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Dong-mei Liu *a and Yong-zhi Lu*b

Biological remediation of toxic oxygen-containing anions such as nitrate that are common in the

environment is of great significance. Therefore, it is necessary to understand the specific role of nitrate

and nitrite reductase in the bioremediation process. Bacillus cereus LJ01, which was isolated from

traditional Chinese soybean paste, effectively degraded nitrite (such as NaNO2) at 0–15 mmol L�1 in

LB medium. Moreover, the nitrite-degrading active substance (ASDN) was isolated and purified from B.

cereus LJ01. The nitrite-degrading activity of nitrite reductase (named LJ01-NiR) was 4004.89 U mg�1.

The gene encoding the assimilation of nitrite reductase in B. cereus LJ01 was cloned and

overexpressed in E. coli. The purified recombinant LJ01-NiR has a wide range of activities under

temperature (20–60 �C), pH (6.5–8.0) and metal ions (Fe3+, Fe2+, Cu2+, Mn2+, and Al3+). Kinetic

parameters of LJ01-NiR, including the values of Km and Vmax were 1.38 mM and 2.00 mmol g�1 min�1,

respectively. The results showed that LJ01-NiR could degrade nitrite with or without an electron

donor. In addition, sequence analysis revealed that LJ01-NiR was a ferredoxin-dependent nitrite

reductase given the presence of conserved [Fe4–S4] cluster and heme-binding domain. The nitrite ion

binds to the LJ01-NiR active site by forming three hydrogen bonds with the residues ASN72, ALA133

and ASN140. Due to its high nitrite-degrading activity, LJ01-NiR could potentially be used for

environmental pollution treatment.
1. Introduction

The extensive use of chemical nitrogen fertilizers and nitrogen-
based pesticides, as well as the arbitrary discharge of a nitrogen-
containing industrial pollutant, have led to excessive nitrate
and nitrite effluent discharge into the environment, resulting in
extremely severe soil and water pollution. The potential harm
that high levels of nitrite pose to the environment has since
caught the attention of researchers.1,2 Since nitrite biodegra-
dation is highly efficient and healthy, microorganisms can play
signicant role in removing pollutants from the environment
through bioremediation.

Nitrite is a major player in the biological N-cycle. Under
anaerobic conditions, nitrite is a key intermediate product in
the conversion of nitrate to nitrogen or ammonium in the N-
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cycle, which can be further utilized by microorganisms.3

Liu et al. reported the degradation of nitrites via the nitrate
respiration pathway (NO2

� / NO / N2O / N2) in Lactoba-
cillus casei subsp. rhamnosus LCR6013.4 Siroheme was used as
electron donor in the assimilation reduction of nitrite in the six
electron reduction reaction of sulfur or nitrogen catalyzed by
nitrite reductase (NiR, EC 1.7.7.1) from plants cytoplasm of and
some microorganisms.5 Thus nitrite can be converted into
ammonium salt by bacterial assimilation. Even though the
conversion can take place in plants, the yields remain very low.6

The two assimilated nitrite reductases include ferredoxin
dependent nitrite reductases (FdNiRs) and NAD(P)H dependent
nitrite reductases.7 FdNiRs are found primarily in photosyn-
thetic microorganisms such as algae and cyanobacteria. FdNiRs
are globular proteins composed of three domains with two
prosthetic groups namely: Fe–S cluster (4Fe–4S) and siroheme.8

FdNiRs is a type of polypeptide chain (60–65 kD) in photosyn-
thetic tissues that can reduce nitrite to ammonia by transferring
6 electrons. Ferredoxin serves as an electron donor and trans-
fers electrons to the siroheme site. Siroheme combines with
nitrite ions and reduces nitrite ions to ammonia. The catalytic
process is as follows: NiR–NO2

� / NiR–NO/ NiR–NH2OH/

NiR–NH4
+. The molecular and structural analysis of NiR has

been reported in many denitrifying bacteria, including
RSC Adv., 2020, 10, 37871–37882 | 37871
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Lactobacillus sp.,9,10 Bacillus sp.11 and Pseudomonas sp.12

However, there is a shortage in the structural analysis and
enzymatic properties of FdNiRs in Gram-positive bacteria. The
molecular docking analysis can help explain the structure–
activity relationship between an enzyme and the nitrite
molecules.

In this study, B. cereus LJ01 was isolated for nitrite degra-
dation from traditional Chinese soybean paste. Moreover, the
ASDN in B. cereus LJ01 was puried and identied. This study
further describes the expression of LJ01-NiR recombinant
protein in E.coil. Homology modeling and molecular docking of
LJ01-NiR with nitrite molecule are performed to serve as refer-
ences for the construction of articial enzymes in protein
engineering research.

