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g, reduction performance and
structure of Pseudomonas citronellolis WXP-4
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Nitrous oxide reductase (N2OR) is the only known enzyme that can reduce the powerful greenhouse gas

nitrous oxide (N2O) to harmless nitrogen at the final step of bacterial denitrification. To alleviate the N2O

emission, emerging approaches aim at microbiome biotechnology. In this study, the genome sequence

of facultative anaerobic bacteria Pseudomonas citronellolis WXP-4, which efficiently degrades N2O, was

obtained by de novo sequencing for the first time, and then, four key reductase structure coding genes

related to complete denitrification were identified. The single structural encoding gene nosZ with

a length of 1914 bp from strain WXP-4 was cloned in Escherichia coli BL21(DE3), and the N2OR protein

(76 kDa) was relatively highly efficiently expressed under the optimal inducing conditions of 1.0 mM

IPTG, 5 h, and 30 �C. Denitrification experiment results confirmed that recombinant E. coli had strong

denitrification ability and reduced 10 mg L�1 of N2O to N2 within 15 h under the optimal conditions of

pH 7.0 and 40 �C, its corresponding N2O reduction rate was almost 2.3 times that of Alcaligenes

denitrificans strain TB, but only 80% of that of wild strain WXP-4, meaning that nos gene cluster auxiliary

gene deletion decreased the activity of N2OR. The 3D structure of N2OR predicted on the basis of

sequence homology found that electron transfer center CuA had only five amino acid ligands, and the

S2 of the catalytically active center CuZ only bound one CuI atom. The unique 3D structure was different

from previous reports and may be closely related to the strong N2O reduction ability of strain WXP-4

and recombinant E. coli. The findings show a potential application of recombinant E. coli in alleviating

the greenhouse effect and provide a new perspective for researching the relationship between structure

and function of N2OR.
Introduction

Nitrous oxide (N2O) is an inert, odorless and non-toxic gas that
in particular acts as a powerful greenhouse gas and a signicant
depleter of ozone. Its global warming potential is more than 300
times that of carbon dioxide (CO2).1,2 N2O is widely emitted due
to fuel combustion, nitrogenous fertilizer utilization, and
wastewater treatment, and can exist stably in the atmosphere
for more than 100 years and its atmospheric concentration level
is growing steadily at a rate of 0.2–0.3% per year.3–5 So, the
development of N2O control technology is becoming increas-
ingly important.
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Biodegradation has attracted much attention due to its
advantages, such as mild conditions, low cost, and no
secondary pollution.6,7 More than two-thirds of the global N2O
emissions originate from the soil ecosphere and hydrosphere,
and can be reduced to harmless nitrogen gas (N2) at the nal
step of the microbial denitrication pathway.8–10 Nitrous oxide
reductase (N2OR) is the only enzyme that performs the biolog-
ical denitrication process.11,12 Thus, the efficient utilization of
N2OR is essential to the effective control of N2O emission
through biological methods.

N2OR is a periplasmic multi-copper enzyme and a head-to-
tail homodimer. Each monomer includes two domains: an
electron transfer binuclear CuA center at C-terminal and
a catalytic tetranuclear CuZ center at N-terminal.13,14 Generally,
CuA is liganded by six amino acid residues comprising one
methionine, one tryptophan, two cysteines and two histidines;
CuZ is coordinated by seven histidines.15,16 On the base of the
3D structure of N2OR, the consensus view of N2O catalytic
reduction mechanism is that N2O binds to the catalytically
active site of CuZ, then the electron is transferred from CuA to
convert N2O into N2.
RSC Adv., 2022, 12, 2549–2557 | 2549
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N2OR is encoded by the nos gene cluster (nosRZDFYL), in
which nosZ gene is the structural gene.17 In previous studies, the
nosZ gene from various microbial groups has been successfully
cloned and expressed in different hosts. Wan et al. reported that
the transfer of nosZ gene into tobacco plants resulted in higher
N2OR activity and decreased N2O release capacity.18 Jones et al.
found that when there were two copies of nosZ in bacillus cells,
almost no N2O was produced.19 These results indicate that
recombinant N2OR plays an important role in reducing N2O
emissions. However, there are few systematic studies on the
cloning and heterologous expression of nosZ gene, and its
utilization needs to be further excavated.

