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The gene coding for nitrite reductase of Pseudomonas aeruginosa has been cloned and its sequence determined. The coding
region is 1707 bp long and contains information for a polypeptide chain of 568 amino acids. The sequence of the mature
protein has been confirmed independently by extensive amino acid sequencing. The amino-terminus of the mature protein
is located at Lys-26; the preceding 25 residue long extension shows the features typical of signal peptides. Therefore the
enzyme is probably secreted into the periplasmic space. The mature protein is made of 543 amino acid residues and has
a molecular mass of 60204 Da. The c-heme-binding domain, which contains the only two Cys of the molecule, is located
at the amino-terminal region. Analysis of the protein sequence in terms of hydrophobicity profile gives results consistent
with the fact that the enzyme is fully water soluble and not membrane bound; the most hydrophilic region appears to
correspond to the c-heme domain. Secondary structure predictions are in general agreement with previous analysis of
circular dichroic data.

Nitrite reductase; Primary structure; Pre-protein; Cytochrome oxidase; (Pseudomonas aeruginosa)

1. INTRODUCTION

Pseudomonas nitrite reductase, originally dis-
covered and identified by Horio [1] as an oxidase
(ferrocytochrome c¢-551-oxygen oxidoreductase,
EC 1.9.3.2), is a soluble redox enzyme synthesized
by Ps. aeruginosa in the presence of nitrate in the
growing medium. The enzyme is a homodimer of
120000 Da, each subunit containing one ¢ and one
d; heme [2-4]. It is able to accomplish the mono-
electronic reduction of nitrite to NO as well as the
four electronic reduction of oxygen to water, and
to interact with two different macromolecular sub-
strates, azurin and cytochrome c-551 [5].

A great deal of spectroscopic and functional
data have been collected on this protein, providing
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information on the interactions of the hemes with
the protein moiety and on the mechanism of elec-
tron transfer [6,7]. In contrast, the structural infor-
mation available was relatively poor. In order to
partially fill this gap, we have determined the
primary structure of the enzyme both by recombi-
nant DNA technology and classical protein sequen-
cing techniques.

Here we report the results of this combined ap-
proach, i.e. the complete sequence of nitrite reduc-
tase gene confirmed by independent sequence of
the protein. Relevant information obtained by pro-
tein and DNA sequences analysis is presented and
briefly discussed.

2. MATERIALS AND METHODS

Nitrite reductase was purified from Ps. aeruginosa (NCTC
6750) according to Parr et al. [8]. The protein was more than

00145793/89/$3.50 © 1989 Federation of European Biochemical Societies 33



Volume 254, number 1,2

acic o
1C 0aSIS O O [t )

f SDS.PAGE 10
A=K i1

2.1. Recombinant DNA technigues

Chromosomal DNA from Ps. aeruginosa (NCTC 6750) was
purified from 10 g of cell paste according to Chater [10] as
modified by Canters [i1]. A DNA library was constructed in
Agtil from partially EcoRI-digested DNA according to Huyhn
et al. [12]. Amplification of the library in E. coli Y1090 and
subsequent screening with labeled oligonucleotides were per-
formed as described by Huyhn et al. for Agtl0 libraries [12].
Filter hybridization conditions were 2 x SSC, 55°C. The
positive insert was subcloned in the plasmid pEMBL 18 [13].
Purification of Agtll DNA, pEMBL 18 DNA, restriction en-
zyme digestions, Southern blotting and labeling of oligo-
nucleotides were performed following standard protocols [14].

Oligonucleotides for screening the library and for DNA se-
quencing were kindly synthesized by S. Ricci at Centro Ricerche
Sclavo (Siena, Italy).

