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The nos genes of Pseudomonas stutzeri are required for the anaerobic respiration of nitrous oxide, which is
part of the overall denitrification process. A nos-coding region of ca. 8 kilobases was cloned by plasmid
integration and excision. It comprised nosZ, the structural gene for the copper-containing enzyme nitrous oxide
reductase, genes for copper chromophore biosynthesis, and a supposed regulatory region. The location of the
nosZ gene and its transcriptional direction were identified by using a series of constructs to transform
Escherichia coli and express nitrous oxide reductase in the heterologous background. Plasmid pAVS5021 led to
a nearly 12-fold overexpression of the NosZ protein compared with that in the P. stutzeri wild type. The
complete sequence of the nosZ gene, comprising 1,914 nucleotides, together with 282 nucleotides of 5'-flanking
sequences and 238 nucleotides of 3'-flanking sequences was determined. An open reading frame coded for a
protein of 638 residues (M, 70,822) including a presumed signal sequence of 35 residues for protein export. The
presequence is in conformity with the periplasmic location of the enzyme. Another open reading frame of 2,097
nucleotides, in the opposite transcriptional direction to that of nosZ, was excluded by several criteria from
representing the coding region for nitrous oxide reductase. Codon usage for nosZ of P. stutzeri showed a high
G+C content in the degenerate codon position (83.9% versus an average of 60.2%) and relaxed codon usage
for the Glu codon, characteristic features of Pseudomonas genes from other species. E. coli nitrous oxide
reductase was purified to homogeneity. It had the M_ of the P. stutzeri enzyme but lacked the copper

chromophore.

Denitrifying bacteria utilize nitrous oxide (N,O) as part of
a respiratory pathway of energy conservation. N,O, being
reduced to molecular nitrogen, functions as facultative ter-
minal acceptor of an electron transfer chain in the absence of
molecular oxygen. Establishment of the trace-metal require-
ment for N,O respiration by Pseudomonas stutzeri ZoBell
(34) (formerly Pseudomonas perfectomarina) led to the
identification of N,O reductase as a homodimeric copper
protein, containing ca. four copper atoms per monomer of 62
to 74 kilodaltons (8, 70). Mutational loss of this protein
causes the loss of N,O respiration (68).

Related copper enzymes were found in the nondenitrifying
but N,O-utilizing nonsulfur purple bacterium Rhodobacter
capsulatus (36) and in the denitrifying bacteria Achromo-
bacter denitrificans (formerly Alcaligenes sp. strain NCIB
11015) (35) and Rhodobacter sphaeroides f. sp. denitrificans
(40). A comparative biochemical study with N,O reductase
of Paracoccus denitrificans established a considerable sim-
ilarity with the P. stutzeri enzyme and rectified earlier work
with the former organism (56).

N,O reductase has a novel type of copper chromophore
which is not readily accommodated within the current clas-
sification of the three principal types of copper proteins (8,
13, 72; J. Riester, W. G. Zumft, and P. M. H. Kroneck,
submitted for publication; H. Jin, H. Thomann, C. L. Coyle,
and W. G. Zumft, submitted for publication). Several gene
products are required for the assembly of the copper pros-
thetic group in an as yet unknown way (44, 62, 68, 72). By
mapping transposon Tn5-induced mutations, we identified a
nos-coding region of ca. 8 kilobases (kb), which comprises
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functions related to the biosynthesis of N,O reductase (62).
Mutagenesis of a region of ca. 3.5 kb resulted in chromo-
phoreless, apoenzyme-synthesizing strains (62, 68). The
same phenotype was observed in a class of frameshift
mutants that had lost a 61-kilodalton protein from the outer
membrane (44).

This work describes the cloning of the entire nos cluster,
previously identified by insertional mutagenesis (62), and the
determination of the primary structure of the structural gene,
nosZ, of N,O reductase. We have used plasmid integration
and excision (38) to clone the nos cluster of Pseudomonas
species. nosZ was identified by deletion analysis and heter-
ologous expression of nosZ-carrying constructs in Esche-
richia coli.

(Preliminary accounts of this work were presented previ-
ously [72; W. G. Zumft and A. Viebrock, Eur. Bioenerg.
Conf. Rep. 4:108, 1986; A. Viebrock and W. G. Zumft, Biol.
Chem. Hoppe Seyler 368:561-562, 1987].)

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains and plasmids used
or constructed in this work are listed in Table 1.

Media, antibiotics, and growth conditions. E. coli and P.
stutzeri were grown at 37°C in LB medium (1% tryptone,
0.5% yeast extract, 0.5% NaCl). For solid medium, 1.5%
agar (Difco Laboratories, Detroit, Mich.) was added. Unless
indicated otherwise, antibiotics were used in the following
concentrations (in micrograms per milliliter): ampicillin, 50;
chloramphenicol, 30; kanamycin, 50; and tetracycline, 10.

