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Nicotine contamination in tobacco waste effluent (TWE) from tobacco industry is a serious threat to public health
and environment. Microbial degradation is an impending approach to remove nicotine and transform it into
some other high value chemicals. Pseudomonas sp. JY-Q exhibits high efficiency of degradation, which can
degrade 5 g/L of nicotine within 24 h. In strain JY-Q, we found the co-occurrence of two homologous key en
zymes NicA2 and Nox, which catalyze nicotine to N-methylmyosmine, and then to pseudooxylnicotine via
simultaneous hydrolysis. In this study, recombinant NicA2 and Nox were expressed in E. coli BL21(DE3) and
purified. In vitro, the activity of recombinant NicA2 and Nox was accelerated by adding co-factor NAD+, sug
gesting that they worked as dehydrogenases. The optimal reaction conditions, substrate affinity, catabolism
efficiency, pH-stability and thermal-stability were determined. Nox showed lower efficiency, but at a higher
stability level than NicA2. Nox exhibited wider pH range and higher temperature as optimal conditions for the
enzymatic reaction. In addition, The Nox showed higher thermo-stability and acid-stability than that of NicA2.
The study on enzymatic reaction kinetics showed that Nox had a lower Km and higher substrate affinity than
NicA2. These results suggest that Nox plays more significant role than NicA2 in nicotine degradation in TWE,
which usually is processed at low pH (4–5) and high temperature (above 40 ◦ C). Genetic engineering is required
to enhance the affinity and suitability of NicA2 for an increased additive effect on homologous NicA2 and Nox in
strain JY-Q.

1. Introduction
Nicotine in tobacco waste effluent (TWE) is a principal contaminant
of the ecological environment, together with a predominant addictive
and toxic constituent in cigarette. Nicotine degradation by bacteria is a
potential strategy for environmental remediation [1–3], and the process
can produce some other high value metabolites [4,5]. Three nicotine
metabolism pathways: pyrrolidine, pyridine, variant of the pyridine and
pyrrolidine (Vpp), in Pseudomonas, Arthrobacter, and Ochrobactrum
species [6–12], respectively, have been reported. The main difference of
initial procedures between pyrrolidine and pyridine pathways is the
dehydrogenation/oxidization sites on pyrrolidine or pyridine loop of
nicotine [11,13,14]. The pyrrolidine pathway comprised of three

functional modules, Nic1, Spm, and Nic2, response for nicotine trans
formation to maintain energy productivity and metabolite/nutrition
acquisition [15].
NicA2 and Nox are nicotine dehydrogenases in the pyrrolidine
pathway and have been identified from Pseudomonas putida S16 [6,16]
and Pseudomonas sp. HZN6 [17]. The co-occurrence of NicA2 and Nox in
JY-Q was identified in our previous study [18]. As shown in Fig. 1A and
B, NicA2 and Nox catalyze nicotine into N-methylmyosmine, and then
simultaneously transform into pseudooxynicotine through tautomeri
zation and hydrolysis [17,19,20]. For the determination of further cat
alytic properties characterization, NicA2 from strain S16 has been
expressed in E. coli [1,21]. The protein structure analysis revealed that
NicA2 from strain S16 has several highly conserved amino acid residues,
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Fig. 1. Catalysis mechanism and sequence alignment for NicA2 and Nox. (A) Proposed working model of nicotine transformation catalyzed by NicA2 and Nox.
(B) Pyrrolidine pathway for nicotine degradation. Nic1: NicA2 (Nox), Pnao (Pao) and Sapd (Sap); Spm and Nic2: Hpo, Nfo, Ami and Iso were included in this
schema. (C) Multiple alignment for amino acid sequences of S16_NicA2, HZN6_Nox, JY-Q_NicA2 and JY-Q_Nox. (D) Relative transcriptional levels for nicA2 and nox
in strain JY-Q under BSM culture supplemented with 1.0 mg/mL nicotine, examined by RT-qPCR with 16S rRNA as internal reference. α-helix and β-strand of protein
secondary structures were respectively flagged by squiggles and arrows. The identical and similar residues were denoted by red and hollow boxes, respectively.
HspB, 6-hydroxy-3-succinoylpyridine (HSP) hydroxylase; Iso, maleate isomerase; Nfo, N-formylmaleamic acid (NFM) deformylase; Hpo, 2,5-dihydroxy-pyridine (2,5DHP) dioxygenase; Ami, maleamate amidase; Nox, nicotine oxidase; Pao, pseudooxynicotine amine oxidase; Sap, NADP + -dependent 3-succinoylsemialdehyde-pyr
idine (DSP) dehydrogenase; NicA2, nicotine oxido-reductase; Pnao, pseudooxynicotine amine oxidase; Sapd, DSP dehydrogenase; Spm, 3-succinoyl-pyridine (SP)
monooxygenase.

