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Abstract 

Background  Bioremediation relying on highly efficient degrading bacteria constitutes a promising and sustain-
able avenue for controlling and reducing nitrophenol contamination in the environment. A thorough understanding 
of the bacterial degradation mechanism of nitrophenol is of paramount importance for supporting the development 
of efficient microbial remediation technology.

Results  In this study, a new bacterium, Rhodococcus sp. 21391, endowed with superior p-nitrophenol (PNP) degrada-
tion ability was obtained. Genomic and comparative proteomic analyses revealed that it utilizes the 1,2,4-benzenetriol 
(BT) pathway for PNP degradation. The catalytic properties of the two-component p-nitrophenol monooxygenase 
RsNcpAB from the strain were investigated in vitro. The enzyme exhibited a broad substrate selectivity, catalyz-
ing the oxidation of various nitrophenols and halogenated phenols, with significant potential for further research 
and development. Additionally, the crystal structure of the oxidative component of p-nitrophenol monooxygenase, 
RsNcpA, was determined. Structural analysis and site-directed mutagenesis revealed that residues Arg100 and His293 
in the active site play a crucial role in enzyme catalysis, and a catalytic mechanism model was subsequently proposed.

Conclusions  This study reports a high-performance nitrophenol-degrading bacterium and enzyme, and reveals their 
mechanisms at the molecular level. These findings increase the understanding of the bacterial degradation of nitro-
phenol, thereby providing a crucial foundation for the development of efficient bioremediation technologies.
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Graphical Abstract

Introduction
Nitrophenols constitute a group of organic compounds of 
significant environmental concern. These substances can 
enter the environment via a plethora of anthropogenic 
activities including industrial processing, agricultural 
run-off, and improper waste management [1, 2]. Nitro-
phenols have been listed as priority controlled pollutants 
in many countries because of their high level of toxicity, 
oncogenicity, and biological accumulation [3–5]. Upon 
the entry of nitrophenols into the bloodstream, they can 
transform hemoglobin to methemoglobin, thereby induc-
ing liver impairment, anemia, dyspnea and other symp-
toms [6, 7]. The frequent occurrence of nitrophenols in 
the environment calls for the development of efficient 
methods for controlling nitrophenol pollution.

Several remediation strategies involving physical, 
chemical, and biological approaches have been devised 
[1, 8, 9]. Among these, the microbial remediation of 
nitrophenols harbors great potential on account of its 
cost-effectiveness, environmental friendliness, adapt-
ability, and in  situ application capabilities. Microbes 
have evolved metabolic pathways to utilize nitrophenols, 
transforming them into less harmful substances [10–12]. 
This process can be applied in situ to foster the sustain-
able self-cleaning capacity of the environment under mild 
conditions, diminishing the need for extreme tempera-
tures or pressures. Furthermore, microbial remediation 
does not generate large quantities of toxic by-products 
and has a lower ecosystem impact [13].

Genomic investigations have identified specific genes 
encoding enzymes involved in nitrophenol biodegrada-
tion. Two distinct nitrophenol catabolic pathways have 

been elaborately elucidated. Nitrophenol is degraded via 
the 1,2,4-benzenetriol (BT) pathway in Gram-positive 
bacteria, with BT 1,2-dioxygenase catalyzing ring cleav-
age [14–16]. Along this pathway, nitrophenols such as 
p-nitrophenol (PNP) are converted to p-nitrocatechol 
and BT by two-component PNP monooxygenases. Sub-
sequently, BT undergoes ring cleavage to enter the cen-
tral metabolism. In contrast, in Gram-negative strains, 
nitrophenol is degraded through the hydroquinone (HQ) 
pathway [12, 17]. These strains catabolize nitrophenol 
with HQ as the ring-cleavage intermediate, and its com-
plete degradation is catalyzed by HQ dioxygenase. The 
initial step of both the BT and HQ pathways is catalyzed 
by p-nitrophenol monooxygenases, whose catalytic site 
selectivity results in the formation of distinct nitrophenol 
metabolic pathways. The catalytic selectivity of the two 
classes of p-nitrophenol monooxygenases is important 
for understanding the principle behind the bacterial deg-
radation of nitrophenols. Nevertheless, in-depth investi-
gation into their molecular mechanisms is limited.

