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INTRODUCTION
Many prokaryotes, such as 

 

Escherichia coli, 

 

utilize
various substrates for respiration, which ensures their
survival under conditions changing within a broad
range. Nitrate and nitrite respiration is a preferential
source of energy in the absence of oxygen [1]. Respi-
ration of this type is regulated in 

 

E. coli 

 

by a double
two-component system, which includes the homolo-
gous sensory proteins NarQ and NarX and the homol-
ogous transcription factors NarL and NarP (Nar,
nitrate reductase regulator). It is thought that such a
regulatory system is necessary for modulating the res-
piratory system in the presence of two alternative
electron acceptors, nitrate and nitrite [2]. Both NarL
and NarP act to suppress or activate transcription,
depending on the arrangement of their binding sites
relative to the promoter of the target operon [1].

A partial division of functions between the homol-
ogous proteins is characteristic of this regulatory sys-
tem (Fig. 1). For instance, NarX interacts exclusively
with NarL and responds differently to nitrate and
nitrite, while NarQ is capable of interacting with
either regulator and similarly responds to both sub-
strates [3]. On the other hand, NarP does not interact
with the NarP-binding sites, while NarL interacts with
both NarL-binding and its own sites [4] (Fig. 1). Thus,

an integrated NarL–NarP regulon functions in 

 

E. coli.

 

We divided its genes into the following groups.

Group 1 includes genes providing for reduction of
nitrate and nitrite: 

 

nar

 

GHJI, 

 

nar

 

K [5], 

 

nap

 

FDABC-
DEF–

 

ccm

 

ABCDEFGH [6], 

 

nrf

 

ABCDEFG, and

 

nir

 

BDC–

 

cys

 

G [7]. Expression of these genes is regu-
lated depending on the nitrate–nitrite ratio in the
medium.

Group 2 includes genes coding for electron donor
dehydrogenases: 

 

fdn

 

GHI [8], 

 

hya

 

ABCDEF, 

 

hyb

 

OAB-
CDEFG [9], and 

 

nuo

 

ABCDEFGHIJKLMN [10].
Since the products of these genes are essential for the
formation of complete respiratory chains, their
expression is activated by NarL and NarP.

Group 3 includes genes coding for electron accep-
tor reductases: 

 

dms

 

ABC [11], 

 

tor

 

CAD [12], and 

 

frd-

 

ABCD [5]. Electron acceptor reductases encoded by
these genes are utilized under anaerobic conditions in
the absence of nitrate and nitrite. When they are
present in the medium, nitrate and nitrite inhibit
expression of these genes.

Group 4 includes the 

 

dcu

 

B–

 

fum

 

B genes, which are
involved in four-carbon dicarboxylic acid metabolism
[13]. Their products are enzymes and transporters,
which provide substrates for fumarate respiration; this
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Abstract

 

—Nitrate and nitrite are the most preferable electron acceptors in the absence of molecular oxygen.
In the 

 

γ

 

-proteobacterium 

 

Escherichia coli

 

, nitrate and nitrite respiration is regulated by two homologous tran-
scription factors, NarL and NarP. Although this regulatory system was a subject of intensive research for more
than 20 years, many key issues, including the structure of the NarL-binding site, are still unclear. Comparative
genomics analysis showed that only NarP is responsible for regulation in most 

 

γ

 

-proteobacteria. The NarP reg-
ulon was studied in ten genomes. Although its structure considerably differs among some genomes, the mech-
anism regulating the nitrate and nitrite reduction genes is highly conserved. A correlation was observed between
the evolutionary changes in the nitrate and nitrite respiration system and the relevant regulatory system. Poten-
tial NarP-binding sites were found upstream of the gene for the global regulator FNR and the 

 

syd

 

AB, 

 

mdh

 

, and

 

suc

 

AB aerobic metabolism genes. It was assumed on the basis of this evidence that the role of NarP in regulat-
ing respiration changed during evolution. In total, 35 new operons were assigned to the generalized NarP reg-
ulon. Autoregulation of the 

 

nar

 

QP operon was suggested for bacteria of the family Vibrionaceae.
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is far less efficient than nitrate and nitrite respiration.
Hence, the genes are suppressed by NarL and NarP.

Group 5 includes fermentation enzyme genes,

 

foc

 

A–

 

pfl

 

B [14] and 

 

adh

 

E [15]. Since fermentation is a
less efficient mode of energy production compared to
respiration, the genes are also suppressed in the pres-
ence of nitrate and nitrite.