2. Materials and methods
2.1 Isolation, identication and nitrite removal capacity of
the strain LJ01

The strain LJ01 in this study was extracted from traditional
Chinese soybean paste. First, 1 g of traditional soybean paste was
suspended in 10 mL of distilled water, and then serially diluted.
The nal suspension was streaked on Luria-Bertani (LB) medium
agar plates containing 9 mmol L�1 nitrite and incubated at 30 �C
for 2 days until the formation of bacterial colonies. Several
screenings were performed to obtain pure colonies. All bacterial
isolates were screened for nitrite degradation on the previously
described nitrite medium2 at 30 �C for 2 days. Bacterial growth
implied nitrite degradation. LJ01 was identied as one of the
main strains isolated from traditional Chinese soybean paste
based on its standard morphological and biochemical charac-
teristics.13 For taxonomic identication, the 16S rDNA was
amplied from total DNA and cloned into the pMD18-T plasmid,
and then sequenced by the Detection Center of Microbiology
(Guangdong, China). The Basic Local Alignment Search Tool
program (BLAST, https://blast.ncbi.nlm.nih.gov/Blast.cgi) was
used for sequence alignment of 16S rDNA, and a neighbor-
joining tree was constructed using the MEGA7 soware.

The effect of 0 to 15 mmol L�1 nitrite concentrations on
nitrite degradation by LJ01 was investigated in an unsalted LB
Fig. 1 Neighbor-joining tree of B. cereus LJ01. The neighbor-joining tre
position of the strain LJ01 in relation to representatives of related taxa. L

37872 | RSC Adv., 2020, 10, 37871–37882
broth. Cultures were seeded with an inoculum density of 2%
(v/v) and incubated at 30 �C for 48 hours. The effect of nitrite
concentration on the growth of the strain was observed using an
optical microscope (OM) (CX23, Shandong, China) and scan-
ning electron microscopy (SEM) (JEOL 6300F, Tokyo, Japan) at
5.0 kV to establish threshold conditions for further
experimentation.

2.2 Purication of ASDN from B. cereus LJ01

According to Liu's method with slight modication, 1.5 mmol
L�1 NaNO2 induced LJ01 cells were used to prepare crude
ASDN.4 Briey, the LJ01 cells were completely separated and
centrifuged (18 000g, 4 �C). The supernatant was ltered
through a sterilized 0.22 mm membrane to collect ASDN. 40 mL
ASDN liquid sample was loaded onto DEAE-Sepharose Fast Flow
column (2.6 � 20 cm) pre-equilibrated with the same buffer,
and diluted with a linear gradient of 0–0.5 mol L�1 NaCl in
20 mmol L�1 HEPES buffer (pH 7.4) at a ow rate of 1.0
mL min�1, using a fast protein liquid chromatography system
(AKTA Purier Explorer, Pharmacia, Uppsala, Sweden). The
fractions with nitrite-degrading activity were pooled, dialyzed
against 50 mmol L�1 Tris–HCl buffer (pH 8.0), and loaded onto
a Sephadex G-150 column (1.6 � 50 cm), followed by elution
with 50 mmol L�1 Tris–HCl buffer (pH 8.0) at a ow rate of 1.0
mL min�1. The separated fractions were collected and probed
every 10 min for nitrite-degrading activity. Purity was analyzed
by SDS-PAGE.

The puried ASDN band were excised from SDS-PAGE gels.
The protein was digested in-gel using trypsin overnight, then
the proteolytic peptides were analyzed by a MALDI-TOF/TOF™
4800 proteomics analyzer from Shenzhen Huada Gene Tech-
nology Co., Ltd. (Shenzhen, China).

2.3 In vitro analytical methods for detecting the enzyme
activity

Protein concentration was determined by the Bradford
method using bovine serum albumin (BSA) as a standard. Gao
et al. (2018) described the use of methyl viologen (MV) as an
electron donor in determining nitrite reductase activity.14 The
e was based on 16S rDNA gene sequences showing the phylogenetic
J01 had high similarity to Bacillus cereus ATCC 4342.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Morphological changes of LJ01 exposed to various concentrations of nitrite. Cells were observed by OM and SEM after 8 h of exposure to
nitrite at various concentration: 0 mmol L�1 (LJ01-0), 3 mmol L�1 nitrite (LJ01-3), 6 mmol L�1 nitrite (LJ01-6), 9 mmol L�1 nitrite (LJ01-9),
12 mmol L�1 nitrite (LJ01-12), and 15 mmol L�1 (LJ01-15).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 37871–37882 | 37873
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reaction was carried out in a 0.5 mL closed vial containing
100 mM potassium phosphate buffer (pH 6.5), 50 mM methyl
viologen and 2.5 M sodium nitrite, 1 M sodium chloride and
0.02 mL puried enzyme.14 The reaction was initiated with the
addition of 50 mL sodium dithionite (1 M) and the vial gently
swirled. Aer incubation at 37 �C for 10 min, the reaction was
terminated by vigorous shaking for 3 min. The nitrite
remaining was measured with a spectrophotometer. One unit
of activity corresponded to a 1 mmol reduction in nitrite per
minute.