This investigation reports the discovery and mecha-
nistic characterization of a two-component monooxy-
genase (RsNcpAB) exhibiting unprecedented catalytic 
versatility from a novel Rhodococcus strain isolated from 
mangrove ecosystems. Through multi-omics approaches 
integrating comparative genomics, proteome profiling, 
and enzymatic assays, we systematically mapped the 
complete PNP mineralization pathway while identifying 
RsNcpAB as its gatekeeping catalyst. Crucially, structural 
and functional analyses revealed this flavin-dependent 
monooxygenase possesses an unusually broad substrate 
spectrum—capable of oxygenating diverse aromatic 
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compounds through its unique substrate recognition 
mechanism. X-ray crystallography combined with tar-
geted mutagenesis unveiled an architecturally distinct 
catalytic pocket featuring flexible substrate-accommo-
dating loops, providing the structural basis for substrate 
promiscuity in this enzyme. This mechanistic break-
through not only redefines our understanding of micro-
bial nitrophenol metabolism but establishes RsNcpAB as 
a prime engineering template for developing multifunc-
tional biocatalysts addressing mixed contaminant scenar-
ios in environmental biotechnology.

Material and methods
Strain isolation and identification
Approximately 1  g of mangrove soil (Sanya, China) was 
suspended in 100  mL of mineral salts medium (MSM) 
with shaking at 100 rpm at 25 °C for 1 h. Aliquots of the 
diluted suspension were spread onto the agar plates con-
taining 300 μM PNP as the sole carbon source. The plates 
were incubated for 5 days at 25 °C, and distinct colonies 
were selected and subjected to purification to obtain pure 
cultures. The degrading ability of the purified strains was 
measured by analyzing the concentration of PNP at regu-
lar intervals after inoculation into liquid MSM medium 
with 300 μM PNP. Morphological characteristic analysis 
and 16S rRNA sequencing were employed for species 
identification. The neighbor-joining phylogenetic tree 
was constructed using MEGA7 with 1000 bootstrap val-
ues based on the 16S rRNA gene sequences of the strains 
and their closest species [18].

PNP degradation ability analysis of the bacterial strain
The obtained PNP-degrading bacterium was inocu-
lated into Tryptic Soy Broth medium and shaken at 
25  °C and 150 rpm until the optical density at 600 nm 
(OD600) reached 1.0. The bacterial cells were collected 
(4  °C, 5000×g centrifugation) and washed three times 
with 50  mM phosphate buffer (pH 7.2). The washed 
cells were inoculated into 200  mL of MSM contain-
ing 300  μM PNP, and the cell density was adjusted to 
OD600 = 0.1. The mixture was incubated at 25  °C with 
shaking at 100  rpm, and samples were taken each 2  h 
to determine the cell density and PNP content. The 
content of PNP was determined by high-performance 
liquid chromatography (Agilent 1260, Agilent Technol-
ogies, Palo Alto, CA, USA) using a Zorbax SB-C18ODS 
column (4.6 × 150  mm, 5  μm, Agilent Technologies), 
with a diode array detector and a detection wavelength 
of 320 nm. The mobile phase was 0.1% (ν/ν) acetic acid 
containing a 5%–100% methanol linear gradient flow-
ing at 1 ml/min, 30 °C. Each group of experiments was 
repeated at least three times.

Genome sequencing and annotation
Whole-genome sequencing and annotation of Rhodococ-
cus sp. 21391 were conducted by Sangon Biotech (Shang-
hai, China). Briefly, the strain was cultured to exponential 
phase and the cells were collected using centrifugation 
at 5000×g for 5  min, and the bacterial total DNA was 
extracted. Genome sequencing was then carried out 
using the third-generation PacBio platform (Huada Gene 
Co., Ltd., Shenzhen, China). Software SMRT v. v2.2.0 and 
GATK v. v1.6–13 were used to assemble the continuous 
contigs, and credible complete sequences were generated 
after single-base correction and loop judgment based 
on the obtained contigs. The genome was annotated 
using the prokaryotic genome annotation pipeline of the 
National Center for Biotechnological Information. The 
complete chromosome and plasmids sequences of Rho-
dococcus sp. 21391 has been deposited in GenBank data-
base with accession numbers CP063781-CP063784.

