI, and each of the other
three products was cleaved with EcoRI and BamHI and then ligated with pOU71
previously digested with EcoRI and BamHI. The ligated DNAs were introduced
into E. coli JM109 by transformation to give ampicillin resistance on LB plates.
Plasmids in the transformants were extracted, and the identity of each of the
PCR products cloned into pOU71 was verified by digesting them with various
restriction enzymes.

Construction of B. subtilis mutant strains. B. subtilis BFS41, BFS55, BFS56,
and FU339, carrying transcriptional fusions of ytnA, asnH, asnB, and asnO to
lacZ, respectively, were constructed as follows. DNA fragments (approximately
300 bp) corresponding to initial parts of each of the genes were amplified by PCR
with specific primer pairs and chromosomal DNA of B. subtilis 168 as a template
(Fig. 1). The specific primer pairs used for the constructions were as follows
(restriction sites are underlined): for BFS41, ytnAH (59-CCCAAGCTTTAGG
GGAGAAGAAGCATG-39) and ytnAB (59-CGCGGATCCACCAGTAGTTC
CAACCTG-39); for BFS55, asnHH (59-CCCAAGCTTCAATAACGCTATTG
GGAG-39) and asnHB (59-CGCGGATCCTGCTGTCCATTTACAAGG-39);
for BFS56, asnBH (59-CCCAAGCTTTAGGGGTTCAATGATGAC-39) and
asnBB (59-CGCGGATCCTCTCTCAGTTCGATATAG-39); and for FU339,
asnOH (59-CCCAAGCTTGATTGGAGCTGATGTCAC-39) and asnOB (59-
CGCGGATCCAATGGTGTAGCTATCGCC-39). Each of the PCR products
was trimmed with HindIII and BamHI and was then ligated with pMUTIN2mcs
previously digested with HindIII and BamHI. Plasmid pMUTIN2mcs (lacZ lacI
amp erm) replicates in E. coli but not in B. subtilis and carries an erythromycin
resistance gene that is active in B. subtilis (19). In addition, pMUTIN2mcs carries
a promoterless lacZ gene derived from E. coli that can be used as a reporter gene
(19). The ligated DNAs were introduced into E. coli C600 by transformation to
give ampicillin resistance on LB plates. The identity of each of the PCR products
cloned into pMUTIN2mcs was verified by DNA sequencing. The resulting four
plasmids, pYTNA1, pASNH1, pASNB5D, and pMASNO, were used to trans-
form B. subtilis 168 to erythromycin (0.3 mg/ml) resistance on TBABG, providing
B. subtilis BFS41, BFS55, BFS56, and FU339, respectively. Correct integration of
a single copy of each plasmid into the respective genes through a single-crossover
event was confirmed by Southern blot analysis. In these strains, each of the target
genes was inactivated, and instead lacZ was expressed under the regulation of its
upstream sequence.

B. subtilis FU340, FU341, and FU342, lacking asnB, asnH, and asnO, respec-

tively, were constructed as follows. For the construction of strain FU340, two
DNA fragments (approximately 2.0 kb) were amplified by PCR with specific
primer pairs and chromosomal DNA of B. subtilis 168 as a template; one frag-
ment corresponded to an upstream flanking stretch of the asnB coding region,
and the other corresponded to a downstream one (Fig. 1). All PCR was done
with a GeneAmp XL PCR kit (Perkin-Elmer). The specific primer pairs used
were as follows (restriction sites are underlined): for the upstream fragment,
asnBd1 (59-ATGCCTTCGTTTCGGGAGAG-39) and asnBd2 (59-CCGGAA
TTCCCCTATTTATAGACGCTGTG-39), and for the downstream fragment,
asnBd3 (59-CGCGGATCCGAGCCATCAGCCTAAAGAAG-39) and asnBd4
(59-GGCTCAATCATTTTAGACGG-39). The upstream and downstream frag-
ments were trimmed with EcoRI and BamHI, respectively, and then ligated with
a neomycin resistance cassette derived from pBEST513 previously trimmed with
EcoRI and BamHI. DNAs contained in the ligation mixture were used as tem-
plates in PCR with a primer pair of asnBd1 and asnBd4 to amplify a tripartitely
ligated fragment. The amplified DNA fragment (approximately 5.0 kb) was
purified after agarose gel electrophoresis and then used to transform B. subtilis
168 to neomycin (15 mg/ml) resistance on TBABG. In such transformants, the
asnB coding region between the upstream and downstream stretches was ex-
pected to be deleted and replaced with the cassette through a double-crossover
event. The correct replacement of the asnB locus was confirmed by PCR analysis
with the primer pair of asnBd1 and asnBd4 and chromosomal DNA of the
transformant as a template, which showed that the PCR product obtained was
shorter than that from the wild-type locus because of the difference in length
between the neomycin cassette and the deleted region (Fig. 1). After this con-
firmation, one of the transformants was termed FU340.