2.4 Cloning of the cDNA sequence encoding LJ01-NiR and its
expression in E. coli

Total RNA was extracted from B. cereus LJ01, and PrimeScript™
rst-strand cDNA synthesis kit (Takara, Dalian, China) was used to
synthesize cDNA, following the manufacturer's instructions. The
full-length coding sequence of the B. cereus LJ01 (LJ01-NiR) nitrite
reductase gene was cloned using primers (50-ATGAGTTAT-
GAAAAAGTATGGGC-30 and 50-CTAAGACGCTAT TACTTCTTC-
TAAC-30) and submitted to NCBI GenBank (MG839504). The cDNA
was used as the template and 50-CCAGCTAGCATGAGTTAT-
GAAAAAGTATG-30 and 30-TGGCTCGAGCTAAGACGCTAT TACTTC-
30 were used as the primers. The LJ01-NiR gene was PCR amplied
with the NheI and XhoI sites, without a signal peptide-encoding
sequence. The PCR product was connected to the NheI and XhoI
sites of the pET-28a (+) vector (Invitrogen, Carlsbad, CA, USA). The
resulting plasmid, pET-28a (+)-LJ01-NiR, was then transformed into
E. coli DH5a competent cells. The heterogenous expression of
recombinant LJ01-NIR in E. coli were puried by Ni2+-NTA affinity
chromatography (GE, USA) and Superdex 200 gel ltration chro-
matography (GE, USA) using a fast protein liquid chromatography
system (AKTA Purier Explorer, Pharmacia, Uppsala, Sweden),
referring to Gao's method with slight modication.14

2.5 Biochemical characterization test

The optimal pH of LJ01-NiR was analyzed using three buffer
systems with standard assay conditions including citrate buffer
(50 mM, pH 4–6), phosphate buffer (50 mM, pH 6–8), and Tris–
HCl buffer (50 mM, pH 8–9). The effect of temperature on nitrite-
degrading activity was examined by incubating LJ01-NiR mixture
at different temperatures range from 20 �C to 70 �C. Moreover,
the effect of metal ions and inhibitory additives was determined
by a 10-minute pre-incubation of the enzyme with 10 mM
Table 1 The ability of nitrite degradation by B. cereus LJ01a

Initial concentration of nitrite (mmol L�1) 3
Nitrite degradation rate (%) at different
incubation time

0 h 0.00 � 0.00
4 h 77.87 � 0.57
8 h 93.83 � 3.63
12 h 100.00 � 1.38
24 h 100.00 � 0.16
36 h 100.00 � 0.32
48 h 100.00 � 0.35

a The initial concentrations of sodium nitrite were 3, 6, 9, 12, and 15 m
measured aer incubation at 30 �C for different incubation time. Values

37874 | RSC Adv., 2020, 10, 37871–37882
solution containing Fe3+, Fe2+, Cu2+, Zn2+, K+, Mg2+, Ba2+, Mn2+,
Al3+, EDTA (ethylenediaminetetraacetic acid) and PMSF (phe-
nylmethanesulfonyl uoride) for 10 min, followed by the deter-
mination of residual activity. To evaluate the impact of the
additives, the activity of nitrite reductase with additives was
normalized to that without additives. The kinetic parameters of
LJ01-NiR were measured in the potassium phosphate buffer (pH
6.5) with different concentrations of sodium nitrite at 35 �C for
10 min. Kinetic parameters (Km and Vmax) were then obtained
using nonlinear regression tting of the Michaelis–Menten
equation.
2.6 Homology model building of LJ01-NiR

Homology modeling of LJ01-NiR was generated by Discovery
Studio using the crystal structure (PDB code: 1ZJ9) of NirA from
Mycobacterium tuberculosis (Tb-NirA) as template. The domains
of heme and [Fe4–S4] cluster were taken from the template
structure.
2.7 Enzyme-ligand docking

The AutoDock Vina was used to dock the nitrite molecule
(ligand) to the homology model structure of LJ01-NiR. The
receptor and ligand molecules were prepared using AutoDock
Tools. The docking result analysis and graph preparation were
carried out by PyMOL (https://www.pymol.org/).
2.8 Statistical analysis

Tests were carried out in triplicate for all experiments. All data
were presented asmean� standard deviation (SD) and analyzed
by one-way analysis of variance using SPSS 19.0 (SPSS Inc.,
Chicago, USA) followed by a least signicant difference (LSD)
test on a 95% condence interval.
3. Results
3.1 Identication of B. cereus LJ01