DNA sequencing was carried out according to Sanger et al.
[15] using synthetic 20-mer oligonucleotides as primers. In order
to resolve compressions due to the very high GC content of Ps.
aeruginosa DNA, sequence reactions containing dIPT instead
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2.2. Protein sequencing techniques

$.5 mg of niirite reductase were carboxymeihylated according
to Barra et al. [17] and cleaved with CNBr [18]. The digest was
fractionated by gel filtration on a Sephadex G50 (superfine) col-
umn (2 ¢cm X 130 cm) equilibrated and eluted with 10% acetic
acid. Where necessary, aliquots of peptides were subjected to
secondary digestion with trypsin. Isolation of tryptic peptides
was carried out by high-performance liquid chromatography on
a macroporous reverse-phase column (Aquapore RP-300,
4.6 mm x 250 mm, 10 zm, Brownlee Labs) with gradients of
0-70% acetonitrile in 0.2% trifluoroacetic acid. Elution of pep-
tides was monitored on a Beckman 165 spectrophotometer at
220 and 280 nm. Sequence analyses of the intact protein and of
the purified peptides were performed on an Applied Biosystems
model 470A gas-phase protein sequencer equipped with an Ap-
plied Biosystems model 120A PTH analyzer for the on-line
detection of phenylthiohydantoin amino acids. Samples were
loaded onto trifluoroacetic-treated glass-fiber filters, coated
with polvbrene and nrewashed according to the manufacturer’s

vvvvvv poiyorene ang prewashned accoraing to tne manuiac

instructions.

3. RESULTS

3.1. Isolation of the nitrite reductase gene

Five oligonucleotides (table 1) were synthesized
on the basis of the sequence of a suitable portion of
nitrite reductase c-heme-binding peptide [19], i.e.
fhP cfrpfnh Dhn-Acn (‘]n Aln I ys- Cln Tla Tyr- Pha

j o 41 ALTAIVT A yITK ne-

Gln. These were used as a mxxture to screen the Ps.
aeruginosa DNA library. The oligonucleotide se-
quences were chosen on the basis of the codon
usage frequencies of 8 Ps. aeruginosa genes (see the
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Synthetic oligonucleotides used for screening of the
Ps. aeruginosa DNA library

NR1 5 GGAAGTAGATCTGCTTGGCCTCGTTGAA Y
NR2 5" GGAAGTAGATCTGCTTCGCCTCGTTGAA 3’
NR3 5" GGAAGTAGATCTGCTTGGCTTCGTTGAA 3’
NR4 5" GGAAGTAGATCTGCTTCGCTTCGTTGAA 3’
NR5 5" GGAAATAGATCTGCTTGGCTTCGTTGAA 3’

The table shows the sequence of the five oligonucleotides used
for screening the Ps. aeruginosa DNA library. The sequences
are complementary to five of the possible sequences coding for
the peptide Phe-Asn-Glu-Ala-Lys-Gln-Ile-Tyr-Phe-Gln in the
c-heme-binding region ([19] and positions 61-70 of the com-
plete sequence in fig.2). They represent the five most probable
ones on the basis of Ps. aeruginosa codon usage frequencies.
These frequencies, calculated from the sequences of azurin [11],
esotoxin A [20], mercuric reductase [21], metapyrocatechase
[22], carboxypeptidase G2 [23], phosphomannosoisomerase
[24], GDP mannose dehydrogenase [25], and acylase [26] are as
follows: Glu, GAG 65%; Phe, TTC 96%:; Asn, AAC91%; Ala,
GCC 55% and GCG 36%; Lys, AAG 89%; Gln, CAG 87%;
Ile, ATC 91%, Tyr, TAC 75%. They do not differ significantly
from those calculated from the nitrite reductase gene. The prob-
ability of success for each of the selected nucleotides, calculated
as rnmnnced nrnhnhnhfv from the above freauencies, is: NR1

.................... Irom ine above Ircquencices, 1s. INK12,

15. 8%, NR2, 10.4%; NR3 8.5%; NR4, 5.6%; NRS, 5.3%
giving a total probability of success of 46.6%

clone out of a prox 5000 plaques

EcoRI digestion of the phage purified from the
positive clone produced the arms of the vector and
two fragments of approx. 3.5 and 2kb. In
Southern blot analysis of EcoRI-digested DNA, us-
ing the mixture of five oligonucleotides as a probe,
onlv the 1 §

only the 3.
stronger 51gnal was observed using a mixture of
probes 1 and 2 with respect to a mixture of probes
3,4 and 5. Sequencing of the gene showed that the
sequence of probe 1 was the correct one. The
3.5 kb fragment was subcloned into the EcoKRI site
of the plasmid pEMBL 18.