Transformation and conjugation. E. coli was transformed
by a standard method (9). Conditions for conjugation were
described previously (68). Transconjugants were selected on
LB plates containing ampicillin (10 pg/ml) and chloramphen-
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TABLE 1. Bacteria and plasmids used in this work

Strain or plasmid

Genotype or phenotype

Source or reference

P. stutzeri
ZoBell Formerly P. perfectomarina ATCC 14405 12
MK21 Sm’ 68
MK416 Sm" Km" nos::Tn5 62
E. coli
HB101 hsdS20 recAl3 proA2 endA leu-6 thi-1 rpsL20(Sm") 6
ara-14 galK?2 lacYl xyl-5 mtl-1 supE44
S17-1 [RP4-2(Tc::Mu)(Km::Tn7) Tra(IncP)] pro hsdR recA 55
Tp" Sm"
S605 thr leu thi tonA lacY supE met::Tn5 Km" 26
JM105 thi rpsL(Sm") endA sbcB15 hspR4A (lac-proAB) 67
[F’'traD36 proAB lacI"ZAM15]
Plasmids
pBR325 Ap' Tc' Cm” S
pSUP203 pBR325-Mob; Ap" Tc" Cm" S5
pJAl pBR322-derived cosmid vector; Ap" Tc" 31
pNS600 pBR325 derivative This work (Fig. 1)
pMK1 pBR325-Tc::Tn5; Ap* Cm" Km" This work
pAV21 pSUP203 derivative This work (Fig. 1)
pMNS400 pSUP203 derivative This work (Fig. 1)

PAV39, pAV42, pAV5018, pAV5021, pAV5022,
PAVS023, pAV 5024, pNS800

pAV49, pAV50, pAV502, pAV5019, pAVS5020

pBR325 derivatives

pMKI1 derivatives

This work (Fig. 2)

This work (Fig. 2)

icol (10 pwg/ml). The maximum number of cells plated on
selection medium did not exceed 107 cells per 85-mm petri
dish, to prevent excessive background growth.

Recombinant DNA techniques. Plasmid DNA was prepared
by alkaline lysis (4). Standard procedures were used for
endonuclease digestions, ligation, filling-in of 5’ protruding
ends with the Klenow fragment of DNA polymerase I, and
agarose gel electrophoresis (33). Genomic DNA from P.
stutzeri was isolated as described previously (37). For South-
ern blot analysis, DNA was digested to completion with
different restriction enzymes, electrophoresed in 0.7% aga-
rose gels, and transferred to nitrocellulose sheets (33). The
hybridization probe was a 1.2-kb PstI fragment of the nosZ
gene. The probe was labeled with biotinylated 11-dUTP for
a nonradioactive detection system (29, 69).

Construction of plasmid pMKI1. E. coli S605, carrying Tn5
integrated into the chromosome, was transformed with
plasmid pBR325. A 0.1-ml sample of an overnight culture
was plated evenly on chloramphenicol-containing medium,
upon which a radial gradient of kanamycin was superim-
posed (highest concentration, 50 mg/ml) (26). The plates
were incubated overnight at 37°C. Five large colonies, each
one from a separate gradient plate and growing near the
center, were analyzed for Tn5 insertions. Four clones had
integrated TnS into pBR325. The insertions mapped between
the HindIII and BamHI sites; two of each in the opposite
orientation of TnS. One of the plasmids, designated pMK1,
was chosen for further experiments. Plasmid pMK1 allowed
the cloning of DNA (downstream from the promoter of the
kanamycin-neomycin resistance gene of TnJ; see reference
50) into the BgIIII site of ISSOL and the BamHI site of
pBR325.

Construction of nos subfragments. Plasmid pNS800 was
obtained by cloning the 2.5-kb EcoRI-HindIIl fragment of
pAV21 into the corresponding sites of plasmid pBR325.
Plasmids pAV39 and pAV42 were generated by digesting

pAV21 partially with Sau3A and then ligating the fragments
into the BamHI site of pBR32S. Ligation of the partial
Sau3A digest of pAV21 into the BamHI-Bg/II sites of pMK1
resulted in plasmids pAV49 and pAV50. Plasmid pAV502
was obtained from pAV50 by first digesting the restored
BamHI site to completion, then partially digesting pAVS50
with Bglll, and finally ligating the BamHI and BglII sites.
Plasmid pAV5018 was obtained by digesting pAVS50 with
EcoRI and allowing self-ligation of the fragments.

Plasmid pAV5018 was digested with the endonucleases
EcoRI and BamHI. The overhanging 5’ ends were filled with
the Klenow enzyme, and the two fragments were ligated.
From E. coli transformants, plasmid pAV5022 was isolated
which had the inserted Pseudomonas DNA in the inverted
orientation compared with pAV5018. Plasmids pAV5023 and
pAV5024 were generated by digesting pAV5018 to comple-
tion with BamHI and then partially digesting it with Clal.
The overhanging 5’ ends were filled in with the Klenow
fragment and ligated.

Plasmid pAV50 was digested with EcoRI or Sall. Over-
hanging 5’ ends were made blunt with the Klenow fragment;
digestion with BamHI was then carried to completion. The
resulting fragments were ligated into the BamHI site and the
blunt-ended Bg/II site of plasmid pMK1. The BglII site of
pMK1 was made blunt ended with the Klenow fragment
before the plasmid was cut with BamHI. This resulted in
plasmids pAV5019 and pAV5020. Plasmid pAVS5021 was
derived from pAVS5018 by digesting the latter completely
with EcoRI and partially with Bgl/II. Overhanging 5’ ends
were made blunt with Klenow fragment and ligated. After
ligation of the DNA fragments and selection on appropriate
antibiotic-containing plates, the plasmid size of recombinant
clones was screened by an electrophoretic method (14)
adopted for horizontal gels (54). All plasmids were intro-
duced into E. coli HB101 by transformation (9).

