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ABSTRACT  Polycyclic aromatic hydrocarbons (PAHs) are harmful to human health due
to their carcinogenic, teratogenic, and mutagenic effects. A thermophilic Hydrogeniba-
cillus sp. strain N12 capable of degrading a variety of PAHs and derivatives was previ-
ously isolated. In this study, an aromatic ring-hydroxylating oxygenase, NarA2B2, was
identified from strain N12, with substrate specificity including naphthalene, phenan-
threne, dibenzothiophene, fluorene, acenaphthene, carbazole, biphenyl, and pyrene.
NarA2B2 was proposed to add one or two atoms of molecular oxygen to the substrate
and catalyze biphenyl at C-2, 2 or C-3, 4 positions with different characteristics than
before. The key catalytic amino acids, H222, H227, and D379, were identified as playing
a pivotal role in the formation of the 2-his-1-carboxylate facial triad. Furthermore,
we conducted molecular docking and molecular dynamics simulations, notably, D219
enhanced the stability of the iron center by forming two stable hydrogen bonds with
H222, while the mutation of F216, T223, and H302 modulated the catalytic activity
by altering the pocket’s size and shape. Compared to the wild-type (WT) enzyme, the
degradation ratios of acenaphthene by F216A, T223A, and H302A had an improvement
of 23.08%, 26.87%, and 29.52%, the degradation ratios of naphthalene by T223A and
H302A had an improvement of 51.30% and 65.17%, while the degradation ratio of
biphenyl by V236A had an improvement of 77.94%. The purified NarA2B2 was oxygen-
sensitive when it was incubated with L-ascorbic acid in an anaerobic environment, and
its catalytic activity was restored in vitro. These results contribute to a better understand-
ing of the molecular mechanism responsible for PAHs" degradation in thermophilic
microorganisms.

IMPORTANCE (i) A novel aromatic ring-hydroxylating oxygenase named NarA2B2,
capable of degrading multiple polycyclic aromatic hydrocarbons and derivatives, was
identified from the thermophilic microorganism Hydrogenibacillus sp. N12. (ii) The
degradation characteristics of NarA2B2 were characterized by adding one or two atoms
of molecular oxygen to the substrate. Unlike the previous study, NarA2B2 catalyzed
biphenyl at C-2, 2 or C-3, 4 positions. (iii) Catalytic sites of NarA2B2 were conserved, and
key amino acids F216, D219, H222, T223, H227, V236, F243, Y300, H302, W316, F369,
and D379 played pivotal roles in catalysis, as confirmed by protein structure prediction,
molecular docking, molecular dynamics simulations, and point mutation.

KEYWORDS Hydrogenibacillus, aromatic ring-hydroxylating oxygenase, biodegrada-
tion, polycyclic aromatic hydrocarbons

P olycyclic aromatic hydrocarbons (PAHs) are compounds formed by multiple benzene

rings. Incomplete combustion of organic molecules at high temperatures (500-
800°C) or prolonged exposure to lower temperatures (100-300°C) can produce PAHs,
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including events such as forest fires and the combustion of fossil fuels (1). Due to their
carcinogenic, teratogenic, and mutagenic effects, the US Environmental Protection
Agency has designated 16 PAHs as High Priority Pollutants (2).

Over the past few decades, many PAHs-degrading bacteria have been isolated,
including Pseudomonas, Sphingomonas, Sphingobium, Mycobacterium, and Rhodococcus
(3), with well-studied molecular mechanisms as well as established physiological and
biochemical properties. However, the research on PAHs' degrading bacteria has focused
on mesophilic bacteria, and the degradation potential and characteristics of thermo-
philic microorganisms have rarely been investigated (4). Hydrogenibacillus sp. N12 can
grow with naphthalene (NAP) as the only carbon source and energy source and degrade
a variety of PAHs and derivatives through co-metabolism, including phenanthrene
(PHE), dibenzothiophene (DBT), fluorene (FLN), dibenzofuran, and carbazole (CA) at its
optimal growth temperature of 60°C (5). According to previous research, the extraor-
dinary metabolic property of PAHs' degraders is attributable to multiple degradation
enzymes. In particular, the aromatic ring-hydroxylating oxygenase (RHO) may determine
the substrate preference of PAHs' degraders, which catalyzes the first step of microbial
degradation of PAHs (6). RHO is a class of multi-component enzyme consisting of a
terminal oxygenase with catalytic function as well as an electron transport chain (ETC)
with the function of transferring electrons (7). The terminal oxygenase usually occurs as
homotrimers (a3) or hexamers (a33), with the a-subunit consisting of a Rieske domain
responsible for transferring electrons to the active site of the neighboring a-subunit
(8). While a significant amount of investigation on the structure and function of RHOs
in mesophilic bacteria has been reported, such as NDO-P (the naphthalene dioxyge-
nase from Pseudomonas sp. strain NCIB 9816-4) (9), NDO-R (the naphthalene dioxyge-
nase from Rhodococcus strain NCIMB12038) (10), BPDO-R (the biphenyl dioxygenase
from Rhodococcus sp. strain RHAT) (11), NidA3B3 and NidAB (two RHOs of Mycobacte-
rium vanbaalenii PYR-1) (12, 13), Phnl (the RHO from Sphingomonas sp. strain CHY-1)
(14, 15), as well as PhnA1B1 and PhnA2B2 (two RHOs from Sphingobium sp. strain
SHPJ-2) (16), the degradation mechanisms of RHOs in thermophilic microorganisms
have not been reported. Moreover, the degradation pathway and products of PAHs
by thermophilic microorganisms may be different from those of moderate-temperature
bacteria. This suggests that there may be novel PAHs" degradation mechanisms found
within thermophilic microorganisms. Therefore, identifying and characterizing functional
enzymes in thermophilic microorganisms, which degrade PAHs is important in order to
clarify bacterial degradation mechanisms.