For the construction of strain FU341, DNA fragments (approximately 1.5 kb)
corresponding to upstream and downstream flanking stretches of the asnH cod-
ing region were amplified by PCR with specific primer pairs and chromosomal
DNA of B. subtilis 168 as a template essentially as described above (Fig. 1). The
specific primer pairs used were as follows (restriction sites are underlined): for
the upstream fragment of asnH, asnHd1 (59-GAATGCAGAACGTACAAAG-
39) and asnHd2 (59-TGCTCTAGACTCCCAATAGCGTTATTG-39), and for
the downstream fragment of asnH, asnHd3 (59-GACATGCATGCGCCAGA
AGGAGCATATAG-39) and asnHd4 (59-GGATATGAACTGGTCATTC-
39). The upstream and downstream fragments of asnH were trimmed with
XbaI and SphI, respectively, and then ligated with a spectinomycin resistance
cassette derived from pIC156 previously trimmed with XbaI and SphI. A
tripartitely ligated fragment (approximately 4.2 kb) was amplified with the
primer pair of asnHd1 and asnHd4, purified, and then used to transform B. sub-
tilis 168 to spectinomycin (100 mg/ml) resistance to provide strain FU341, the
correct construction of which was confirmed by PCR analysis with the primer
pair of asnHd1 and asnHd4 as described above.

TABLE 1. Bacterial strains used in this study

Strain Genotype Source or referencea

B. subtilis
168 trpC2 Our standard strain
BFS41 trpC2 ytnA::pMUTIN2mcs This work (pYTNA1 3 168)
BFS55 trpC2 asnH::pMUTIN2mcs This work (pASNH1 3 168)
BFS56 trpC2 PasnB::pMUTIN2mcs This work (pASNB5D 3 168)
FU339 trpC2 PasnO::pMUTIN2mcs This work (pMASNO 3 168)
FU340 trpC2 DasnB::neo This work
FU341 trpC2 DasnH::spc This work
FU342 trpC2 DasnO::cat This work
FU343 trpC2 DasnB::neo DasnH::spc This work
FU344 trpC2 DasnB::neo DasnO::cat This work
FU345 trpC2 DasnH::spc DasnO::cat This work
FU346 trpC2 DasnB::neo DasnH::spc DasnO::cat This work
FU347 trpC2 ytnA::pMUTIN2mcs DasnH::spc This work
FU348 trpC2 ytnA::pMUTIN2mcs DasnH::spc DasnO::cat This work
ASK201 trpC2 spoOH::erm Kei Asai (spoOH::erm 3 168)
ASK202 trpC2 spoIIAC::kan Kei Asai (spoIIAC::kan 3 168)
ASK203 trpC2 spoIIGAB::kan Kei Asai (spoIIGAB::kan 3 168)
ASK204 trpC2 spoIIIG::kan Kei Asai (spoIIIG::kan 3 168)
ASK205 trpC2 spoIVCB::erm Kei Asai (spoIVCB::erm 3 168)

E. coli
JM109 recA1 supE44 endA1 hsdR17 gyrA96 relA1 thi D(lac-proAB) F9[traD36 proAB1 lacIq lacZDM15] 23
ME6279 F2 asnA asnB thi thy str recA 13
C600 supE44 hsdR thi-1 thr-1 leuB6 lacY1 tonA21 24

a Arrows indicate transformation from donor DNA to recipient strain. Strain 168 is the strain chosen for the international B. subtilis genome functional analysis
project. Strains ASK201 to -205 were kind gifts from Kei Asai (Nara Institute of Science and Technology, Ikoma, Japan); each of the mutations of sigma factor genes
was transferred to strain 168 from the original mutant strains established by him or by Patrick Stragier (Institut de Biologie Physico-Chimique, Paris, France). The
original strains are MO1781, MO719, MO718, UOT-1850 (1), and MO1027, for the sigma-E (spoIIGAB::kan), -F (spoIIAC::kan), -G (spoIIIG::kan), -H (spoOH::erm),
and -K (spoIVCB::erm) mutations, respectively.
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For the construction of strain FU342, DNA fragments (approximately 1.5 kb)
corresponding to upstream and downstream flanking stretches of the asnO cod-
ing region were amplified by PCR with specific primer pairs and chromosomal
DNA of B. subtilis 168 as a template (Fig. 1). The specific primer pairs used were
as follows (restriction sites are underlined): for the upstream fragment of asnO,
asnOUH (59-CCCAAGCTTATGTCACGTACATGAGCG-39) and asnOBG2
(59-GGAAGATCTGTGACATCAGCTCCAATC-39), and for the downstream
fragment of asnO, asnOBG3 (59-GGAAGATCTTTGACGAGAGGTAGGTT
C-39) and asnODE (59-CCGGAATTCGGCTTCTGCTTCAAAAGC-39). The
upstream and downstream fragments of asnO were trimmed with HindIII and