Recently, a novel facultative anaerobic denitrifying bacteria
showing high efficiency N2O degradation, namely, P. citronell-
olis WXP-4, was isolated from the Qige sewage treatment plant
(Hangzhou, China).20 Its reduction efficiency is 100% at an
initial N2O concentration of 50 mg L�1 within 2 d (ESI Fig. S1†).
Thus, it was intended to deeply understand P. citronellolisWXP-
4. The aims of this study are as follows: (1) sequence the whole-
genome of strain WXP-4 and identify the key denitrication
genes; (2) clone the nosZ gene from strain WXP-4 in E. coli and
investigate the N2O removal performance of recombinant E.
coli; (3) preliminarily explore the relation between the structure
and function of N2OR.
Materials and methods
Materials

P. citronellolisWXP-4 (CCTCC NO. M2018526) was isolated from
the wastewater of Qige Sewage Treatment Plant (Hangzhou,
China). E. coli BL21(DE3), plasmids pGEM-T and pET28a were
purchased from TaKaRa Biotechnology Co., Ltd. PCR primer
was purchased from Sangon Biotech (Shanghai, China). EcoR I
and Xho I were purchased from Aoqian Biotech Co., Ltd
(Hangzhou, China).

P. citronellolisWXP-4 and E. coliwere grown in a sealed shake
ask with LB medium comprising the following (per liter): NaCl
(10.0 g), yeast extract (5.0 g), and peptone (10.0 g). The internal
space of the sealed shake ask was guaranteed to be completely
anaerobic by continuous rinsing with argon gas for 20 min
through a sterile thin tube, which was inserted into the bottom
of the culture medium. The medium used for N2O degradation
performance test was inorganic salt medium without nitrogen
source as follows (per liter): sodium succinate (2.36 g), KH2PO4

(1.5 g), Na2HPO4$12H2O (7.715 g), MgSO4$7H2O (0.1 g), agar
(20.0 g), and trace element solution (2 mL). The trace element
solution comprised the following (per liter): EDTA (5.0 g),
FeSO4$7H2O (0.5 g), ZnSO4 (0.43 g), CuSO4$5H2O (0.25 g), CaCl2
(5.5 g), CoCl2$6H2O (0.24 g), MnCl2$4H2O (0.99 g), and H3BO4

(0.014 g). The rotation speed of the sealed shake ask was
160 rpm, the initial pH value of LB medium was set at 7.0, and
the initial pH value of the inorganic salt medium without
nitrogen source was the natural pH (�7.5).

The GenBank accession number for the genome sequence of
strain P. citronellolisWXP-4 was CP034688 (these data were to be
held condential until: Dec 24, 2022).
2550 | RSC Adv., 2022, 12, 2549–2557
De novo sequencing and coding genes prediction of P.
citronellolis WXP-4

The genomic DNA of P. citronellolis WXP-4 was extracted by
Gentra Puregene Yeast/Bact. Kit (Qiagen, Valencia, CA), and the
nanopore library was constructed by using a nanopore
sequencing kit. Aerward, second-generation sequencing was
conducted by using Illumina high-throughput sequencer, and
the third-generation real-time sequencing (single molecule
sequencing) was conducted by using GridION X5 sequencer.
The genome was assembled by the Unicycler (v0.4.5) soware.
The genome circle graph of P. citronellolis WXP-4 was drawn by
using the online soware Circos (v0.69) (http://www.circos.ca/
soware/download/circos/).

The genome annotation was performed by using the
National Center for Biotechnology Information (NCBI)
Prokaryotic Genome Annotation Pipeline (PGAP) system. The
open reading frame (ORF) prediction was performed by using
Prodigal gene-nding soware v2.6.3.21 Coding gene's func-
tion annotation was aligned with the databases of non-
redundant protein (Nr), Kyoto Encyclopedia of Genes and
Genomes (KEGG), and Clusters of Orthologous Groups (COG)
by BLAST. Metabolic pathways were annotated by KEGG. The
proteins encoded by genes were classied via phylogenetic
classication by using COG. The composition, structure and
location information of denitrication gene clusters in P. cit-
ronellolis WXP-4 were analyzed according to the annotation
results. The gene structure map was drawn by using the SVG
method.
TA cloning of nosZ gene

