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Abstract

In this study, we report the cloning and characterization of denitrifying gene clusters of Pseudomonas fluorescens C7TR12 containing the
narXLDKGHJI, nirPOQSM, norCB and nosRZDFYL genes. While consensus sequences for Fnr-like protein binding sites were identified in
the promoter regions of the nar, nir, nor and nos genes, consensus sequences corresponding to the NarL binding sites were identified only
upstream the nar genes. Monitoring by mRNA analysis the expression of the narG, nirS, norB and nosZ structural genes suggests a

sequential induction of the denitrification system in P. fluorescens.

© 2001 Elsevier Science B.V. All rights reserved.
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Denitrification is a dissimilatory process in which bac-
teria utilize oxidized nitrogen as electron acceptors when
oxygen concentration is limited. This process consists of
four reaction steps by which nitrate is reduced into dini-
trogen gas by the metalloenzymes nitrate reductase, nitrite
reductases, nitric oxide reductase and nitrous oxide reduc-
tase. Despite the increasing number of fully sequenced
bacterial genomes, the structural genes encoding for the
four denitrifying reductases have never been characterized
in a single bacterium. Moreover, the sequence of structural
genes encoding the membrane bound nitrate reductase still
remains to be completed for a denitrifier [1-4].

In this article we report the cloning and the character-
ization of the narXLDKGHJI, nirPOQSM, norBC and
nosRZDFYL gene clusters from Pseudomonas fluorescens
C7R12. The kinetics of expression of the structural narG,
nirS, norB and nosZ genes with various electron acceptors
were then studied using dot blot hybridization on ex-
tracted mRNA.

To analyze the denitrifying genes of P. fluorescens
C7R12, a genomic library was screened using digoxi-
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genin-labeled PCR fragments of the narG, nirS, norB
and nosZ genes as probes. Primers to amplify these genes
in P. fluorescens CTR12 were designed according to the
known sequences of these genes. Sequencing cosmid
DNA containing the denitrifying genes was performed
by primer walking using the dideoxy-nucleotide chain ter-
mination method. The sequences coding for the nar, nir,
nor and nos genes have been deposited in the GenBank
database under accession number AF197465, AF197466,
AF197467 and AF197468, respectively. To study the ex-
pression of the structural genes, total RNA from P. fluo-
rescens was extracted using RNeasy kit (Qiagen) from
samples taken at set times directly from aerobic and an-
aerobic cultures containing 50 ml of LB medium or 50 ml
of LB medium supplemented with 3 mM KNOj;. The
RNA samples were then treated with RNase free Dnase
I in the presence of RNase inhibitor. Gene expression was
quantified by dot blot hybridization with narG, nirsS, norB,
and nosZ probes. Detection was performed using the ECF
substrate (Amersham) for quantification of the transcript
levels in a STORM 860 Phospholmager (Molecular Dy-
namics). Reverse transcriptase—polymerase chain reaction
(RT-PCR) using 200 ng of RNA as templates was carried
out as recommended by the manufacturer (Promega).

By using a mixture of narG, norB, nirS and nosZ
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fragments as probe, four clones were isolated out of a
genomic library of 2300. Subsequent characterization of
these clones by PCR showed that the clones 8D6 and
10F4 contained the narG gene, clone 18F5 contained the
norB and nirS genes, and clone 18B1 contained the nosZ
gene. A 12.6 kb DNA region of the cosmid extracted from
clone 8D6 was sequenced. As a result, an open reading
frame (ORF) of 3774 bp starting with a GTG codon was
assigned to the narG gene encoding the catalytic o subunit
of the membrane-bound nitrate reductase (Fig. 1). The
deduced amino acid sequence shows 93%, 73%, 67%,
45% and 43% identity to the corresponding o subunit
from P. fluorescens YT101, P. aeruginosa, Escherichia
coli, Thermus thermophilus and Mycobacterium tuberculo-
sis, respectively. The N-terminus of the o subunit of P.
fluorescens CTR12 shares three of the four cysteine resi-
dues conserved in molybdopterin guanine dinucleotide-
binding proteins [4,5]. The first cysteine residue from this
motif is substituted by a histidine residue, which replaces
the cysteine as a ligand to the [4Fe-4S] cluster [3,5]. Sim-
ilar to nitrate reducers, narGHJI is organized in an oper-
on. In P. fluorescens CTR12, this narGHJI operon is clus-
tered with narXL and narDK encoding a two component
nitrate regulatory system [6] and putative nitrate or nitrite
translocases, respectively. The derived NarX peptide con-
sists of 599 amino acids with a molecular mass of about 67
kDa. The deducted topology of this protein is similar to
those of other sensor-kinases with two transmembrane re-
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Fig. 1. Organization of the denitrification gene clusters of P. fluorescens CTR12. Number of nucleotides is given for each gene. Vertical flags indicate
locations and directions of putative recognition motifs for an Fnr homologue protein.
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gions, separated by a periplasmic region of 120 amino
acids located near the N-terminus, and a cytoplasmic his-
tidine kinase domain. The NarL response-regulator, which
consists of 215 amino acids, contains residues conserved in
the histidine-receiving module in the N-terminal region
and in the helix—turn—helix motif in the C-terminal region.
Identification of NarXL in P. fluorescens C7TR12 confirm
the presence of this two-component nitrate regulatory sys-
tem in denitrifiers [2]. The derived NarD and NarK pep-
tides of P. fluorescens CTR12 showed 51% and 71% iden-
tity with the putative nitrate or nitrite transporters of
P. aeruginosa and 31% and 49% identity with those of
P. stutzeri (W.G. Zumft, personal communication). Trans-
membrane helix prediction [7] of these proteins indicates
the presence of 12 helices. The identification of two genes
encoding putative nitrate or nitrite translocases in P. fluo-
rescens CTR12 as well as in P. stutzeri and P. aeruginosa,
while only one has been sequenced in E. coli and in B.
subtilis, raises the question of the presence of a redundant
system of nitrate/nitrite translocation in bacteria belonging
to this group.