BglII and with BglII and EcoRI, respectively, and then ligated together with
plasmid pUC19 DNA previously cleaved with HindIII and EcoRI. The tripar-
titely ligated pUC19 derivative was introduced into E. coli JM109 by transfor-
mation to give ampicillin resistance on LB plates. The plasmid DNA in the
transformant cells was extracted, cleaved with BglII, and then ligated with a
chloramphenicol resistance cassette derived from pBEST-4F previously trimmed
with BamHI. The ligated DNA was introduced again into JM109 by transfor-
mation to give chloramphenicol (5 mg/ml) resistance on LB. The resulting plas-
mid DNAs were extracted, cleaved with EcoRI, and then used to transform
B. subtilis 168 to chloramphenicol (5 mg/ml) resistance on TBABG to provide

FIG. 1. Genetic organization of the asnB, asnH, and asnO (yisO) regions and DNA stretches amplified by PCR for plasmid and mutant constructions and probe
preparations. The genetic organization of the asnB (top), asnH (middle), and asnO (bottom) regions is shown schematically, and a scale bar with nucleotide positions
within the whole genome sequence (10) is given for each of the regions. Genes are shown as thick arrows; solid arrows indicate genes within possible transcription units
that contain one of the asparagine synthetase genes. DNA stretches amplified by PCR are shown as solid lines, and names of plasmids, mutants, and probes prepared
with the respective PCR products are given on the left. The position and orientation of each specific primer are shown with small arrowheads. The length and orientation
of each of antibiotic resistance gene cassette ligated with the PCR products are shown as thinner arrows. The antibiotic resistance genes are abbreviated as follows:
cat, chloramphenicol acetyltransferase gene; neo, neomycin resistance gene; spc, spectinomycin resistance gene.
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strain FU342, the correct construction of which was confirmed by PCR analysis
with the primer pair of asnOUH and asnODE as described above.

B. subtilis FU345, lacking the asnH and asnO genes, was constructed as follows.
The chromosomal DNA of strain FU342 was used to transform strain FU341 to
chloramphenicol resistance in addition to the original spectinomycin resistance
on TBABG. Correct marker replacements in the transformants were confirmed
by PCR analysis as described above to provide strain FU345. Similarly, the DNA
of strain FU340 was used to transform strains FU341 and FU342 to provide
strains FU343 (lacking asnB and asnH) and FU344 (lacking asnB and asnO),
respectively. Strain FU346, lacking asnB, asnH, and asnO, was constructed by
transforming strain FU345 with the DNA of strain FU340. The ytnA gene of
strains FU341 and FU345 was inactivated by pMUTIN2mcs integration. For
that, chromosomal DNA of strain BFS41 was used to transform FU341 and
FU345 to erythromycin resistance in addition to the original antibiotic resistance
on TBABG, providing strains FU347 and FU348, respectively.

RNA techniques. Cells of B. subtilis strains were inoculated into DSM to an
optical density at 600 nm (OD600) of about 0.05 and allowed to grow at 37°C with
shaking. The cells were harvested at 1.5 h (in exponential growth), 3 h (at the
transition between exponential growth and stationary phase), 4 h (defined as the
beginning of sporulation), 5 h (1 h after the beginning of sporulation), 7 h (3 h
after the beginning of sporulation), and 9 h (5 h after the beginning of sporula-
tion) after inoculation, at OD600s of approximately 0.4, 1.5, 2.1, 2.3, 2.0, and 2.3,
respectively. Total cellular RNA was extracted by mixing the cells with glass
beads, phenol, and cetyltrimethylammonium bromide and then purified as de-
scribed previously (22). Alternatively, cells were inoculated into S6 medium and
grown as described above to extract RNAs at 3 h (earlier in exponential growth),
5 h (later in exponential growth), and 8 h (in stationary phase) after inoculation,
at OD600s of approximately 0.5, 1.5, and 3.7, respectively.

For Northern blot analysis, RNA (15 mg) was electrophoresed in glyoxal gels,
transferred to a Hybond-N membrane (Amersham), and then hybridized with
probe DNAs as described previously (22). Probe DNAs for asnB, asnH, asnO,
and ytnA were the same DNA fragments cloned into the pMUTIN2mcs vector
for the respective mutant constructions described above (Fig. 1). Probe DNAs
for yxbB and yxaM (Fig. 1) were prepared by PCR with chromosomal DNA of
B. subtilis 168 as a template and specific primer pairs as follows (tag sequences
are underlined): for yxbB, yxbBH (59-GCCGAAGCTTAGACTGTCCCGGAT
GTATTC-39) and yxbBBG (59-GCGCAGATCTGCCAGAACTCTATAGCAC
TC-39), and for yxaM, yxaMH (59-GCCGAAGCTTGATTGGATTAATGGGA
GCGG-39) and yxaMBG (59-GCGCAGATCTATACCCGCTGGCAATACTT
C-39). Each of the probe DNAs was labeled by using a Bca BEST labeling kit
(Takara Shuzo) and [a-32P]dCTP (ICN Biomedicals).

For primer extension analysis, 50 mg of each RNA was annealed to a primer
(59-GTTTTTCCTGGACGAGCTGC-39) that had been labeled at the 59 end by
using a MEGALABEL kit (Takara Shuzo) and [g-32P]ATP (Amersham). Primer
extension reactions were performed as described previously (22).