Here, we identified and characterized a novel RHO NarA2B2 in Hydrogenibacillus
sp. N12 (5), which was able to degrade a variety of PAHs and derivatives. The degrada-
tion products were detected and identified using gas chromatography-mass spectrom-
etry (GC-MS). Through the prediction of the protein structure and carrying out point
mutations to NarA2, we verified some key amino acids involved in the catalysis of NarA2
and explored the mechanism by which NarA2B2 catalyzed PAHs. The in-depth study
allows for a better understanding of the PAH degradation mechanism in thermophilic
microorganisms, which lays an important foundation for subsequent genetic utilization
and bioremediation.

MATERIALS AND METHODS
Chemicals and bacterial strains

PAHs and their derivatives were purchased from J&K Scientific Co., Ltd. and Shang-
hai Aladdin Biochemical Technology Co., Ltd. N, O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) was purchased from Sigma-Aldrich and used to derivatize metabolites. The
purity of all chemicals exceeded 99%. Escherichia coli (E. coli) Top10 was used for plasmid
construction, and E. coli BL21(DE3) was used for gene expression. These strains were
grown at 37°C on Luria-Bertani (LB) medium supplemented with antibiotics.
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Construction of plasmids and purification of proteins

The predicted RHO genes were amplified from the genomic DNA of Hydrogenibacillus sp.
strain N12. Chr966 was amplified using primers 966-F1 and 966-R1 (Table 1). Chr967 was
amplified using primers 967-F and 967-R (Table 1). Chr966 and Chr967 were cloned into
ORF1 and ORF2 of pETDuet, respectively, with a terminator inserted between ORF1 and
ORF2, generating the plasmid pETDuet-narA2-Ter-narB2. The ETC components phtAcAd
(derived from Mycobacterium vanbaalenii PYR-1) and phdCD (derived from Nocardioides
sp. strain KP7) were cloned into pACYCDuet, respectively, and named pACYCDuet-phtA-
cAd and pACYCDuet-phdCD (12, 17). The phtAcAd was also cloned into the pET28a and
named pET28a-phtAcAd for protein expression and purification.

The plasmids pETDuet-narA2-Ter-narB2 and pET28a-phtAcAd were separately
transformed into E. coli BL21(DE3). E. coli BL21(DE3) cells containing recombinant
plasmids were cultured in LB medium at 37°C. When the ODggpg reached 0.6-0.8,
isopropyl-B-D-thiogalactopyranoside was added to the culture at a final concentration
of 0.4 mM, and the cells were further incubated at 16°C for 16 h. The cultured cells
were harvested (4,800 rpm, 10 min) and resuspended using buffer A (25 mM Tris-HCl,
300 mM NaCl, 20 mM imidazole, and 2 mM 2-mercaptoethanol). The collected cells
were broken up using a high-pressure disruptor (800 bar, 50 mL/2 min), and centrifuged
at 10,000 rpm for 40 min at 4°C. The recombinant protein was purified with Ni-NTA
affinity chromatography and eluted with different concentrations of imidazole buffer.
The purified protein was stored in buffer B (15 mM Tris-HCl, 150 mM NaCl, and 2 mM
dithiothreitol). A small amount of protein was mixed with an equal volume of 2x SDS
loading buffer, identified by SDS-PAGE (12%).

TABLE 1 Primers used for the construction of plasmids

Primers Sequences

966-F1 5-CCACAGCCAGGATCCGATGGTCGTTCAAAATGGAATTGTA-3
966-R1 5-CGCCGAGCTCGAATTTTACTCGCTCATCAACTTAGCC-3
967-F 5-GAAGGAGATATACATATGGGAGACGCGATCTATTT-3
967-R CCAATTGAGATCTGCTTAGAAAAACACCCCGAGATTCT-3
966-H302A-F 5-AACGCAGGCACCATCTTTCCCAACATGTC-3
966-H302A-R 5-GCCTGCGTTATATGCCAGACGCCG-3

966-F216A-F 5-AATGCAGTCGGGGATGCTTATCACACGTT-3
966-F216A-R 5-GACTGCATTATCTCCGCCGAGCTT-3

966-T223A-F 5-CACGCATTCATGACCCATTATTCTGCTGT-3
966-T223A-R 5-GAATGCGTGATAAGCATCCCCGAC-3

966-D219A-F 5-GGGGCAGCTTATCACACGTTCATGACCCA-3
966-D219A-R 5-AGCTGCCCCGACAAAATTATCTCC-3

966-H222A-F 5-TATGCAACGTTCATGACCCATTATTCTGC-3
966-H222A-R 5-CGTTGCATAAGCATCCCCGACAAA-3

966-H227A-F 5-ACCGCATATTCTGCTGTCCAGTTGAAGAT-3
966-H227A-R 5-ATATGCGGTCATGAACGTGTGATA-3

966-F243A-F 5-AAGGCAGCGTATTATGGGGTTCACGTATCGTGTGA-3
966-F243A-R 5-CGCTGCCTTTGGATCGCCGCTCGG-3

966-Y300A-F 5-GCAGCAAACCATGGCACCATCTTTCCCAACATGT-3
966-Y300A-R 5-GTTTGCTGCCAGACGCCGGAACGC-3

966-W316A-F 5-ACCGCAGCCACGGAAGATGGCAAG-3

966-W316A-R 5-GGCTGCGGTGAAGTAACCGAACGACATGTT-3
966-F369A-F 5-ACCGCAGGTGCGAGCGGTATGCTG-3

966-F369A-R 5-ACCTGCGGTCCGAACAAACGTTTCTCTGGC-3
966-V236A-F 5-ATCGCACCGAGCGGCGATCCA-3

966-V236A-R 5-CGGTGCGATCTTCAACTGGAC-3

966-D379A-F 5-GACGCAGCGGAAATGTGGAGCAACATCAC-3
966-D379A-R 5-CGCTGCGTCCTGTTCCAGCATACC-3
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Characterization of the predicted RHO

The predicted RHO was characterized using resting cell biotransformation and enzyme
assays.