The sequencing of cosmid from clone 18F5 yields to two
DNA fragments of 3.89 and 2.29 kb belonging to the
nirPOQSM and norBC clusters, respectively. Unfortu-
nately, since further sequencing to determine the distance
between the nir and nor genes and their genetic organiza-
tion failed due to the high G+C mol%, the nir and nor
clusters are not presented together in Fig. 1. In the
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deduced sequence of the NirS protein of P. fluorescens
C7R12, a predicted signal sequence of 27 amino acids
(aa) and a cytochrome c¢ family heme-binding signature
(AKEIYFQRCAGCH) are present. The predicted molec-
ular mass of the mature protein is around 58 kDa. The
nirS gene is followed by a gene encoding a protein show-
ing 64% identity with the cytochrome css; NirM of P.
stutzeri [8] (Fig. 1). Upstream from the nirS gene, three
ORF showing identity with nirQ and the recently charac-
terized genes nirO and nirP [9] have been sequenced (Fig.
1). Transmembrane helix prediction [7] of NirP and NirO
indicated the presence of six and three transmembrane
spanning helices, respectively. In P. fluorescens CTRI12,
norB encodes a product of 475 aa with a calculated mo-
lecular mass of about 53 kDa. The deduced amino acid
sequence shows 83% and 76% identity with NorB of P.
stutzeri and P. aeruginosa, respectively. NorB of P. fluo-
rescens C7TR12 is predicted to contain 12 transmembrane
helices. Six invariant histidine residues have been identified
after alignment of NorB to the haem copper oxidase [5].

These histidine residues are ligands to the prosthetic
groups associated with subunit I of cytochrome ¢ oxidases.
NorB of P. fluorescens CTR12 shares all these residues,
located in helices II and X (His60, His207, His301,
His302, His347 and His349), suggesting a similar function
in providing ligands to the prosthetic groups. Hydropathy
analysis of the deduced amino acid sequence of norC gene
suggested the presence of one transmembrane helix near
its N-terminus.

Computer analysis of the 7.68 kb DNA region from
cosmid pl18BI1 has shown that it encodes the nosRZDFYL
genes (Fig. 1). The identity of NosZ protein of P. fluores-
cens CTR12 with those of P. stutzeri, P. aeruginosa [10],
Achromobacter cycloclastes [11] and Rhizobium meliloti
[12] are 80%, 79%, 59% and 50%, respectively. Prediction
of the cleavage site [13] indicated that the precursor form
of NosZ of P. fluorescens is probably processed between
positions 54 and 55. Apart from this unusually long signal
peptide, sequence analysis also reveals the presence of a
conserved ‘twin arginine’ leader motif (Arg20-Arg2l) at

* 20 * 40 * 60
narD : gcactacctectaaagagttgtcggccogttocecgtttccataaaagocctcggeocaacgtcatcaaga @0 65
narkK : tggccggcgg_cctgggtggt ttegtgce taccgatcatgtttggcgecctggtggacctcaccgge @ 65
narG : cgccttcggagecttcttecatccccaaatccttocggeactteogatggecctgaccggeoggecegg @0 65
nirS : ggggtgctgcaaagtgtggatagcgttcatggcgagggecctgatcagacaacacgattgeceggee @00 65
norC : agctcatctgcctttectggcagtgttggaataccccagcaaaacacaaaagctcat ttgc:i:t ttc : 65
NOSR 1 === e e e e e e e e e e e e e m : 65
nosZ : atcaacgccaacgaatgccactactgcctcgactgccagatgacctggcacaacgaaaacaaatg @ 65
* 80 * 100 * 120 *