such as W427 and N462 (for flavin (FAD) binding) [22] and T381 (for
substrate recognition) [23]. Nox in strain JY-Q (478 aa) exhibited
80.7%, 82.1%, and 91.8% sequence identities to NicA2 (482 aa) from
strain S16, NicA2 (482 aa in length) from strain JY-Q, and Nox (478 aa)
from strain NZN6, respectively [Fig. 1C].
In our previous study, we found the homologous genes of NicA2 and
Nox contribute to nicotine degradation at different levels [15]. First,
when nox and nicA2 were deleted from the genome of wild type strain
JY-Q, the mutant Δnox was less efficient than the mutant ΔnicA2. This
result suggested that the contribution of Nox was higher than that of
NicA2. Secondly, the nox transcription intensity was found to be about

20–fold higher than that of nicA2 [15] [Fig. 1D]. Finally, when nox and
nicA2 both were deleted, the mutant ΔnicA2, nox could not grow on
nicotine as sole carbon/nitrogen sources, suggesting that these two
genes are absolutely indispensable for nicotine utilization in strain JY-Q.
When the mutant ΔnicA2, nox was complemented with nox and nicA2,
respectively, the complemented strains ΔnicA2,nox-nicA2C (supple
mented with nicA2) and ΔnicA2,nox-noxC (supplemented with nox) both
recovered the ability for nicotine degradation. The difference in the
contribution of NicA2 and Nox may result from their sequence variants
(82% identity) [Fig. 1C]. The goal of current study is to confirm this
hypothesis, requiring additional insight into the characteristics of the
2
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Table 1
Strains, plasmids and primers used in this study.
Strains
Pseudomonas sp. JY-Q
Escherichia coli BL21
BL21-pET-28a(+)-nicA2
BL21-pET-28a(+)-nox
Plasmids
pET-28a(+)
pET-28a(+)-nicA2
pET-28a(+)-nox
Primers
Genes
nicA2
nox

Biodegrader to transform 5 g/L nicotine during 24 h
E. coli BL21 (DE3), a protein expression host
BL21(DE3) with pET28a-nicA2
BL21(DE3) with pET28a-nox
T7-driven expression vector, KmR
nicA2 in BamH I and Hind III sites of pET28a
nox in BamH I and Hind III sites of pET28a
Primer Name
nicA2-Forward
nicA2-Reverse
nox-Forward
nox-Reverse

Primer Sequence (5′ -3′ )
CAGCAAATGGGTCGCGGATCCATGTATAACGACGGAAGCGT
CTCGAGTGCGGCCGCAAGCTTCTAGCTTAAGAGCTGCTTAACCTCC
CAGCAAATGGGTCGCGGATCCATGGATGACAAACTAAACAAAGGCC
CTCGAGTGCGGCCGCAAGCTTTTAACCTAATATTTCTTTCGCTTCGC

Note: ‘—’, restriction cleavage site.

two homologous enzymes, Nox and NicA2. The investigation includes:
(1) the expression of recombinant Nox and NicA2 in E. coli; and (2) the
determination and comparison of the enzymatic characteristics of the
recombinant Nox and NicA2.

containing 50 μg/L kanamycin and incubated at 37 ◦ C and 180 rpm.
After overnight culture, the broth was inoculated into fresh LB medium
containing 50 μg/L of kanamycin. When the OD600 of the broth reached
0.6, 0.5 mM IPTG was added to induce the expression of NicA2 and Nox
by the recombinant strains, which were then cultured at 16 ◦ C and 180
rpm for 16 h. The induced host cells were harvested by centrifugation at
8000 rpm for 20 min at 4 ◦ C. After washing, PBS buffer was used to
suspend the cells and adjusted the final cell density to an identical OD600
value.
The cell suspension was stored at 4 ◦ C for 24 h to synchronize status
of the resting cells for functional identification. The synchronized
resting cells were inoculated into a PBS containing 1.0 mg/mL nicotine,
and then incubated under 37 ◦ C to measure its ability to degrade nico
tine. Meanwhile, BL21/pET-28a(+) [strain BL21 bearing the pET-28(+)
vector] was used as the negative control.