RESULTS

Three asparagine synthetase homologs are encoded in the
B. subtilis genome. Three genes, asnB, asnH, and asnO (origi-
nally named yisO), that encode asparagine synthetase ho-
mologs are present in the B. subtilis genome and are located at
kb 3126.80, 4097.70, and 1156.80, respectively (10) (Fig. 1).
Similarity comparisons among the three gene products and
AsnB of E. coli (18) indicated that the three products were
paralogous to each other, with the highest similarity between
AsnB and AsnO, and also orthologous to AsnB of E. coli to
almost the same extent (Fig. 2A). As shown in a multiple
alignment of the amino acid sequences of the four proteins
(Fig. 2B), they had higher similarity in their N-terminal parts,
while the C-terminal parts were less conserved with respect to
both sequence and length.

AsnB of E. coli has a glutamine amide transfer domain in its
N terminus, which is similar to that of PurF-type glutamine
amidotransferases (18). This domain of PurF-type glutamine
amidotransferases is reported to comprise approximately 194
amino acid residues in the N terminus, containing conserved
residues Cys2, Asp29 and His101 for glutamine amide transfer
function (12), while that of AsnB of E. coli contains two resi-
dues corresponding to Cys2 and Asp29 (18). The Cys2 residue
is known to be essential for the glutamine amide transfer
function of the AsnB family (21). As shown in the alignment
(Fig. 2B), residues corresponding to Cys2 and Asp29 are also
conserved in the three AsnB homologs of B. subtilis. The
amino acid sequence of AsnO is longer in the N terminus than

that of YisO reported originally, since another N terminus, 23
codons upstream, was chosen within the same yisO open read-
ing frame, which is more plausible because it thus contains the
essential Cys2.

Expression of the asparagine synthetase genes in B. subtilis.
To analyze expression of each of the three asparagine syn-
thetase homolog genes, we constructed transcriptional fusions
of each gene with the E. coli lacZ reporter by integration of
pMUTIN2mcs into the respective loci on the chromosome via
a single-crossover event (see Materials and Methods). b-Ga-
lactosidase activity in extracts of the constructs grown in a rich
sporulation medium, DSM, was then measured (Fig. 3A). The
asnB-lacZ fusion was expressed during exponential growth and
repressed in stationary phase. Expression of the asnH-lacZ
fusion was dramatically elevated at the transition between ex-
ponential growth and the stationary phase. The asnO-lacZ fu-
sion was expressed less well, but the expression was neverthe-
less significant during sporulation. Thus, the three genes in
B. subtilis were likely to be expressed differentially during
growth in DSM.

In the lacZ fusion analysis described above, each of the asn
genes was inactivated by the plasmid integration, which could
have influenced its own expression. To confirm the differential
expression of the three genes, we analyzed their transcripts in
wild-type cells by means of Northern blotting (Fig. 3B). The
asnB transcript (3.8 kb) was detected only in exponentially
growing cells, as expected from the lacZ fusion analysis. The
asnH transcript (5.5 kb) appeared at the transition between
exponential growth and stationary phase as expected from the
lacZ fusion analysis, decreased early in sporulation, and in-
creased later on. The asnO transcript (2.0 kb) was clearly found
only in the sporulating cells, confirming the faint expression of
the fused lacZ reporter. Northern analyses with the respective
probes for ytnA, yxbB, and yxaM revealed that asnB was pos-
sibly cotranscribed with the downstream ytnA gene and that
asnH was the fourth gene of an operon comprising yxbB, yxbA,
yxnB, asnH, and yxaM (data not shown).

Complementation of E. coli asparagine auxotrophy by B. sub-
tilis asparagine synthetase genes. It was reported that asnB
of E. coli was not able to be cloned into a high-copy-number
plasmid in E. coli (18), implying that the same problem might
occur in cloning the asparagine synthetase homolog genes of
B. subtilis in E. coli. Indeed, asnB of B. subtilis could not be
cloned into plasmid pUC19 (data not shown). For cloning of
the three genes, therefore, we used a low-copy-number plas-
mid vector, pOU71, which replicates in E. coli cells at one copy
per chromosome (11). A DNA fragment containing the entire
asnB coding region as well as its 59 flanking region, probably
carrying a promoter (Fig. 1), was cloned into plasmid pOU71
to provide plasmid pASNB. Similarly a DNA fragment con-
taining asnO (Fig. 1) was cloned to provide plasmid pASNO.
In the case of asnH cloning, two DNA fragments, which cov-
ered only (i) asnH and (ii) the four genes from yxbB to asnH
and the 59 flanking region of yxbB (Fig. 1), were cloned, to pro-
vide plasmids pASNH and pYXBB, respectively, because the
Northern analyses described above suggested that a promoter
for the operon containing asnH might be located upstream of
yxbB.