Although regulation of nitrite and nitrate respira-
tion has been a subject of intensive research over the
past 20 years, many important issues are still poorly
understood. The objective of this work was to study
the regulation of nitrate and nitrite respiration in

 

γ

 

-proteobacteria. Focusing on organisms that possess
only one regulator, NarP, we analyzed the structure of
NarP regulons in the genomes of ten 

 

γ

 

-proteobacteria
and described a generalized NarP regulon for these
organisms.

EXPERIMENTAL

 

Procedure of identifying genes involved in the
generalized regulon.

 

 Potential NarP-binding sites
(hereafter referred to as potential sites) were sought

using a nucleotide position weight matrix [16], which
was constructed as described below.

Genes were assigned to the regulon according to the
results of correspondence testing. A gene was considered
to belong to the regulon when a potential site was con-
tained in its regulatory region and upstream of its
orthologs from related genomes [16]. In this work, poten-
tial sites were sought in the region –400

 

…

 

 +100 bp rela-
tive to start of translation. In the case of an unknown
operon structure of a particular sequence, genes were
assigned to one operon when they were transcribed in the
same direction and were no more than 100 kb apart.

To identify the members of the generalized regulon, we
used a new method based on pairwise comparisons of the
genomes of organisms belonging to the same taxonomic
group. Each genome was searched for potential sites.
Putative members of the generalized regulon were
selected according to the presence of potential sites
upstream of orthologous genes. When a site was detected
upstream of a particular gene in at least three genomes of
organisms from one group, the gene was assigned to the
generalized regulon. In addition, we checked whether
such sites occur upstream of orthologs of the selected
genes in organisms from other groups. This approach was
used to examine the genomes of bacteria from the families
Pasteurellaceae and Vibrionaceae.

In the family Enterobacteriaceae, we examined the
genomes of only two organisms, 

 

Yersinia pestis

 

 and

 

Y.  enterocolitica

 

, and the above approach was thereby
inapplicable. In this case, a gene was considered as a
potential member of the generalized regulon when
upstream potential sites were present in both
genomes. Then, orthologous genes from other
genomes were tested for such potential sites. When
the sites were preserved, the gene was assigned to the
generalized regulon.

Some enzymes of the respiratory system occur in
several isoforms, which are products of paralogous
genes. The regulation of such paralogs is considered
separately (see Discussion).

 

Software.

 

 Potential sites were sought and orthologs
analyzed using the GenomeExplorer program package
[17]. Position weight matrices were constructed using the
SignalX program [17]. A search for homologs in data-
bases was performed using the BLAST program [18].
Multiple alignments of amino acid and nucleotide
sequences were obtained using the ClustalX program
[19]. Phylogenetic trees were constructed by the maxi-
mum likelihood method [20], using the program proml
from the PHYLIP 3.63 package (http://evolution.genetics.
washington.edu/). To construct Logo diagrams, which
reflect the structure of a regulatory signal, we used the
WebLogo program (http://weblogo.berkeley.edu/).

 

Subjects.

 

 We examined the genomes of 13 

 

γ

 

-pro-
teobacteria. Complete genome sequences of 

 

E. coli

 

K-12 (EC) [22], 

 

Salmonella typhi

 

 Ty2 (ST) [23],

 

P P P P

PPPP

 

P P P P

P P P P

 

Nitrate

 

NarX NarX NarQ NarQ

NarPNarPNarLNarL

 

(a)

Nitrite

 

NarX NarX NarQ NarQ
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(b)

 

Fig. 1.

 

 System of differential response of 

 

E. coli

 

 cells to
(a) nitrate and (b) nitrite. Thin arrows indicate binding sites
for the regulatory proteins on DNA. Thick arrows show the
interactions between the sensory and the regulatory pro-
teins. Phosphorylation and dephosphorylation of the regula-
tory proteins are shown with solid and dashed arrows,
respectively.



 

MOLECULAR BIOLOGY

 

      

 

Vol. 39

 

      

 

No. 5

 

      

 

2005

 

REGULATION OF NITRATE AND NITRITE RESPIRATION 729

 

Erwinia carotovora

 

 s. 

