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Abstract 

The DNA segment was sequenced that links the nir-nor and nos gene clusters for denitrification of Pseudomonas 
stutzeri ATCC 14405. Of 10 predicted gene products, four are putative membrane proteins. Sequence similarity was 
detected with the subunit III of cytochrome-c oxidase (ORFI75), PQQ3 of the biosynthetic pathway for pyrrolo-quinoline 
quinone (ORF393), S-adenosylmethionine-dependent uroporphyrinogen-III C-methyltransferase (ORF278), the cytochrome 
cd~ nitrite reductase and the NirF protein involved in the biosynthesis of heine d I (ORF507), LysR type transcriptional 
regulators (ORF286), short-chain alcohol dehydrogenases (ORF247), and a hypothetical protein, YBEC, of Escherichia coli 
(ORF57). The current data together with previous work establish a contiguous DNA sequence of 29.2 kb comprising the 
supercluster of nos-nir-nor genes for denitrification in this bacterium. 

Kewvords: Denitrification; Cytochrome-c oxidase; S-adenosyl-L-methionine-dependent uroporphyrinogen-lll C-methyltransferase; Cy- 
tochrome cd~; LysR family; Short-chain alcohol dehydrogenase 

A denitrification gene cluster extends in P. stutzeri 

over ~ 30 kb and encodes multiple functions for the 
respiration of nitrite, nitrogen monoxide (NO), and 
nitrous oxide (NzO) .  The  structural genes for cy- 
tochrome cd I nitrite reductase, nirS, and NO reduc- 
tase, norCB, together with functions for electron 
donation, regulatory components and enzyme pro- 
cessing have been found to be closely linked on the 
chromosome [1,2]. The nos region, with the struc- 
tural gene for N~O reductase, nosZ, and genes encod- 
ing copper-processing proteins, nosDFY,  is ~ 10 kb 

:" Corresponding author. Fax: +49 721 694172/6084290; e- 
mail: zumft @ mbkSUN 1 .bio-geo.uni-karlsruhe.de. 

The novel nucleotide sequence data reported here have been 
deposited with the EMBL/GenBank/DDBJ sequence data banks 
and are available under the accession number Z73914. 

distant from the cluster of nir and nor genes. The 
intergenic region, anticipated to harbor further genes 
for denitrification, was sequenced and analyzed. Pre- 
liminary accounts of this work have appeared [3,4]. 

The 10062 bp HindIII fragment, carrying at its 
extremes the 3' ends of the genes nirQ [5] and nosL 
[6], was isolated from cosmid cDEN1 [2]. nirQ af- 
fects both nitrite reductase and NO reductase, and 
nosL encodes a putative protein disulfide isomerase 
acting on NosZ in the periplasm. The HindIII frag- 
ment was cloned into pBR322 to give plasmid 
pBRH97. Sequencing of subfragments of pBRH97 
cloned into pUC18 was done by the dideoxy chain- 
termination method using the femtomol sequencing 
kit (Promega) and [33p]dATP. The nucleotide se- 
quence was determined with sequence-specific 
primers on both strands. The sequence was analyzed 
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Fig. 1. Physical map and open reading frames of the intergenic DNA region between the nir and nos clusters of P. stutzeri. The 
transcriptional direction is indicated by open arrows. The pBR322 derivative, pBRH97, was used for subcloning and sequencing. 
Restriction sites: A, Acc65I; B, BglII; E, EcoRI; H, HindIII; S, SmaI. 

with the software packages HUSAR, Deutsches 
K r e b s f o r s c h u n g s z e n t r u m ,  H e i d e l b e r g ,  and 
PC/GENE,  IntelliGenetics, Mountain View, CA. 
Signatures of distinct protein families were scanned 
using the PROSITE dictionary [7]. 

Fig. 1 shows the restriction map of the sequenced 
region with the location and transcriptional direction 
of the identified open reading frames (ORF). The 
previously reported sequences for nirQ (accession 
no. Z17423) and nosL (accession no. Z69589) over- 
lap with the first 31 and last 106 nucleotides of the 
current sequence, respectively. The coding strands 
were identified from the codon preference of P. 
stutzeri genes known to encode components for deni- 
trification (Fig. 2). Overlap of consecutive ORFs was 
not considered when no acceptable ribosome-binding 
site was found for the start codon further upstream, 
and the codon preference was atypical for a pseu- 
domonadal gene. ORFs thus obtained and features of 
the derived gene products are listed in Table 1. 