The 16S rDNA cloned from the strain LJ01 was sequenced and
submitted to the GenBank with the accession number
KM058698. NCBI GenBank BLAST results revealed that the 16S
rDNA sequence similarity to Bacillus cereus was up to 99%. The
strain LJ01 was initially identied as genus Bacillus. The
phylogenetic tree (Fig. 1) indicated a closer relationship
6 9 12 15
0.00 � 0.00 0.00 � 0.00 0.00 � 0.00 0.00 � 0.00

71.60 � 2.28 66.27 � 0.70 65.99 � 0.08 58.00 � 0.78
88.67 � 0.97 74.81 � 1.13 73.31 � 0.55 76.44 � 4.21
93.68 � 1.06 81.57 � 0.71 78.38 � 0.73 78.37 � 1.71
98.45 � 0.33 87.57 � 2.01 82.84 � 0.58 80.19 � 1.46

100.00 � 1.97 92.73 � 0.70 88.07 � 0.12 87.56 � 0.47
100.00 � 1.85 92.21 � 0.88 90.63 � 0.45 88.79 � 1.80

mol L�1 in the reaction system, respectively. The residual nitrites were
were expressed as mean � SD (n ¼ 3).

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Chromatography and SDS-PAGE of ASDN from B. cereus LJ01. (A) ASDN purification by DEAE-sepharose fast flow anion exchange
chromatography. Collected fractions P1–P5 were eluted by 50 mmol L�1 HEPES buffer with 0, 150, 250, 400, and 500 mmol L�1 NaCl,
respectively; (B) ASDN purification by Sephadex G-150 gel chromatography; (C) SDS-PAGE analysis for the P1–P5 fractions from ion exchange
chromatography; (D) SDS-PAGE analysis for the S1–S3 fractions from gel filtration chromatography. Lane M, protein marker; P, precipitate
obtained by centrifugation of B. cereus LJ01 after sonication; IN, the supernatant obtained by centrifugation of B. cereus LJ01 after sonication;
FT, protein sample after flowing through the column.

Table 2 The enzyme activity of LJ01-NiR and the yield of NiR during
the purification by anion chromatography and gel filtration
chromatographya
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between the strain LJ01 and Bacillus cereus ATCC 4342. The
physiological and biochemical properties of strain LJ01 are
shown in ESI Table S1.† According to the Berger Bacterial
Identication Manual, evidence from the phylogenetic tree,
morphological characteristics, biochemical characteristics, and
16S rDNA conserved sequence indicated that the strain LJ01
belonged to Bacillus cereus.13 Therefore, the strain LJ01 was
named Bacillus cereus LJ01.
Samples
Specic activity
(U mg�1)

P1 50.95
P2 45.37
P3 4251.09
P4 4561.90
P5 5347.12
S1 227.93
S2 2540.67
S3 4004.89

a P1, P2, P3, P4 and P5 represented the ve peaks fractions puried by
DEAE-Sepharose fast ow anion chromatography, respectively. S1, S2,
and S3 represented the crude NiR enzyme puried by Sephadex G-150
gel chromatography, respectively.
3.2 Nitrite degradation capacity of B. cereus LJ01

The cell morphologies of B. cereus LJ01 were observed under
different culture conditions (0, 3, 6, 9, 12, and 15 mmol L�1