 

atroseptica

 

 (EO) [24], 

 

Y. pestis

 

KIM (YP) [25], 

 

Haemophilus ducreyi

 

 35000HP (HD),

 

Haemophilus influenzae

 

 Rd (HI) [26], 

 

Pasteurella
multocida

 

 Pm70 (PM) [27], 

 

Vibrio cholerae

 

 O1 (VC)
[28], 

 

Vibrio parahaemolyticus

 

 RIMD 2210633 (VP)
[29], and 

 

Vibrio vulnificus

 

 CMCP6 (VV) [30] were
extracted from GenBank. The complete sequence of
the 

 

Y. enterocolitica

 

 genome was obtained at
http://www.sanger.ac.uk/. A draft sequence of the 

 

Acti-
nobacillus actinomycetemcomitans

 

 HK1651 (AA)
was obtained at http://www.genome.ou.edu/. A draft
sequence of the 

 

Vibrio fischeri

 

 ES114 (VF) genome
was extracted from the GOLD database [32].

RESULTS

 

Evolution of the Regulatory System

 

First, orthologs of the 

 

E. coli

 

 regulatory system
genes were sought in the genomes of bacteria belong-
ing to three families: Enterobacteriaceae (

 

S. typhi,
E. carotovora, Y. pestis

 

, and 

 

Y. enterocolitica

 

), Pas-
teurellaceae (

 

P. multocida, A. actinomycetemcomi-
tans, H. ducreyi

 

, and 

 

H. influenzae

 

), and Vibrionaceae
(

 

V. cholerae, V. parahaemolyticus, V. vulnificus

 

, and

 

V. fischeri

 

). Genes of the dual regulatory system were
found only in the genomes of 

 

S. typhi

 

 and 

 

E. caroto-
vora

 

, which are most closely related to 

 

E. coli.

 

 On the
phylogenetic trees of NarL/NarP (Fig. 2a) and
NarQ/NarX (Fig. 2b), proteins from different organ-
isms formed two clusters separated by a long branch.
It seems that duplication yielding a dual system took
place before the divergence of evolutionary branches
corresponding to the families Enterobacteriaceae,
Pasteurellaceae, and Vibrionaceae. The genomes cod-
ing for a single system combine 

 

nar

 

P with 

 

nar

 

Q. The
genomes of 

 

Y. pestis

 

 and 

 

Y. enterocolitica

 

 are excep-
tions, each coding for the unusual pair NarP–NarX
(Fig. 2). In view of this, the NarX amino acid
sequences of these organisms were considered in
more detail.

The differential response to nitrate and nitrite is
known to be due to the periplasmic domain of NarX
[33] (Fig. 3a). However, no considerable difference in
amino acid sequence has been observed between the
periplasmic modules of NarX and NarQ [34].

On the other hand, structural features of the central
module allow a distinction between NarX and NarQ.
The amino acid sequence of the central module lacks
homologs apart from NarX and NarQ. The function of
the central module is still unclear. An important fea-
ture of the central module in 

 

E. coli

 

 NarX is a cluster
of cysteines located in positions 308, 313, and 316.
These cysteines are preserved in the NarX sequences
encoded by other proteobacterial genomes; substitu-
tion of any cysteine of the cluster dramatically reduces
the activity of the protein [34].

A multiple sequence alignment of NarX and NarQ
of all organisms examined in this work is shown in
Fig. 3b. The NarX proteins of 

 

Y. pestis

 

 and 

 

Y. entero-
colitica

 

 lack the cysteine residues characteristic of
NarX. Thus, although similar in sequence to NarX, the
sensory proteins of bacteria of the genus 

 

Yersinia

 

probably act as NarQ, suggesting a similarity of
responses to nitrite and nitrate.

 

Construction of a Matrix for Detecting Potential 
NarP-Binding Sites

 

Since data on the structure of NarL-binding sites
are discrepant [35, 36] and the regulation is difficult to
analyze in the case of the dual system, we focused on
the NarP-dependent regulation in the ten organisms
whose genomes contain 

 

nar

 

P but not 

 

nar

 

L.

We observed that 

 

nar

 

P is always present in
genomes that contain genes for periplasmic nitrate
and nitrite reductases (

 

nap

 

 and 

 

nrf

 

, respectively) and
genes for heme transport into the periplasm (

 

ccm

 

)
with various operon rearrangements (Table 1). The
exceptions are the 

 

Y. pestis, Y. enterocolitica

 

, and

 

V. cholerae genomes, which lack the nrf genes. It has
been shown with E. coli that expression of all these
genes is regulated by NarP [6, 7]. The NarP-binding
site is a palindrome with the consensus TACYYMT-
NNADRRGTA [4]. Sites of this type occur upstream
of operons containing the nap, nrf, and ccm genes in
various genomes (Table 2). We constructed a teaching
sample, a matrix for detecting NarP-binding sites, and
a Logo diagram (Fig. 4).