The genomic DNA of P. citronellolis WXP-4 was used as a DNA
template for PCR. PCR was performed in a Mastercycler gradient
(Bio-Rad, USA) by using the specic primers designed according
to the nosZ gene sequence from strain WXP-4, as follows: nosZ-F
(50-GAATTCATGAACGAGAAGAAACACCCGCAGCCCGAAGACG-30)
and nosZ-R (50-CTCGAGGGCCTTTTCCACCAGCATGCGGCCGAC-
CATTTCC-30). The PCR reaction system and reaction cycles refer
to the method of Chen et al.22 The PCR reaction system (50 mL)
consisted of 25 mL of 2�PhantaMax Buffer, 1 mL of dNTPsMix (10
mM), 2 mL of nosZ-F (10 mM), 2 mL of nosZ-R (10 mM), 1 mL of
Phanta polymerase, 2 mL of template DNA, and 17 mL of double
distilled water. Themixture was pre-denatured at 95 �C for 3min.
Then, it was denaturation at 95 �C for 0.5 min, annealed at 55 �C
for 0.5 min, and extended at 72 �C for 1.5 min for a total of 33
cycles. Finally, extension was performed at 72 �C for 5 min. The
PCR products obtained by SanPrep Rapid Gel DNA Recovery kit
were added through “A” tail treatment using at terminal DNA
Fragment Plus “A” kit. Then, they were puried by SanPrep PCR
and DNA Fragment Purication kit and ligated into pGEM-T
plasmid to form a TA clone at 4 �C overnight. The TA clone
was transformed into E. coliDH5a and conformed by colony PCR
and restriction enzyme digestion. The positive colony plasmid
was extracted by using the SanPrep Rapid Plasmid Extraction kit
and sent to Youkang Biotech Co., Ltd (Hangzhou, China) for
sequencing.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Bioinformatics analysis of nosZ gene and N2OR protein

The sequence similarity of nosZ gene in P. citronellolis WXP-4
was compared with that of other strains by BLAST homology
comparison on NCBI. The neighbor joining method in Mega
soware (v7.0.26) was used to construct the phylogenetic tree.
DNAMAN soware was used to analyze the length, base
composition, and distribution of nosZ gene. The amino acid
sequence was translated by gene transcription. The physical
and chemical properties of N2OR protein were analyzed by
using the ProtParam online website (https://web.expasy.org/
protparam/). The basic secondary structure of the protein was
analyzed by the predict protein online website (https://
www.predictprotein.org/). The Swiss Model online website
(https://swissmodel.expasy.org/) was used to predict the 3D
structure of the N2OR protein based on the amino acid
sequence in the PDB database. A homology model was gener-
ated using the N2OR (PDB ID: 3SBP) from P. stutzeri as the
template, with which N2OR of strain WXP-4 shared 82.18%
sequence identify, and the N2OR protein was edited by using
Discovery Studio 4.5 soware.
Constructure and expression of recombinant E. coli
BL21(DE3)-pET28a-nosZ

The pGEM-T-nosZ and pET28a plasmids were respectively
extracted from the positive clone colony and E. coli. Then, they
were simultaneously digested with EcoR I and Xho I. Aer the
detection of enzyme digestion products by using agarose elec-
trophoresis, the released nosZ gene was ligated into the treated
pET28a plasmid at 4 �C overnight to construct the gene
expression vector pET28a-nosZ. The constructed expression
vector pET28a-nosZ was transformed into E. coli BL21(DE3),
which was conrmed by colony PCR and restriction enzyme
digestion. The recombinant E. coli BL21(DE3)-pET28a-nosZ was
obtained for expression.