Resting cell biotransformation

The ETC components pACYCDuet-phtAcAd and pACYCDuet-phdCD were co-transformed
into E. coli BL21(DE3) with pETDuet-narA2-Ter-narB2, respectively. The culture and
harvest of E. coli BL21(DE3) containing recombinant plasmid were the same as the
preparation of purification of protein. The harvested cells were washed three times in
PBS buffer. The suspension was starved at 30°C for 3 h without any substrate to prepare
resting cells (10 mL, ODgoonm = 5). Next, 50 mg/L NAP was added, and the residual
NAP concentration was measured after 26 h by highperformance liquid chromatography
(HPLC). E. coli BL21(DE3) cells containing pETDuet and pACYCDuet served as a control,
with all treatments being the same as the experimental group. All tests above were
conducted in triplicate. HPLC was performed using the Agilent 1,200 Infinity with Eclipse
XDB-C18 columns, 80% methanol, 20% water (0.1% formic acid), 0.8 mL/min, and 30°C
(18).

Enzyme assays

The assay of enzyme activity was performed in the reaction mixtures (1 mL) containing
25 mM Tris-HCl pH 7.5, 10% glycerol, 0.05 mM ferrous ammonium sulfate, 0.2 mM NADH,
0.3 mM L-ascorbic acid, 5.67 uM NarA2B2 complex, and 10 uM PhtAcAd. This mixture was
incubated in an anaerobic environment for 20-30 min. Then, PHE was added to a final
concentration of 14.24 mg/L to initiate the reaction at 30°C. After 2 h, 20 pL of HCl was
added to stop the reaction. The mixture was then extracted with 500 uL of ethyl acetate,
and the remaining PHE content was detected using HPLC.

Characterization of the substrate specificity of NarA2B2

Resting cells were supplemented with different substrates, including NAP, PHE, DBT,
CA, BP, FLN, and ACE, at a final concentration of 50 mg/L, while PYE was added at
a concentration of 10 mg/L. Samples were analyzed after O, 4, 8, 16, and 24 h. Low
molecular weight PAHs were extracted with an equal volume of ethyl acetate for 3 min,
and high molecular weight PAHs were extracted with half the volume of ethyl acetate
for 6 min. The concentration of residual PAHs was detected by HPLC. The methods for
preparing resting cells and detecting by HPLC are the same as described above.

Identification of metabolites by NarA2B2

To detect metabolites, resting cells were re-prepared, and the concentrations of PAHs
were the same as described above. A half-volume of ethyl acetate was added and
extracted twice at 30°C. The residual water in ethyl acetate was removed, and the extract
was condensed 200-300 times. A total of 30 L of product was then mixed with an equal
volume of BSTFA and reacted at 70°C for 30 min before detection by GC-MS (Agilent,
GC-7890B; MS-5977B; 30 m x 0.25 mm, 0.25 pm, HP-5MS column). The oven temperature
was set at 75°C for 3 min, followed by a ramp-up to 250°C at a rate of 12°C/min, held at
250°C for 1 min, followed by an increase to 300°C at a rate of 10°C/min, and held at 300°C
for 10 min (19).

Molecular docking and molecular dynamics simulation

The structure of the NarA2B2 complex was predicted by AlphaFold2 (20). The positions
of active site iron and iron-sulfur clusters were determined by SWISS-MODEL (21). The
structures of substrates were downloaded from PubChem (22). AutoDock4.2 software
was utilized to build the enzyme-substrate complex (23). According to the binding
position of active site iron, the cube box of side length 100 A centered on the iron atom
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was set and calculated. The Lamarckian genetic algorithm (24) was adopted with search
parameters for the stable enzyme-substrate complex with 200 runs. Other parameters
were set as default values.

The results of the docking were ranked according to the docking energy, with the
structure possessing the lowest energy serving as the initial structure for molecular
dynamic (MD) simulations. The substrate parameters were prepared using a two-step
restrained electrostatic potential(25) charge-fitting method, facilitated by the Antecham-
ber package. The system was then solvated within an octahedral box of TIP3P water
via tleap and subsequently neutralized electrically with either chlorine or sodium ions.
Following this, classical MD simulations were executed on the prearranged structures
of the eight systems using AMBER20 (26). The energy minimization was conducted in
two stages: initially focusing on the water molecules, followed by the remainder of the
overall system. Subsequently, the system was gradually heated from 0 to 300 K over
a period of 50 ps. Afterward, the system was transitioned to constant pressure and
temperature (NPT) and equilibrated for an additional 50 ps to adjust the system to the
appropriate density. The equilibrated structure served as the initial structure, and from it,
three parallel 50 ns trajectories were collected for further analysis. The root mean square
deviation (RMSD) and distances were analyzed using Cpptraj (27). Visualization of the
processes was accomplished using PyMOL (28).