2. Materials and methods
2.1. Strains, plasmids, chemicals and culture media
Strain Pseudomonas sp. JY-Q (CCTCC No. M2013236) was isolated
from tobacco waste extract (TWE). The nicA2 and nox genes were cloned
from Pseudomonas sp. JY-Q, which has capability of degrading nicotine
(5 mg/L) in 24 h. Plasmid minikit was purchased from Axygen Scientific
Inc. (Hangzhou, China). The E. coli BL21(DE3) was purchased from
Novagen (Shanghai, China). The E. coli BL21(DE3)/pET-28a(+)-nicA2
and E. coli BL21(DE3)/pET-28a(+)-nox were constructed in our labo
ratory [Table 1].
Nicotine (99%) was purchased from FlukaChemie GmbH (Buchs
Corp., Switzerland); NAD+ (nicotinamide adenine dinucleotide) was
purchased from Sangon Biotech Co., Ltd. (Shanghai, China). Oligonu
cleotides synthesis and DNA sequencing were carried out at Tsingke
Biotechnology Col., Ltd. (Hangzhou, China). The induction reagent IPTG
(isopropyl-β-D-thiogalactopyranoside) was obtained from Beijing Solar
bio Science & Technology Co., Ltd. (Beijing, China).
Luria-Bertani (LB) broth composition: Yeast extract 5 g, tryptone 10
g, NaCl 10 g up to 1 L with ddH2O. BSM (basic salt medium) was pre
pared as follows: Na2HPO4 5.57 g, CaCl2 0.001 g, KH2PO4 2.44 g,
FeCl3⋅6H2O 0.001 g, K2SO4 1 g, MnCl2⋅4H2O 0.0004 g, MgCl2⋅6H2O 0.2
g, and ddH2O 1000 mL. 0.1 g/L nicotine were added into this culture as
sole carbon/nitrogen source. Unless otherwise stated, a shaking speed of
180 rpm was the default condition for cultures. Cell optical density
(OD600) for bacterial growth was detected by spectrophotometer
(UV1000, Shanghai Tianmei Instrument Col. Ltd., China).

2.3. Expression, purification, and function identification of NicA2 and
Nox
After culture and induction with IPTG according to the method 2.2,
the induced host cells were harvested by centrifugation at 8000 rpm for
5 min at 4 ◦ C. After washing three times with saline, cells were sus
pended in 30 mL binding buffer (20 mM Tris-base, 0.5 M NaCl and 10
mM imidazole). The suspensions were transferred to 50 mL beaker
within an ultrasonic disintegrator (VCX500, Sonics & Materials, Inc.,
USA) operated at 250 W (5 min, 3 s ultrasonic time, 3 s interval time). All
suspensions were kept in an ice bath during the ultrasonic process to
prevent heating. The resultant supernatant (30 mL) was collected by
centrifugation at 12,000 rpm for 20 min at 4 ◦ C. Sediment was processed
by 10 mL denaturation solution (20 mM Tris-base, 0.5 M NaCl, 10 mM
imidazole, and 6 M urea) to acquire target proteins in inclusion bodies.
His-tagged NicA2 and Nox, were purified and eluted by using affinity
chromatography with 1 mL Ni-NTA (Nickel-nitrilotriacetic acid) resin
and appropriate imidazole. After sample loading, 5 mL binding buffer
was used to wash the column to remove non-target proteins. The specific
protein elution was carried out by gradually adding elution buffer (20
mM Tris-base, 0.5 M NaCl and 0.5 M imidazole). Protein molecular
weights of these two His-tagged proteins were then assessed by SDSPAGE. The protein concentration was identified by the BCA (Bicincho
ninic acid) assay (Cat# GK5021, Generay, China). The nicotinedegrading activities of the enzymes were measured in a reaction
mixture of PBS containing 1.0 mg/mL nicotine under optimal temper
ature and pH.

2.2. Construction and identification of the recombinant E. coli BL21
harboring nicA2 and nox
The genes of nicA2 and nox were cloned from the genomic DNA of
strain JY-Q by PCR using EasyPfu DNA polymerase and specific primers
[Table 1]. PCR product was digested at BamH I and Hind III sites using
corresponding restriction endonucleases and inserted into the pET-28a
vector (His-tag in N-terminus). The resultant recombinant vector was
transferred into E. coli BL21 (DE3) using heat shock transformation
method. The final target cells harboring nicA2 and nox, E. coli BL21
(DE3)/pET-28a-nicA2 and E. coli BL21 (DE3)/pET-28a-nox, were
screened on medium containing 50 mg/L kanamycin.
Recombinant E. coli BL21 harboring nicA2 and nox (2% inoculation
volume, v/v) were, respectively, inoculated into 250 mL LB medium