The recombinant E. coli was incubated in LB liquid medium
containing 50 mg mL�1 of kanamycin and then cultured at 37 �C
and 160 rpm until the logarithmic growth period. It was
induced by IPTG at a nal concentration of 1mM for 5 h at 30 �C
and 160 rpm. The total protein of all bacteria was extracted by
ultrasonic method (power 400 watts, working for 3 s, intermit-
tently for 2 s, and breaking 99 times) and puried by using His-
tagged Protein Purication Kit (soluble protein, ESI S1.1†). SDS-
PAGE (ESI S1.2†) was used to determine whether the recombi-
nant N2OR protein was expressed.
N2O reduction performance and its inuencing factors of
recombinant E. coli

The recombinant E. coli was cultured and induced under the
conditions mentioned above, three repeated experiments were
set for each bacterial solution. The bacterial cells were har-
vested by centrifugation at 4 �C and 10 000 rpm for 5 min. Then,
they were washed twice with 50 mL inorganic salt liquid
medium without nitrogen source and transferred to the new
50 mL inorganic salt medium. Pure N2O gas was injected into
the headspace of a sealed shake ask with Agilent gas-tight
© 2022 The Author(s). Published by the Royal Society of Chemistry
syringe. The nal concentrations of N2O inside the shake
ask reached 10, 20, 30, 40, and 50 mg L�1. The concentrations
of the remaining N2O were measured regularly within 5 d to
determine the N2O degradation rate. The effects of factors, such
as temperature (30 �C, 35 �C, 40 �C, 45 �C, and 50 �C) and pH
(5.0, 6.0, 7.0, 8.0, and 9.0) on the degradation of 10 mg L�1 N2O
by recombinant E. coli were investigated. The remaining
concentrations of N2O were measured regularly in the shake
ask by gas chromatography (Agilent 6890 N, USA).

The recombinant E. coli and P. citronellolis WXP-4 were
cultured at respectively optimal conditions, then performed as
mentioned above and three repeated experiments were set for
each bacterial solution. The initial concentration of N2O in the
sealed ask was 10 mg L�1. The remaining concentration of
N2O was measured regularly in the shake ask by Agilent gas
chromatography (Agilent 6890 N, USA).
Analysis methods

Gas samples (250 mL) were regularly collected from the upper
space of the shaker by GC-specic pointed gas-tight syringe and
detected according to the previous method with slight modi-
cation.23 N2O was determined using an Agilent 6890 N GC
equipped with an electron capture detector and a column (30 m
� 0.32 mm � 0.25 mm) packed with HP-5. The temperatures of
the column, injector, and detector were 40 �C, 100 �C, and
300 �C, respectively. The carrier gas was N2 and owed at a rate
of 20 mL min�1. All experiments were performed in triplicate.
Data were presented as mean � standard error and calculated
by using the SPSS 13.0 soware.
Results and discussion
Genome sequence and functional genes annotation of P.
citronellolis WXP-4

The genomic DNA of P. citronellolis WXP-4 was sequenced by
Illumina HiSeq. The sequencing clean data showed that the
total genome length of strain WXP-4 was 6672752 bp, and the
GC content was 67.40%. Then, the GC skew was calculated,
which is the relative content of GC and is a useful tool for
marking the start and end points of circular chromosomes.
NCBI online database predicted that the genome contained
5757 coding sequences (CDS). Through sequence comparison
with the Rfam database, 5756 mRNA, 15 rRNA, 66 tRNA, and 4
ncRNA were found in the genome (Fig. 1a).

The coding genes in WXP-4 genome were annotated by Nr,
COG, and KEGG databases. Nr is the official protein sequence
database of NCBI and typically used for species classication.24

The number of annotated proteins was 5740, which accounted
for 99.72% of the total protein number, and 99% of the CDS
coding proteins were annotated as Pseudomonas sp. proteins by
the database. The statistical results of genome COG showed that
the strain WXP-4 contained 24 of 25 categories, and the number
of genes responsible for amino acid transportation and
metabolism ranked second (Fig. 1b). The metabolic pathways of
gene products and compounds in cells and the functions of
these gene products were systematically analyzed by KEGG. As
RSC Adv., 2022, 12, 2549–2557 | 2551
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Fig. 1 (a) Genome circle of P. citronellolisWXP-4. In the above figure,
there are six circles, from the inside to the outside: the first circle
shows GC skew, the green part shows GC skew as a positive part, the
orange part shows GC skew as a negative part; the second circle
shows GC content; the third circle shows rRNA and tRNA annotation
information, in which purple shows rRNA information and red shows
tRNA information; the fourth and fifth circles show CDS annotation
information, which is represented by different colors. The COG
annotation classification of CDS is different, the fourth circle is that
CDS is in the negative chain, the fifth circle is that CDS is in the positive
chain; the outer circle shows the total genome size. (b) COG anno-
tation classification chart. (c) KEGG annotation classification chart.