Verification of key catalytic sites by point mutation

Mutants were generated using pETDuet-narA2-Ter-narB2 as the template, and primers
containing mutation sites with an overlap of 9 bp. A total of 8 pyL of PCR product was
mixed with 1 uL Dpnl and 1 pL CutSmart buffer at 37°C for 1 h. The mix was then directly
transformed into E. coli Top10, and the transformed cells were selected for verification.
Mutated plasmids were co-transformed into E. coli BL21(DE3) with pACYCDuet-phtAcAd
to determine their ability to degrade PAHs (the ODgggnm Of resting cells was 10). The
primers used for the construction of mutants are listed in Table 1.

RESULTS
Identification of predicted aromatic ring-hydroxylating oxygenase NarA2B2

According to previous studies (5), the strain N12 can degrade multiple PAHs and
derivatives. Based on genomic annotation and homologous sequence alignment with
other reported RHOs, we presumed that Chr966 and Chr967 may be a new RHO in
strain N12. Chr966 shares 51.33% amino acid identity with the naphthalene dioxyge-
nase large subunit (NarAa) of Rhodococcus strain NCIMB12038 (10) and contains the
conserved sequence of a Rieske-type iron-sulfur cluster, suggesting that Chr966 may be
the a-subunit of a novel RHO.

Phylogenetic analysis has demonstrated that Chr966 is in the same branch as PhtAa
(AAQ91914.2) (17), NidA (AAT51751.1) (13), and PdoA (AAQ12029.1) (29), with sequence
similarity of 38.9%, 42.92%, and 43.62%, respectively (Fig. 1A). These belong to type
V RHOs compatible with a [3Fe-4S]-type ferredoxin and a GR-type reductase (30) (Fig.
1A). The gene with highest sequence similarity to Chr967 is an aromatic-ring-hydroxy-
lating dioxygenase subunit beta of Hydrogenibacillus Schlegelii, followed by an aromatic-
ring-hydroxylating dioxygenase subunit beta of Candidatus Carbobacillus altaicus, with
similarities of 99.39% and 64.85%, respectively (Fig. 1B).

Functional verification of predicted aromatic ring-hydroxylating oxygenase

As no genes near Chr966 and Chr967 were explicitly annotated as ferredoxin and
ferredoxin reductase, several sets of possible ETCs were co-expressed with Chr966 and
Chr967, and FLN cannot be degraded (Fig. S1). Exogenous ETCs were introduced to
detect the activity of predicted RHOs. According to phylogenetic analysis (Fig. 1A),
Chr966 belongs to type V RHO. Therefore, Chr966-967 was co-expressed with phdCD and
phtAcAd, respectively, and the activity was detected within resting cell
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A 07081 —23181_OphA2 AAD03558.1 Burkholderia cepacia
1o L0515 __ChaA AAC45716.1 Conidiobolus coronatus
03578 —221 —BenA AAC46436.2 Acinefobacter baylyi
10 L0245 AntA AAC34813.1 Acinetobacter baylyi ADP1

03404 phnAc BAAT76323.1 Alcaligenes faecalis
PahAc BAA20391.1 Pseudomonas putida
DxnA1 CAA51365.1 Sphingomonas sp.
BphA1 AFU46880.1 Acidovorax sp. KKS102
NarA2

PdoA AAQ12029.1 Mycobacterium sp. S65

PhtAa AAQ91914.2 Mycolicibacterium vanbaalenii PYR-1
NidA AAT51751.1 Mycolicibacterium vanbaalenii PYR-1
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WP 090759510.1 3-phenylpropionate/cinnamic acid dioxygenase subunit beta Bacillus sp. OK048
MBE3593778.1 aromatic-ring-hydroxylating dioxygenase subunit beta Candidatus Carbobacillus altaicus
MBM3678322.1 aromatic-ring-hydroxylating dioxygenase subunit beta Actinomycetia bacterium
MCA1737284.1 aromatic-ring-hydroxylating dioxygenase subunit beta Actinomycetia bacterium
CAA9418321.1 biphenyl dioxygenase beta subunit uncultured Rubrobacteraceae bacterium

- MBA3473513.1 aromatic-ring-hydroxylating dioxygenase subunit beta Rubrobacter sp.
0.2889 MBE3593770.1 aromatic-ring-hydroxylating dioxygenase subunit beta Candidatus Carbobacillus altaicus

0.0351
77 oreer 221 MBT9281370.1 aromatic-ring-hydroxylating dioxygenase subunit beta Hydrogenibacillus schlegelii
o 100 0 NarB2
100 00022 \\P(020960493.1 aromatic-ring-hydroxylating dioxygenase subunit beta Geobacillus genomo sp. 3

0.1062
oary [T 00037 \\P117017433.1 aromatic-ring-hydroxylating dioxygenase subunit beta Aeribacillus pallidus
00| soss 12— WP054818504.1 3-phenylpropionate/cinnamic acid dioxygenase subunit beta Paenibacillus
g2 01101 WP (012248441.1 aromatic-ring-hydroxylating dioxygenase subunit beta Bordetella petrii

FIG 1 Neighbor-joining phylogenetic tree of amino acid sequences of NarA2 (A) and NarB2 (B) in strain N12. The phylogenetic tree of NarAa is based on a

novel RHO classification system that classifies RHOs into five types derived from the ETC components (30). The phylogenetic tree of NarB2 is constructed from

homologous sequences aligned by the National Center for Biotechnology Information (NCBI).

biotransformation. We found that NAP could only be degraded when Chr966-967 was
co-expressed with phtAcAd (Fig. S2). Therefore, it was determined that Chr966 and
Chr9o67 are the a- and 3-subunits of a novel RHD, named NarA2B2.

