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INTRODUCTION

It is known that synthesis of nucleic acids, pro-
teins, and other nitrogen-containing molecules in the
cytoplasm requires the presence of amino groups,
which are integrated in molecules by direct amination
or transamination. Inorganic nitrogen (nitrate, nitrite,
molecular nitrogen) is preliminarily reduced to
ammonia (assimilation reduction of nitrogen) and,
only after that, is included in organic compounds. In

addition, ammonium ions ( ) can be generated
during catabolism of purines and urea. Some bacteria
can utilize purine bases as a nitrogen source. In this
case, a metabolic pathway functions in which guanine
and hypoxanthine degrade to xanthine with liberation
of ammonia. Xanthine further degrades to urea. Ure-
ase catalyzes urea reduction to ammonium. Incorpora-
tion of ammonium ions is catalyzed by glutamine syn-
thase (glutamine synthesis) or glutamate synthase
(glutamate synthesis). Other compounds with amino
groups are synthesized by transamination of primary
amino acids, glutamine and glutamic acid.

The metabolic pathways of nitrogen assimilation
differ among diverse species of microorganisms. Thus,
in 

 

E. coli

 

 and other Gram-negative bacteria, genes
involved in nitrogen metabolism are activated by the
two-component Ntr system [1], consisting of the prod-
ucts of the 

 

gln

 

L (NtrB) and 

 

gln

 

G (NtrC) genes [2].

An analog of the Ntr system has not been found in
Gram-positive microorganisms. Among bacteria of
this group soil, sporulating bacterium 

 

Bacillus subtilis

 

has been best characterized with respect to nitrogen

NH4
+

 

metabolism. The assimilation of nitrogen in 

 

B. subtilis

 

is controlled by two transcription factors, GlnR and
TnrA, which belong to the MerR family of DNA-bind-
ing regulatory proteins [3, 4]. GlnR regulates the
expression of the 

 

gln

 

RA operon, which encodes
glutamine synthase (GlnA). Under conditions of a
nitrogen excess, GlnR functions as a repressor of the

 

gln

 

RA operon [5]. In contrast to GlnR, TnrA may
repress as well as activate transcription. Under condi-
tions of an excess of glutamine and glutamate in the
cell, TnrA binds to glutamine synthase, forming an
inactive complex. As a result, TnrA cannot interact
with specific operators and regulate gene expression.
Under conditions of a lack of glutamine and
glutamate, TnrA is released from the complex GlnA–
TnrA, binds to specific operators, and regulates tran-
scription. Nitrogen metabolism genes can also be reg-
ulated by other transcriptional factors, for instance, by
the global regulatory protein CodY in 

 

B. subtilis

 

 [5].

There are 17 known transcriptional units (genes
and operons) whose regulatory regions contain the
specific TnrA-binding site, which is a palindrome
with consensus TGTNANAWWWTMTNACA [5–
10]. TnrA activates transcription of the 

 

gab

 

P (

 

γ

 

-ami-
nobutyrate transport), 

 

nas

 

A (nitrate transporter), 

 

nas

 

B
(nitrate reductase), 

 

nas

 

DEF (nitrite reductase), 

 

nrg

 

AB
(ammonium transporter), and 

 

ure

 

ABC (urease) oper-
ons and the 

 

puc

 

 genes (catabolism of purines), and
represses the 

 

gln

 

RA (glutamine synthase), 

 

glt

 

AB
(glutamate synthase), and 

 

als

 

T (alanine transporter)
operons. Moreover, TnrA activates the expression of
its own gene, 

 

tnr

 

A [4].