2.4. Determination of the optimal reaction conditions for recombinant
NicA2 and Nox
The optimal pH of the recombinant NicA2 and Nox were determined
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Fig. 2. Expression and functional of NicA2 and
Nox. (A) SDS-PAGE analysis of the expressed and
purified recombinant NicA2 and Nox. M, protein
marker. Lane 1, supernatant after cell disruption
from the BL21/pET-28a(+)-nicA2 with IPTG induc
tion. Lane 2, purified NicA2 by Ni-NTA. Lane 3,
precipitation after cell disruption from the BL21/
pET-28a(+)-nicA2 with IPTG induction. Lane 4, su
pernatant after cell disruption from the BL21/pET28a(+)-nicA2. Lane 5, precipitation after cell
disruption from the BL21/pET-28a(+)-nicA2. Lane 6,
supernatant after cell disruption from the BL21/pET28a(+)-nox with IPTG induction. Lane 7, purified
Nox by Ni-NTA. Lane 8, precipitation after cell
disruption from the BL21/pET-28a(+)-nox with
IPTG induction. Lane 9, supernatant after cell
disruption from the BL21/pET-28a(+)-nox. Lane 10,
precipitation after cell disruption from the BL21/
pET-28a(+)-nox. Lane 11: no sample, to separate
negative groups (Lane 12–13, empty vector) from
above (Lane 1–10). Lane 12, supernatant after cell
disruption from the BL21/pET-28a(+). Lane 13,
precipitation after cell disruption from the BL21/
pET-28a(+). MW: molecular weight. (B) Nicotine
degrading by resting cells of recombinant BL21/pET28a(+) harboring nicA2 or nox,.: **, p-value < 0.01;
***, p-value < 0.001, ANOVA, compared to control.

in a reaction system containing 0.1 mg NicA2 or Nox, and 1000 μL of
100 mM NaAc-HAc (pH 5.0–6.0), 100 mM PBS (pH 6.0–8.0), and 100
mM Tris-HCl (pH 8.0–9.0), respectively. After 6 h reaction under 37 ◦ C,
enzymes were inactivated in a 100 ◦ C water bath for 5 min. The residual
nicotine was examined using HPLC.

The optimal temperature of the recombinant NicA2 and Nox were
determined in the reaction system under the optimal pH and a tem
perature ranging from 20 to 45 ◦ C reaction with a stepwise increase of
5 ◦ C.
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remaining concentration (Ct) at t hours were both recorded. The con
centration of residual nicotine in the reaction system was inferred by
HPLC peak area at the expected retention time. All experiments were
conducted in triplicate, and BSM with no inoculation was taken as the
negative control [10,24].
NADH concentration was detected using WST-8 based colorimetric
approaches with necessary modification (NicA2/Nox replaced de
hydrogenases, NAD+/NADH Assay Kit, Beyotime, China), to determine
stoichiometry ratio for nicotine and NAD+.
All data are presented as the mean ± standard error (SE). Data
analysis was carried out by the Origin 9.1 program (OriginLab Corp.,
Northampton, MA, USA). In this study, at least three independent rep
licates were conducted.

Table 2
Purification of NicA2 and Nox enzymes.
Samplea

NicA2
Nox

Crude
Ni-NTA
purified
Crude
Ni-NTA
purified

Total
protein
(mg)

Total
activity
(U)b

Specific
activity
(U/mg
protein)

Purification
(fold)c

Yield
(mg/g
DCW)d

42.1
6.28

39.0
35.7

0.92
5.68

–
6.14

63.6

36.7
4.43

19.9
13.5

0.54
3.04

–
5.59

70.9

Note.
a
The total volume for crude lysates and Ni-NTA purified enzymes is 30 mL
and 5 mL, respectively.
b
One unit of enzyme activity is defined as the amount of enzyme required to
consume 1 nmol of nicotine per minute under the assay conditions.
specific activity of purified enzymes
c
× 100%
purification fold =
specific activity of crude lysates
d
DCW (dry cell weight) is calculated based on a calibration curve between
optical density (OD) and dry cell weight of E. coli. The cell yield of E. coli BL21/
pET-nicA2 and E. coli BL21/pET-nox in 200 mL broth reached about 98.7 mg and
62.5 mg, respectively.

2.8. Bioinformatics analysis
NicA2 from P. putida S16 and Nox from Pseudomonas sp. HZN6 as
prototypes were acquired from NCBI. For multiple sequence alignment,
S16_NicA2, HZN6_Nox, JY-Q_NicA2, JY-Q_Nox sequences were intro
duced into MUSCLE [25], and resultant visualization was conducted by
ESPript3 (available at espript.ibcp.fr/ESPript). Identical residues were
denoted by red background boxes. Variable and similar amino acid
residues are labeled in black and orange, respectively. A comparative
scheme of two enzymatic structures was prepared by PyMOL (DeLano
Scientific LLC, template S16_NicA2 PDB code: 5TTJ).
NicA2 and Nox sequences were submitted into NCBI BLAST [26]
against RefSeq [27] to acquire their candidate homologs. Subsequently,
their genomic contexts were manually curated, considering the func
tional relatedness amongst Nic1-Spm-Nic2. The contextual information
of nicA2 and nox–like homologs was investigated by the VRprofile suite
[28]. Phylogeny of these protein sequences was generated by MEGA 7,
with the NJ method and the JTT substitution model as well as 1000
bootstraps [29].