narD : tattgataaacaaagqgtm«:gatEcﬂggact:acctccttg_;caggtagacgggccaagca : 130

narK : gtgcgctcgtcctgcttcatgttgctgtacg_gggtggtctgggtctﬂﬁctggmgtﬂcct : 130

narG : agatggccttctacatgttcgtcggettctacctgagetgeategtggtgacctggtggtggtac : 130
éﬂac

nirs : acgctacggtgccctgcgacaacctggcaaggacggcggccggcaaacE Ecgcc

g : 130

norC : tggcagtgttggaacaccccagcaaaacacaaaagctcacccgtecttttcgageggtgetggaac : 130
nosk : --------—---ctccgtcgccacaaaagcggccttcatttggctggacattagegtectgetcac : 130
nosZ : cccgccgctgatcaacaagcgcaagaagcgcggcaaggeggecgtgaccgatgegcaactgatte @ 130

140 * 160

= 180 7

narD : taggcctgtaccgccccggggeacgigienc ccaggfiiiiagttttegeagggttegtatcactagg 195
narK : gagcaaagtgcacaagcgcccgctgcotgggtaaacaaccgeccggeccagcocaatcocegtttteca @0 195

narG : gecccgcaaaggcgcggegaccececctgetiigacy
nirS : gctcaccaccgccctgggcatage catcg

norC : aacccaccaaaaccatcggagatt
nosR : ggattcggcgtttagttctccega

I:a ctattgcgtgggcggggogcagace : 195

gcggttccggaccoctggettectag @ 195
ggccaagccacgggcgggecccaca : 195

% aacctgcgcgccaaacgtcatttac : 195

nosz : ccgtggtgcaggtgaacccggcgcc@ggcaccctggcctgtcccttgaccgtt:tcatt:c ¢ 195

200 * 220 * 240 * 260
narD : ctgcgctcatcgaactgacggagtgcctcgtaatg---------==-=————om e : 230
narK : gcatttgacccaaggagaagaacatg-———-——=——= = e e e e e o 227
narG : ccgcggagcaagcctgagagaaggacattgtg--——-——----=--- - mmmmmmmmm e : 227
nirS : agcgcagcgcgggtcatgcctgaggagaaatggaatg--——————-—-—---ommo——mmooo oo : 232
norC : aatggtcacgccaagcaatgaggaagtgaccatg---—----—-==-==—————————u—mo o : 229
nosR : atgatcgccaagatcctgtcttcaagccctggegetcatg-—--—-=-=---mmmm e e . 157
nosZ : ttcatggagcacacageltg-————————- == - s e e e e e e : 215

Fig. 2. Comparison of promoter regions of the narD, narK, narG, nirS, norB, nosR and nosZ genes. The shaded boxes indicate putative Fnr binding
sites (TTGATNNNNATCAA). Potential NarL binding sites are underlined and nucleotides conserved with NarL consensus (TACYYMT) are bold-

faced. Nucleotides corresponding to the start codon are boldfaced.
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the beginning of the signal sequence. This twin arginine
motif is conserved in other periplasmic proteins containing
complex redox cofactors. Recently, Berks [14] and Weiner
et al. [15] reported the identification of a novel Sec-inde-
pendent system for membrane targeting and a transloca-
tion system of cofactor-containing proteins. Proteins fol-
lowing this pathway have a long signal peptide and a twin
arginine leader motif serving as the addressing sequence
which indicates that NosZ is probably translocated by this
Sec-independent system. Upstream from the nosZ gene of
P. fluorescens CTR12 is the nosR gene encoding a protein
of about 80 kDa (Fig. 1). The predicted amino acid se-
quence of NosR from P. fluorescens CTR12 contains six
putative transmembrane helices with a large periplasmic
region of 390 amino acids between the first and the second
helix. Cysteine motifs similar to those found in 4Fe—4S
bacterial ferredoxins are present after helix 6 near the
C-terminus of NosR. The nosDFY genes are located 25
nucleotides downstream from the termination codon of
nosZ. NosD of P. fluorescens CTR12 is predicted to con-
tain a signal sequence with a cleavage site between amino
acids 28 and 29 and a transmembrane helix at position
13-31. Overlapping the termination codon of nosD is the
nosF gene encoding a cytoplasmic protein of 33 kDa
showing homology to the family of ATP/GTP-binding
proteins. NosY is an integral membrane protein of
30 kDa composed of six transmembrane helices. The
nosY ORF is followed by the 5’ end of an ORF coding
for a protein with homology to the N-terminus of NosL.