 

MATHEMATICAL
AND SYSTEM BIOLOGY

 

Regulation of Nitrogen Metabolism in Gram-Positive Bacteria

 

N. A. Doroshchuk, M. S. Gelfand, and D. A. Rodionov

 

Institute of Information Transmission Problems, Russian Academy of Sciences, Moscow, 127994 Russia;
e-mail: gelfand@iitp.ru

 

Received December 23, 2005

 

Abstract

 

—A search for new members of the TnrA and GlnR regulons, responsible for assimilation of nitrogen
in Gram-positive bacteria, was performed. Common regulatory signals with consensus sequences ATGTNAW-
WWWWWWTNACAT and TGTNAWWWWWWWTNACA were identified for GlnR and TnrA, respectively.
The structure was described and new potential members were found in 

 

Bacillus subtilis, B. licheniformis, Geo-
bacillus kaustophilus

 

, and 

 

Oceanobacillus iheyensis

 

 for the TnrA/GlnR regulons; in 

 

B. halodurans

 

 for the TnrA
regulon; and in 

 

Lactococcus lactis, Lactobacillus plantarum, Streptococcus pyogenes, S. pneumoniae,
S. mutans, S. agalactiae, Enterococcus faecalis, Listeria monocytogenes, Staphylococcus aureus

 

, and 

 

St. epi-
dermidis

 

 for the GlnR regulon.

 

DOI: 

 

10.1134/S0026893306050190

 

Key words

 

: TnrA regulon, GlnR regulon, 

 

Bacillus subtilis

 

, assimilation of nitrogen

 

UDC 577.1



 

830

 

MOLECULAR BIOLOGY

 

      

 

Vol. 40

 

      

 

No. 5

 

      

 

2006

 

DOROSHCHUK et al.

 

An ortholog of 

 

B. subtilis

 

 transcriptional regulator
GlnR has been found in Gram-positive bacteria 

 

Lacto-
bacillus

 

 spp., 

 

Staphylococcus aureus

 

, and 

 

Streptococ-
cus

 

 spp. In all these cases GlnR represses the expres-
sion of the glutamine synthase gene (

 

gln

 

A) [11–13].

The aim of this work was to analyze the TnrA and
GlnR regulons, responsible for assimilation of nitro-
gen, in Gram-positive bacteria in order to reconstruct
the regulation of this metabolic system and to study its
conservation among diverse species of bacteria.

EXPERIMENTAL

We analyzed the genomic nucleotide sequences of
Gram-positive bacteria 

 

B. subtilis, B. licheniformis, B.
cereus, B. halodurans, Geobacillus kaustophilus,
Oceanobacillus iheyensis, Enterococcus faecalis,
Listeria monocytogenes, Staphylococcus aureus, St.
epidermidis, Lactobacillus plantarum, Lactococcus
lactis, Streptococcus agalactiae, S. mutans, S. pneu-
moniae

 

, and 

 

S. pyogenes.

 

 The sequences were
obtained from GenBank [14].

Protein sequence alignments were constructed
using the ClustalW program [15]. Regulatory sites
were identified and a training set was constructed
using the Genome Explorer and SignalX programs
[16].

A candidate gene was assigned to the TnrA regulon
when the gene (or the corresponding operon) con-
tained a putative GlnA-binding site with a weight

higher than the threshold 4.50 in region –300 to
+50 bp relative to the translation start.

A candidate gene was assigned to the TnrR regulon
when the gene (or the corresponding operon) con-
tained a putative GlnR-binding site with a weight
higher than the threshold 5.40 in region –300 to
+50 bp relative to the translation start. A stricter
threshold was used to search for genes of the GlnR
regulon because the GlnR signal was 2 bp longer than
the TnrA signal.

When the operon structure was unknown, genes
transcribed in the same direction and separated by no
more than 50 bp were considered to belong to one
operon.

The genes were designated according to the corre-
sponding 

 

B. subtilis

 

 orthologs.

RESULTS AND DISCUSSION

The search for orthologs of the regulatory genes

 

tnr

 

A and 

 

gln

 

R revealed a lack of one of the regulators
of nitrogen assimilation in some bacterial genomes.
For instance, 

 

B. cereus, Listeria monocytogenes, Lac-
tobacillus plantarum, Staphylococcus

 

 spp., and 

 

Strep-
tococcus

 

 spp. have only 

 

gln

 

R. 

 

Bacillus halodurans

 

possesses only 

 

tnr

 

A and lacks 

 

gln

 

R. Other bacilli have
both 

 

tnr

 

A and 

 

gln

 

R.