Each of the four recombinant plasmids was introduced into
cells of an E. coli asparagine auxotroph (strain ME6279) lack-
ing both the asnA and asnB genes. ME6279 cells harboring
pOU71 did not grow in a minimal medium without asparagine,
while the cells harboring the recombinant plasmids were
able to grow (Fig. 4). In asparagine-supplemented medium all
strains grew at essentially equal rates. Therefore, asnB, asnH,
and asnO of B. subtilis complemented the asparagine-auxotro-
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FIG. 2. Similarity among the putative products of asnB, asnH, and asnO of B. subtilis and asnB of E. coli. (A) Similarity among the four gene products. Similarity
was calculated by using the FASTA program (14) for each pairing among the four gene products. The FASTA optimized score (boldface) and sequence identity
(percentage of overlapping amino acid residues) are shown. The size of each of the gene products is given as amino acid residues (aa). (B) Alignment of the amino
acid sequences of the gene products. The amino acid sequence alignment of AsnB, AsnH, and AsnO of B. subtilis (ASNB BSU, ASNH BSU, and ASNO BSU,
respectively) and AsnB of E. coli (ASNB ECO) was performed with the CLUSTAL W program (6). Conserved and related amino acid residues are marked with
asterisks and dots beneath the sequences, respectively. Gaps introduced within the sequences to optimize the alignment are shown by hyphens. Conserved Cys and Asp
residues are boxed (see text).
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phic phenotype of ME6279, suggesting that all three gene
products likely functioned as asparagine synthetase. Since the
vector has no specific promoter to allow expression of the
cloned genes, each of the cloned fragments possibly had some
promoter activity in E. coli that allowed expression of the asn
genes. However, the extents of the growth supported by dif-
ferent plasmids were not the same, which might suggest a
difference in expression levels of the genes and/or in the en-
zyme activities of the gene products. Plasmid pASNB sup-
ported the growth without asparagine more efficiently than the
other plasmids. Of the two plasmids carrying asnH, pASNH
did support growth without asparagine but much less efficiently
than pYXBB, implying that the DNA fragment carried by
pASNH might possess only a very weak promoter which led
the expression of asnH in E. coli.

Deletion analysis of the asparagine synthetase genes. To
investigate whether the three genes were involved in aspara-
gine biosynthesis in B. subtilis, the coding regions of three asn
genes were deleted via double-crossover events, resulting in
marker replacement. A series of mutant strains lacking one,
two, or all three genes was constructed (see Materials and
Methods). As summarized in Table 2, the resulting strains
were cultured in S6 liquid minimal medium to compare their
growth rates in the absence and presence of low (50 mg/ml) and
high (5 mg/ml) levels of asparagine. It is known that some
amino acid-auxotrophic phenotypes (for example, tryptophan-
and methionine-auxotrophic phenotypes) can be restored by
adding the required amino acid at the low level of 50 mg/ml.
Among strains lacking one of the three genes, strains FU341
and FU342, lacking asnH and asnO, respectively, grew as well

FIG. 3. Expression analysis of asnB, asnH, and asnO in B. subtilis cells grown in a rich sporulation medium. (A) Expression of lacZ reporters fused with each of the
asparagine synthetase homolog genes. Cells of B. subtilis 168 (wild type), BFS55 (asnH::pMUTIN2mcs), BFS56 (asnB::pMUTIN2mcs), and FU339 (asnO::
pMUTIN2mcs) were cultured in DSM. At various intervals, cells in 1 ml of the cultures were harvested, and b-galactosidase activity (nanomoles of 2-nitrophenyl-b-
D-galactopyranoside hydrolyzed per minute per OD600 unit) in cell extracts was determined as described previously (22). Activities of the asnB-lacZ fusion in cells of
strain BFS56 (left), asnH-lacZ in cells of strain BFS55 (middle), and asnO-lacZ in cells of FU339 (right) are shown as solid squares, and that of endogenous lacZ in
cells of strain 168 are shown as open squares. The OD600 for cells is shown as solid and open circles for each of the mutants and the wild type, respectively. (B) Northern
analysis. Results of Northern analyses for the asnB (left), asnH (middle), and asnO (right) transcriptions are shown. RNAs were prepared from cells of strain 168 grown
in DSM. The RNA samples were taken during exponential growth (lane 1), at the time of transition between exponential growth and stationary phase (lane 2), and
at 1 h (lane 3) and 5 h (lane 4) after the beginning of sporulation. Positions of size marker RNAs (Millennium markers; Ambion) are given on the left of each panel.
Positions of major transcripts are indicated with arrows.
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as the wild-type strain even without asparagine, while strain
FU340, lacking asnB, grew more slowly than the wild type.
Among strains lacking two of the three genes, strain FU345,
lacking both of asnH and asnO, grew as well as the wild type,
while strains FU343 (lacking asnB and asnH) and FU344 (lack-
ing asnB and asnO) grew more slowly. In addition, the slow
growth of strain FU340 was not well restored even in the
presence of the high level of asparagine, and strain FU343
exhibited a tendency to grow more slowly than FU340 in the
presence of asparagine. Finally, the growth of strain FU346,
lacking all three genes, was even slower, in particular when
asparagine was present in the medium.