2.5. Determination of the thermal- and pH- stability of recombinant
NicA2 and Nox
Stability of recombinant NicA2 and Nox under varied pH was
examined in a solution containing appropriately diluted enzymes in
different buffers: citrate buffer (pH 3.0–6.5), PBS (pH 6.0–8.0), Tris-HCl
(pH 7.5–9.0), and Gly-NaOH (pH 8.5–10.0), respectively. After main
taining at 35 ◦ C for 2 h, the solution was then sampled and transferred
into a mixture system containing nicotine with optimal pH buffer for a 6
h enzymatic reaction. The residual nicotine was then measured using
HPLC to determine their remaining activity for nicotine degradation.
Diluted enzymes were pre-incubated at 60 ◦ C and sampled at an
interval time of 10 or 20 min, respectively, to determine the thermalstability of recombinant NicA2 and Nox. The residual enzymatic activ
ity of the samples was measured in a reaction mixture. After 6 h reaction
at 35 ◦ C, the residual nicotine in samples was measured using HPLC to
determine their remaining activity for nicotine degradation. The orig
inal activity of NicA2 and Nox (0 min) without incubation was defined
as control.

3. Results
3.1. Construct and identify the recombinant E. coli BL21/pET-nicA2 and
BL21/pET-nox
The recombinant BL21 harboring nicA2 or nox, E. coli BL21/pETnicA2 and E. coli BL21/pET-nox were successfully constructed. As shown
in Fig. 2A, the target proteins were expressed as soluble forms. However,
the recombinant BL21 harboring nicA2 or nox could not grow well in
BSM supplemented with nicotine, the efficiency of nicotine removal was
also not sufficiently high to be detectable (Data not shown). These re
sults may result from that the recombinant BL21 harboring nicA2 or nox,
lacking the successive metabolic enzymes encoded by pnao (pao) and
sapd (sap) to transform pseudooxynicotine [Fig. 1B]. A similar phe
nomenon had been previously observed in strain KT2440 carrying nox
(KT-nox), which also exhibited a long lag phase for their nicotine
degradation and individual growth [17,20].
Thus, nicotine removal efficiency of the resting cells of recombinant
BL21 was measured with a large quantity of cells. The synchronized
resting cells exhibited significant nicotine removal. Compared to the
control group (BL21-pET-28a(+)) without effect, the groups BL21-pET28a(+)-nicA2 and BL21-pET-28a(+)-nox both showed significant
decrease of nicotine content from about 6.16 mM to 5.61 mM (5.30 mM)
and 5.67 mM (5.54 mM), respectively, after 5 h (10 h) reaction [Fig. 2B].
NicA2 and Nox both were expressed and exhibited the activity of nico
tine removal in recombinant cells without significant ability difference.
Thus, it is necessary to acquire and compare their in vitro enzymatic
characteristics of NicA2 and Nox.

2.6. Kinetic parameter determination
The kinetic parameters of NicA2 and Nox were determined in the
reaction mixtures (1000 μL) containing 0.25 mg/mL NicA2 or Nox, 1.0
mg/mL NAD+ as the co-factor, and 0.02, 0.03, 0.04, 0.05, 0.075, 0.1,
0.25, 0.5 and 1.0 mg nicotine as substrate. The variant concentration
nicotine solutions were prepared by serial dilution with Na2H
PO4–NaH2PO4 buffer (100 mM, pH 7.0). The residual nicotine was
examined using HPLC after 0.5–1 h reaction under optimal conditions.
All reactions were performed in triplicate.
Kinetic parameters were calculated based on the following equation:
v = vmax[S]/([S] + Km), Where [S] is the varied concentration of the
substrate and vmax is the maximum reaction velocity.
2.7. Analytical and statistical methods
Nicotine was measured with HPLC (Agilent 1260 series). An Agilent
SB-C18 column (4.6 × 150 mm) was attached to a high-performance
liquid chromatography (HPLC) system, and the detector wavelength
was set at 254 nm. The retention time of nicotine was about 2.3 min
based on the standard [18]. The mobile phase consists of 0.1 M KH2PO4
(pH 3.0) and methanol at volumetric ratio of 90:10 (v/v), and run at a
flow rate of 1 mL/min. The initial concentration of nicotine (C0) and its
5
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Fig. 3. The NADþeffects on nicotine elimination in the reaction mixture. (A) HPLC assay for residual nicotine in the reaction system. Residual nicotine samples
were retrieved from the 0 h (blue) and 12 h (red) reaction treated by Nox. (B) Additional NAD+ could obviously facilitate nicotine reduction by NicA2 and Nox if
encountering the excessive amount of nicotine. No nicotine reduction was observed if no NAD+ was added into the NicA2/Nox reaction system. (C) The spectro
photometric assay for nicotine transformation and NADH yield.