A restriction map of the subcloned fragment was
determined for several enzymes and the hybridiza-
tion site for the oligonucleotide probes was shown
by Southern blotting to be located nearby (approx.
300 bp) the universal primer site of the plasmid

(£ 1Y
\Iig.1).

5 kb fracment cave a positive sienal. A
KO Iragment gave a posiive signai. A

3.2. Nucleotide sequence
Most of the sequencing was carried out on the
EcoRI pEMBL 18 subclone. A Sa/l pEMBL 18
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Fig.1. Restriction map and sequencing strategy for the Ps. aeruginosa nitrite reductase gene. The 3.5 kb EcoRI fragment subcloned in
pEMBL 18 is shown with major restriction sites. The wide bar indicates the ORF. (*) The position of probe 1 (table 1). Sequenced
fragments are shown by rightward arrows (sense strand) and leftward arrows (complementary strand). The M13mp18 universal primer
(arrows starting with a dot) and several synthetic oligonucleotides were used as primers. Primers sequences were all based on DNA se-
quencing data except for one case (dashed arrow), in which the primer was synthesized on the basis of the amino-terminal sequence
of a peptide obtained from CNBr protein digestion, containing a suitable sequence, i.e. Met-Ile-Asp-Leu-Trp-Ala-Lys (positions
229-235 in fig.2). The amino acid sequence was translated as 5'-ATGATCGACCTGTGGGCCAA-3’ following the criteria described
in table 1 and contains one mismatch with the actual DNA sequence.

subclone containing the Sa/l fragment of 1.5 kb
(fig.1) in the same orientation as the EcoRI sub-
clone was also obtained and used for sequencing.

The sequencing strategy is outlined in fig.1. The
nucleotide sequence, shown in fig.2, contains one
open reading frame (ORF) which starts with an
ATG at position 82 and ends with a TGA at posi-
tion 1788. Translation of this ORF gives a protein
of 568 amino acids (fig.2). Analysis of the DNA
composition shows that the nitrite reductase gene is
very rich in GC bases (64%). A codon usage
analysis (not shown) confirms the very high
preference for codons ending with G or C except in
the case of Glu and His.

3.3. Protein sequence

Automated Edman degradation of the native
protein was performed for 45 cycles. The resulting
sequence corresponds exactly to that deduced from
the DNA sequence at positions 26 to 70. Thus

nitrite reductase is synthesized in vivo as a prepro-
tein, with a 25 residue long signal peptide.

A number of CNBr and tryptic fragments of the
protein were also sequenced; their structure is in-
dicated in fig.2. Information from the protein se-
quence accounts for 454 residues, that is 84% of
the structure of the mature protein.

The amino acid sequence has been analyzed with
available predictive algorithms [27-29]; the results
of hydrophobicity analysis and of secondary struc-
ture predictions are shown in fig.3.

4. DISCUSSION

We have determined the complete primary struc-
ture of Ps. aeruginosa nitrite reductase with a com-
bined approach of recombinant DNA technology
and classical biochemical techniques. Knowledge
on the structure of the nitrite reductase gene is the
first step for further investigations on structure-
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GAATTCCCGGGAGTTCCCGACGCAGCCACCCCCAAAACACTGC TAAGGGAGCGCCTCGCAGGGCTCCTEAGGAGAITAGACC ATG CCA TTT GGC AAG CCA CTG GTG GGC ACC TTG CTC GCC TCG CTG 126
Met Pro Phe Gly Lys Pro Leu Val Gly Thr Leu Leu Ala Ser Leu 15

ACG CTG CTG GGC CTG GCC ACC GCT CAC GCC AAG GAC GAC ATG AAA GCC GCC GAG CAA TAC CAG GGT GCC GCT TCC GCC GTC GAT CCC GCT CAC GTG GTG CGC ACC AAC 234
Thr leu Leu Gly Leu Ala Thr Ala His Ala Lys Asp Asp Met Lys Ala Ala Glu Gln Tyr Gln Gly Ala Ala Ser Ala Val Asp Pro Ala His Val Val Arg Thr Asn 51