Fig. 2 Schematic diagram of denitrification gene clusters arrange-
ment in P. citronellolisWXP-4. (a) nar gene cluster, (b) nir gene cluster,
(c) nor gene cluster, (d) nos gene cluster. (e) Location map of the
denitrifying genes on the genome of strainWXP-4. The direction of the
arrow indicates the direction of transcription. The blue arrow repre-
sents the denitrification gene, while gray arrow represents other
genes. + indicates the genomic sense strand, � indicates the genomic
antisense strand.
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shown in Fig. 1c, 3952 genes in the genome were involved in the
metabolism of bacteria, accounting for 91.14% of the total
KEGG annotation genes. Among these, 718 genes were involved
2552 | RSC Adv., 2022, 12, 2549–2557
in carbohydrate metabolism; 852 genes were involved in amino
acid metabolism; 135 genes were involved in environmental
information processing and cellular processes; and 249 genes
were involved in the three pathways of the biological system,
human disease, and genetic information processing.
Identication of denitrication genes in P. citronellolisWXP-4

The complete denitrication process includes four reductases,
namely, nitrate reductase (Nar), nitrite reductase (Nir), nitric
oxide reductase (NOR), and N2OR, which were coded by specic
genes.25 A total of 25 denitrication genes were found in strain
WXP-4. Part of these genes constituted the nar and nos deni-
trication gene clusters, whereas the other nir and nor genes
were not clustered separately. The nar, nir, and nor genes were
relatively close to one another on the chromosome. The deni-
trication gene clusters were arranged in an orderly and rela-
tively compact manner.

According to their different locations in the cell, denitrifying
bacteria usually express two kinds of Nar, namely, membrane-
bound and periplasmic-bound nitrate reductase; their coding
genes were usually nar and nap, respectively.26 In P. citronellolis
WXP-4, only nar existed and was present in the form of a gene
cluster. The nar gene cluster with a total length of 18.02 kb was
located on the antisense chain of the genome and encoded 12
ORFs, namely, narL, narQ, narK-2, narK-1, narG, narH, narJ,
narI, narG, narH, narJ, and narI, in order (Fig. 2a). Twelve
regularly arranged genes were transcribed in the same direction
on the chromosome, and no gap was found in the coding
© 2022 The Author(s). Published by the Royal Society of Chemistry
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region. Among these genes, narGHI was the structural gene of
Nar, whereas the others were the auxiliary genes of the enzyme.
The largest ORF gene was narG with a length of 3780 bp; it
encoded the a subunit of Nar. The narH and narI encoded the
b and g subunits of nitrate reductase, respectively. The narJ
encoded the Mo cofactor assembly chaperone of Nar.27

Nir catalyzes the reduction of nitrite to nitric oxide, which is
the most important rate-limiting step in the denitrication
process. Nir is generally divided into cytochrome cd1-type Nir
and Cu-type Nir, which are encoded by nirS and nirK genes,
respectively.28,29 However, these two enzymes generally do not
coexist in one bacterium. Only one copy of the nirK gene was
found in the strain WXP-4, whereas other conventional nir
genes did not exist near the upstream and downstream, and
nirD genes were found far upstream (Fig. 2b); this might be the
evolutionary difference from other bacteria. Possibly, some nir
genes have not yet been identied. A search for nir-related
proteins in the P. citronellolis WXP-4 genome needs to be per-
formed in the future. All the key genes involved in the nitrite
reduction process and their functions need to be identied.

NOR reduces NO to N2O, which can be divided into two
types, namely, cNOR and qNOR. cNOR is a heterodimer oligo-
merase that is encoded by norB and norC, some regulatory genes
may be present. qNOR is a monomer enzyme encoded by
a single gene, either norB or norZ.30,31 Strain WXP-4 only
contains cNOR. Two copies of norB and norR were found in the
genome of strainWXP-4, but they were far away. One of the norB
genes (1422 bp) was downstream of norC (441 bp). The other
norB gene (2279 bp) was downstream of norR (1565 bp), which
functions in NOR transcriptional regulation (Fig. 2c).