Since different growth rates were obtained with different
cultures of each of the asnB mutants for unknown reasons,
their average growth rates had considerable deviations (Table
2). To clarify their asparagine dependence, colony formation
of the mutants and the wild type was compared on plates with

and without asparagine (Fig. 5), and in this test the asparagine
dependence of mutants lacking asnB was also observed.

Judging from the results of transcription analysis, the asnB
deletion possibly also led to inactivation of ytnA. In order to
rule out the possibility that the slow growth of asnB mutants
resulted from the inactivation of ytnA, we disrupted this gene
by pMUTIN2mcs integration. Three strains, BFS41 (without
active ytnA), FU347 (without ytnA and asnH), and FU348
(without ytnA, asnH, and asnO) were constructed and cultured
in the liquid minimal medium (Table 2). BFS41, FU347, and
FU348 exhibited essentially the same growth rates as 168,
FU341, and FU345, respectively, indicating that the inactiva-
tion of ytnA was not involved in the growth defect of the asnB
mutants.

Taken together, the results suggest that asnB may be the
main gene involved in asparagine biosynthesis, able to support
the normal growth of B. subtilis in the absence of asparagine.

FIG. 4. Complementation of the asparagine-auxotrophic phenotype of E. coli ME6279 by expression of asparagine synthetase genes of B. subtilis. E. coli ME6279
cells harboring plasmid pASNB (solid triangles), pASNH (solid squares), pASNO (open circles), pOU71 (solid diamonds), or pYXBB (open diamonds) were
precultured in LB with asparagine (50 mg/ml) for 16 h at 37°C with shaking. The cells in each of the precultures were washed once and then inoculated into M9 medium
with (left) and without (right) asparagine (50 mg/ml) and allowed to grow at 37°C with shaking. The OD600s for cells were monitored at 1-h intervals. Data from a single
experiment are presented. The same experiments were repeated at least three times with similar results.

TABLE 2. Effect on growth of inactivation of asnB, asnH, asnO, and ytnA in B. subtilisa

Strain (relevant genotype)

Doubling time (h)b in S6 medium with:

No supplement
Asparagine at:

50 mg/ml 5 mg/ml

168 (wild type) 1.39 6 0.05 1.46 6 0.08 0.95 6 0.02
FU340 (DasnB::neo) 2.70 6 0.96 2.30 6 0.78 1.97 6 0.26
FU341 (DasnH::spc) 1.50 6 0.10 1.42 6 0.08 0.95 6 0.04
FU342 (DasnO::cat) 1.33 6 0.02 1.41 6 0.05 1.13 6 0.01
FU343 (DasnB::neo DasnH::spc) 2.88 6 0.82 3.05 6 0.39 2.46 6 1.09
FU344 (DasnB::neo DasnO::cat) 2.45 6 0.43 2.03 6 0.40 1.88 6 0.45
FU345 (DasnH::spc DasnO::cat) 1.33 6 0.2 1.62 6 0.17 1.41 6 0.01
FU346 (DasnB::neo DasnH::spc DasnO::cat) 5.34 6 0.96 3.56 6 0.37 2.54 6 0.40
BFS41 (ytnA::pMUTIN2mcs) 1.25 6 0.17 1.26 6 0.06 1.22 6 0.20
FU347 (ytnA::pMUTIN2mcs DasnH::spc) 1.30 6 0.20 1.20 6 0.09 1.11 6 0.04
FU348 (ytnA::pMUTIN2mcs DasnH::spc DasnO::cat) 1.52 6 0.07 1.60 6 0.18 1.33 6 0.09

a Cells of B. subtilis strains were grown in S6 medium with or without two levels (50 mg/ml and 5 mg/ml) of asparagine, and their doubling times were calculated.
b Results are means and standard deviations calculated from four independent experiments.
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However, even if all three asparagine synthetase genes were
deleted, cells were still able to grow without asparagine, al-
though almost 3.5 times more slowly than the wild-type coun-
terpart, implying that B. subtilis might possess another, minor

asparagine biosynthesis pathway independent of the three
genes revealed by sequence analysis.

Expression of each of the three asparagine synthetase genes
in the wild-type cells grown in minimal S6 medium with and

FIG. 5. Effect on growth of inactivation of asnB, asnH, asnO, and ytnA in B. subtilis. A single colony each of strains 168 (wild type [WT]), FU340 (DB), FU341 (DH),
FU342 (DO), FU343 (DBH), FU344 (DBO), FU345 (DHO), and FU346 (DBHO) was taken from overnight cultures on TBABG plates containing appropriate
antibiotics and spread onto S6 plates with (right) and without (left) asparagine (50 mg/ml). The plates were incubated at 37°C for 36 h, and then colony formation was
observed. Data from a single experiment are presented. The same experiments were repeated three times independently with similar results.