GGC GCT CCC GAC ATG AGT GAA AGC GAG TTC AAC GAG GCC AAG CAG ATC TAC TTC CAA CGC TGC GCC GGT TGC CAC GGC GTC CTG CGC AAG GGC GCC ACC GGC AAG CCG 342
Gly Ala Pro Asp Met Ser Glu Ser Glu Phe Asn Glu Ala Lys Gln Ile Tyr Phe Gln Arg Cys Ala Gly Cys His Gly val Leu Arg Lys Gly Ala Thr Gly Lys Pro a7

——— e e e e . — . — - - ————— — — —

CTG ACC CCG GAC ATC ACC CAG CAA CGC GGC CAG CAA TAC CTG GAA GCG CTG ATC ACC TAC GGC ACC CCG CTG GGC ATG CCG AAC TGG GGC AGC TCC GGC GAG CTG AGC 450
Leu Thr Pro Asp Ile Thr Gln Gln Arg Gly Gln Gln Tyr Leu Glu Ala Leu Ile Thr Tyr Gly Thr Pro Leu Gly Met Pro Asn Trp Gly Ser Ser Gly Glu Leu Ser 123

AAG GAA CAG ATC ACC CTG ATG GCC AAG TAC ATC CAG CAC ACC CCG CCG CAA CCG CCG GAG TGG GGC ATG CCG GAG ATG CGC GAA TCG TGG AAG GTG CTG GTG AAG CCG 558
Lys 6lu Gln Ile Thr Leu Met Ala Lys Tyr Ile Gln His Thr Pro Pro Gln Pro Pro Glu Trp Gly Met Pro Glu Met Arg Glu Ser Trp Lys Val Leu Val Lys Fro 159

GAG GAC CGG CCG AAG AAA CAG CTC AAC GAC CTC GAC CTG CCC AAC CTG TTC TCG GTG ACC CTG CGC GAT GCC GGG CAG ATC GCC CTG GTC GAC GGC GAC AGC AMA AAG 666
Glu Asp Arg Pro Lys Lys Gln Leu Asn Asp Leu Asp Leu Pro Asn Leu Phe Ser Val Thr Leu Arg Asp Ala Gly Gln Ile Ala Leu Val Asp Gly Asp Ser Lys Lys 195

ATC GTC AAG GTC ATC GAT ACC GGC TAT GCC GTG CAT ATC TCG CGG ATG TCC GCT TCC GGC CGC TAC CTG CTG GTG ATC GGC CGC GAC GCG CGG ATC GAC ATG ATC GAC T4
Ile Val Lys Val Ile Asp Thr Gly Tyr Ala Val His Ile Ser Arg Met Ser Ala Ser Gly Arg Tyr Leu Leu Val Ile Gly Arg Asp Ala Arg Ile Asp Met Ile Asp 231

CTG TGG GCC AAG GAG CCG ACC AAG GTC GCC GAG ATC AAG ATC GGC ATC GAG GCG CGC TCG GTG GAA AGC TCC AAG TTC AAG GGC TAC GAG GAC CGC TAC ACC ATC GCC LLH
Leu Trp Ala Lys Glu Pro Thr Lys Val Ala Glu Ile Lys Ile Gly Ile Glu Ala Arg Ser Val Glu Ser Ser Lys Phe Lys Gly Tyr Glu Asp Arg Tyr Thr Ile Ala 267

GGC GCC TAC TGG CCG CCG CAG TTC GCG ATC ATG GAC GGC GAG ACC CTG GAA CCG AAG CAG ATC GIC TCC ACC CGC GGC ATG ACC GTA GAC ACC CAG ACC TAC CAC CCG 990
Gly Ala Tyr Trp Pro Pro Gln Phe Ala Ile Met Asp Gly Glu Thr leu Glu Pro Lys Gln Ile Val Ser Thr Arg Gly Met Thr Val Asp Thr Gln Thr Tyr His Pro 303

GAA CCG CGC GTG GCG GCG ATC ATC GCC TCC CAC GAG CAC CCC GAG TTC ATC GTC AAC GTG AAG GAG ACC GGC AAG GTC CTG CTG GTC AAC TAC AAG GAT ATC GAC AAC 1098
Glu Pro Arg Val Ala Ala Ile Ile Ala Ser His Glu His Pro Glu Phe Ile Val Asn val Lys Glu Thr Gly Lys Val Leu Leu Val Asn Tyr Ly* Asp Ile Asp Asn 339