The genomes were searched for sites having a
weight higher than the threshold (3.50). However,
sites with a weight lower than the threshold were often
found upstream of potential genes of the regulon in
the A. actinomycetemcomitans genome. Hence the
threshold was set at 3.25 for this genome. A search
with these parameters revealed potential sites in
upstream regions of approximately 400 genes in each
genome. It is clear that the prediction was unreliable
in some cases. Yet correspondence testing (see Exper-
imental) leaves only a few false-positive predictions,
as demonstrated more than once [37].

Structure of the Generalized NarP Regulon
in the Genomes Examined

A search for regulon members with the use of our
procedure (see Experimental) assigned 77 genes to the
generalized regulon; these genes are organized in at
least 29 operons. The generalized NarP regulon
includes almost all genes belonging to the dual NarL–
NarP regulon of the E. coli genome (Table 3). The
only exceptions are the genes that lack orthologs in
the genomes under study. These genes are from the
narGHJI, narK, hya, hyb, fumB, and nuo operons.
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Orthologs of the operon genes were found only in the
Y. pestis and Y. enterocolitica genomes, but potential
sites were not reliably detected in their upstream
regions. Thus, the single two-component system reg-
ulates respiration in response to nitrate and nitrite in
Y. pestis and Y. enterocolitica.

Several operons were included into the generalized
NarP regulon on the basis of the formal criterion
described in the Experimental. However, multiple
sequence alignment of their regulatory regions
showed that their potential sites are not conserved;
i.e., the predictions are not sufficiently reliable. This
was the case with the ldhA, hemR, gcvA, and sucAB

operons. It is still advisable to experimentally verify
the results of our computer analysis.

As new members of the generalized regulon were
identified, two new functional groups were added to
the above five groups (see Introduction). The seven
groups are considered in detail below.

Regulatory protein genes. The most unexpected
finding was the presence of potential sites upstream of
the genes whose products are involved in regulating
respiration. The P. multocida, A. actinomycetemcomi-
tans, H. influenzae, V. cholerae, and V. fischeri
genomes proved to contain potential sites upstream of
fnr, which codes for a global respiration regulator
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Fig. 2. Phylogenetic trees of (a) NarL/NarP and (b) NarX/NarQ. The trees were constructed by the maximum likelihood method.
Here and in Fig. 5, species are designated as in the Experimental. The branches corresponding to Y. pestis and Y. enterocolitica pro-
teins are shown with dashed lines. The expected proportion of amino acid substitutions is indicated for branches and the percentage
of bootstrap replications (maximum, 1000), for knots.
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responsible for switching between aerobic and anaer-
obic metabolism.

All genomes of Vibrionaceae species have poten-
tial sites upstream of the narQP operon, in a highly
conserved region downstream of the putative promot-
ers. Another conserved region harbors potential bind-
ing sites for FNR (Fig. 5).

Nitrate and nitrite reduction genes. The genes
directly involved in reduction of nitrate and nitrite
form the core of the generalized NarP regulon. Some

of these gene code for periplasmic nitrate reductase
(nap) and for periplasmic (nrf) and cytoplasmic (nir)
nitrite reductases; the others are responsible for
exporting heme into the periplasm and the formation
of the Nap complex (ccm). Potential sites upstream of
the corresponding operons were detected in all cases.

Genes for electron donor dehydrogenases. It has
been shown earlier that only the fdnGHI formate
dehydrogenase operon is regulated by NarL and NarP
[38]. This operon is homologous to the fdo operon and
plays the same role. Potential sites upstream of the fdo

C

TransductionCentralSensory

N
TM1 TM2

Cysteine
cluster

Periplasmic
domain

module module module
(‡)

(b)
• • • • • •

Fig. 3. (a) Structure of the NarX and NarQ sensory proteins [34]. TM, transmembrane segment. (b) Amino acid sequence alignment
of a fragment of the central module of NarX and NarQ. Amino acid positions are shown at the top for E. coli NarX. The conserved
cysteines are shaded.