A phylogenetic tree was constructed for TnrA and
GlnR of all organisms analyzed (Fig. 1). The tree has
four branches. The GlnR proteins of staphylococci
form the first branch. The second branch contains
GlnR of 

 

Streptococcus

 

 and 

 

Listeria

 

 spp. The two other
branches are formed by bacillar TnrA and GlnR.
Notably, the bacillar TnrA branch is well separated
from the branches of GlnR from bacilli and other
Gram-positive microorganisms.

The TnrA signal could not be identified in the pres-
ence of both regulators because of its high similarity
to the GlnR signal (Fig. 2). Therefore, in the genomes
containing both regulators, a search for members of
the TnrA/GlnR regulon was performed using the sig-
nal for TnrA because this regulator is global and the
corresponding recognition rule is less strict.

 

Genes of the TnrA/GlnR Regulon

 

A training set for constructing a signal included
18 regulatory regions of the known genes of the

 

B. subtilis

 

 TnrA/GlnR regulon whose products are
involved in nitrogen assimilation. Application of the
signal recognition procedure to this set allowed us to
identify a common regulatory signal with consensus
TGTNAWWWWWWWTNACA. The signal was
used to search for new genes potentially belonging to
the TnrA/GlnR regulon in all organisms under study.
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Fig. 1.

 

 Phylogenetic tree of TnrA and GlnR homologs of
bacilli, 

 

Listeria

 

, staphylococci, and streptococci. Designa-
tions: BS, 

 

Bacillus subtilis

 

; BL, 

 

B. licheniformis

 

; BC,

 

B. cereus

 

; BH, 

 

B. halodurans

 

; GK, 

 

Geobacillus kaustophi-
lus

 

; OI, 

 

Oceanobacillus iheyensis

 

; EF, 

 

Enterococcus faeca-
lis

 

; LM, 

 

Listeria monocytogenes

 

; StA, 

 

Staphylococcus
aureus

 

; StE, 

 

St. epidermidis

 

; LP, 

 

Lactobacillus plantarum

 

;
LL, 

 

Lactococcus lactis

 

; Sag, 

 

Streptococcus agalactiae

 

;
SMu, 

 

S. mutans

 

; SPn, 

 

S. pneumoniae

 

; and Spy, 

 

S. pyogenes

 

.
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Candidate genes were revealed in each genome,
including 44 in 

 

B. subtilis

 

, 36 in 

 

B. licheniformis

 

, 18
in 

 

O. iheyensis

 

, and 10 in 

 

G. kaustophilus

 

. Then pair-
wise comparisons were performed with all ortholo-
gous genes of all microorganisms. As a result, we
revealed 12 operons that had the conserved
TnrA/GlnR site upstream of orthologous genes in at
least two genomes. Another 11 operons lacked the con-
served TnrA-binding site, but their products were
involved in nitrogen assimilation (Fig. 3).

In all genomes analyzed, the conserved TnrA-
binding site was observed upstream of the 

 

nrg

 

AB
operon. In 

 

B. licheniformis

 

 we revealed two 

 

nrg

 

AB
operons with potential sites for TnrA.

In all bacilli, we found orthologs of the 

 

gln

 

RA
operon with a reliable TnrA site in the regulatory
region (

 

O. iheyensis

 

), with a weak site (

 

B. subtilis

 

 and

 

B. licheniformis

 

), or without it (

 

G. kaustophilus

 

).

The 

 

nas

 

 operon with the conserved TnrA site
occurs in the genomes of all bacilli with the exception

 

O. iheyensis

 

, although with several differences in
structure. In 

 

B. subtilis

 

, the 

 

nas

 

 locus contains two
TnrA sites: one is between oppositely directed 

 

nas

 

A
and 

 

nas

 

B, and the other is upstream of 

 

nas

 

D.

Orthologs of 

 

als

 

T gene were found in all bacteria
except 

 

G. kaustophilus.

 

 However, reliable TnrA sites
were revealed only in 

 

B. subtilis

 

 and 

 

B. licheniformis

 

.