Preparation of cell extracts. Cells of recombinant E. coli
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strains were grown in ampicillin-containing LB medium and
collected in the cold (4°C) by centrifugation. They were
washed once with 20 mM phosphate buffer (pH 7.2) and
broken by two passes at 110 MPa through a French press.
The homogenate was centrifuged at 42,000 X g for 2 h. The
supernatant was used for immunochemical assays.

Immunochemical techniques. N,O reductase was detected
and quantitated in crude extracts of recombinant E. coli
strains by Laurell electroimmunoassay. The preparation of
antibodies against P. stutzeri N,O reductase and the condi-
tions for electroimmunoassay were as described (68). Cell
extracts were subjected for immunoblotting to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis with a 12%
separating gel and a discontinuous buffer system (28). Pro-
teins were transferred electrophoretically to nitrocellulose
sheets (59). N,O reductase was detected by staining the
immunoconjugate with protein A-gold (7).

Purification of N,O reductase. The enzyme from P. stutzeri
was obtained by the standard purification procedure (8).
Alternatively, the enzyme was isolated by a modified proce-
dure in which the following chromatographic steps were
substituted for preparative isoelectric focusing. After Seph-
adex G-100 gel filtration (8), the enzyme was dialyzed and
bound to a small column of hydroxyapatite. The column was
eluted with a linear gradient (1 to 10 mM) of phosphate buffer
(pH 7.2). Copper-containing, colored fractions were concen-
trated by ultrafiltration (PM10 membrane; Amicon Corp.,
Lexington, Mass.) and passed, in 50 mM Tris hydrochloride
buffer (pH 7.5) containing 0.1 M KClI, through a Sephacryl
S-200 column (2.6 by 90 cm). The enzyme was concentrated
again and subjected to nondenaturing preparative gradient
polyacrylamide gel electrophoresis in a 3-mm slab gel (8),
followed by electroelution and dialysis against 1 mM Tris
hydrochloride buffer (pH 7.5). Samples from either method
were used for the analysis of the NH, terminus.

E. coli-derived N,O reductase was purified from trans-
formants harboring plasmids pAV5018 or pAV5021 by the
standard procedure developed for the Pseudomonas enzyme
(8). Cells were grown aerobically in LB medium supple-
mented with 25 pg of ampicillin per ml in a 9-liter carboy.
The copper concentration of the medium was either 5 or 800
wM. The protein was monitored by immunoelectrophoresis
during purification. Conditions for incorporation of copper
into the purified E. coli protein were those used for Pseudo-
monas apoenzyme reconstitution (8).

DNA sequence determination. The region of plasmid
pAVS5018 identified as nosZ was cloned into M13mp11 (33).
Transfection of E. coli IM10S, identification of clones, and
isolation of M13 replicative-form and single-stranded DNA
were done by previously published techniques (39).

The ca. 1.5-kb Clal fragment (NS810), the ca. 1.8-kb Bglll
fragment (NS820), and the 0.3-kb PstI fragment (NS280) of
pAVS5018 were cloned into the Accl, BamHI, and Pstl
restriction sites of M13mpll, respectively. For each frag-
ment, two clones were identified by complementary tests to
carry the insert in opposite directions. The fragments NS810
and NS820 were progressively shortened by exonuclease 111
treatment (22). Double-stranded replicative-form of DNA
was cut at the unique Smal and Sacl sites in the polylinker
region of M13mp11. Treatment of the DNA with exonucle-
ase III led to unidirectional digestion of the insert from the
Smal site. In a 50-pl assay, 5 ug of DNA was incubated with
500 U of exonuclease III. During a period of 4 min, a 5-ul
sample was removed every 60 s, starting 30 s after addition
of the enzyme. DNA was treated with S1 nuclease, Klenow
fragment, and T4 DNA ligase (22). E. coli JM105 was
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transfected with religated DNA. From each time point, 20
clones were isolated. The sizes of the inserts were analyzed
by EcoRI-HindIll digestion.

DNA was sequenced by the dideoxynucleotide chain
termination method (51) with deoxyadenosine 5'-[a-
35S]thiotriphosphate for labeling (specific activity, ca. 22
TBg/mmol) (3). DNA fragments were separated on wedge-
shaped (0.2- to 0.6-mm) gradient gels (1) of 5% (wt/vol)
polyacrylamide cast by the sliding-plate technique and con-
taining 7 M urea. The complete sequence was also obtained
with deoxy-7-deazaguanosine triphosphate to resolve ambi-
guities in G+C-rich regions (42). Sequences were evaluated
with the PC/GENE software (Genofit, Geneva, Switzer-
land).

Analytical methods. Protein was determined by the proce-
dure of Lowry et al. (32). Copper was measured by atomic
absorption spectroscopy with background compensation by
a deuterium lamp. For internal sequences, N,O reductase
was digested with trypsin and the resulting peptides were
fractionated by high-pressure liquid chromatography. NH,-
terminal amino acids were determined by automated Edman
degradation (18).