FIG. 6. Transcription of asnB, asnH, and asnO in cells of strain 168 grown in minimal medium. Results of Northern analysis of the asnB (left), asnH (middle), and
asnO (right) transcriptions are shown. The same specific probes as for the previous experiments (Fig. 3B) were used. RNAs were prepared from cells of strain 168 grown
in S6 minimal medium without (lanes 1 to 3) and with (lanes 4 to 6) 5 mg of asparagine per ml. The RNA samples were taken earlier (lanes 1 and 4) and later (lanes
2 and 5) in exponential growth and in stationary phase (lanes 3 and 6). Positions of size marker RNAs are given on the left of each panel. Positions of the detected
major transcripts covering each of the entire transcriptional units are indicated with arrows.
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without asparagine was examined by Northern analysis (Fig. 6).
In the absence of asparagine, not only asnB but also asnH was
transcribed essentially constitutively during exponential growth
and in stationary phase, while transcription of asnO was not
detected. Even in the presence of asparagine, both asnB and
asnH were still transcribed constitutively, but the transcription
of asnH was partially repressed. The result suggested that asnB
was expressed and needed even when asparagine was abundant
in the medium. In cells grown in a rich medium (DSM), asnH
was induced only at the transition between exponential growth
and stationary phase, as described above (Fig. 3), implying that
the expression of asnH might be repressed by rich nutrients
and partially by asparagine. However, the expression of asnH
(and possibly asnO) appears to be insufficient to support nor-
mal growth in the absence of asparagine (Table 2 and Fig. 5).

The asnO gene is indispensable for sporulation. Since asnO
is expressed only during sporulation (Fig. 3A), we examined
whether its transcription depended on sporulation sigma fac-
tors. For this purpose RNA samples were prepared from
sporulating cells harboring different sigma factor mutations
(Table 1) and from the wild-type cells, at stages when the
respective sigma factors were activated. The samples were then
subjected to Northern analysis, targeting the asnO transcript
(Fig. 7A). At the stage when sigma-H was activated, the asnO
transcript was not detected even in the wild-type cells, indicat-
ing that asnO was not transcribed at the initiation of sporula-
tion. At the stage when sigma-E and -F were activated, the

transcript was detected in the wild-type cells but not in the
sigma-F or -E mutants. At the stage when sigma-K and -G
were activated, the transcript was detectable in both mutants
and in the wild-type cells. The sigma-F mutant lacks both
sigma-F and -E, but the sigma-E mutant must have active
sigma-F. We therefore conclude that asnO transcription de-
pends on sigma-E. In addition, primer extension analysis
mapped a 59 end of the asnO transcript (Fig. 7B) and allowed
us to identify a corresponding promoter sequence as 210 (CA
TAAACT [the 210 position is underlined]) and 235 (TCAA
CTA) regions, separated by 14-bp spacer. This promoter is
likely recognized by sigma-E RNA polymerase (5).

We also examined the formation of heat-resistant spores of
some of the deletion mutants (Table 3). Strains FU340 and
FU341, lacking asnB and asnH, respectively, produced heat-
resistant spores as well as the wild-type strain. In contrast,
strains FU342 and FU346, lacking only asnO and all the three
genes, respectively, failed to produce spores, even in the pres-
ence of asparagine in the medium. Consequently, asnO was in-
dispensable for sporulation, but the failure in sporulation result-
ing from its deletion was not corrected by asparagine addition.

DISCUSSION

Analysis of the genomic sequence of B. subtilis allowed us to
predict three asparagine synthetase gene homologs. These ho-
mologs were designated asnB, asnH, and asnO, encoding glu-

FIG. 7. Expression of asnO depends on sigma-E. (A) Northern analysis of asnO transcription in sporulating cells of B. subtilis strains. The same specific asnO probe
as for the previous experiments (Figs. 3B and 6) was used. RNAs were prepared from cells of B. subtilis strains grown in DSM. The RNA samples were taken from
cells of strains 168 and ASK201 (without sigma-H) at the beginning of sporulation (T0) (lanes 1 and 2, respectively); strains 168, ASK203 (without sigma-E), and
ASK202 (without sigma-F) at 3 h after the beginning of sporulation (T3) (lanes 3, 4, and 5, respectively); and strains 168, ASK205 (without sigma-K), and ASK204
(without sigma-G) at 5 h after the beginning of sporulation (T5) (lanes 6, 7, and 8, respectively). Positions of size marker RNAs and the asnO transcript (arrow) are
given on the left and right, respectively. (B) Primer extension mapping of a 59 end of the asnO transcript. The end-labeled primer (see Materials and Methods) was
hybridized to RNA samples prepared from cells of strain 168 grown in DSM and was then extended with Moloney murine leukemia virus reverse transcriptase (Gibco
BRL). The RNA samples were taken in exponential growth (lane 1), at the time of transition between exponential growth and stationary phase (lane 2), and at 1 h
(lane 3) and 3 h (lane 4) after the beginning of sporulation. A known DNA sequence ladder (lanes G, A, T, and C) made by dideoxy sequencing reactions with the
same end-labeled primer was loaded to estimate the size of the extended product. The position of the extended product is indicated by an arrow on the right. Part of
the nucleotide sequence (noncoding strand) of the asnO promoter region is shown on the left. The 210 and 235 promoter regions are underlined, and the 59 end
corresponding to the transcription start site (11) is indicated.
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tamine-dependent AsnB-type enzymes (Fig. 2). No ammonia-
dependent AsnA-type enzyme gene has been detected within
the genome. Enteric bacteria, such as E. coli and K. aerogenes,
have the two types of asparagine synthetases, and ammonia is
their optimal nitrogen source. In contrast, the fastest growth of
B. subtilis occurs in medium containing glutamine as the sole
nitrogen source (3). Ammonia assimilation in B. subtilis de-
pends on successive reactions involving glutamine synthetase
and glutamate synthase, as mutations in either enzyme result in
an inability to grow with ammonia as a nitrogen source (2), and
glutamate dehydrogenase functions only as a catabolic, not an
assimilatory, enzyme in B. subtilis. This indicates that B. subtilis
has no other efficient mechanism for ammonia assimilation.
These facts might be related to the finding that B. subtilis has
no ammonia-dependent AsnA-type enzyme but rather only
three glutamine-dependent AsnB-type ones.