Characterization of the substrate specificity of NarA2B2

The 14 PAHs were used to identify the substrate specificity of NarA2B2, which refers to
the ability of an enzyme to bind and catalyze a specific substrate or group of substrates.
As shown, NarA2B2 can degrade NAP (Fig. 2A), PHE (Fig. 2B), FLN (Fig. 2C), ACE (Fig.
2D), CA (Fig. 2E), DBT (Fig. 2F), PYE (Fig. 2G), and BP (Fig. 2H). There is no degradation
of the other substrates (Fig. S3). According to the degradation curve, the substrate
degraded most rapidly in the first 4 h and outside of CA, the concentration of the
substrates remained essentially stable after 16 h. Due to the volatilization, the substrate
concentration in the control also decreases slightly over time. However, the degradation
of PYE was completed within the first 4 h (Fig. 2). The enzymes may become inactivated
more quickly due to the inhibitory effect of PYE. Among all substrates, NarA2B2 has the
strongest degradability to CA, and at an initial concentration of 50 mg/L, it can degrade
25.96% of CA. This was followed by DBT, PHE, ACE, and FLN, with degradation ratios of
20.65%, 21.27%, 18.83%, and 20.86%, respectively. The ability to degrade NAP is poor,
with degradation ratios of 9.79%. PYE and BP showed intermediate degradation ratios of
12.94% and 12.55%, respectively.

Intermediates detected with GC-MS

The metabolites degraded by NarA2B2 were detected by GC-MS and structures were
determined by comparing them with the National Institute of Standards and Technology
(NIST) MS library or MS profiles of the standard compounds. The metabolites are listed in
Table 2.

Four metabolites were detected in the 24-h degradation sample of NAP, namely
1-naphthol (TMS), 2-naphthol (TMS), NAP-1,2-dihydrodiol (2TMS), and 1,2-dihydroxy-
naphthalene (2TMS), with retention times of 11.99, 12.25, 13.15, and 14.29 min,
respectively. However, 1,2-dihydroxynaphthalene was not detected in the 4-h degrada-
tion sample. 1-Naphthol and 2-naphthol may be products of unstable spontaneous
dehydration of NAP-1,2-dihydrodiol. Subsequently, the metabolic pathway of NAP
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FIG 2 Detection of substrate specificity of NarA2B2 in E. coli BL21(DE3). (A) NAP (50 mg/L); (B) PHE (50 mg/L); (C) FLN
(50 mg/L); (D) ACE (50 mg/L); (E) CA (50 mg/L); (F) DBT (50 mg/L); (G) PYE (10 mg/L); and (H) BP (50 mg/L). The yellow line
with circles represents E. coli BL21(DE3) containing pETDuet-narA2-Ter-narB2 and pACYCDuet-phtAcAd, and the green line
with squares represents E. coli BL21(DE3) containing pETDuet and pACYCDuet. The concentration in parentheses is the initial
concentration. All the tests above were conducted in triplicate. NAP, naphthalene; PHE, phenanthrene; FLN, fluorene; ACE,

acenaphthene; CA, carbazole; DBT, dibenzothiophene; PYE, pyrene; and BP, biphenyl.

branches from 1,2-dihydroxynaphthalene into the meta-cleavage pathway and the
ortho-cleavage pathway (31) (Fig. 3A and 4A).

In the dagradation sample of PHE, nine metabolites were detected. Compared to
published studies, they were determined to be five isomers of monohydroxy-PHE (TMS),
three kinds of PHE-dihydrodiol (2TMS), and a dihydroxy-PHE (2TMS). Of the three types of
PHE-dihydrodiol, one was identified as PHE-9,10-dihydrodiol (16). We speculate that
there are at least two pathways for NarA2B2 to degrade PHE, one of which begins at the
C-9,10 positions. Due to the lack of available information, the structure of other metabo-
lites was not identified (Fig. 3B and 4B).

In the case of DBT, a kind of monohydroxy-DBT (TMS) and dibenzothiophene-S-oxide
were detected (Fig. 3C and 4C). Among them, NarA2B2 degraded DBT more easily to
produce the latter. Monohydroxy-DBT (TMS) was determined by comparison with
previous studies (32). Based upon the DBT metabolic pathway in N12 resting cells (5),
monohydroxy-DBT may be 1-hydroxydibenzothiophene or 2-hydroxydibenzothiophene,
formed by dehydration of DBT-1,2-dihydrodiol.

In the degradation sample of BP, three metabolites, 3-hydroxybiphenyl (TMS), 4-
phenylphenol (TMS), and 2,2-dihydroxybiphenyl (2TMS), were detected. In general, the
terminal oxygenase introduced activated molecular oxygen to the biphenyl at the C-2,3
positions (33-36). However, the catalytic positions of NarA2B2 for BP are C-2,2 positions
and C-3,4 positions (Fig. 3D and 4D). NarA2B2 can also catalyze CA, and monohydroxy-
CA (TMS) has been detected (Fig. 3E and 4E). In the degradation of PYE, two products
were detected, monohydroxy-PYE and PYE-4,5-dihydrodiol (Fig. 3F and 4F).

Five intermediates were detected in the degraded samples of ACE for 24 h, namely 1-
acenaphthenone, 1-acenaphthenol (TMS), 1,2-dihydroxyacenaphthylene (2TMS), and
two kinds of 1,2-dihydroxyacenaphthene (2TMS). Of these, only 1-acenaphthenol was
detected at 4 h. NarA2B2 can continuously catalyze ACE. ACE is transformed to 1-
acenaphthenol via a one-step monooxygenation, then converted to 1-acenaphthenone
via an endogenous dehydrogenase. Simultaneously, 1-acenaphthenol is altered to 1,2-
dihydroxyacenaphthene and 1,2-dihydroxyacenaphthylene by the catalysis of NarA2B2
(Fig. 3G and 4G) (31).