Chemicals. Radionuclides and the M13 sequencing kit
were from Amersham-Buchler, Brunswick, Federal Repub-
lic of Germany. Restriction enzymes were purchased from
GIBCO/BRL-Bethesda Research Laboratories GmbH, Eg-
genstein, Federal Republic of Germany; Pharmacia, Frei-
burg, Federal Republic of Germany; or Boehringer GmbH,
Mannheim, Federal Republic of Germany. Calf intestine
alkaline phosphatase was obtained from Boehringer. T4
DNA ligase, Klenow fragment, exonuclease III, S1 nucle-
ase, and the reagents for nonradioactive DNA labeling and
detection were from GIBCO/BRL. Electrophoresis chemi-
cals were from Serva, Heidelberg, Federal Republic of
Germany and protein A-gold was from Bio-Rad Laborato-
ries, Munich, Federal Republic of Germany.

RESULTS

Cloning of the nos region. The cloning strategy for the nos
region of P. stutzeri was based on the plasmid integration-
excision system outlined in Fig. 1. A partial Mbol digest of
genomic DNA from mutant strain MK416 was first cloned
into the cosmid vector pJAl, and suiasequently a HindIIl
digest thereof was subcloned into pBR325. One of several
isolated subclones, pNS600, contained an insert of about 12
kb (62). The larger one (ca. 9 kb) of two EcoRI-HindIIl
fragments was isolated from this plasmid. This fragment
included 1.5 kb of .the known nos region, the major part
comprising adjacent DNA. Insertion of the EcoRI-HindIIl
fragment into the mobilizable vector pSUP203 resulted in
plasmid pMNS400. The plasmid was introduced into E. coli
S17-1, which carried a chromosomally integrated RP4-de-
rived helper plasmid to provide transfer functions (55).
Plasmid pMNS400 was transferred from E. coli to P. stutzeri
by conjugation; transconjugants were selected for vector-
mediated ampicillin resistance. Constitutive resistance of P.
stutzeri against low concentrations of chloramphenicol (10
wg/ml) was used to select against the donor. Since plasmid
pMNS400 cannot replicate in P. stutzeri, ampicillin resis-
tance was rescued by insertion of the plasmid into Pseudo-
monas DNA by homologous recombination (Fig. 1).

Genomic DNA of ampicillin-resistant colonies was iso-
lated and partially digested with Kpnl. This enzyme was
initially chosen because physical mapping had indicated the
absence of Kpnl restriction sites within the nos region (62).
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FIG. 1. Cloning by plasmid integration and excision of the nos
gene cluster from P. stutzeri. The top bar represents Pseudomonas
DNA froth mutant strain MK416, carrying a transposon Tn5 inser-
tion (V¥), which provided the EcoRI-HindIII fragment for construc-
tion of plasmid pMNS400. An additional Kpnl site within the nos
cluster. (see Fig. 2) is not shown, for the sake of clarity. For further
description, see the text. Abbreviations for restriction sites: E,
EcoRI; H, Hindlll; K, Kpnl.

A single Kpnl site was subsequently recognizéd, however,
and only partial digestion was practicable to preserve the
integrity of the nos-coding region. Kpnl-restricted DNA was
self-ligated and used to transform E. coli HB101. Plasmid
pAV21 (size, ca. 35 kb) was isolated from ampicillin-resis-
tant transformants (Fig.-1). It carried the complete nos
region. This was shown by comparing the physical map of
the plasmid with that of the nos region previously identified
by mapping Tn5 insertions (62). Integration of plasmid
pMNS400 into Pseudomonas DNA gave rise to a gene
duplication interrupted by the vector moiety derived from
pSUP203. Instability of plasmid pAV2l1 because of this
duplication was not observed in the host, E. coli HB101.
Cloning and expression of nosZ in E. coli. The size of
Pseudomonas DNA of plasmid pAV21 was reduced by
partial digestion with Sau3A. Fragments were ligated to
vector pBR325 or pMKI1, and plasmids with inserts of more
than 2 kb were defined by restriction analysis (Fig. 2).
Plasmids pAV39 and pAV42 and plasmids pAV49 and
PAV50 were obtained from vectors pBR325 and pMK1,
respectively. All four plasmids included the DNA region in
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FIG. 2. Physical map of the P. stutzeri nos region and restriction
maps of nosZ-carrying constructs. The position and direction of
transcription of nosZ are shown by the open arrow below pAV2l1.
Symbols: =, Pseudomonas DNA; [, vector DNA; mm,
IS50L element of TnS5. The small arrows define the promoter regions
of the antibiotic resistance genes for chloramphenicol, kanamycin,
or tetracycline. Restriction sites were completely mapped only for
the Kpnl fragment. Endonuclease designations in parentheses indi-
cate loss of the corresponding recognition sites iri the construction
process. The + and — signs refer to the results of nosZ expression
in E. coli HB101 (see Fig. 3). Abbreviations for restriction sites not
listed in Fig. 1: A, Sall; B, BamHI; C, Clal; G, Bglll; P, Pstl; S,
Smal.

which TnS insertion into genomic DNA had led to the loss of
the structural protein of N,O reductase (62). E. coli HB101
was transformed with these plasmids, and cell extracts were
immundchemically assayed for the expression of the enzyme
(Fig. 3). Only E. coli HB101(pAV50) produced a small
amount, of material which cross-reacted with a monospecific
antiserum against P. stutzeri N,O reductase.