CTC ACC GTC ACC AGC ATC GGT GCG GCG CCG TTC CTC CAC GAC GGC GGC TGG GAC AGC AGC CAC CGC TAC TTC ATG ACC GCC GCC AAC AAC TCC AAC AAG GIT GCC GTG 1206
Leu Thr Val Thr Ser Ile Gly Ala Ala Pro Phe Leu His Asp Gly Gly Trp Asp Ser Ser His Arg Tyr Phe Met Thr Ala Ala Asn Asn Ser Asn Lys Val Ala Val 375

ATC GAC TCC AAG GAC CGT CGC CTG TCG GCC CTG GTC GAC GTC GGC AAG ACC CCG CAC CCG GGG CGT GGC GCC AAC TTC GTG CAT CCC AAG TAC GGC CCG GTG TGG AGC 1314
Ile Asp Ser Lys Asp Arg Arg leu Ser Ala Leu Val Asp Val Gly Lys Thr Pro His Pro Gly Arg Gly Ala Asn Phe Val His Pro Lys Tyr Gly Pro Val Trp Ser €21

ACC AGC CAC CTG GGC GAC GGC AGC ATC TCG CTG ATC GGC ACC GAT CCG AAG AAC CAT CCG CAG TAC GCC TGG AAG AAA GTC GCC GAA CTA CAG GGC CAG GGC GGC GGC 1422
Thr Ser His Leu Gly Asp Gly Ser Ile Ser Leu Ile Gly Thr Asp Pro Lys Asn His Pro Gln Tyr Ala Trp Lys Lys Val Ala Glu Leu Gln Gly Gln Gly Gly Gly 447

TCG CTG TTC ATC AAG ACC CAT CCG AAG TCC TCG CAC CTC TAC GTC GAC ACC ACC TTC AAC CCC GAC GCC AGG ATC AGC CAG AGC GTC GCG GTG TTC GAC CTG AAG AAC 1530
Ser Leu Phe Ile Lys Thr Eis Pro Lys Ser Ser His Leu Tyr Val Asp Thr Thr Phe Asn Pro Asp Ala Arg Ile Ser Gln Ser Val Ala Val Phe Asp Leu Lys Asn 483

CTC GAC GCC AAG TAC CAG GTG CTG CCG ATC GCC GAA TGG GCC GAT CTC GGC GAA GGC GCC AAG CGG GTG GTG CAG CCC GAG TAC AAC AAG CGC GGC GAT GAA GTC TGG 1638
Leu Asp Ala Lys Tyr Gln Val Leu Pro Ile Ala Glu Trp Ala Asp Leu Gly Glu Gly Ala Lys Arg Val Val Gln Pro Glu Tyr Asn Lys Arg Gly Asp Glu Val Trp 519

TTC TCG GTG TGG AAC GGC AAG AAC GAC AGC TCC GCG CTG GTG GTG GTG GAC GAC AAG ACC CTG AAG CTC AAG GCC GTG GTC AAG GAC CCG CGG CTG ATC ACC CCG ACC 1746
Phe Ser Val Trp Asn Gly Lys Asn Asp Ser Ser Ala Leu Val Val Val Asp Asp Lys Thr Leu Lys Leu Lys Ala Val Val Lys Asp Pro Arg Leu Ile Thr Pro Thr 55§

GGT AAG TTC AAC GTC TAC AAC ACC CAG CAC GAC GTG TAC TGA GACCCGCGTGCGGGG;AC CCCCGCACGCTCCCCCCTACGAGGAACCGTGATGAAACCGTACGCACTGCTTTCGCTGCTCGCCA 1872
Gly Lys Phe Asn Val Tyr Aan Thr Gln His Asp Val Tyr END