The 

 

glt

 

AB operon, coding for glutamate synthase,
exists in the genomes of all bacilli examined, although
the TnrA-dependent regulation is preserved only in 

 

B.
subtilis

 

 and 

 

B. licheniformis

 

.

In 

 

B. subtilis

 

, the 

 

puc operon, required for catabo-
lism of purines, presumably contains two binding sites
for TnrA. Separate genes of this operon were found in
B. licheniformis, but they are not regulated by TnrA.
The other bacilli lack purine catabolism genes.

Orthologs of the genes encoding the ATP-
depended transporter of oligopeptides (oppABCDF)
with TnrA sites were found in B. subtilis and
B. licheniformis. The TnrA site was not found in the
O. iheyensis oppABCDF operon, and an ortholog of
this operon was not revealed in G. kaustophilus.

The yodF gene, whose product is homologous to
the proline transporter, is contained in the genomes of
B. subtilis and B. licheniformis, and in both cases, the
TnrA site is conserved in the regulatory region. In
other bacteria, an ortholog of this gene was not
revealed.

The TnrA-regulated genes ywrD (γ-glutamyltrans-
ferase) and glnQ (glutamine transporter) were found
only in B. subtilis. The orthologs of these genes are
not regulated by TnrA in other bacilli.

TnrA/GlnR-regulated gabP, coding for the γ-ami-
nobutyrate transporter, was found only in B. subtilis;
its ortholog was not found in other bacilli. The argC
gene, involved in arginine biosynthesis, was revealed
in all bacilli, but its regulation seems to be conserved
only in B. subtilis and B. licheniformis.

The gene of the branched amino acids transporter
(braB) has a potential TnrA site in B. subtilis and
B. licheniformis. Its ortholog from O. iheyensis does
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Fig. 2. Pictorial representation of the regulatory signals for (a) TnrA and (b) GlnR of Gram-positive bacteria [17].
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not preserve the TnrA regulation. Orthologs of this
gene were not found in other bacilli (Table 1).

Genes of the TnrA Regulon

Among the genomes analyzed, only the B. halodu-
rans genome possesses a single TnrA regulator of
nitrogen assimilation (Table 1). The search for genes
of the TnrA regulon was performed using the same
approach as in bacilli with two regulators. We found
that B. halodurans has much in common with other
bacilli. Moreover, in B. halodurans, the regulation of
the ammonium transporter gene (nrgA), the nas
operon, the alanine transporter gene (alsT), and the
purine catabolism genes (puc) is preserved. The regu-

lation of genes for glutamate synthase (gltAB) and
glutamate dehydrogenase (rocG) seems not to be pre-
served. B. halodurans lacks glnR but possesses two
paralogs of glnA, both with significant TnrA-binding
sites. The glutamate transporter gene (gltT) was
revealed in all bacilli, but proved to be regulated by
TnrA only in B. halodurans. In B. halodurans, but not
in B. subtilis and G. kaustophilus, the urease operon
ureABC has a TnrA-binding site. Orthologs of adeC,
coding for adenine deaminase, were found in all bacilli
examined; however, the TnrA-dependent regulation
was revealed only in B. halodurans. The yflA gene of
the amino acid transporter is regulated by TnrA in
B. halodurans, but probably not in other bacilli.
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Fig. 3. Pathway of nitrogen metabolism in Bacillus subtilis.
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Genes of the GlnR Regulon
The expression of the glnRA operon is regulated

by GlnR in various bacteria. Therefore, the regulatory
sites of the glnRA operon from all bacteria were
included in a training set for constructing the signal.
Application of a signal recognition procedure allowed
us to identify a common regulatory site with consen-
sus ATGTNAWWWWWWWTNACAT, which differs
from the TnrA signal in two terminal positions. In
view of the high similarity of the TnrA and GlnR sig-
nals (Fig. 2), a search for new GlnR-regulated genes
was performed in the genomes that code for GlnR
(Streptococcus, Lactobacillus, Staphylococcus, and
Listeria spp.), but not for TnrA. In each genome,
genes containing a potential GlnR-binding site were
selected and then compared in each pair of genomes.
As a result, we revealed four operons (glnRA, nrgA,
glnQHMP, and gdhA) with the GlnR sites conserved
in at least two genomes and three operons (arcA,
dsdA, and ansB) that lacked the conserved GlnR-
binding sites, but whose products were involved in
nitrogen assimilation (Fig. 4).