Plasmid pA VS50 carried an insert of Pseudomonas DNA of
about 6 kb. Subfragments with deletions from both ends of
the presumed nosZ gene were made for more exact gene
localization, and the effect of the deletions on nosZ expres-
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FIG. 3.. Western blot analysis of crude extracts of E. coli HB101
transformed with the constructs shown in Fig. 2. Lanes: 1,9, and 19,
purified N,O reductase from P. stutzeri; 2, pBR325; 3, pAV21; 4,
pAV39; 5, pAV42; 6, pAV49; 7, pAVS0; 8, pAV5022; 10, pAV5018;
11, pAV5024; 12, pAV5023; 13, pAV502; 14, pNS800; 15, pAV5020;
16, pAV5021; 17, pAVS5019; 18, crude extract from P. stutzeri. For
electrophoresis and blotting conditions, see the text. The immuno-
conjugate was stained with protein A-gold.
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FIG. 4. Electroimmunoassay of NosZ from E. coli. Each well
was charged with 3 ul of crude extract of E. coli HB101 transformed
with the indicated plasmids (protein concentrations are given in
parentheses). Lanes: 1, pBR325 (30 mg/ml); 2, pAV50 (30 mg/ml); 3,
pAV5018 (3 mg/ml); 4, pAV5024 (3 mg/ml); 5, pAV5023 (3 mg/ml); 6,
pAV5020 (30 mg/ml); 7, pAV5021 (1.5 mg/ml); 8, purified N,O
reductase (0.2 mg/ml); 9, crude extract from P. stutzeri (15 mg/ml).
Numbers above the figure indicate the expression factor related to
the wild-type Pseudomonas strain. Immunoelectrophoresis was run
in calcium lactate-containing barbital buffer (pH 8.6) for 1 h at 3 V/
cm and then for 3 h at 10 V/cm.

sion in E. coli was studied. Thus, a series of constructs was
generated by deleting terminal segments of pAV50 with the
appropriate restriction enzymes (see Materials and Methods
for experimental details). Figure 2 shows the physical maps
of the respective plasmids. The religated constructs were
used to transform E. coli HB101, and isolated clones were
again assayed immunochemically (Fig. 3). It became appar-
ent that heterologous nosZ expression depended on the
presence in the clones of a fragment of 2.2 kb with terminal
Clal and Bglll recognition sites. The size of this DNA
fragment was close to the minimal length required to code
for the N,O reductase subunit.

The amount of N,O reductase protein produced in the
heterologous host was quantitated by Laurell electroimmu-
rioassay and related to the level of enzyme in the anaerobi-
cally derepressed wild-type Pseudomonas strain (Fig. 4). A
considerable difference in nosZ expression was found in
strains with plasmids derived either from pMK1 or from
pBR325. Expression was also dependent on the orientation
of the insert. A ca. sixfold nosZ overexpression was found in
E. coli HB101(pAV5018), whereas the strain with the in-
verted insert, HB101(pAVS5022), completely lacked expres-
sion. This argued for the expression of nosZ from a vector
promoter by transcriptional readthrough. The Pseudomonas
promoter apparently was inactive, as indicated also by lack
of enzyme expression from plasmids pAV39 and pAV42.
The promoter of the chloramphenicol resistance gene of
pBR325 led to strong gene expression in strains carrying
plasmid pAV5018, pAV5023, or pAV5024. Deletion of an
EcoRI-Bglll fragment of 900 base pairs upstream of the
presumptive translational start site led to a further doubling
in nosZ expression in strain HB101(pAV5021) (Fig. 4). The
promoter of the Tn5 kanamycin-neomycin resistance gene,
on the other hand, resulted in a relatively weak gene
expression in strains HB101(pAV50) and HB101(pAV5020).

The pairs of constructs pAVS5022 and pAV5018, or pAV49
and pAVS50, derived from pMK1 and pBR325, respectively,
carried identical or similar DNA fragments, yet in opposite
directions. Expression of nosZ was observed only with
pAVS50 and pAV5018, defining the direction of transcription
as shown by the arrows in Fig. 2 and 5.

DNA sequencing. The nucleotide sequence of nosZ was
determined by the dideoxy chain termination method of
ordered, overlapping fragments obtained by exonuclease III
digestion. The sequencing strategy is shown in Fig. 5. Both
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FIG. 5. Restriction map of and sequencing strategy for the nosZ
gene of P. stutzeri. The open arrow shows the position and tran-
scriptional direction of nosZ. Small arrows denote the extent of
sequencing and the positions of subclones which were derived from
the DNA fragments NS280, NS810, and NS820. Filled-in small
arrows indicate clones that were sequenced with deoxy-7-deazagua-
nosine triphosphate in addition to dGTP. The top part shows the
distribution of stop codons (]) and start codons (\, /) for the six
possible reading frames.

strands were sequenced. The complete nucleotide sequence
is shown in Fig. 6. A single open reading frame (ORF) was
found extending through 1,914 nucleotides in the transcrip-
tional direction deduced from the nosZ-carrying constructs
(Fig. 2 and 5). The frame was predicted as coding (17, 53); its
deduced amino acid sequence is shown in Fig. 6. A potential
ribosome-binding site (52) was located 10 base pairs up-
stream from the assumed translational start. Inverted re-
peats, possibly acting as transcription terminators, were
found downstream of the stop codon.