Table 1.  Structures of the nap, ccm, and nrf operons

Genome
Operon

nap ccm nrf

Y. pestis, Y. enterocolitica napFDABC ccmABCDEFGH Absent

P. multocida napFDAGHBC ccmABCDEFGH nrfABCDEXFGH

A. actinomycetemcomitans napDAGHBC ccmABCDEFGH nrfABCDEXFGH

H. influenzae napFDAGHBC ccmABCDEFGH nrfABCD nrfEXFGH

H. ducreyi napFDAGHBC ccmABCDEF ccmGH nrfABCD nrfEXFGH

V. vulnificus, V. parahaemolyticus napFDABC ccmABCDEFGH nrfA↔nrfBCDEXF
nrfG

V. cholerae napFDABC ccmABCDEFGH Absent

V. fischeri napFDABC ccmABCDEFGH nrfA↔nrfBCDEXF
nrfG

Note: ↔, genes form a divergon.
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operon were detected in the Y. pestis and Y. entero-
colitica genomes. The fdhD gene with a potential site
in the regulatory region was found in four genomes.
The exact function of this gene is unknown; its prod-
uct is presumably necessary for the formate dehydro-
genase activity [39].

Another new member of the generalized regulon is
the nrqABCDEF operon, which codes for NADH
dehydrogenase exporting sodium ions [40].

Genes involved in reduction of alternative elec-
tron acceptors. Potential sites were found upstream
of the operons coding for dehydrogenases of alterna-
tive electron acceptors. This group includes the torYZ
and cydAB operons, two new members of the regulon.
The former codes for the second trimethylamine
N-oxide reductase: torY and torZ are paralogs of torC
and torA, respectively [41]. The cydAB operon codes
for the cytochrome d oxidase complex. This enzyme
catalyzes electron transfer from ubiquinol-8 to molec-

Table 2.  Potential NarP-binding sites included in the teaching sample (for comments, see text; the position is indicated rel-
ative to the start of the open reading frame)

Genome Operon Site Weight Position

Y. pestis napFDABC T a AC T C T a a AGAGT a A 4.48 –184

ccmABCDEFGH T AC C t c T AT A a g GGT A 4.67 –113

Y. enterocolitica napFDABC T a AC T C T a a AGAGT a A 4.48 –182

ccmABCDEFGH T AC C t c T AT A a g GGT A 4.67 –113

T A c T a C g T A a G g A t T A 3.83 –79

P. multocida ccmABCDEFGH c AC C T C T a a AGAGGT a 4.80 –99

nrfABCDEXFG T A a C T c T a a A t AG g T A 4.78 –289

T AC t T a T t t A g A g GT A 4.71 –206

A. actinomycetemcomitans nrfABCDEXFG T AC t a AT a a AT a g GT A 4.32 –343

H. influenzae ccmABCDEFGH T A c t T C T a a AGA g t T A 4.79 –85

H. ducreyi napFDAGHBC T a c C T a a AT g g AG t g A 3.62 –81

ccmABCDEFGH T AC c T C T a a AGA a GT A 4.94 –86

T AC t a T a a a a A a g GT A 3.82 –117

V. vulnificus napFDABC T AC C C C c T A a GGGGT A 4.71 –126

ccmABCDEFGH T c a C T C T AT AGAG g t A 4.49 –147

nrfBCDEXF T AC C C C T a a AGGGGT A 4.91 –304

nrfA T AC C C C T t t AGGGGT A 4.91 –193

V. parahaemolyticus napFDABC T AC C T C c T A a GAGGT A 4.97 –124

napGH T AC C T C t T A t GAGGT A 4.88 –82

nrfBCDEXF T AC C c C T a a AG t GGT A 4.88 –300

T a c c T C t T A g GA a t a A 4.21 –196

nrfA T AC C a C T t t AG g GGT A 4.88 –190

T t a t T C c T A a GA g g t A 4.21 –294

V. cholerae napF T AC C T C c T A a GAGGT A 4.97 –79

c A c C t C T t t AG g G c T a 4.16 –153

ccmABCDEFGH T AAC t a c a a a g g GT T A 4.23 –143

V. fischeri napF T A a C C a t T A t g GG g T A 4.23 –85

ccmA T AC C t a c a a a g t GGT A 4.51 –190

nrfA T A a C a C T T AAG a G g T A 4.93 –234

T AC c t c T T AA t t a GT A 4.62 –144

t AC C t c T t t A a t GGT g 4.33 –218

nrfB T A c C t C T T AAG t G t T A 4.93 –253

T AC t a a T T AA g a g GT A 4.62 –343

c AC C a t T a a A g a GGT a 4.33 –269
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Fig. 4. Logo diagram for NarP-binding sites. Abscissa,
nucleotide position. Ordinate, the information content
(bits). The total height of the column shows the information
content of the given position. The relative heights of the let-
ters show the frequencies of particular nucleotides in the
given position.

ular oxygen and thereby plays a role in aerobic respi-
ration [42]. This operon is a member of the NarP reg-
ulon in many genomes (Table 3).