3.2. Expression, purification, and function identification of NicA2 and
Nox

NicA2 and Nox, were then purified and eluted by using affinity chro
matography with 1 mL Ni-NTA (Nickel-nitrilotriacetic acid) resin and
the appropriate concentration of imidazole. The specific protein eluent
was collected for desalination by 3.6 kDa dialysis, the final purified
recombinant NicA2 and Nox solutions were then stored directly or after
lyophilization. SDS-PAGE gel results also showed that the target proteins
were successfully purified. The molecular masses (MW) of the recom
binant NicA2 and Nox indicated by SDS-PAGE, 56.1 kDa and 55.7 kDa
respectively, were the accurate size for His-tagged NicA2 and Nox. The
electrophoresis estimations of MW were consistent with the theoretical
size of NicA2 (54 kDa) and Nox (53 kDa) [Fig. 2A].
The molar concentration normalization of the enzymes obtained was
determined through a series of PBS gradient dilutions to prepare the
reaction system, to directly compare the efficiency of nicotine removal
by these two isozymes. After purification using Ni-NTA resin, 5 mL of

After culture and IPTG induction, the final broth OD600 of E. coli
BL21/pET-nicA2 and E. coli BL21/pET-nox in 200 mL media reached
3.95 and 2.50, respectively. Based on a calibration curve between OD
and dry cell weight of E. coli, the cell yield of E. coli BL21/pET-nicA2 and
E. coli BL21/pET-nox in 200 mL broth reached about 98.7 mg and 62.5
mg. All cells were harvested and then transferred into 30 mL binding
buffer for disruption by sonication and subsequent centrifugation. The
resultant supernatants (30 mL) and sediments were further used to
prepare purified proteins.
As shown in Fig. 2A, the target proteins were expressed as soluble
forms by the recombinant BL21 harboring nicA2 or nox, E. coli BL21/
pET-nicA2 and E. coli BL21/pET-nox. The target proteins, His-tagged
6
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Fig. 4. Optimal pH (A–B) and temperature (C–D) conditions for NicA2 and Nox.

Fig. 5. Stability analysis under pH changes for NicA2 (A) and Nox (B).
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theoretical equivalent 1:2 if only NAD+ is the in vitro recipient of nico
tine dehydrogenation. Moreover, we also found the amount of nicotine
reduction catalyzed by Nox is less than by NicA2 [Fig. 3C]. Collectively,
these findings indicate that nicotine dehydrogenation by NicA2 and Nox
can be facilitated by the additional NAD+ as the hydrogen recipient.
3.3. Optimal reaction conditions of recombinant NicA2 and Nox
As shown in Fig. 4, the optimal pH of NicA2 was 7.5, while that of
Nox was 7.0–7.5. However, the relative activity of Nox remained at a
higher level (above about 80%) than that of NicA2 (above about 35%),
when pH varied from 5.0 to 9.0. We conclude that NicA2 and Nox are
nicotine dehydrogenases with good environmental pH adaptabilities
(especially for Nox). Moreover, a wider pH range was observed for Nox.
These two isozymes might be resistant to intracellular acid accumula
tion during pollutant degradation, especially for Nox. Specifically,
NicA2 at pH 7.5 had the best ability to eliminate nicotine (364 μM h− 1)
and Nox at pH 7.0 eliminated nicotine at 340 μM h− 1 [Fig. 4 A, B].
As shown in Fig. 4C and D, the optimal temperature of NicA2 was
35 ◦ C, while that of Nox was 40 ◦ C, with a catalyzing velocity of 411 μM
h− 1 and 328 μM h− 1, respectively. NicA2 activity was still higher than
that of Nox, suggesting that NicA2 was more suitable for nicotine
degradation than Nox under optimal conditions. In contrast to this
observation, strain JY-Q was found to prefer Nox to undertake the major
role of nicotine transformation. The explanation of this unlikely phe
nomenon could be associated with genetic contexts and enzymatic fea
tures of nicA2 and nox. Thus, we examined their thermo-stability and
acid-tolerance.

Fig. 6. Thermal stability analysis for NicA2 and Nox.