The upstream, noncoding region of nosZ was scanned (49)
for known Pseudomonas promoters (11). A decanucleotide,
GCACCGCAGT, was found in nosZ at positions 171 to 180,
which matches a sequence immediately upstream of the
promoter of the carboxypeptidase G2 gene (41). The pro-
moter regions of other Pseudomonas genes, algD, kilB, trfA,
and xy/R-P1, show six matches, and toxA and xy/CAB show
seven matches with this sequence. The CATCC pentanu-
cleotide of the chromosomal algD and roxA genes (11) is
present in nosZ at positions 36 to 40. A short distance
downstream of the decanucleotide, nosZ has a o®® recogni-
tion sequence, (200)GG-10-GC(213). However, Pseudomo-
nas promoters do not show a highly conserved consensus
sequence (11, 24), and evaluation of the significance of the
decanucleotide, if any, as well as experimental identification
of the nosZ promoter, must await further studies.

The 1.2-kb PstI fragment from the nosZ gene was used as
the hybridization probe for Southern blot analysis. It hybrid-
ized to a single fragment when genomic DNA was digested
with the endonucleases BamHI, EcoRIl, Kpnl, Sacl, and
Smal, all of which have no recognition sites within the nosZ
gene. A duplication of the nosZ gene within the genome of P.
stutzeri is therefore considered unlikely.
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FIG. 6. Nucleotide sequence and deduced amino acid sequence of the nosZ gene from P. stutzeri. Mapped restriction sites (Fig. 2 and 5)
and a potential ribosome-binding sequence (SD) are indicated above the nucleotide sequence. Dashes denote the stop codon; inverted repeats
are underlined by opposing arrows; asterisks emphasize cysteine residues. Numbers are aligned with the last digit to the corresponding
nucleotide or amino acid.
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TABLE 2. Comparison of the amino acid composition of NosZ
and N,O reductase from P. stutzeri

No. of residues in:

Amino acid
NosZ¢ NosZ® N,O reductase® ORF¢
Asp 54 52 51
Asx 82 79 72.9 60
Asn 28 27 9
Thr 35 33 323 23
Ser 33 29 31.4 25
Glu 31 30 35
Glx 49 47 54.0 65
Gln 18 17 30
Pro 31 29 342 14
Gly 52 48 52.8 81
Ala 49 44 49.8 84
Cys 9 9 4.1 8
Val 53 50 49.8 100
Met 25 24 20.3 S
Ile 33 33 324 22
Leu 38 35 37.0 78
Tyr 18 18 17.4 3
Phe 28 27 26.8 21
His 23 23 24.2 49
Lys 45 42 43.4 4
Arg 26 24 24.0 53
Trp 9 9 4.6 4

< Translation of the entire ORF of nosZ.

» Assuming processing of the enzyme at Ala-35 (M, 67,280).

¢ Data from reference 70 recalculated for M, 67,280.

4 Cryptic gene product corresponding to complementary ORF of nosZ (M,
74,277).

Analysis of NosZ. The gene product predicted from the
OREF consists of a protein of 638 amino acids and M, 70,822.
The mature protein is likely to have a lower M, (65,777 to
67,280), depending on the exact size of an export signal
sequence (see below). M, values of 62,000 and 74,000 were
previously obtained in different sodium dodecyl sulfate-
polyacrylamide gel electrophoresis systems (8, 70). The
chemically determined amino acid composition (70), with the
exception of unstable residues, corresponded well to the
composition predicted from the nucleotide sequence (Table
2). Deviations of 10 to 18% were found in the residues Glx,
Pro, Gly, and Ala; these deviations, unless inherent to the
method, could reflect a microheterogeneity of the very first
preparations of N,O reductase. The protein has nine cyste-
ine residues as opposed to the four determined chemically.
Direct gas-phase sequencing of tryptic peptides isolated by
reversed-phase high-pressure liquid chromatography gave
the sequences IPVFNVDSA, YVFANAEFII, and GNA
YTTLFI, which corresponded to the internal sequences of
NosZ at amino acid positions 96 to 104, 190 to 199, and 389
to 397, respectively.

Complementary-strand analysis and codon usage. Analysis
of ORFs in the six absolute phases within the nosZ region
revealed an uninterrupted reading frame of 2,097 nucleotides
in the opposite direction of transcription to that of the nosZ
OREF (Fig. 5). A similar situation, for instance, is observed
within the genus Streptomyces, for which extensive ORFs
are frequent in more than one phase and lead to difficulties in
identifying the coding strand (2). The complementary ORF
was indeed predicted as coding by two independent methods
(17, 53). It could code for a gene product of 699 amino acids
and M, 74,277, rather close to the subunit M, of N,O
reductase. However, the amino acid composition of this
hypothetical gene product is quite different from that of N,O
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FIG. 7. Hydropathy plot of NosZ (A) and the cryptic protein of
the complementary strand (B). Profiles were calculated by the
method described previously (27) with a window size of 15 residues.
Positions of the predicted membrane-spanning helices (25) are
shown.

reductase, especially since it has a very low content of Asn,
Met, Tyr, and Lys and a high content of Val, Leu, His, and
Arg (Table 2). Also, no complete correspondence was found
within this ORF to the chemically determined internal amino
acid sequences.

The profiles of the hydropathy index (27) of NosZ and the
complementary, cryptic gene product were conspicuous
with respect to the number of apparent membrane helices in
the latter (Fig. 7). Thirteen membrane-associated helices
were predicted for the complementary gene product by the
algorithm of Eisenberg et al. (15); seven (25) or at least three
(43) were predicted as membrane spanning, classifying the
protein as integral. In contrast, no transmembrane helices,
except that of the presequence, were predicted for NosZ by
the same three algorithms, as expected for a globular,
periplasmic enzyme (see below).