The derived protein of orf175 is hydrophobic with 
five predicted membrane-spanning domains (Fig. 3) 
and is homologous with the ORF2 protein from 
Pseudomonas aeruginosa (66.9% identity) [8] and 
NorE from Paracoccus denitrificans (44.6% identity) 
[9]. These proteins have sequence similarity with the 
C-terminal part covering helices 3 to 7 of subunit III 
(COXIII) of P. denitrificans cytochrome-c oxidase 

[10]. The similarity is strongest for helices 6 and 7. 
From the crystal structure of COXIII from Paracoc- 
cus it was established that the seven membrane-span- 
ning helices of this protein are divided into two 
bundles, one formed by the first two helices, and the 
other by helices 3 to 7 [11]. The domain structure of 
the ORFI75 protein and its homologues has been 
proposed on the basis of the COXIII structure to 
consist in a 5-helix bundle [10]. Since it was noted 
earlier that NO reductase may be an ancient member 
of the family of berne-copper oxidases [12,13], it is 
tempting to assume that ORF175 and its homologues 
ORF2 and Note  have a role analogous to COXIII. 
COXIII is thought to be required for the assembly 
and /o r  stability of the oxidase [14,15], but a role in 
energy conservation has recently been reconsidered 

[161. 
orf82 has the coding potential for a hydrophobic 

protein with three predicted membrane-spanning do- 
mains (Fig. 3). It is 52.4% identical with a hypotheti- 
cal protein, ORF3, from P. aeruginosa [8] but has no 
further similarity to current entries in the SWISS- 
PROT data bank. 

The derived protein of orf393 is hydrophilic with- 
out any specific signature. Sequence alignment by 
BESTFIT [17] showed highest similarity (50.3%) with 
the PQQ3 protein of Acinetobacter calcoaceticus 
[18], and 46.9 and 45.4% similarity with the homolo- 

Fig. 2. Codon preference plot and frequency of rare codons for the 9.72-kb DNA segment. The analysis is shown for the three possible 
phases in both directions (A and B) with ATG and GTG as the start codons; window size 50 [43]. Numbers identify the ORFs described 
in the text and in Table 1. 
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gous PQQ and PQQE proteins from Erwinia her- 
bicola [19] and Klebsiella pneumoniae [20], respec- 
tively (identity range 20.7-23.8%). The highest score 
was observed with the sequence 83-SGGEPLLRAD 
which exists in slightly modified forms in all four 
proteins. PQQ3 is involved in the biosynthesis of the 
pyrrolo-quinoline quinone coenzyme, but its precise 
function is still unknown (see Refs. in Ref. [21]). 

orf278 encodes a hydrophilic protein with homol- 
ogy to the siroheme synthase of E. coli [22] and 
Salmonella o,phimurium [23] and to the S-adenosyl- 
L-methionine-dependent uroporphyrinogen-III C- 
methyltransferase (SUMT, EC 2.1.1.107)) of Bacil- 
lus megaterium [24], Pseudomonas denitrificans [25], 
Methanobacterium icanot, ii [26], and other bacteria. 
These proteins belong to a family that groups SUMT 
and CysG with methyltransferases of the cobalamine 
biosynthetic pathway and share sequence motifs im- 
portant for substrate-binding [27]. The NirE protein 
of P. denitrificans, which was proposed to be another 
member of the SUMT protein family [28], is 43.3% 
identical with the orf278 product. Mutagenesis of 
nirE leads to a heine d~-free nitrite reductase. The 
ORF278/NirE proteins are likely to transform uro- 
porphyrinogen-III to precorrin-II in the biosynthetic 
pathway of heme d I [28,29]. Canonical recognition 
half-sites for the transcription factor FNR begin 74 
bp (TTGAT) and 55 bp (ATCAA) upstream of the 
ATG start codon. They are spaced versus the usual 4 
nucleotides by exactly one additional turn in the 
DNA helix and require investigation whether they are 
involved in anaerobic regulation of this gene by 
binding a trancription factor. 

orf507 overlaps orf278 by 10 bp. The deduced 
ORF507 protein is hydrophilic except for a hy- 
drophobic segment from positions 3-19. The protein 
may have an export signal sequence of 30 amino 
acids with a cleavage site in accordance with the - 3 ,  
- 1  rule [30]. ORF507 shows 30.5% positionally 
identical residues with NirF from P. stutzeri (overall 
similarity 53.4%). NirF, together with several other 
proteins, is necessary for the biosynthesis of heine d~ 
[28,29,31 ]. ORF507 has also 26.0% identical residues 
(52.0% similarity) with NirS, the tetraheme nitrite 
reductase from P. stutzeri, and has a binding site for 
heme c, 45-CQSCH. The heme-binding domain of 
ORF507 is in turn related to NirC (31.8% identity, 
50.4% similarity), a c-type cytochrome with a puta- 

tive role in heme dj synthesis or the maturation of 
cytochrome cd~ [28,32]. The similarity of ORF507 
with NirF and NirS may have its origin in a gene 
duplication and is indicative of a Nir-related function 
/or ORF507. We have previously pointed out several 
gene duplication events in the nirD region of P. 
stutzeri, which encodes proteins required for heine d~ 
biosynthesis [29]. 