Fig.2. The complete nucleotide sequence of the Ps. aeruginosa nitrite reductase gene and the amino acid sequence of the protein. The

nucleotide sequence is written in the 5'-3’ direction of the coding strand. The deduced amino acid sequence is shown below. The

putative ribosome-binding site is indicated in a box. The arrows underline a palindromic region probably important for transcription

termination. Peptides for which the sequence has already been determined by amino acid sequencing are underlined by a continuous
line. The heme-binding peptide previously sequenced [19] is underlined with a dashed line.
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Fig.3. Hydrophilicity profile and secondary structure predictions for Ps. aeruginosa nitrite reductase. The hydrophilicity profile of the
nitrite reductase pre-protein was calculated by the method of Kyte and Doolittle (n = 9) [27]. Secondary structure predictions according
to Chou and Fasman [28] (CF) and Garnier et al. {29] (GOR) are reported.

function relationships by site-directed mutagenesis.
Moreover, studies on regulation of gene expres-
sion, which are particularly attractive for this in-
ducible system, become feasible.

The DNA sequence of the nitrite reductase gene
is particularly rich in GC (64%), a prominent
feature of Ps. aeruginosa genes [20-26]. This caus-
ed localized artifacts in sequencing gels. Extensive
protein sequencing was useful in identifying these
artifacts and, combined with the DNA sequencing
strategy outlined in fig.1, in solving these am-
biguities.

No differences in base composition are observ-
able between coding and noncoding regions, but
this may be due to the small fraction of noncoding
region sequenced. The EcoRlI site is rather near to
the start codon (81 bp); thus the promoter region
with high AT content is probably missing in this
clone. A putative ribosome-binding region (box in
fig.2) is present just upstream of the ATG codon,
as expected [30]. Downstream of the termination
codon, a potential transcription terminator se-
quence with dyad symmetry is present (fig.2) [31].

Direct sequencing of the protein not only proves
the identity of the cloned gene, but also provides
information on the structure of the mature protein.
Comparison of the protein sequence deduced by
the DNA sequence with the amino-terminus of the
native protein shows that nitrite reductase is syn-
thesized as a pre-protein, with a 25 residue long
leader peptide. Analysis of this amino-terminal ex-

tension (pos. 1-25 in fig.2) shows that it has all the
characteristic features of the known presecretory
signal peptides [32,33], i.e.: (i) a hydrophobic core
of correct length (pos. 7-12), very rich in Leu, star-
ting with a secondary structure disrupting residue
(Pro-6) just after a positively charged residue
(Lys-5); (ii) an Ala-X-Ala sequence preceding the
peptidase cleavage site. From the physiological
view point, the presence of a signal peptide suggests
that the protein is secreted in the periplasmic space.
Previous results [34] indicated that not only nitrite
reductase, but also azurin and cytochrome ¢-551
are located in the periplasmic space. However, the
enzyme was shown to be bound at the inner surface
of the cytoplasmic membrane by labeling with
ferritin-conjugated antibodies [35]. The existence
of a leader peptide supports the periplasmic loca-
tion of nitrite reductase and is perfectly in line with
the finding that also the primary product of azurin
gene has a signal peptide [11].

The mature protein is 543 amino acids long; the
molecular mass of 60204 Da supports previous
estimates (58-65000 Da for the subunit and
119-130000 for the native dimer) based on iron
content, SDS-PAGE, sedimentation equilibrium
and diffusion measurements [2-4]. The amino acid
composition is in good agreement with previous
measurements [36,37]. The c-heme-binding pep-
tide, with a sequence identical to that already
published [19], is located nearby the amino-
terminus of the protein: the two Cys covalently
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bound to the protoporphyrin vinyl groups are at
positions 75 and 78, and the Met proposed to be the
sixth heme ligand, on the basis of amino acid align-
ment with other bacterial cytochromes ¢ [6], is at
position 113.

Analysis of the protein sequence in terms of
hydrophobicity and secondary structure provides
preliminary information of some interest. The c-
heme-binding domain is clearly identified, and ap-
pears to contain several a-helix stretches; on the
other hand most of the #-sheets are present in the
last 3/4 of the sequence. These predictions are in
line with the analysis of the far ultraviolet circular
dichroism of the protein, previously reported [38].
Given that the dimeric structure is mainly stabilized
by hydrophobic interactions [39], the less hydro-
philic regions (which are also more prominent after
residue 150) may be involved in the monomer-
monomer contact.

More extensive analysis of the structure, by a
combined use of proteolytic fragmentation and
predictive methods, is presently underway.
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