3.4. Thermal stability and acid-tolerance of recombinant NicA2 and Nox
After maintaining at different pH values at 35 ◦ C for 2 h, the residual
enzyme activity was measured. As shown in Fig. 5, the NicA2 activity
(catalyzing velocity is 293 μM h− 1) and the Nox activity (catalyzing
velocity is 260 μM h− 1) after maintaining at pH 7.0 for 2 h was set at
‘100%’ activity, respectively. If the pretreated pH was less than 4, the
NicA2 activity decreased to zero, while the Nox activity remained
4.5–14.0%. In summary, Nox could be a more acid–tolerant isozyme and
is more appropriate to be deployed by JY-Q for acid accumulation
during pollutant degradation.
After dilution enzymes of the recombinant NicA2 and Nox were preincubated at 60 ◦ C, the initial and residual enzymatic activity of the
samples was measured in a reaction mixture. As shown in Fig. 6, the
initial enzymatic reaction velocity (denoted as 0 min) was 323 μM h− 1
and 340 μM h− 1 for NicA2 and Nox, respectively. The residual enzymatic
activity of NicA2 decreased more sharply than that of Nox when treated
at increased temperature. The residual enzymatic activity of NicA2 at
35 min was 50% of its initial activity, i.e., its half-life value (t1/2) was 35
min. However, the residual enzymatic activity of Nox after 120 min
treatment was 38% of its initial activity.
In conclusion, NicA2 seems to have lost the majority of catalytic
ability at high temperature, while Nox activity still showed detectable
activity even after 120 min treatment, indicating its outstanding thermostability.

Fig. 7. Kinetics curves for NicA2 and Nox.

NicA2 (1.26 mg/mL) and Nox (0.89 mg/mL) were each prepared from
about 30 mL supernatant of cell suspension after disruption by soni
cation. In addition, 5 mL NicA2 (0.79 mg/mL) and 2 mL Nox (0.47 mg/
mL) were acquired from inclusion bodies. The yield of purified recom
binant NicA2 and Nox expressed in strain BL21 is 63.6 mg and 70.9 mg
per gram dry cell weight, respectively, while the purification efficiency
for recombinant NicA2 and Nox was about 6-fold [Table 2].
The purified NicA2 and Nox from E. coli were tinted yellow indi
cating they are flavoproteins with FAD (Flavin) bound either covalently
or tightly. Nicotine-degrading activity and its mechanism of purified
proteins were measured in a reaction mixture of PBS containing 1.0 mg/
mL nicotine under optimal temperature and pH. However, no significant
nicotine reduction was observed if no NAD+ was added into the reaction
mixture (containing 0.1 mg/L nicotine mixed with 0.1 mg NicA2/Nox).
In addition, no nicotine reduction was observed when FAD was added
into the reaction mixture [Fig. 3A and B]. These results suggested that
NicA2 and Nox seemed to work as dehydrogenases, in agreement with
the previous finding that additional FAD/FMN did not accelerate nico
tine degradation by recombinant NicA2 from strain S16 [21]. A simple
spectrophotometric assay was conducted to detect nicotine reduction
and NADH production for 6 h to measure the reaction stoichiometry.
The ratio of nicotine decrease and NADH yield of NicA2 and Nox
reached 1:1.61 and 1:1.72, respectively. These values are close to the

3.5. Comparison of reaction kinetics between recombinant NicA2 and
Nox
In our previous study, the transcriptional level of nicA2 was lower
than that of nox in strain JY-Q. It seemed that Nox was utilized by JY-Q
prior to NicA2 for nicotine degradation, suggesting a potential differ
ence of reaction kinetics between NicA2 and Nox. Thus, the reaction
kinetics of recombinant NicA2 and Nox was determined.
As shown in Fig. 7, the catalytic kinetics properties of NicA2, espe
cially the substrate affinity and reaction maximum velocity, were
significantly different from those of Nox. The Km values of NicA2 and
8
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Fig. 8. Phylogenetic relationships (A) and genomic contexts (B) of NicA2 and Nox. Nic1: nicotine to 3-succinoylpyridine, Spm: 3-succinoylpyridine to 6-hy
droxy-3-succinoylpyridine, Nic2: 6-hydroxy-3-succinoylpyridine to fumaric acid and succinic acid. Tnp: transposase, Int: Integrase, RNAP: RNA polymerase.

Nox were 0.346 mM and 0.225 mM, while the kcat/Km values were 86.4
mM− 1 h− 1 and 63.7 mM− 1 h− 1, and the maximum velocity values were
532 μM h− 1 and 258 μM h− 1, respectively.
Based on the kcat/Km and Km value, NicA2 exhibited higher effi
ciency but lower affinity for nicotine as substrate than Nox. Overall,
NicA2 exhibits a better performance of nicotine transformation, but a
little lower substrate affinity than Nox. Combined kinetic analysis and
optimal condition examination suggests that the enzymatic features for
NicA2 per unit are superior to those for Nox. However, Nox has a higher
affinity for nicotine and biochemical stability than NicA2, although it is
a less efficient dehydrogenase than NicA2.