The deduced protein of or¢286 carries the consen- 
sus motif of a transcriptional regulator belonging to 
the LysR family [33]. These regulators are hy- 
drophilic proteins of about 300 amino acids with a 
helix-turn-helix (HTH) motif in the N-terminal do- 
main. They do not share notable structure outside of 
this domain [34]. LysR type regulators often affect 
genes transcribed in the opposite direction whose 
promoters overlap that of the regulator gene, but 
other members also regulate the transcription of 
groups of genes at a distant location [35]. The poten- 
tial regulatory function of ORF286 and identification 
of its target gene(s) is currently under investigation. 

The subsequent four ORFs are oriented in the 
opposite transcriptional direction, orf378 encodes a 
protein composed of a hydrophobic domain with five 
membrane-spanning segments and a hydrophilic do- 
main of about the same size (Fig. 3). The deduced 
protein has no notable similarity with known bacte- 
rial proteins. Codon usage and presence of a ribo- 
some-binding site, 5'-AAGcAGG-3', suggests transla- 
tion of this ORF. 

orf247 encodes a hydrophilic protein. We chose 
the third of three contiguous ATG triplets as start 
codon since it is preceded by a ribosome-binding site, 
5'-GGAGaT-3', at the near optimal distance of four 
nucleotides. ORF247 shows similarity to numerous 
members of the short-chain alcohol dehydrogenase 
(SCAD) family [36]. Proteins of this family have 
limited homology among each other but share struc- 
tural features around two conserved sites. The con- 
sensus motif of ORF247 for binding of the NAD(P) 
coenzyme, 14-GASSGIG, resides within an N-termi- 
nal hydrophobic stretch of amino acids. The active 
site motif of ORF247, 148-YIASKAALAA Q (where 
Y and K are essential), deviates in the two underlined 
positions from the consensus [36]. Examples of re- 
lated proteins are shown in Table 1. 

The deduced protein of orf396 is highly hy- 
drophobic with 12 membrane-spanning segments (Fig. 
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Fig. 3. Hydropathy (Kyte-Doolittle) plots of putative membrane 
proteins. The location of transmembrane segments is indicated by 
black bars. Window size 9 residues. 

role of YBEC is unknown; the gene is located down- 
stream of lipA which is involved in the biosynthesis 
of lipoic acid [37]. 

The data described here and our previous work 
result in a contiguous DNA sequence of 29.2 kb that 
encodes essential components for three steps of the 
denitrification process of P. stutzeri. A total of 30 
genes have been identified within this segment. Most 
of them are transcribed in the same direction, with 
only 7 contiguous genes, nirQ through orf286, orga- 
nized between nirS and orf378 in the opposite direc- 
tion. Further genes for denitrification are located 
downstream of norCB, among them fnrD, encoding 
the previously postulated FNR-like transcriptional 
regulator [38]. The genes necessary for nitrate respira- 
tion (nar) are located elsewhere on the chromosome 
(unpublished data). Gene clusters comprising func- 
tions both for respiratory nitrite reduction (nir) and 
NO reduction (nor) exist in P. denitrificans [9,28] 
and in P. aeruginosa [39]. P. stutzeri appears to be 
distinct having the nos genes as part of a nos-nir-nor 
supercluster, whereas they are separate in P. aerugi- 
nosa [40] and located on a plasmid in Alcaligenes 
eutrophus [41] and Rhi~obium meliloti [42]. The novel 
genes identified here are likely to encode ancillary 
functions required for nitrite and NO respiration as 
deduced from similarity with known proteins. These 
data now provide a basis to study the gene products 
and regulatory circuits for their coordinate function. 

The work was supported by the Deutsche 
Forschungsgemeinschaft and Fonds der Chemischen 
Industrie. We thank H. K~Srner for computer-assisted 
data analysis and B. Wohlfart for her contribution to 
the sequencing project. 

3). The likely start codon of this ORF is GTG which 
is preceded by a ribosome-binding site, 5'-TttG- 
GAGG-3'. Similarity was found with the hypothetical 
YTFF protein from E. coli of unknown function. 

ORF57 is homologous to the small hypothetical E. 
coli protein, YBEC. The two proteins share 47.2% 
positional identity, orf57 has a lower GC content 
(60.8%) than other genes of P. stutzeri (average 
64.4%); however, the similarity of its product with 
YBEC and a ribosome-binding site, 5'-TAAGcA-3', 
are indicative for its coding function. The N-terminal 
half of both predicted proteins is hydrophobic. The 
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