Nine metabolites were detected from the FLN sample, including 9-fluorenone, 2-
hydroxy-9-fluorenone (TMS), 9-fluorenol (TMS), 2-fluorenol (TMS), three kinds of
monohydroxy-FLN (TMS), and two kinds of dihydroxy-FLN (2TMS). Akin to ACE, we
hypothesize that NarA2B2 can perform continuous catalysis of FLN. First, NarA2B2 adds
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FIG 3 GC-MS profile of degradation samples of PAHs and their derivatives by E. coli BL21(DE3) with heterologous expression

of NarA2B2 and PhtAcAd. The sample at 0 h was used as the control, and the samples at 4 and 24 h were the experi-
mental group. (A) Naphthalene (P1: 1-naphthol, TMS; P2: 2-naphthol, TMS; P3: NAP-1,2-dihydrodiol, 2TMS; P4: 1,2-dihydroxy-
naphthalene, 2TMS). (B1-B3) Phenanthrene (P6, P7, P9, P10, P11: monohydroxy-PHE, TMS; P5: PHE-9,10-dihydrodiol, 2TMS;
P8, P12: PHE-dihydrodiol, 2TMS; P13: dihydroxyl-PHE, 2TMS). (C) Dibenzothiophene (P14: monohydroxy-DBT, TMS; P15:
dibenzothiophene-S-oxide). (D) Biphenyl (P16: 4-phenylphenol, TMS; P17: 3-hydroxybiphenyl, TMS; P18: 2,2-biphenyldiol,
2TMS). (E) Carbazole (P19: monodroxy-CA, TMS). (F) Pyrene (P20: PYE-4,5-dihydrodiol, 2TMS; P21: monodroxy-PYE, TMS).
(G) Acenaphthene (P22: 1-acenaphthenone; P23: 1-acenaphthenol, TMS; P24-25: 1,2-dihydroxyacenaphthene, 2TMS; P26:
1,2-dihydroxyacenaphthylene, 2TMS). (H) Fluorene (P27: 9-fluorenone; P28: 9-fluorenol, TMS; P29-31: monodroxy-FLN, TMS;
P32: 2-fluorenol, TMS; P33, P35: dihydroxy-FLN, 2TMS; P34: 2-hydroxy-9-fluorenone, TMS).

one oxygen atom at the C-9 position to form 9-fluorenol as fluorene monooxygenase,
and 9-fluorenol is then converted to 9-fluorenone under the catalysis of an endogenous
dehydrogenase. Subsequently, NarA2B2 catalyzes 9-fluorenone to produce 9-fluore-
none-1,2-dihydrodiol, which spontaneously dehydrates to form 2-hydroxy-9-fluorenone
(Fig. 3H and 4H) (31). At the same time, NarA2B2 catalyzes FLN to FLN-dihydrodiol (31),
and dihydroxy-FLN was formed under the action of endogenous dehydrogenase.

The predicted structure of NarA2B2

According to the complex structure of NarA2B2 predicted by AlphaFold2, NarA2 and
NarB2 are well-combined as shown in Fig. 5A. Compared to the most similar crystal
structure, a naphthalene 1,2-dioxygenase from Rhodococcus sp. (PDB: 2B1X, sequence
similarity 45%) (10), NarA2B2 has a high structure similarity with an RMSD of 0.531 A.The
high conservation of both sequence and structure indicates that the predicted structure
of NarA2B2 is reliable and comparable. Both active site iron and iron-sulfur clusters are
bound to the a-subunit. The active site iron coordinating with H222, H227, and D379 has
the characteristics of the classic 2-His-1-carboxylate facial triad (Fig. 5C) (37). It is notable
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FIG4 Proposed metabolic characteristics of PAHs and derivatives catalyzed by E. coli BL21(DE3) with heterologous expression of NarA2B2 and PhtAcAd. (A) NAP;
(B) PHE; (C) DBT; (D) BP; (E) CA; (F) PYE; (G) ACE; and (H) FLN. The metabolites in parentheses were inferred from the reported pathway and were not detected in

this experiment.

that D219 forms two stable hydrogen bonds with H222 (*2N---°2°0D1: 2.98 A, "N
£2190: 2.63 A), essentially strengthening the iron center. The substrate pocket is assumed
to be located around the vacant site of the iron octahedral. As shown in Fig. 5B, key
residues surrounding the pocket (F216, D219, T223, V236, F243, 1261, Y300, H302, W316,
F369, L375) are selected within 4 A as a docked substrate, indicating m-m potential
interactions for PAHs are provided by aromatic rings.

According to the results of protein structure prediction, we speculate that F216, D219,
H222, T223, H227, V236, F243, Y300, H302, W316, F369, and D379 have involvement in
the catalysis of NarA2B2. Therefore, we performed point mutations to detect the
degradation of PAHs. Mutants D219A, H222A, H227A, F369A, or D379A were found to
have lost the ability to degrade NAP, PHE, DBT, FLN, and CA. F243A and Y300A have a
greater influence on the degradation of the substrates with three-fused rings. F243A
basically loses its ability to degrade PHE, DBT, BP, and CA. Y300A cannot degrade PHE, BP,
and CA; and W316A has little effect on catalytic capacity and mainly inhibits the degrada-
tion of ACE, FLN, CA, and PYE. While T223A and H302A enhanced the degradation ability
of ACE and NAP, and F216A increased the degradation ratio of ACE. Compared to the
wild-type enzyme, the degradation ratios of ACE by F216A, T223A, and H302A had an
improvement of 23.08%, 26.87%, and 29.52%, respectively; the degradation ratios of NAP
by T223A and H302A had an improvement of 51.30% and 65.17%. The ability of V236A to
degrade BP was significantly enhanced with an improvement of 77.94% (Fig. 6).