Four-carbon dicarboxylic acid metabolism
genes. NarL-dependent regulation of the dcuB–fumB
operon has been demonstrated experimentally in
E. coli [13]. Some genomes have potential sites
upstream of dcuB, while fumB orthologs were not
found in the genomes examined. The generalized reg-
ulon includes dcuA, which is paralogous to dcuB and
similarly codes for a dicarboxylic acid transporter
[13]. In addition, potential sites were found upstream
of aspA and two paralogs, fumB and fumC. The fumB
and fumC genes each code for fumarase [43]. The
aspA product is aspartate-ammonium lyase, another
enzyme involved in metabolism of four-carbon dicar-
boxylic acids [44].

Fermentation enzyme genes. The E. coli NarL-
NarP regulon includes adhE, coding for alcohol dehy-
drogenase [15], and pflB, coding for pyruvate-formate

lyase [14]. In E. coli, pflB is transcribed together with
the focA formate transporter gene to yield the focA–
pflB transcript or alone from its own promoter. The
NarL-binding sites occur upstream of the fucA–pflB
operon but not upstream of the internal promoter [14].
The Y. pestis and Y. enterocolitica genomes also con-
tain a putative focA–pflB operon, suggesting a similar
mode of transcription. This assumption is supported
by the fact that potential NarP-binding sites were
found upstream of focA in these genomes (data not
shown). Moreover, such sites were also found
upstream of pflB. The two genes are separated in the
other genomes, and the upstream region of a single
focA lacks potential sites with considerable homol-
ogy. Hence, it is possible to assume that the regulation
of pflB plays a key role. The generalized regulon prob-
ably includes yfiD, which is paralogous to pflB and
also codes for pyruvate-formate lyase [45].

Two other genes were assigned to the generalized
NarP regulon on evidence of conservation of potential
sites among different genomes: ldhA for lactate dehy-
drogenase [46] and pgk for phosphoglycerate kinase
[47]. As follows from the results of multiple sequence
alignment of the regulatory regions, potential sites
found upstream of pgk are similar in position and
overlap the putative promoters in the Pasteurellaceae
genomes. Potential sites found upstream of ldhA vary
in position in the Vibrionaceae genomes (data not
shown), which makes the NarP-dependent regulation
of this gene questionable.

Genes for tricarboxylic acid cycle enzymes. Two
operons coding for tricarboxylic acid cycle enzymes
are probably components of the generalized NarP reg-
ulon. The product of mdh is malate dehydrogenase
[48], and the sucAB operon codes for two 2-oxoglut-
arate dehydrogenase subunits [49]. Potential sites

Fig. 5. Multiple sequence alignment of the regulatory region of the narQP operon for bacteria of the family Vibrionaceae. The cod-
ing region is italicized, the start codon is in bold italics, potential NarP-binding sites are boldfaced, NFR-binding sites are framed,
putative –35 and –10 promoter elements are underlined, and conserved positions are marked with asterisks.
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upstream of these two operons were found only in the
Pasteurellaceae genomes (Table 3). The sites
upstream of mdh are similar in position, while the
positions of the sites upstream of sucAB vary (data
not shown).

Molybdopterine cofactor synthesis genes.
Potential sites were found upstream of the moaAB-
DCE operon in seven genomes. The sites are similar
in position in the four Vibrionaceae genomes and are
scattered and less reliable in the three Pasteurellaceae
genomes (data not shown). The products of the
moaABCDE operon are responsible for early steps of
modybdopterine cofactor synthesis [50].

Some genomes have potential sites upstream of
gcvA, but the site sequences are poorly conserved
(data not shown). GcvA acts as a transcription factor
to activate the gcvTHP operon. The products of this
operon are involved in hydrolyzing glycine, which is
a source of folate-transferred monocarbon fragments
[51]. Incorporation of such fragments transferred by
tetrahydrofolates is an essential step in molybdopter-
ine cofactor synthesis [50].

Sulfur metabolism genes. The NarP-dependent
regulation revealed for the cysJIH operon is specific
for species of the family Vibrionaceae. The protein
encoded by the operon are involved in reducing
3'-phosphoadenyl sulfate to sulfide [52].