nitrite, 8 h of incubation) by optical microscope (OM) and SEM,
as shown in Fig. 2. Compared to the morphology of LJ01
cultured in a nitrite-free medium, the morphology of LJ01
exposed to 6, 9, 12, and 15 mmol L�1 nitrite exhibited rough
surfaces with folds based on OM and SEM examination.
However, the culture exposed to 3 mmol L�1 nitrite had no
signicant difference. In addition, with the increase of the
concentration of nitrite, the bacteria gradually became longer
and some bacteria ruptured to cause cytoplasm leak. Previous
This journal is © The Royal Society of Chemistry 2020
studies have found that nitrites can cause serious damage to
bacterial DNA. The bacteria resist the damage by evoking SOS
response and growing longer.15
RSC Adv., 2020, 10, 37871–37882 | 37875
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Fig. 4 Purification of LJ01-NiR. (A) SDS-PAGE analysis of LJ01-NiR purified by Ni-affinity chromatography. Lane Bi, total proteins of B. cereus
LJ01 before induction; lane M, protein markers; lane P, precipitation of crude extract obtained by centrifugation of B. cereus LJ01 after soni-
cation; lane S, supernatant of crude extract obtained by centrifugation of B. cereus LJ01 after sonication; lanes 1–3, collected proteins directly
flowed through the column; lanes 4–6, collected protein by Ni- A Buffer (20 mmol L�1 Tris–HCl, 500 mmol L�1 NaCl, pH ¼ 7.5) without
imidazole; lanes 7–8, collected proteins by 25 mmol L�1 imidazole elution buffer; lanes 9–11, collected proteins by 50 mmol L�1 imidazole
elution buffer; lanes 12–15, collected proteins by 75 mmol L�1 imidazole elution buffer; lanes 16, collected proteins by 250 mmol L�1 imidazole
elution buffer; lane 17, collected proteins by 500 mmol L�1 imidazole elution buffer. (B) LJ01-NiR purification by Sephadex 200 gel chroma-
tography. (C) SDS-PAGE analysis of LJ01-NiR purified by Sephadex 200 gel chromatography. LaneM, proteinmarkers; lanes 31, 42, 46, 47, 48, 50,
52, 54, 56, 58, 60, 62, 64, collected proteins by Sephadex 200 gel chromatography corresponding to (B).
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As shown in Table 1, the nitrite concentrations in the LB
broth were measured aer 0, 4, 8, 12, 24, 36, and 48 h of incu-
bation to calculate the degradation rate. The degradation rate in
37876 | RSC Adv., 2020, 10, 37871–37882
the 3 mmol L�1 nitrite group was 100% aer 12 hours of
incubation. The degradation rate in the 6 mmol L�1 nitrite
group was 93.68% which was slightly higher than 9, 12 and
This journal is © The Royal Society of Chemistry 2020
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15 mmol L�1 nitrite groups at 12 hours. Subsequently, with the
extension of cultivation time and the increase of nitrite
concentration, the nitrite degradation rate exhibited a slow
downward trend. LJ01 can efficiently degrade 6mmol L�1 nitrite
within 36 hours. The degradation rate of nitrite concentrations
in the LJ01 exposed to 9, 12, and 15 mmol L�1 nitrite was
signicantly lower than in LJ01 exposed to 3 and 6 mmol L�1

nitrite. The maximum nitrite degradation ability exhibited by
Lactobacilli from Sauerkraut in the 10-day fermentation broth
with an initial content of 2.9 mmol L�1 NaNO2, was 80.0%.
Besides, the total number of bacteria in the MRS solid medium
was 1.51 � 107 CFU mL�1.16 Therefore, B. cereus LJ01 showed
a greater nitrite degradation ability than Lactobacillus.
Fig. 5 Comparison of nitrite-degrading activities of LJ01-NiR and
recombinant NiR (WT). (A) Verification of nitrite-degrading activity by
LJ01-NiR and recombinant NiR. 100 mL of LJ01-NiR (0.5 mg L�1),
recombinant NiR protein and double-distilled water (control),
respectively, were added to 100 mL NaNO2 (7.5 mmol L�1), and the
reaction volume was adjusted to 500 mL using HEPES buffer (50 mmol
L�1, pH7.4). The reaction systemswere incubated at 30 �C for 24 h, and
nitrite concentration was measured; (B) comparison of specific
activities of wild-type (WT) when the methyl viologen (MV) exists, or
does not exist. The specific activities were determined using non-
physiological electron donor MV as electron donor. For the control
sample, no exogenous electron donor was added. Data were
expressed as mean � SD.
3.3 Purication and identication of NiR enzyme from B.
cereus LJ01

The ASDN from B. cereus LJ01 was puried to homogeneity by
a two-step purication procedure (Fig. 3). The protein elution
curves of the crude enzyme in DEAE-Sepharose Fast Flow
chromatography are shown in Fig. 3A. The peaks P1, P2, P3, P4
and P5 were eluted by an elution buffer with 0, 150, 250, 400 and
500 mmol L�1 NaCl, respectively. Notably, unlike peaks P1 and
P2 that did not show any activity of nitrite degradation, peaks P3
(4251.09 � 20.51 U mg�1), P4 (4561.90 � 74.09 U mg�1) and P5
(5347.12 � 56.16 U mg�1) showed relatively strong activity
without additional electron donor. Although different, the SDS-
PAGE band patterns of peaks P3, P4 and P5 show a similar unit
activity of nitrite degradation. Peak P3 was further puried by
gel ltration in the subsequent analysis. The active fractions
were concentrated and stored at 4 �C for further experiments. As
shown in Fig. 3B, the P3 can be separated into 3 different peaks
(S1, S2 and S3), of which S3 exerted the highest unit activity of
nitrite degradation (4004.89 U mg�1) (Table 2).