Purification and properties of purified NarA2B2

As NarA2B2 showed strong degradation ability towards PHE during the identification of
the substrate specificity of NarA2B2 by resting cell biotransformation, PHE was chosen as
the substrate to test the activity of purified NarA2B2 in vitro. We purified NarA2B2 and
PhtAcAd by Ni-NTA affinity chromatography. The elution solutions of both recombinant
proteins appeared dark brown in color. According to the SDS-PAGE results, we found that
the purity of recombinant proteins exceeded 90% (Fig. 7A and B). NarA2B2 contains two
subunits with molecular weights close to 50 and 20 kDa (Fig. 7A), consistent with the
molecular masses of the polypeptides deduced from Chr966 and Chr967. Within 2 h, 5.67
x 1073 umol NarA2B2 could completely convert 14.24 ug of PHE (Fig. 7C), indicating that
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FIG 5 Overall structure of NarA2B2. (A) NarA2B2 predicted by AlphaFold2 with aligned naphthalene 1,2-dioxygenase from
Rhodococcus sp. (PDB: 2B1X); the a-subunit NarA2 is colored in light grey (and green in 2B1X) and the B-subunit NarB2 is dark
gray (and cyan in 2B1X). (B) The substrate pocket of NarA2B2, with the surface of NarA2B2 colored in light purple, and the side

chain of residues around the active site are shown in sticks. (C) The active site iron center of NarA2B2, distances are given in A.

NarA2B2 has the catalytic ability in vitro. Furthermore, we further detected the catalytic
products of purified NarA2B2 on PHE by GC-MS, which were basically consistent with
those of resting cells. Also, 9,10-PHE-dihydrodiol, two unknown structures of PHE-
dihydrodiol, and four monohydroxy-PHE (P1-P4) were detected (Fig. 7D). Meanwhile, we
tested the optimal catalytic temperature and pH value of NarA2B2 and found that under
the premise of using PhtAcAd as the ETC, the optimal catalytic temperature of NarA2B2 is
37°C, and NarA2B2 also exhibits catalytic activity at 55°C (Fig. 7E). The optimal catalytic
pH value of NarA2B2 is 7, and it has no catalytic activity in acidic environments. The
catalytic activity of NarA2B2 is stronger in weak alkaline environments. (Fig. 7F).

Interaction analysis of structure binding domain

Molecular docking and MD simulations were further developed to examine the structure
of NarA2B2, as shown in Fig. 8 (Fig. S4 and S5). Two representative substrates, NAP and
ACE (selected due to their notable alterations between the wild type and mutants), were
subjected to simulations with NarA2B2. The clustering structure and attack distances,
analyzed in Fig. 8A and B, clearly indicate that the NarA2B2 wild type and all three
mutants (F216A, T223A, and H302A) can configure a near-attack conformation. The
clustering structures in this scenario reflect a sequence of structures rather than a single
static structure. The attack distance of clustering structures varies between 3.09 and
4,06 A (Fig. 8A), but that of all the structures exhibit significant fluctuations (Fig. S5).
The attack distances have a minimum of 2.92 A (WT-NAP), 2.84 A (F216A-NAP), 2.81 A
(T223A-NAP), 2.76 A (H302A-NAP), 2.91 A (WT-ACE), 2.78 A (F216A-ACE), 2.90 A (T223A-
ACE), 2.97 A (H302A-ACE), and a concentration below 4 A (Fig. 8B). Hence, both the WT
and mutants can interact with NAP and ACE.

Given the lack of a hydrogen bond donor or acceptor between the substrate and
NarA2B2 (as PAHs typically lack oxygen or nitrogen atoms), it is challenging for NarA2B2
to stabilize a substrate via a hydrogen bond network. The differential performance of the
mutants on various substrates is primarily due to the substrate pocket and m interactions
(encompassing sandwich, T-shaped, and parallel-displaced m interactions) within the
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FIG 6 The degradation of PAHs and derivatives by NarA2B2 mutants in E. coli BL21(DE3) at 24 h. (A) NAP; (B) PHE; (C) DBT; (D) ACE; (E) FLN; (E)
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(H) PYE. PC: BL21(DE3) containing pETDuet-narA2-Ter-narB2 and pACYCDuet-phtAcAd without mutations; NC: BL21(DE3) containing pETDuet and pACYCDuet;
M216: F216A; M219: D219A; M222: H222A; M223: T223A; M227: H227A; M236: V236A; M243: F243A; M300: Y300A; M302: H302A; M316: W316A; M369: F369A; and
M379: D379A.

aromatic or imidazole ring of NarA2B2. Figure 8C shows that NAP can form stable
interactions with F216, Y300, and H302 (with center-of-mass distances between two
rings of 5.09 + 0.34 A, 5.81 £ 0.53 A, and 4.51 + 0.36 A). It also exhibits weak interactions
with W316 and F369 and a random interaction with F243. H302A's lack of m interactions
boosts ACE degradation by increasing substrate mobility, thereby improving the
likelihood of oxygen contact.