DISCUSSION

Structure of the Nitrate and Nitrite Respiration 
System in the Genomes Examined

An intricate system for reduction of nitrate and
nitrite was formed in E. coli cells (Fig. 6a). Nitrate is
reduced in the periplasm by the NapABCD complex
and in the cytoplasm by the NarGHI complex. Cyto-
plasmic nitrate reduction is more energy-efficient
owing to the specific organization of the respiratory
chain, but the cytoplasm accumulates nitrite, which is
toxic to the cell. Hence, the nitrite reductase complex
NirBD is contained in the cytoplasm to play a protec-
tive role. In addition, nitrite is transported into the
periplasm by NarK and NirC [1]. In the periplasm,
nitrite is reduced by the membrane-associated Nrf
complex.

The safer periplasmic pathway is utilized when the
nitrate concentration is low. Higher concentrations
suppress the periplasmic pathway and activate the
cytoplasmic pathway [1]. Since such a system of
nitrate and nitrite reduction needs fine adjustment, its
regulatory system was duplicated during evolution.

The genomes under study contain only the genes
for periplasmic nitrate reductase; i.e., only the safer
pathway of nitrate reduction is realized in the respec-
tive organisms (Fig. 6b). A simpler, single regulatory
system is sufficient in this case. NarQ, which similarly
responds to nitrate and nitrite, is utilized as a sensor in
this system. The genomes of bacteria of the genus

NO2
– NO3

–
NO2

– NH4
+

NapFA GHBC NrfABCD

NirC

NarGHI

NarK

NO2
– NO3

– NO2
– NH4

+NirBD

(‡)

(b)

NirC

NrfABCDNapFA GHBC

NO3
– NO2

– NH4
+

NH4
+NO2

– NirBD

Fig. 6. Nitrate and nitrite reduction systems of (a) E. coli and (b) organisms under study.
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Yersinia possess narX orthologs. However, certain
changes in the encoded amino acid sequence, in par-
ticular, the lack of the conserved cysteines, suggest
that the protein product acts as NarQ, without differ-
entiation between nitrate and nitrite.

The Y. pestis and Y. enterocolitica genomes lack
genes for periplasmic nitrite reductase, while the
V. cholerae genome does not code for any nitrite
reductase at all. Hence, the organization of the nitrite
and nitrate reduction systems in the three organisms
needs further investigation, which is beyond the scope
of this work.

Autoregulation and Regulatory Cascades

As already mentioned, the Vibrionaceae genomes
each contain potential sites upstream of the narQP
operon, suggesting its autoregulation. In the E. coli
genome, the narXL operon is autoregulated, while
narQ and narP are not regulated by NarL or NarP
[53]. The NarX–NarL system seems to play the cen-
tral role in regulating nitrate and nitrite respiration in
E. coli. In the other organisms under study, regulation
is due to the single NarQ–NarP system, which takes
on responsibility for the regulatory functions per-
formed by the dual system in E. coli.

Potential sites were unexpectedly found upstream
of fnr in five genomes (Table 3). The fnr product acts
as a global respiration regulator and switches between
aerobic and anaerobic metabolism [1].

It should be noted that expression of the narXL
operon is suppressed by FNR in E. coli [53]. Thus, the
role of NarP in the organisms under study probably
differs from its role in E. coli.

Aerobic Metabolism Genes Regulated by NarP

As mentioned above, the generalized NarP regulon
includes several aerobic metabolism genes (cydAB,
mdn, and sucAB) in the organisms under study but not
in E. coli. The cydAB operon codes for aerobic reduc-
tase subunits and, in E. coli, is suppressed by FNR in
response to a change to anaerobic conditions [42].
Still, distinct potential sites were detected upstream of
the cydAB operon in eight genomes.

In addition, two operons coding for tricarboxylic
cycle enzymes were assigned to the generalized regu-
lon in this work. Expression of the tricarboxylic cycle
genes is regulated by the transcription factors ArcA
and FNR in E. coli [54, 55]. However, potential sites
were detected upstream of these genes in the genomes
of bacteria of the family Pasteurellaceae.

The above findings, along with the presence of con-
served NarP-binding sites upstream of fnr, suggest that
the role of NarP in regulating respiration in the organ-
isms under study is more significant than in E. coli.

Genes Involved in Molybdopterine Cofactor 
Synthesis, Heme Transport, and Sulfur Metabolism

It is known that the presence of the molybdopterine
cofactor, heme, and iron–sulfur clusters is characteris-
tic of the components of respiratory chains [1]. The
molybdopterine cofactor is contained in some respira-
tory chain enzymes (reductases and dehydrogenases).
For instance, the cofactor is essential for the function
of the complexes encoded by the nrf, nap, torCAD,
torYZ, dms, fdn, and fdo operons [1]. Since we pre-
dicted NarP-dependent regulation for all these oper-
ons, it is quite natural that the molybdopterine cofac-
tor synthesis genes belong to the generalized regulon.