Analysis of codon usage also argues that the ORF in
question may not represent a genuine Pseudomonas gene
(Table 3). The G+C content of nosZ from P. stutzeri is
60.2%, placing it at the lower end of the G+C contents of the
““stutzeri’’ group, which range from 60.6 to 66.3% (47). From
DNA renaturation kinetics, a G+C content of 62% was
determined for the genome of the ZoBell strain of P. stutzeri
(12). Codon composition within the nosZ gene is biased
toward a high G+C content (83.9%) in the degenerate base
position (except for Glu codons), similar to previously
characterized genes from other Pseudomonas species (10,
19, 48, 58, 60). A low G+C content in the second position
(38.1%) and a lower than average content in the first position
(58.6%) are thus balanced, allowing for the high overall G+C
content of Pseudomonas DNA (2). Codon composition
within the complementary ORF is opposite to that of nosZ,
with G+C contents of 80.9, 41.8, and 57% in the first,
second, and third codon positions, respectively (Table 3).

NH,-terminal analysis. The NH, terminus of NosZ is likely
to carry an export signal sequence extending to 35 residues
(M, of the mature protein without the copper atoms, 67,280);
however, five further cleavage sites, in conformity with the
—1,-3 rule (64), are present up to residue 52. These cleavage
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TABLE 3. Codon usage in the nosZ gene of P. stutzeri

Amino No. of times Amino - No. of times Amino No. of times Amino No. of times
Codon acid codon used? Codon acid codon used Codon acid codon used Codon acid codon used
uuu Phe 2 (6) UCu Ser 1(5 UAU Tyr 0(0) UGU Cys 109
uucC Phe 26 (15) ucc Ser 13 (0) UAC Tyr 18 (3) UGC Cys 8(3)
UUA Leu 0(0) UCA Ser 0Q3) UAA - 1) UGA - 0
UuG Leu 0(Q) UCG Ser 7Q2) UAG - 0 (0) UGG Trp 94)
CUuU Leu 1(42) CCU Pro 2() CAU His 5@21) CGU Arg 10 (5)
CucC Leu 9(17) CCC Pro 4 (1) CAC His 18 (28) CGC Arg 16 (12)
CUA Leu 0(0) CCA Pro 3(12) CAA Gin 21 CGA Arg [UX¢))
CUG Leu 28 (17) CCG Pro 22 (0) CAG Gln 16 (29) CGG Arg 0(22)
AUU Ile 12 ACU Thr 3Q) AAU Asn 12 AGU Ser 0 (6)
AUC Ile 32 (20) ACC Thr 29 (10) AAC Asn 27 (7) AGC Ser 12 (9)
AUA Ile 0 (0) ACA Thr 0Q) AAA Lys 503) AGA Arg 0(Q)
AUG Met 25 (5) ACG Thr 3 (10) AAG Lys 40 (1) AGG Arg 0(5)
GUU Val 5(29) GCU Ala 9 (14) GAU Asp 20 (33) GGU Gly 10 (30)
GUC Val 19 (35) GCC Ala 26 (41) GAC Asp 34 (18) GGC Gly 41 (30)
GUA Val 3(18) GCA Ala 309 GAA Glu 15 (26) GGA Gly 0(14)
GUG Val 26 (18) GCG Ala 11 (20) GAG Glu 16 (9) GGG Gly 1(7)

¢ Data in parentheses show the codon usage for the putative gene product corresponding to the complementary ORF of nosZ.

sites are carboxy terminal to Ala-32, Ala-50, Ala-52, Thr-45,
or Ala-36, in this order of decreasing likeliness. The predic-
tive accuracy of these sites is 75 to 80% (64). A presequence
of 35 residues appears long, but not exceptionally so, for
bacterial export signals (63, 65), including one found in P.
aeruginosa (48). Protein processing is expected in light of the
periplasmic location of N,O reductase in denitrifying bacte-
ria (36, 44, 61). Location of the enzyme from P. stutzeri in
the periplasm (N. Minagawa and W. G. Zumft, Biol. Metals,
in press) was indicated by cell fractionation (45) and the
chloroform shock method (16). The only transmembrane
helix of this enzyme is associated with the unprocessed NH,
terminus, predicted to extend from Gly-22 through Thr-45
(GFLGASAVTGAAVAATALGGAVMT) (43) or Phe-23
through Leu-39 (25); this structure is likely to be functionally
related to the export process.

Direct sequencing of P. stutzeri N,O reductase purified by
either method described in Materials and Methods did not
produce significant yields of amino acids, indicative of
NH,-terminal blockage. The nature of the block was not
determined, and it is not known when NH,-terminal block-
age occurred. Substitution of isoelectric focusing by other
methods of fractionation did not render the NH, terminus
accessible, excluding this part of the purification procedure
as a cause of the problem. Until its resolution, the NH,
terminus as well as the definitive M, of the mature enzyme
will have to remain unknown.