Compared with other denitrifying gene clusters, the nos gene
clusters were very conservative. They were all arranged in the
genome with a sequence of nosRZDFYL.32 In P. citronellolisWXP-
4, the coding genes of N2OR formed the nos gene cluster, which
was transcribed in the same direction, had a relatively compact
arrangement, and had no other genes inside. In addition, the
total length of the nos gene cluster was 7554 bp and included six
ORFs in the following order: nosR, nosZ, nosD, nosF, nosY, and
nosL (Fig. 2d). Among them, the longest gene was nosR gene
(2115 bp), which encodes an integral membrane protein
Fig. 3 Phylogenetic tree of nosZ gene in P. citronellolis WXP-4. The ph
value is set to 1000. Scale bars represent the estimated number of nucle

© 2022 The Author(s). Published by the Royal Society of Chemistry
required for electron delivery and function. The structural nosZ
gene with a length of 1914 bp encodes the N2OR protein. The
nosDFY genes encode an ABC transporter (NosFY) and a peri-
plasmic interacting protein, NosD, which is presumably
required for shuttling a sulfur species into the periplasm for
CuZ assembly. The nosL encodes a membrane anchored copper
molecular chaperone.33,34

According to the whole genome sequence, four key reductase
structure coding genes were involved in the denitrication of
WXP-4, as follows: narGHI, nirK, norCB, and nosZ, demon-
strating that P. citronellolis WXP-4 was a complete denitrifying
bacterium. These results further conrmed the research results
of Wang et al.20 According to the position of these four structure
genes in the genome, the gene map was drawn and shown in
Fig. 2e. The nos, nor, nir, and nar genes were arranged on the
genome chain in order.

TA cloning and basic sequence of nosZ gene

The nosZ gene encoding N2OR in strain WXP-4 was amplied by
PCR and obtained by TA cloning. The results of the agarose gel
electrophoresis of the nosZ gene PCR products demonstrated
that the target DNA band was clear (ESI Fig. S2†), indicating the
reaction conditions are appropriate. Generally, the number of
PCR cycles will be selected between 30–35, which depends on
the concentration of template DNA and other substances in the
reaction system. Too few cycles will result in insufficient
amplication of target DNA, and the more cycles will produce
the more non-specic products. The analysis results from
DNAMAN soware showed that the total length of nosZ gene
was 1914 bp, and the ATCG base contained 390, 266, 583, 675,
which accounted for 20.4%, 13.9%, 30.5%, and 35.3% of the
total base number respectively. The BLAST homology compar-
ison results revealed that the nucleotide sequence of nosZ gene
was like that of the encoding N2OR protein in P. aeruginosa HS9.
The phylogenetic tree showed that the condence of nosZ
sequence homology between strain WXP-4 and P. aeruginosa
was 100 (Fig. 3).

The analysis of the nosZ sequence found the presence of 101
restriction endonucleases in the sequence, which could be
digested by 49 restriction enzymes. However, the restriction
ylogenetic tree is constructed by using the NJ method. The bootstrap
otide substitutions per site.
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endonucleases of EcoR I and Xho I were absent (ESI Fig. S3†).
The sequence could be inserted into other vectors via EcoR I and
Xho I double enzyme digestion without sequence self-cutting.
The restriction endonuclease site map and electrophoretic
simulation of single enzyme digestion of nosZ gene with 49
restriction enzymes were shown in Fig. S3.†
Spatial structure of the N2OR protein

The basic physical and chemical properties of N2OR protein
analyzed by ProtParam tool showed that the nosZ protein con-
tained 20 kinds and 637 amino acids, and the predicted
molecular mass of the protein was 70.9 kDa. Like the N2OR of
W. succinogenes and P. putidaHK5, the predicted 3D structure of
Fig. 5 SDS-PAGE electrophoresis analysis of N2OR protein. M: protein m
(wild bacteria); 5, 10 and 20: the purified N2OR was diluted 5 times, 10 t

Fig. 4 The structure of N2OR from P. citronellolis WXP-4 edited by
using Discovery Studio 4.5 software. (a) The structure of N2OR and the
distance between copper atoms. (b) Central amino acid coordination
of CuA and CuZ. The dimer is colored according to subunit, with one
monomer colored blue and the other red. The CuA and CuZ centers
are colored in black and gold, respectively. The copper atoms in the
CuA and CuZ centers are numbered 1 and 2 or 1, 2, 3 and 4.