Comparative proteomic analysis
Cells of Rhodococcus sp. 21391 were grown in Tryptic Soy 
Broth at 30 °C and 180 rpm to an OD₆₀₀ of 1.0. Harvested 
cells were washed three times in 50 mM phosphate buffer 
(pH 7.5) and resuspended in MSM containing 300  μM 
PNP (experimental cultures) or MSM without PNP (con-
trol cultures). After 6 h of induction at 25 °C and 100 rpm, 
2  mL aliquots were pelleted at 5000×g (4  °C), lysed via 
sonication (10 min on ice), and boiled for 15 min. Clari-
fied supernatants were collected after centrifugation 
(12,000×g, 30 min), and protein concentrations were nor-
malized to 2 μg/μL using the Bradford assay [19]. Proteins 
(100 μg) were digested with trypsin (1 μg, 4 h; followed 
by 1 μg, 12 h) at 37 °C. Resulting peptides were analyzed 
by nano-liquid chromatography-tandem mass spectrom-
etry (nanoLC-MS/MS) on a C18 column using a gradient 
of 0.1% formic acid and acetonitrile (0–95% over 60 min) 
at 300 nL/min. Mass spectrometric parameters included 
a capillary temperature of 200  °C, ion spray voltage of 
1800 V, and higher-energy collisional dissociation (HCD) 
fragmentation. Label-free quantification was performed 
via MaxQuant 1.3.0.5, with protein abundances normal-
ized to spectral counts derived from the Rhodococcus 
sp. 21391 genome. Proteins with ≥ twofold differential 
expression (P < 0.05) across three technical replicates 
were considered significant.

Protein expression and purification
The genes encoding RsNpcA and RsNpcB were cloned 
into the vector pET22b(+) (Novagen, Madison, WI, USA) 
between the NdeI and XhoI restriction sites for recombi-
nant proteins production in Escherichia coli strain BL21 
(DE3) (Novagen). Recombinant bacterial cells were 
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grown in Luria Broth medium supplemented with 50 μg/
mL ampicillin at 37 °C to an OD600 of 0.6. By the addi-
tion of 0.5  mM isopropyl-β-d-1-thiogalactopyranoside 
and lowering the temperature to 16  °C, protein expres-
sion was induced. After 16  h-induction, cells were col-
lected by centrifugation at 8000×g for 10 min. Harvested 
cells were resuspended in binding buffer (20  mM Tris–
HCl, pH 8.0, 500  mM NaCl, and 5  mM imidazole) and 
lysed by sonication with 1-s pulse/1-s pause cycle for 
15  min on ice. Cell debris was removed by centrifuging 
at 10,000×g for 30 min. The supernatant was applied to a 
Ni-nitrilotriacetic acid resin (Qiagen, Hilden, Germany), 
and washed with a washing buffer (20  mM Tris–HCl, 
pH 8.0, 500 mM NaCl, and 20 mM imidazole) to remove 
non-specifically bound proteins. The target protein was 
then eluted using an elution buffer (20 mM Tris–HCl, pH 
8.0, 500  mM NaCl, and 200  mM imidazole). To further 
purify the protein, the eluate was applied to a Mono Q 
column (GE Healthcare, Chicago, IL, USA) and eluted 
using a linear gradient of NaCl ranging from 0 to 1.0 M. 
The purified protein was concentrated to 10  mg/mL 
using the Amicon Ultra-15 device (molecular weight 
cut-off = 10  kDa; Merck-Millipore Co., Burlington, MA, 
USA).

Enzyme assay
The reaction of the reductase component of PNP 
monooxygenase (RsNpcB) contained 200  μM nicotina-
mide adenine dinucleotide phosphate (NADPH), and 
20  μM flavin adenine dinucleotide (FAD) in 50  mM 
Tris–HCl buffer (pH 7.5). Assays were initiated by the 
addition of 2.5 μg/mL purified RsNpcB. The activity was 
assayed at 25 °C by measuring the decrease in absorption 
of NADPH at 340  nm (ɛ = 6220  M−1  cm−1). The reac-
tion of PNP monooxygenase contained 800 μM NADPH, 
20 μM FAD, 50 mM Tris–HCl buffer (pH 7.5), 0.1 μg/mL 
purified RsNpcB, and 15  μg/mL purified RsNpcA. The 
reaction was initiated by the addition of 100  μM of the 
substrate PNP, and the enzyme activity was calculated 
by measuring the uptake of the substrate PNP at 405 nm 
(ɛ = 18,000 M−1 cm−1).

Site‑directed mutagenesis
The desired mutants at the target sites were generated 
using a one-step targeted mutagenesis method [20]. 
Polymerase chain reaction amplification was performed 
using Phanta Master DNA polymerase (Vazyme, Nan-
jing, China) according to the following procedure: 95 °C 
for 10 min, followed by 30 cycles of 95 °C for 30 s, 50 °C 
for 30 s, and 72 °C for 4 min, and then 72 °C for 10 min. 
The harvested PCR products were digested with DpnI 
(Vazyme) to remove the methylated parental plasmid and 

then purified using a PCR product purification kit (Gen-
Star, Suzhou, China). Linearized plasmid derivatives were 
transferred into E. coli XL-10 cells. Plasmids from veri-
fied positive clones were extracted and retransferred into 
E. coil BL21 (DE3) cells for expression to generate mutant 
enzymes.