Characterization of E. coli N,O reductase. Cell extracts of
different nosZ-carrying clones of E. coli were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and subsequent immunoblotting. Results of Western immu-
noblots shown in Fig. 3 indicated that the plasmids of
positive clones directed the synthesis of N,O reductase
proteins with the same molecular mass as the native enzyme
from P. stutzeri. Although the occurrence of double bands is
suggestive of posttranslational protein processing, blockage
of the NH, terminus of E. coli N,O reductase has, again, so
far hampered progress in this area.

N,O reductase produced by E. coli HB101(pAV5018) was
purified to homogeneity by the method used for P. stutzeri.
N,O reductases of E. coli and P. stutzeri were immuno-
chemically indistinguishable. The absorption spectrum of
the E. coli protein purified from cells grown in a low-copper
medium (5 uM Cu®") is shown in Fig. 8. The characteristic

absorbance of the copper chromophore around 530 nm and
in the near-ultraviolet range was absent. Analysis for copper
by atomic absorption spectroscopy was negative. The en-
zyme could be partially reconstituted in vitro by adding
copper (Fig. 8). Assembly of the copper chromophore was
incomplete, however, resulting in a protein with an elec-
tronic spectrum similar to that of the in vitro-reconstituted
apoenzyme of P. stutzeri (8). E. coli N,O reductase purified
from cells grown in the high-copper medium (0.8 mM Cu?*)
contained approximately one atom of copper per dimer
(versus ca. eight atoms for the Pseudomonas enzyme). The
optical spectrum showed weak features in the visible range,
suggestive of some spontaneous copper incorporation.

N,O reductase was also purified from the most highly
overproducing strain, E. coli HB101(pAV5021). The protein
from this strain was remarkably insoluble and tended to
precipitate. This is a frequent effect in highly overproducing
strains and is attributed to altered protein folding (46). Since
no attempts were made to solubilize the aggregating mate-
rial, much N, O reductase protein was lost, and the final yield
was lower than that from the less highly overproducing
strain.
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FIG. 8. Absorption spectrum of purified nitrous oxide reductase
from E. coli HB101(pAV5018). The left-hand panel and the lower
trace in the right-hand panel show the spectrum of the protein as
isolated; the upper trace shows the spectrum after protein reconsti-
tution with copper as described in Materials and Methods.
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DISCUSSION

The method of plasmid integration and excision has
proven to be an efficient cloning approach for the nos genes
of P. stutzeri. The general applicability of this method,
together with the availability of transposon TnS mutants,
should also provide access to other denitrification genes,
such as the nir (69) and nar (S. Bliimle, H. Koérner, and
W. G. Zumft, unpublished results) systems. In preliminary
accounts of this work, we referred to the structural gene for
N,O reductase as nosA (71; Viebrock and Zumft, Biol.
Chem. Hoppe Seyler 368:561-562, 1987), which has since
been assigned to an outer membrane protein involved in
copper processing for this enzyme (44). To prevent confu-
sion in terminology, we have modified our previous nomen-
clature.

Expression of the nosZ gene in E. coli did not lead to the
formation of N,O reductase holoenzyme. Apparently, E.
coli does not provide the necessary functions for copper
chromophore assembly. Even in the presence of a high (0.8
mM) copper concentration in the medium, no functional
holoenzyme was found. This supports the view that forma-
tion of the copper prosthetic group of N,O reductase is
catalyzed and requires additional gene products besides the
structural protein (44, 62, 68, 72). This might not be the case
for all other copper proteins, since, e.g., superoxide dismu-
tase, having only a single copper atom per monomer (besides
Zn), was shown to be functional when expressed in E. coli
(20). Enzyme activity was found to depend on the copper
concentration in the medium and required at least 0.39 mM
Cu?* (21). The gene for Alcaligenes faecalis S6 azurin also
led to a functional product when expressed in E. coli (66).

The amino acid sequence of NosZ was used to screen the
4,721 entries of the Protein Identification Resource data
bank of the National Institutes of Health, Bethesda, Md.,
(release 14.0) but did not show significant similarities. A
more extensive comparison with the copper proteins azurin,
plastocyanin, tyrosinase, ceruloplasmin, hemocyanin, and
superoxide dismutase showed insufficient amino acid identi-
ties to clearly establish a relation with N,O reductase. Two
regions, because of their clustering of Cys, His, and Met
residues, however, are conspicuous for copper binding.
Cys-128 is found within a homologous sequence, GDCHHP
(and four further matching residues close by), of Desulfovi-
brio vulgaris cytochrome c;. The carboxy-terminal posi-
tioned residues Cys-618, Cys-622, and His-626 show a spac-
ing which matches that of the proposed Cu, site of
cytochrome ¢ oxidase subunit II (CoxII) (23, 57):

244-255 CSELCG INHA Y M CoxIl (Paracoccus spp.)

618-629 C S w FC HAL H ME M NosZ (Pseudomonas spp.)

A serine residue adjacent to Cys-618 is conserved in NosZ
and the cytochrome oxidase sequences known so far (57).

The Cu, site of cytochrome oxidase consists of two sulfur
ligands and two N,O-ligands (30). A Cu"S,(Cys),N(His) site
was recently proposed for at least one type of copper center
of N,O reductase (13). Data from extended X-ray absorption
fine structure of copper (R. A. Scott, personal communica-
tion), electron spin echo (Jin et al., submitted), and electron
paramagnetic resonance measurements (Riester et al., sub-
mitted) are consistent with the presence of an equivalent of
a Cu, site in N,O reductase.
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