2554 | RSC Adv., 2022, 12, 2549–2557
N2OR protein in P. citronellolis WXP-4 was a head-to-tail
homodimer and each monomer contains CuZ center and CuA
center.35,36 The distance between the CuA center from one
monomer and the CuZ center from the other monomer was
approximately 11.7 Å, and the distance between two copper
centers in one monomer was about 41 Å, which were too far
away for effective electron transfer (Fig. 4a).3 In addition, the
CuA center comprising two copper atoms was only coordinated
by ve conserved amino acid residues (C617, C621, H625, T619,
and M628), CuZ center consisting of four copper atoms and two
sulfur atoms comprised seven conserved histidine residues
(H325, H177, H381, H432, H493, H128, and H129), but the S2
atom only bound one CuI atom (Fig. 4b). These results were
different from P. stutzeri and P. nautica, in which the CuA had
six amino acid ligands and the S2 atom both bound CuI and
CuIV atoms.15,16

CuA site is a mixed-valent center that leads to a low reor-
ganization energy, making CuA an efficient electron transfer
agent.37,38 Among the ligands of CuA from P. stutzeri N2OR,
His583 plays a role in electron gating to CuA. But in the CuA of
P. citronellolis WXP-4 N2OR, no similar His583 ligand was
found, which may be due to the unbound conformation of
H583 or is derived from a different bacterium.39 In previous
research, the more labile S2 was found to bridge ions CuI and
CuIV in two monomers and prone to be replaced by a water
ligand.34 Therefore, the S2 atom only bound one CuI atom in P.
citronellolis WXP-4, which seems to be more easily affected by
other ligand than when the S2 atom binds two Cu atoms,
meaning that N2O may more easily bind to CuZ active sites.
N2OR expression in recombinant E. coli

As shown in Fig. S4,† the growth adaptation period of
recombinant E. coli was relatively short. It reached the loga-
rithmic phase aer 2 h of inoculation. Aer inoculation for
10 h, the recombinant E. coli reached a stable period, and
OD600 no longer changed signicantly. The enhanced expres-
sion of N2OR was performed by inducer IPTG, which tightly
related to inducer addition time. The addition of inducers in
arker; 1: not induced by IPTG; 2: induced by IPTG; +: positive control
imes and 20 times respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the middle and early logarithmic stages of bacterial growth
promoted gene expression and high protein concentra-
tions.10,40 The addition of the inducer during the lag phase
makes bacterial growth difficult; its addition during the
stabilization phase inhibits the expression of the target gene.41

Generally, the optimal OD600 interval for gene induced
expression should be in the range of 0.5–0.8. In this study, the
OD600 was selected as 0.6, and the culture time was 2 h. The
optimal induce conditions were 1.0 mM IPTG, 5 h, and 30 �C.
Aer protein extraction, isolation, and purication, the
expression of the nosZ gene was examined by SDS-PAGE gel
electrophoresis, and the results were shown in Fig. 5.

The target band appeared at 76 kDa and was congruent with
the SDS-PAGE gel electrophoresis results. The theoretical value
of the molecular mass of the protein removed by EcoR I and Xho
I was about 1.446 kDa. The expression of the remaining protein
on pET28a was about 5.230 kDa. The target protein N2OR was
about 70.9 kDa. The molecular mass of the fusion protein was
about 76.033 kDa. This nding demonstrated that N2OR was
successfully expressed in E. coli BL21(DE3)-pET28a-nosZ from
one side. The band on the le panel became brighter when the
recombinant E. coli was induced by IPTG, which indicated that
IPTG promoted the expression of the target protein. Meanwhile,
when the N2OR was not diluted, more than ve bands were
observed on the electrophoresis graph. However, aer dilution,
the number of electrophoresis bands was signicantly reduced,
which was probably due to high protein concentration or
protein purity.
Fig. 6 Effect of different conditions on N2O reduction of recombinant
E. coli. (a) initial N2O concentration. (b) pH. (c) temperature.
The reduction performance of recombinant E. coli on N2O