The puried ASDN of B. cereus LJ01 was digested with trypsin
and analyzed by mass spectrometry (MALDI-TOF/TOF). Seven
internal peptides of the puried ASDN matched the peptide
sequences of ATKEIDGEKKVGFHIKVGGGL, GQIRTCNSQ,
NKLKKDGLEIFNDIPY, GVQDQKQDGLKYVGFN, IHMVGCPNSC
GQRQ, LDGGAYNQKLKGK, and KENKLPAETFY from a putative
nitrite reductase from B. cereus ATCC 14579. The characteristics of
this enzyme are very similar to NiR from Pseudomonas nautica
617,17 Alcaligenes xylosoxidans subsp. (deposited in N.C.I.M.B.)18

and Haloferax mediterranei.19 Based on the above data (especially
mass spectrometry (MALDI-TOF/TOF)), we conrmed that the
ASDN puried from B. cereus LJ01 is a NiR, and named it LJ01-NiR.

The molecular weight of LJ01-NiR is approximately 60 kDa.
The NiR enzyme activity test showed that the purication rate of
enzymes increased 17.57 times, and the enzyme yield and
specic activity were 2.37% and 4004.89 U mg�1, respectively.
Spirillum 5175 was isolated from an anoxic enrichment culture
for Desulfuromonas, and its NiR specic activity (10476.74 U
mg�1) was 2.62 times of LJ01-NiR's (4004.89 U mg�1).20

However, the specic activity of NiR in several common deni-
trifying bacteria was lower than that of LJ01-NiR (4004.89 U
mg�1). Hydrogenobacter thermophilus TK-6 represented an
inorganically autotrophic thermophile, whose NiR specic
This journal is © The Royal Society of Chemistry 2020
activity was only 2.93 U mg�1.21 Clostridium perfringens was
screened from gas gangrene muscle, and its NiR specic activity
was 81.15 U mg�1.22
3.4 Cloning of LJ01-NiR gene and its expression in E. coli

The full-length coding sequence of LJ01-NiR was 1623 bp,
encoding 540 amino acid residues. The theoretical molecular
weight of LJ01-NiR protein was 60.38 kDa, and the isoelectric
point pI 5.47, as analyzed by the Protparam tool (https://
web.expasy.org/protparam/). The LJ01-NiR was successfully
expressed heterologously in E. coli BL21 (DE3), and the
recombinant protein was puried by Ni2+-NTA affinity chro-
matography. The puried proteins were analyzed by SDS-PAGE
(Fig. 4A). The approximately 60 kDa band shown in Fig. 4B and
C implied that LJ01-NiR is a monomer, which is consistent with
the theoretical mass of LJ01-NiR.

Available B. cereus genome sequences were investigated for
the presence of the gene. Three strains were selected for
RSC Adv., 2020, 10, 37871–37882 | 37877
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comparison with the LJ01 strain on the differences of nucle-
otide sequences and NiR amino acids (ESI Fig. S1 and S2†).
Compared to Bacillus thuringiensis strain XL6 (GenBank:
CP013000.1), there was a G to T base substitution at positon
1610 position of the NiR gene nucleotide sequences in the LJ01
strain. This resulted in an amino acid substitution from
Glycine to Valine at codon 537. However, their nucleotide
sequences similarity reached up to 99%. As for the nucleotide
sequences of NiR gene, Bacillus cereus 03BB102 (GenBank:
CP009318.1) and Bacillus anthracis A16R (GenBank:
CP001974.2) displayed a 97% similarity (with 51 different
bases) with B. cereus LJ01. The nitrite-degrading activity of the
LJ01-NiR was lower than other denitrifying bacteria, but
higher than that of C. perfringens. In terms of specic activity,
NiR activity from B. cereus LJ01 was higher than that of several
other bacteria, lower than that of Spirillum 5175, and equiva-
lent to that of A. xylosoxidans. As shown in Fig. 5A, LJ01-NiR
and recombinant NiR were revealed to similar nitrite degra-
dation tendences. Fig. 5B demonstrates that the specic
activity was determined with or without the additional non-
physiological electron donor methyl viologen (MV). The
nitrite degradation activity was similar in both cases, indi-
cating that articial electron donors are not essential for the
enzymatic nitrite degradation reaction by LJ01-NiR.
Fig. 6 Biochemical characterization of LJ01-NiR. (A) The effects of pH o
of LJ01-NiR. (C) The effects of metal ions and surfactants on the activity o
maximal activity of the test was relatively taken as 100%. The standard d