Sequence motifs corresponding to binding sites of Fnr
protein which activate the transcription of the genes in-
volved in anaerobic metabolism [16] were found in the
promoter regions of the narD, narK nirS, norC, nosR
and nosZ genes (Fig. 2). However, van Spanning et al.
[17] have shown in P. denitrificans that nos expression is
not affected in Fnr mutants while putative Fnr binding

160 —
i
120 '
80
mRNA
levels
(arbitrary
units)
0 3
0 0.25 0.5 0.75 1 2 3 4
Time (h)

Fig. 3. Kinetics of relative mRNA levels of P. fluorescens C7TR12 for ni-
trate reductase (narG) (#), nitrite reductase (nirS) (M), nitric oxide re-
ductase (norB) (a) and nitrous oxide reductase (nosZ) (O) after switch
from aerobic conditions to anaerobic plus nitrate conditions. For hy-
bridization, 5 pg of total RNA was blotted onto nitrocellulose mem-
brane (Schleicher and Schuell) in a 96-well dot blot manifold and hy-
bridized with the narG, nirS, norB and nosZ specific probes.
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Fig. 4. RT-PCR detection of narG, nirS, norB and nosZ mRNA from
P. fluorescens CTR12 cells 0, 0.25, 0.5, 0.75, 1, 2, 3 and 4 h after switch
from aerobic conditions to anaerobic plus nitrate conditions. RT-PCR
products were electrophoresed on a 1% (w/v) agarose gel.

sites have been identified upstream nos genes. Sequence
analysis of the narG promoter of P. fluorescens CTR12
reveals one putative degenerated Fnr half binding site as
observed for P. aeruginosa and P. stutzeri [2,4]. Interest-
ingly, two putative Fnr-binding sites are present upstream
from narD and nirS, suggesting a particular regulation of
the expression of these genes during anaerobiosis. Se-
quence motif corresponding to the binding sites of the
NarL response regulator in the presence of nitrate or ni-
trite has been identified only in the promoter region of the
nar genes (Fig. 2). Accordingly, expression of the narG
and narK genes but not that of the nir, nor and nos genes
has been recently shown to be affected in a mutant of
P. stutzeri deleted in the NarL gene [2].

Characterization of the structural narG, nirS, norB and
nosZ genes within the same bacterium has enabled us to
further study the expression of these genes by monitoring
simultaneously their levels of mRNA with various electron
acceptors. Investigation of the effect of nitrogenous oxide
on mRNA levels under aerobic conditions shows that the
presence of nitrate did not allow a detectable induction of
expression of the denitrifying genes, including narG. Sim-
ilar results were obtained by Baumman et al. [18] in an
aerobically growing continuous culture of P. denitrificans.
Similarly, no hybridization signal was detected in anaero-
biosis without nitrogenous oxides. In contrast, a very
strong hybridization signal was recorded for all the studied
genes after a 1 h incubation in denitrifying conditions
(Fig. 3). RT-PCR experiments confirmed that there was
no expression of the narG, nirS, norB, and nosZ denitrify-
ing genes under aerobic conditions at t0 whereas after 30
min incubation under anaerobic conditions with nitrate as
electron acceptor, all the studied genes were expressed
(Fig. 4). Altogether, these results indicate that both
anaerobiosis and nitrogen oxides are required for signifi-
cant activation of the expression of the denitrification
genes (Fig. 3). However, in our experimental conditions,



440 L. Philippot et al. | Biochimica et Biophysica Acta 1517 (2001) 436440

discrimination between NOj3, NO;, NO and N,O as in-
ducers of the expression of the narG, nirS, norB and nosZ
genes was not possible. Kinetics of expression of the four
structural genes narG, nirS, norB and nosZ had not been
previously reported. In P. fluorescens, the highest expres-
sion of narG was recorded after 2 h of incubation, whereas
nirS, norB and nosZ showed the highest expression after
3 h (Fig. 3). Moreover, no mRNA for nitrate reductase
could be quantified after 3 h (Fig. 3). Transient expression
of denitrifying mRNAs has been previously reported
[2,18]. The decrease in the overall mRNA levels may be
due to the presence of fewer molecules inducing mRNA
synthesis or due to the stability of mRNAs, which can
vary considerably. These data suggest the presence of a
sequential induction of the denitrification system in P.
Sfluorescens CTR12 with an induction of the nitrate reduc-
tase system followed by a coordinate induction of the
nitrite-, nitric oxide- and nitrous oxide-reductase systems.
It is interesting to notice that in P. stutzeri, the nir, nor
and nos genes are forming a supercluster on the chromo-
some while the nar genes are never linked with the deni-
trification genes sensu stricto [19].

The characterization and cloning of the genes encoding
all the denitrifying reductases in the same bacterium
should facilitate further investigations into the interlaced
regulatory processes of nitrate, nitrite, nitric oxide and
nitrous oxide reduction [20,21]. How the sequential induc-
tion of the denitrification genes is accomplished in P. fluo-
rescens is also of interest.
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