Crystallization, X‑ray diffraction, and structure 
determination
Protein crystallization was carried out via the sitting drop 
method, mixing 0.4  μL of purified RsNpcA (8  mg/mL) 
with an equal volume of reservoir solution comprising 
0.056  M NaH2PO4 and 1.344  M K2HPO4. The resulting 
mixture was equilibrated for 48  h at 20  °C in a 96-well 
protein crystallization plate (Violamo, Osaka, Japan). 
The obtained crystals were flash-frozen in a cryopro-
tectant that consisted of the reservoir solution supple-
mented with 22% ethylene glycol. The X-ray diffraction 
data were collected on the BL-5A beamline at the Photon 
Factory (Tsukuba, Japan), and were indexed, integrated, 
and scaled using the XDS software [21]. The structure 
of RsNpcA was elucidated using molecular replacement 
with Molrep of the CCP4 suite [22]. The search model 
used the automatic coordinates predicted by alphafold2. 
REFMAC [23], phenix.refine [24], and COOT [25] were 
used to perform iterative refinement cycles. Details 
regarding the data collection and the refinement statistics 
are shown in Table 2. All structural representations were 
generated using PyMOL (v.2.3; Schrödinger, LLC., New 
York, NY, USA). Atomic coordinates and structural fac-
tors for RsNpcA were deposited in the Protein Data Bank 
under accession number 9J9J.

Results
Efficient PNP metabolism by Rhodococcus sp. 21391
The isolated mangrove soil bacterium strain 21391 
could utilize PNP as its sole carbon source for growth 
and reproduction in the MSM medium. It completely 
degraded 300  μM PNP within 18  h whilst simultane-
ously releasing an equivalent amount of nitrite ions with-
out induction (Fig.  1a). During the utilization of PNP 
by strain 21391, the meso-hydroxylated intermediate 
p-nitrocatechol was observed (Fig. 1b). Complete degra-
dation of PNP, up to 1300 μM, was achieved within 48 h, 
highlighting the high substrate concentration tolerance 
of the strain. At a substrate concentration of 1600  μM, 
the biodegradation efficiency decreased significantly, 
with a degradation rate of approximately 20% after 72 h 
(Fig.  1c). 16S rRNA sequencing analysis revealed that 
this strain belongs to the Actinobacteria phylum, specifi-
cally within the genus Rhodococcus, and shares up to 99% 
sequence identity with Rhodococcus opacus 1CP (Fig. 1d). 
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In the drop assay, a pronounced chemotaxis of strain 
21391 towards the PNP substrate (Fig. 1e) was observed. 
This chemotactic response likely assists the strain with 
efficient substrate recognition and utilization, despite the 
absence of flagella, a feature atypical of Rhodococcus [26]. 