To verify the activity of N2OR protein expressed by recombinant
E. coli and the reduction performance of N2O, the N2O degra-
dation amount in the N2O reduction system with different
initial concentrations (10, 20, 30, 40, and 50 mg L�1) was
determined. As shown in Fig. 6a, the N2O degradation time
increased with increasing initial concentration of N2O. When
the initial concentration was 10 mg L�1, the effect of complete
removal was achieved within 2 d. The results proved that the
nosZ gene was transcribed in E. coli BL21(DE3) to activate the
N2OR protein.

The factors that affect the activity of N2OR, such as pH and
temperature, were investigated. When the pH value was 7.0 and
8.0, the reducing effect on N2O was the most signicant,
reaching 100% and 98% of the relative activity percentage,
respectively (Fig. 6b). The results coincided with the ndings by
Fujita and Dooley, which suggested that the neutral or slightly
alkaline environment is conducive to the development of N2OR
activity.42 Therefore, the optimum pH for N2OR activity was 7 or
8. The amount of reduced N2O reached the maximum value at
40 �C (Fig. 6c), whereas the activity of N2OR decreased signi-
cantly at low and high temperatures. The results were the same
as the ndings of Ferretti et al.43

The N2O reduction performances of recombinant E. coli and
P. citronellolis WXP-4 were compared, as presented in Fig. 7.
Under the optimal conditions of pH 7.0 and 40 �C, the
recombinant E. coli could reduce 10 mg L�1 of N2O to N2 within
© 2022 The Author(s). Published by the Royal Society of Chemistry
15 h, which corresponded to a reduction rate of 0.67 mg (L h)�1

and was almost 2.3 times that of Alcaligenes denitricans strain
TB (0.29 mg (L h)�1).10 However, the reduction rate of
recombinant E. coli was only 80% of that of wild strain WXP-4,
and this result may be due to the deletion of one or several
genes in the nosRDFYL gene, which encodes the auxiliary
protein related to N2OR activity or total enzymes quantity.13,22
RSC Adv., 2022, 12, 2549–2557 | 2555
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Fig. 7 Comparison of N2O reduction performance between P. cit-
ronellolis WXP-4 and recombinant E. coli.
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Fortunately, heterologous host E. coli maybe has a certain
compensation mechanism which can partially compensate for
the function of deletion gene, so that the recombinant E. coli
can still have strong N2O reduction properties, indicating E. coli
is an ideal host for heterologous expression and a highly suit-
able tool to further investigate the mechanism of N2O reduc-
tion.34 Overall, both recombinant E. coli and wild strain WXP-4
have strong N2O reduction ability, which may be closely related
to the unique 3D structure of strain WXP-4 N2OR (CuA had only
ve amino acid ligands and the S2 of CuZ only bound CuI atom),
its related mechanism needs to be further studied.
Conclusions

In this work, the whole genome sequence of P. citronellolisWXP-
4 was determined for the rst time and four key reductase
structure coding genes related to complete denitrication were
identied. Then single structural coding gene nosZ was cloned
and the recombinant E. coli BL21(DE3)-pET28a-nosZ was
successfully constructed. It exhibited strong N2O reduction
ability and completely reduced 10 mg L�1 N2O to N2 within 15 h
under optimal conditions (pH 7.0 and 40 �C), corresponding the
N2O reduction rate was almost 2.3 times that of Alcaligenes
denitricans strain TB, but only 80% of that of wild strain WXP-
4. It was induced that nos gene cluster auxiliary gene deletion
decreased the activity of N2OR. The 3D structure of N2OR was
explored, and the predicted results showed that the electron
transfer center CuA had only ve amino acid ligands, and S2 of
the 4Cu:2S structural catalytically active center CuZ only bound
one CuI atom. The unique 3D structure was different from the
results of previous studies and maybe closely related to the
strong N2O reduction ability. These ndings provide a potential
candidate for decreasing the greenhouse effect and a new
perspective for studying the structure–activity relationship of
N2OR.
2556 | RSC Adv., 2022, 12, 2549–2557
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