37878 | RSC Adv., 2020, 10, 37871–37882
3.5 Characterization of LJ01-NiR

Nitrite reductase activity was measured using MV and sodium
nitrite as an electron donor and a substrate, respectively. Fig. 6A
shows the enzyme pH dependence at room temperature from
pH 4 to pH 9. The optimum pH of LJ01-NiR was pH 7.5, and the
retention activities were 98.03% and 58.78% at pH 7.0 and 8.0,
respectively (100% at pH 7.5). However, when the pH increased
to 8.5, only 17.99% of enzyme activity was retained. Puried
LJ01-NiR showed broad activity range in a temperature range
from 20 to 70 �C (Fig. 6B). The enzyme showed maximum
activity at 35 �C and retained 65.23 and 5.19% activity at 20 �C
and 70 �C, respectively. As shown in Fig. 6C, the metal ions Fe3+,
Fe2+, Cu2+, Mn2+, and Al3+ can increase the LJ01-NiR activity by
9.76–80.68%. However, in the presence of Zn2+, K+, Mg2+, and
Ba2+, the relative activities were 46.47%, 60.47%, 84.77% and
65.96% of the control, respectively. Moreover, inhibitory addi-
tives EDTA and PMSF can inhibit the activity of LJ01-NiR by
34.80% and 70.495%, respectively (Fig. 6C). The kinetic
parameters Km and Vmax of LJ01-NiR were studied using stan-
dard method and in pH 7.5 and 35 �C conditions. The values of
Km and Vmax were 1.38 mM and 2.00 mmoL g�1 min�1, respec-
tively (Fig. 6D). Besides, this Km value was similar to Bacillus
rmus GY-49 green-type of NirK.14
n the activity of LJ01-NiR. (B) The effects of temperature on the activity
f LJ01-NiR. (D) The Kinetic parameters (Km and Vmax) of LJ01-NiR. The
eviation calculated from three repeated experiments.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Homology modeling and conserved domains of the LJ01-NiR. (A) The whole structure of LJ01-NiR homology model, including colorful
display from N to C and the C-terminal [Fe4–S4] cluster (red). The [Fe4–S4] cluster and the heme-binding residues were shown as sticks; (B)
potential interaction between heme-binding domain and [Fe4–S4] cluster. The amino acid residues of this interaction were labelled and shown
as lines; (C) alignment of conserved domains (heme-binding domain, [Fe4–S4] cluster, and covalent bonds) of nitrite reductases. LJ01: this study
(GenBank: MG839504); P39661.1: Synechococcus elongatus PCC 7942 (UniProtKB/Swiss-Prot: P39661.1); Q51879.1: Phormidium laminosum
(UniProtKB/Swiss-Prot: Q51879.1); 3B0L: Nicotiana tabacum (common tobacco) (PDB: 3B0L_A); 2AKJ: Spinacia oleracea (PDB: 2AKJ_A); 1ZJ9:
Mycobacterium tuberculosis H37Rv (PDB: 1ZJ9_B).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 37871–37882 | 37879
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3.6 Sequence alignment and homology modelling of LJ01-
NiR

Homology modeling of NiR from B. cereus LJ01 is shown in
Fig. 7. Like Tb-NirA, LJ01-NiR consisted of three alpha/beta
domains namely: the parachute domain, the middle domain,
and the C-terminal [Fe4–S4] cluster binding domain (Fig. 7A).
All these domains participate in the heme-binding pocket
formation while the [Fe4–S4] cluster is located on the other side
of the heme-binding domain. As shown in Fig. 7B, the heme-
binding domain was coordinated by T101, T102, N140, R179,
K180, K182, and S22 6 residues. Four highly conserved cysteine
residues including C395, C401, C436, and C440 (Fig. 7C) coor-
dinated the [Fe4–S4] cluster. As for heme-binding domain
residues, only 2 alkaline residues (R179 and K180) and S226
were fully conserved (Fig. 7C). In Tb-NirA, an unusual covalent
bond was found in the active site of NirA between the side
chains of Y69 and C161,23 which promoted the catalytic reac-
tion, but was not required for the enzymatic reaction of articial
electron donors. Interestingly, these 2 residues were conserved
in Tb-NirA and LJ01-NiR. While glycine is the residue of other
enzymes, the corresponding residues in Tb-NirA and LJ01-NiR
are C161, C134, respectively (Fig. 7C). Based on the above
analysis, we speculate that LJ01-NiR has a similar catalytic
mechanism as Tb-NirA.
Fig. 8 Predicted interaction pattern between LJ01-NiR and nitrite by
docking analysis. (A) Surface potential graph. (B) Entire graph.
3.7 Analysis of molecular docking

PyMOL generates docking poses by loading docking programs
directly through plugins. The conguration/score relationship
is directly analyzed in a small text box containing a rating table
of docking scores and their respective combined poses. Nitrite
ion forms network of three hydrogen bonds with ASN72 (3.4 Å),
ALA133 (3.2 Å) and ASN140 (3.5 Å). The nitrite ion formed
a special interaction with the active sites of LJ01-NiR (binding
energy: �2.1 kcal mol�1). Fig. 8 displays the hydrogen bonding
of the docking ligand and its corresponding binding pose. This
stable complex formation offers a model for how LJ01-NiR
interacts with nitrite.
4. Discussion