Furthermore, the mutants F216A and H302A expand the substrate pocket as shown in
Fig. 8D. The removal of the hydroxyl group in F216A and T223A mutants enhances the
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FIG 8 Structural analysis of NarA2B2 complex with representative substrate. (A) Clustering structures of NarA2B2 and its
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(B) Violin density plot illustrating the attacking distances during MD simulations between NarA2B2 and its mutations with
either NAP (top) or ACE (bottom). The attacking distances are determined by the minimum distance between the carbon
atom of the substrate and the oxygen atom bound to iron. (C) Potential m interaction distances between residues and NAP
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simulations, represented by red, yellow, and blue lines. (D) Active site pocket structures of NarA2B2 and its mutations, with
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hydrophobic environment, which is advantageous for PAHs. To summarize, while the loss
of a phenyl ring decreases m-m interactions, it provides additional space for high-
molecular-weight PAHs. Simultaneously, the absence of a hydroxyl group augments the
hydrophobic environment. Variations in the pocket’s volume and modifications in
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interactions can significantly alter the catalytic efficiency. The divergent performance of
mutants with various substrates can be attributed to a combination of these factors.

DISCUSSION

In this study, we identified a novel RHO, NarA2B2 in Hydrogenibacillus sp. N12, which
could degrade multiple PAHs and heterocyclic derivatives, including NAP, PHE, FLN, ACE,
CA, BP, DBT, and PYE. The metabolites of PAHs and derivatives catalyzed by NarA2B2 were
identified through GC-MS, and the metabolic characteristics of NarA2B2 were analyzed.
NarA2B2 could add one or two atoms of molecular oxygen to substrates. In particular,
it was found that the degradation of BP differed from previous reports through the
absence of the addition of two oxygen atoms from the C2 and C-3 positions. The catalytic
position of BP by NarA2B2 is instead at two C-2 positions or C-3, C-4 positions. Through
protein structure prediction and point mutations, we identified key functional sites of
the iron coordinating site and active pocket involved in dioxygen activation as well as
substrate binding. Considering the detected intermediate metabolites involve one or
two oxygen atoms, NarA2 may act as both monooxygenase and dioxygenase. According
to the catalytic cycle of Rieske non-heme iron enzymes reported in previous studies (38-
40), the mechanism of NarA2 begins with the dioxygen activation intermediate, a ferric
(hydro) peroxo species, with hydroxylated product formation with the mononuclear
ferric reduction by an external electron.

As NarA2B2 is derived from the thermophilic microorganism Hydrogenibacillus sp.
N12, we speculate that the enzyme may have unique physiological and biochemical
properties compared to mesophilic bacteria. Currently, few RHOs are purified and
characterized, such as phthalate dioxygenase, naphthalene dioxygenase, and biphenyl
dioxygenase (41). We purified the oxygenase and ETC components through Ni-NTA
affinity chromatography. The function of ETC components was detected by potassium
ferricyanide; when PhtAcAd was mixed with potassium ferricyanide and NADH, the
buffer changed from brownish yellow to colorless in a short time (data not presented),
it indicates that ETC has the function of transferring electrons. We used the reported
method to detect the enzyme assay of NarA2B2 (41), but we did not obtain the catalytic
activity of purified NarA2B2 in vitro. We also optimized the catalytic conditions, such
as different catalytic temperatures, addition of glycerol to the reaction mixtures, using
NADH or NADPH as electron donors, addition of L-ascorbic acid or L-ascorbic acid sodium
to reduce Fe**, and even used thrombin to cleave the 6x His-Tag from the recombinant
protein, but none of these optimizations enabled us to obtain the catalytic activity of
NarA2B2 in vitro (Fig. S6 to S9). We also found that E. coli (DE3) expressing NarA2B2 and
PhtAcAd and strain N12 did not exhibit the ability to degrade PAHs after cell lysis (Fig.
S10 and S11.). We speculate that NarA2B2 may lose catalytic function due to its inability
to maintain a three-dimensional structure outside the cell, or the catalysis requires more
specific conditions. We find that the naphthalene dioxygenase Phnl and ETC components
of Sphingomonas CHY-1 were purified under an environment with O, < 2 ppm (41). This
inspired us that NarA2B2 may also need to be purified under anaerobic conditions to
maintain the catalytic center Fe?* from oxidation. Therefore, we attempted to incubate
NarA2B2 with L-ascorbic acid under anaerobic conditions to restore its activity. Through
the optimization of experimental detail, we successfully obtained the catalytic activity of
NarA2B2 in vitro. Under the premise of using PhtAcAd as the ETC, the optimal catalytic
temperature of NarA2B2 is 37°C, and the optimal pH is 7. The optimal catalytic temper-
ature and pH value of NarA2B2 may vary when it is adapted to different ETCs. When
NarA2B2 was compatible with the ETC components of strain N12, its optimal catalytic
temperature may be higher than 37°C, and it may also exhibit stronger catalytic activity.
Moreover, since strain N12 lacks genetic manipulation tools, we are unable to knock out
the gene narA2B2, which makes it difficult for us to determine the interaction of NarA2B2
and NarAaAb in strain N12 (5).
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Conclusions

A novel RHO NarA2B2 from Hydrogenibacillus sp. N12 was identified and characterized,
which is capable of degrading a variety of PAHs and their derivatives. Depending on the
degradation characteristics, NarA2B2 adds one or two atoms of molecular oxygen to the
aromatic ring. Through protein structure prediction, molecular simulation docking, and
point mutation, we identified several key amino acids involved in catalysis and explored
the catalytic mechanism of NarA2B2. We successfully obtained the in vitro catalytic
activity of NarA2B2 by incubating it with L-ascorbate under anaerobic conditions.
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