Each of the three asparagine synthetase homologs of B.
subtilis likely functions as asparagine synthetase, as shown by
their complementation of the asparagine-auxotrophic pheno-
type of E. coli ME6279 (Fig. 4). The analysis of deletion mu-
tants of B. subtilis indicated that asnB is the main gene involved
in asparagine biosynthesis in vegetative cells (Table 2 and Fig.
5). It may be relevant that pASNB, carrying asnB, complement-
ed the E. coli auxotrophy most efficiently (Fig. 4). We have no
explanation for the fact that the growth rates of B. subtilis
mutants lacking asnB fluctuated to a great extent (Table 2). In
addition, even a high level of asparagine (5 mg/ml) did not
restore the growth of asnB mutants completely (Table 2), and
a saturating concentration of asparagine (25 mg/ml) could not
either (data not shown). Furthermore, even in the presence of
abundant asparagine in the medium, asnB was expressed as
constitutively as in the absence of asparagine (Fig. 6). It is
possible that not only asparagine itself but also the function of
the major asparagine synthetase of the asnB product might be
needed to support normal growth in the minimal medium.

The asnB and asnH genes are part of possible longer oper-
ons and are followed by ytnA and yxaM, respectively (Fig. 1).
These downstream genes could have been inactivated by a
possible polar effect of the marker replacements in the asnB
and asnH mutants. That possibility was not investigated for

yxaM, since there was no discernible phenotype associated with
the insertion in the asnH gene. Inactivation of ytnA had no
significant effect when asnB was functional (Table 2). How-
ever, it is interesting that both ytnA and yxaM are homologous
to some of the known amino acid transporter genes (10). If the
former was involved in asparagine uptake, the putative polar
effect of asnB inactivation might be one of the reasons for the
lack of growth restoration by asparagine.

In B. subtilis cells grown in the rich medium, asnH was
induced at the transition between exponential growth and sta-
tionary phase (Fig. 3). In the minimal medium, not only asnB
but also asnH was expressed constitutively, but when the me-
dium was supplemented with asparagine, the expression of
asnH was partially repressed (Fig. 6). These results imply that
asnH may be repressed by rich nutrients and partially re-
pressed by asparagine. Moreover, in cells grown in the rich
medium, the amount of asnH transcript was decreased early in
sporulation and then increased again later, suggesting that its
regulation is complex. Although homology searches did not
suggest any functions for yxbB, yxbA, and yxnB, genes which
may be transcribed together with asnH, the three genes might
be involved in asnH regulation. However, the expression of
asnH alone did not support normal growth in minimal medium
without asparagine (Table 2 and Fig. 5). Recently, it was ob-
served that another asnH mutant strain, ASNHd, which was
constructed within the framework of the international B. sub-
tilis genome functional analysis project, gave abnormal colo-
nies on high-salt plates and a penicillin-sensitive phenotype
(9). The asnH gene might not be as efficient in asparagine
biosynthesis as asnB but might be responsible for some func-
tion involved in cell surface organization.

The asnO gene was indispensable for sporulation (Table 3).
Its transcription depends on sigma-E (Fig. 7), suggesting that
the gene was expressed in sporulating mother cells, and the
failure of sporulation of the asnO mutants was not restored by
adding asparagine to the medium (Table 3). We cannot elim-
inate the possibility that sporulating mother cells were less
efficient in asparagine uptake, but it is also possible that asnO
might have an unknown specific role in sporulation besides
asparagine biosynthesis.

Finally, the deletion analysis suggested that B. subtilis could
have another, minor asparagine biosynthesis pathway indepen-
dent of the three asparagine synthetases. Because it was im-
possible to predict candidates for asparagine synthetase genes
other than the three described in this paper, the minor biosyn-
thesis might be supported by a novel and unique asparagine
synthetase or by some amidotransferases with broad specificity.
Further work is required to test these possibilities.
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