3.6. Phylogeny relationship between these two homologous enzymes
Based on the bioinformatics analysis results, the stability/affinity
difference between NicA2 and Nox may derive from their sequence
variations. Moreover, in the whole pathway of nicotine metabolism,
there are several couples of homologous genes: nicA2 and nox, sapd and
sap, pao and pnao [Fig. 1A and B]. As shown in Fig. 8A, the homologous
genes, such as nicA2 and nox, may result from different evolutionary
process, based on the phylogeny assays. Phylogeny of NicA2 and Nox
indicated that they could originate from different ancestors. The NicA2
ancestor could be Halomonas strains, suggesting that nicotine degrading
genes might evolve from horizontal gene transfer (HGT) elements.
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In Fig. 8B, the co-linear genomic comparison suggested potential
genetic mobility in module Nic1 of strain JY-Q. Two integrase genes
were localized between nicA2 and pnao. The co-existence of three
modules Nic1, Spm, and Nic2, were found in strain JY-Q and SB3078,
while only Spm and Nic2 modules were found in Aminobacter amino
vorans KCTC 2477 plasmid pAA04 and its genes of module Nic1 seemed
to be ‘deleted’. These findings suggest the possibility of Nic1 genomic
transferability, which may contribute to the acquirement of co-existing
homologous genes such as nicA2 or nox in the same genome for Nic1.
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4. Discussion
NicA2 and Nox are two homologous nicotine dehydrogenases that
initiate the pyrrolidine degradation pathway [6,20]. The co-occurrence
of NicA2 and Nox were identified in strain JY-Q, isolated from tobacco
waste extract (TWE). Actually, an increasing number of findings on
duplicated homologous genes for biodegradation were reported [30].
NicA2 and Nox exhibited additive effects on biodegradation of nicotine
[15]. However, the homologous enzymes exhibited different contribu
tions to biodegradation, because of their sequence and resultant struc
tural differences.
In this study, the enzymatic characteristics of recombinant enzymes
of homologous Nox and NicA2 were determined. The Nox highly
expressed in wild type strain JY-Q exhibited lower in vitro catalytic ac
tivity as recombinant enzyme. While the NicA2 was under-expressed in
wild type strain JY-Q exhibited higher in vitro catalytic activity as re
combinant enzyme. In TWE containing high content nicotine, it might
be reasonable to express more Nox (lower activity than NicA2) than
NicA2 (higher activity than Nox), for less metabolic burden in JY-Q. In
addition, Nox exhibited wide pH scale and higher temperature as
optimal conditions for enzymatic reaction [Fig. 4]. The thermo-stability
and acid-stability of Nox are both better than those of NicA2 [Fig. 5 and
6]. The reaction kinetics curve also showed that Nox had a lower Km and
higher substrate affinity than NicA2 [Fig. 7]. These characteristics
suggest that Nox has a greater role than NicA2 in TWE at low pH (4–5)
and high temperature (above 40 ◦ C). Nox was determined to possess
superior enzymatic stability conferring a constant degradation efficacy
for nicotine. In other words, it is necessary to enhance the affinity and
suitability of NicA2 for further environmental remediation or public
health through gene engineering [1,3,31,32].
The NicA2 structure has been reported [22]. Nox has 82% protein
sequence identity with NicA2. The secondary structure of Nox protein is
consistent with that of NicA2, comprising a FAD binding domain and a
nicotine-binding domain. The FAD binding domain in Nox has a
conserved structure like that in amine oxidases, of which amino acid
residue W108, T248 and Q113 interact with the isoalloxazine ring, and
adjacent amino acid residues W427 and N462 constitute an aromatic
cage [2]. The nicotine-binding domain of Nox is similar to that of NicA2
with two subdomains. The activity difference of Nox and NicA2 may
result from the variability of the 249th amino acid residue [NicA2:Glu
(E249), Nox:Gln (Q245)] involved in nicotine binding [Fig. 1].
Generally, the flavin moiety in a flavoprotein, is the hydrogen
acceptor in the oxidation process, which removes two hydrogen atoms
from a substrate. We found that recombinant NicA2 and Nox exhibited
very low activity in reaction mixture and their activities were improved
significantly with additional NAD+. This finding suggested that FAD
covalently or tightly bind to NicA2 and Nox may not work well. Addi
tional FAD also exhibited no effect on the activity of recombinant
enzyme, the mechanism for this requires further study. We also observed
a stoichiometry ratio of nicotine reduction and NADH generation of
NicA2 and Nox close to the theoretical value (1:2) meaning that two
hydrogen atoms all were transferred from nicotine to NAD+ [Fig. 3].
However, the difference may result possibly from the slight oxidation of
NADH or other factors and require further determination in future
studies.
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