The H. ducreyi, H. influenzae, and H. multocida
genomes contain potential sites upstream of hemR,
which presumably codes for a hemine transporter [26].
However, the sites upstream of this operon are extremely
divergent (data not shown), and the assignment of hemR
to the generalized regulon is questionable.

It is unclear what is the role of potential sites found
upstream of the cysJHI operon, which is responsible
for reduction of sulfur compounds. As already men-
tioned, the products of these genes are involved in
reducing 3'-phosphoadenyl sulfate to sulfide [52].
Reduced sulfur compounds may be necessary for
recharging the iron–sulfur clusters in components of
respiratory chains.

Regulation of Duplicated Genes

Many genes involved in respiration are duplicated in
E. coli [1]. In this work, we considered four such dupli-
cations: fdnGHI/fdoGHI, torCAD/torYZ, pflB/yfiD, and
dcuA/dcuB. All of these pairs have one feature in com-
mon: the two operons code for functionally similar prod-
ucts and substantially differ in expression regulation
[1, 8, 13, 45].

Yet the regulatory mechanisms might greatly
change during evolution. In view of this, we consid-
ered general regulation of the two operons: when a site
was conserved upstream of one of the two operons,
they were both assigned to the generalized regulon.
For instance, potential sites were found upstream of
the fdoGHI operon in the Y. pestis and Y. enterocolit-
ica genomes and upstream of the fdnGHI operon in
the P. multocida and A. actinomycetemcomitans
genomes. The other genomes lack either potential
sites upstream of these operons or the operons them-
selves. In total, potential sites were detected in the
four genomes, and, consequently, the two operons
were assigned to the NarP regulon.

The torCAD and yfiD operons were assigned to the
regulon on similar grounds (Table 3).
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Regulation of the NADH Dehydrogenase Genes
The genomes of organisms of the family Pasteurel-

laceae contain potential sites upstream of the nqrABCDEF
operon, which codes for NADH dehydrogenase
exporting sodium ions. This enzyme was first revealed
in the marine bacterium Vibrio alginolyticus [40]. In
this bacterium, Na+ is exported against a concentra-
tion gradient on account of NADH oxidation, while
electrons are transferred to ubiquinones; i.e., the Nqr
complex acts as a component of the respiratory chain.
Orthologs of the nqr genes were found in all genomes
under study, but NarP-dependent regulation of the
operon is specific for the family Pasteurelaceae.

In E. coli, proton-exporting NADH dehydrogenase
is encoded by the nuo operon, whose transcription is
activated by NarL and FNR [10]. The nuo operon is
present in the Y. pestis and Y. enterocolitica genomes,
but its upstream region lacks potential sites. Since the
nuo and nqr operon genes are nonhomologous, this
case provides an example of a nonhomologous substi-
tution with a partial change of the function.

Taxon-Specific Regulation
The ten γ-proteobacterial genomes examined in

this work were not studied in terms of NarP-depen-
dent regulation earlier. Moreover, these genomes are
far more poorly studied in general, compared to the
E. coli genome. In view of this, we used a new method
to identify members of the generalized regulon.

Our study of the generalized regulon initially
started with a search for potential sites in a well-
known genome. When sites were conserved among
closely related organisms, the corresponding gene was
assigned to the regulon [56]. This approach was inap-
plicable in this work, because two transcription fac-
tors, NarL and NarP, simultaneously regulate nitrate
and nitrite respiration in E. coli and there are almost
no reliable data on the structure of NarL-binding sites.
Hence, we used a method based on pairwise compari-
sons of genomes of organisms belonging to particular
taxonomic groups (see Experimental).

The new method allowed us to reveal several new
members of the generalized regulon. The NarP-depen-
dent regulation of some operons proved to be family-spe-
cific. For instance, the involvement of NarP in regulating
the fumC, pgk, mdh, and sucAB operons is specific for
the family Pasteurellaceae. The regulation of the ldhA
and cysJHI operons and autoregulation of the narQP
operons is specific for the family Vibrionaceae. The reg-
ulation of some other genes is not strongly specific for a
particular family. Yet these genes were assigned to the
generalized regulon, because they were identified as reg-
ulon members in one taxonomic group and found to have
upstream potential sites in the genomes of organisms
from another group. These genes include fnr, aspA, and
gcvA.
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