As expected, in all bacteria, the GlnR sites pre-
ceded the glnRA operon, coding for glutamine syn-
thase. Moreover, different numbers of glutamine ABC
transporter genes were revealed in many organisms.
The primary identification of transporters was per-
formed by homology, and then their regulation was
analyzed. As a result, the GlnR-regulated transporter
genes were revealed: one in Lactococcus lactis,
St. aureus, L. plantarum, and S. pyogenes; two in
S. pneumoniae, S. mutans, and S. agalactiae; and
three in E. faecalis. At the same time, none of the
glutamine transporter genes is regulated by GlnR in
Listeria monocytogenes and St. epidermidis.

We revealed that nrgA, required for ammonium
transport, is regulated by GlnR in L. plantarum, Lac-
tococcus lactis, S. mutans, Listeria monocytogenes,

and E. faecalis and is not regulated in S. agalactiae,
while S. pyogenes and S. pneumoniae lack orthologs
of this gene.

The gdhA gene, responsible for synthesis of
glutamate dehydrogenase, is probably regulated by
GlnR in S. pyogenes and S. mutans, but not in L. plan-
tarum and S. agalactiae. In other bacteria, orthologs
of this gene were not revealed.

The GlnR-regulated genes of serine dehydroge-
nase (dsdA) and aspartate ammonia-lyase (ansB)
were revealed only in L. plantarum. The arginine
deiminase gene (arcA) was revealed in all bacteria
except L. plantarum and S. mutans, whereas the GlnR
site was revealed only in S. pneumoniae (Table 2).

In B. subtilis, GlnR regulates the glnRA operon
[5]. It is impossible to identify other GlnR-regulated
genes in bacilli because the TnrA and GlnR signals are
virtually identical (Fig. 2). However, B. cereus is wor-
thy of special consideration. This bacterium lacks
TnrA, and only GlnR controls nitrogen assimilation.
The search of the B. cereus genome revealed that the
GlnR regulon contains the glnRA and nrgA operons
(as in other bacteria with GlnR-regulated nitrogen
assimilation) as well as the oppBCDF, alsT, and gltT
operons, which belong to the TnrA regulon in other
bacilli.

This work revealed a significant plasticity of the
TnrA/GlnR regulon in bacilli. The structure of this
regulon varies significantly in different bacteria. The
GlnR regulon found in Streptococcus, Listeria, and
Staphylococcus spp. is highly conserved, mainly con-
taining genes of glutamine transport and utilization. In
spite of this plasticity, we identified a core of the bacil-
lar TnrA/GlnR regulon, which consists of genes found
in almost all genomes and contains potential TnrA-
and GlnR-binding sites in most cases. The genomes of
most bacilli have genes of both duplicated regulators,
TnrA and GlnR. Yet GlnR apparently regulates only
the glnRA operon. This is evident from experimental
data obtained with B. subtilis [5], although it cannot
be verified using bioinformatics approaches because
of the high similarity of the binding signals for these
two factors. A coregulation by both factors cannot be
excluded for several operons. In organisms with only
one factor preserved (for instance, GlnR in B. cereus),
this factor regulates most genes of the metabolic path-
way, including genes that are regulated by the second
factor in other genomes. Since Streptococcus, Staphy-
lococcus, and Listeria spp. have only GlnR, the dupli-
cation of GlnR/TnrA apparently took place in a com-
mon ancestor of bacilli, and then B. cereus (TnrA) and
B. halodurans (GlnR) lost one of the factors.

arcC

dsdA

ansB

gdhA glnA
glnQHMP

gltAB; gltC

nrgAB
NH3

Arginine

Serine

Aspartate

Glutamine

Glutamate

Glutamine

Ammonium

Cell Environment

Fig. 4. Nitrogen assimilation regulated by GlnR in Strepto-
coccus, Staphylococcus, Lactococcus, and Listeria spp.
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