So far, NiR generated by B. cereus, which belongs to Gram-
positive bacteria, has never been reported. The literature
showed that only Tb-NirA fromMycobacterium tuberculosis23 had
been functionally veried, and showed a 36% similarity with
nitrite reductase of B. cereus. B. cereus LJ01 exhibited greater
nitrite degradation ability than Lactobacillus.16 Nitrite reductase
in B. cereus LJ01 was then puried by DEAE-Sepharose fast ow
ion-exchange chromatography and Sephadex G-150 gel ltra-
tion. The specic activity of LJ01-NiR was 4004.89 U mg�1 and
its monomer mass was approximately 60 kDa. However, aer
Sephadex G-150 gel ltration, the nitrite-reducing activity of the
LJ01-NiR was considerably worse than the activities of the p3, p4
and p5 components puried by DEAE-Sepharose fast ow ion-
exchange chromatography. This could be due to degradation
of the LJ01-NiR aer Sephadex G-150 gel ltration, resulting in
a reduction of the nitrite-reducing activity. The previous study
37880 | RSC Adv., 2020, 10, 37871–37882
of our laboratory used inductively coupled plasma mass spec-
trometry (ICP-MS) to determine copper ions in the NiR. It was
found that the NIR protein still retains copper ions aer NTA
purication, and the copper ion content is 184.5 mg kg�1,
indicating that copper ions remain aer purication.24 Several
common denitrifying bacteria were selected for comparison
including: Pseudomonas nautica 617 which is a marine deni-
trifying bacterium;17 Alcaligenes xylosoxidans subsp. (deposited
in N.C.I.M.B.)18 and Haloferax mediterranei19 which were clas-
sical examples of extreme halophilic archaea; Spirillum 5175
isolated from an anoxic enrichment culture of Desulfur-
omonas;20 Hydrogenobacter thermophilus TK-6 inorganically
autotrophic thermophiles.21 Clostridium perfringens of gas
gangrene22 was isolated from the muscle. The nitrite degrading
activity of LJ01-NiR from B. cereus LJ01 was lower than other
denitrifying bacteria, but higher than that of C. perfringens. NiR
activity from B. cereus LJ01 was higher than several other
bacteria, equivalent to that of A. xylosoxidans, but lower than
that of Spirillum 5175.
This journal is © The Royal Society of Chemistry 2020
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There are currently two types of nitrite reductase assimila-
tion namely: NAD(P)H NiRs and FdNiRs, whose prosthetic
groups are FAD, [Fe4–S4] clusters and siroheme.7 Moreover, the
LJ01-NiR sequence alignment and homology modeling from B.
cereus LJ01 shows that the [Fe4–S4] cluster and heme-binding
residues are highly conserved (Fig. 7). It is speculated that
LJ01-NiR inuences the assimilation of nitrite reductase.
FdNiRs combined siroheme and [Fe4–S4] centers as repair
groups, while NAD(P)H NiRs had FAD bound to the extended N-
terminus.25 Although it was not possible to establish the phys-
iological electron donor LJ01-NiR from Bacillus cereus LJ01, it
was worth noting that both LJ01-NiR and recombinant NiR
could degrade nitrite (Fig. 5A). The specic activity was deter-
mined with or without the addition of the non-physiological
electron donor methyl viologen (MV) as shown in Fig. 5B. It is
speculated that [Fe4–S4] cluster serves as a molecular battery to
promote the transfer of electrons to heme and to achieve
continuous electron reduction.26 Interestingly, Y69 and C161
residues were conserved between Tb-NirA and LJ01-NiR.
Although these residues may promote the catalytic reaction,
they were not essential for the enzymatic reaction of the arti-
cial electron donors. This study also performed molecular
docking of LJ01-NiR with nitrite molecules. The nitrite speci-
cally interacts with the active sites of LJ01-NiR (binding energy:
�2.1 kcal mol�1) to form a stable complex that justies the
interaction between LJ01-NiR and nitrite ion. To conrm the
above statement, further studies on the mechanism of action of
LJ01-NiR are required.

5. Conclusion

In summary, this is the rst study to purify, clone, overexpress
and characterize Bacillus cereus LJ01, isolated from Chinese
traditional soybean paste, as a novel assimilatory nitrite
reductase. Bacillus cereus LJ01 is capable of effectively degrading
0–15 mmol L�1 NaNO2 in LB medium. The puried ASDN from
B. cereus LJ01 had a specic activity of 4004.89 U mg�1. This
study further reveals that LJ01-NiR and recombinant NiR have
similar trends for nitrite degradation. Both homology modeling
analysis and activity tests indicate that LJ01-NiR does not need
the additional electron donors for the enzymatic reaction of
nitrite degradation. The docking of LJ01-NiR with nitrite ion
offers a model for the nitrite reductase potential modes of
action. These ndings have great value for the application of
nitrite reduction in the contaminated environment and
construction of articial biosensors.
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