Additionally, the strain exhibited the ability to effectively 
degrade several compounds other than PNP such as 
2-chloro-4-nitrophenol, diphenyl ether, dibromodiphenyl 
ether, and β-naphthol (Fig. 1f ), thereby indicating its con-
siderable potential in benzene metabolism.
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Fig. 1  Efficient biodegradation of PNP by strain Rhodococcus sp. 21391. a Degradation kinetics of 300 μM PNP by cells of strain 21391. The 
depletion of PNP (green triangle), cell density (OD600 of culture, green square), and nitrite released in the medium during the 18-h culture were 
monitored. b HPLC analysis of PNP catabolic intermediate by strain 21391. Comparison of retention times and spectra with standards of PNP (upper) 
and p-nitrocatecol (middle) show that p-nitrocatecol is an intermediate product of PNP degradation. c Effect of PNP concentrations (0.1–1.6 mM) 
on PNP biodegradation by strain 21391. d Neighbor-joining phylogenetic tree showing the evolutionary relationship between Rhodococcus sp. 
21391 and other Rhodococcus spp. e Chemotaxis response of strain 21391 in the drop assay. PNP (1 µL) at a concentration of 1 mM was spotted 
onto the plate containing cells of strain 21391 and incubated for 24 h at 30 °C. The plates were prepared from MSM medium supplemented 
with 0.4% (m/v) agarose. The plate without PNP spotting was used as a negative control. f Degradation of different benzenes by strain 21391. 
Cells of strain 21391 were resuspended in MSM medium to OD600 = 0.1, while pyrene, fluorene, β-naphthol, biphenyl, 2-chloro-4-nitrophenol, 
dibromodiphenyl ether, and diphenyl ether were added to a final concentration of 300 μM. The content of residual benzenes was detected by HPLC 
after incubation for 72 h at 25 °C and 100 rpm shaking. Three replicates were set up for all the tests
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Identification of the PNP metabolism gene cluster
With a total genome length of 9.42 Mb, 21391 possesses 
one of the most expansive prokaryotic genomes [27]. It 
consists of a single circular chromosome and three plas-
mids (Fig.  2a). This genome encompasses a repertoire 
of 9055 proteins, including 76 genes dedicated to dioxy-
genases (54 of which are aromatic compound dioxyge-
nases), 118 genes dedicated to monooxygenases (33 of 
which are aromatic compound monooxygenases), and 
18 genes dedicated to dehydrogenases (nine of which 
are aromatic compound dehydrogenases). The major-
ity of these functionally relevant protein-coding genes 
are densely clustered within the genome and orches-
trate the metabolic pathways associated with benzene 
compounds. Thus, this analysis delineated 22 peripher-
ally metabolized and eight centrally metabolized ben-
zene degradation pathways (Table  S1), which contain 
a comprehensive suite of genes putatively involved in 
the degradation metabolism of PNP (Fig.  2b). The pre-
sumed PNP-degrading gene cluster consists of four 
genes (npcA-D) encoding four enzymes (p-nitrophenol 
monooxygenase oxidizing component, flavin reductase, 
hydroxyquinol1,2-dioxygenase, and maleylacetate reduc-
tase) and one gene pnpR encoding a TetR transcriptional 
negative regulator protein.

Strain 21391 displayed inducibility for the degradation 
of PNP, and cells subjected to the PNP-inducible treat-
ment showed increased degradation efficiency (Fig.  2c). 
To identify the key enzymes responsible for PNP degra-
dation, the protein expression of strain 21391 with and 

without the supplementation of PNP was quantitatively 
investigated using label-free protein analysis, and sig-
nificant changes in the protein expression profiles were 
observed (Table  S2). In particular, the expression of the 
oxidizing component of p-nitrophenol monooxygenase, 
RsNpcA, was significantly up-regulated by 385-fold, and 
the p-nitrophenol monooxygenase reductase compo-
nent, RsNpcB, switched from a state of non-expression 
to active expression. In addition, the hydroxyquinol 
1,2-dioxygenase, RsNpcC, showed a staggering 499-fold 
up-regulation (Fig. 2d). These results strongly suggest the 
active involvement of the gene cluster in the degradation 
of PNP by strain 21391 and reveal the underlying bio-
chemical mechanisms (Fig. 2b).

Biochemical characterization of the two‑component PNP 
monooxygenase
The two-component monooxygenase RsNpcAB cata-
lyzes the initial oxidative step in PNP metabolism, which 
is a key rate-limiting process in PNP degradation [28, 
29]. To test their enzymatic properties, the recombinant 
enzymes RsNpcA and RsNpcB were produced using an 
E. coli expression system, purified in vitro, and character-
ized (Fig. 3a). The reducing component, RsNpcB, trans-
fers electrons from nicotinamide to riboflavin, which 
then binds to the oxidase component RsNpcA to enable 
PNP hydroxylation. Despite their functional collabora-
tion, size exclusion chromatography analysis revealed the 
absence of a complex formation in solution (Fig. 3b).
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Kinetic assays revealed RsNpcB accepts both NADH 
and NADPH as electron donors and uses FAD or FMN as 
electron acceptors. While FAD and FMN supported com-
parable catalytic efficiencies (Table  1), NADPH yielded 
a twofold higher turnover rate than NADH. Optimal 
activity required a 50:1 molar ratio of RsNpcA to RsN-
pcB (Fig. 3c), consistent with the stoichiometry observed 
in other two-component systems [14]. RsNpcA dis-
played maximal activity at 25 °C and pH 7.5, and its sub-
strate spectrum included halogenated phenols (Table 2). 
Although PNP was the preferred substrate (kcat/Km = 14
15.68 ± 56.07  M−1  s−1), RsNpcA also oxidized 2-chloro-
4-nitrophenol, p-fluorophenol, and p-bromophenol, with 
the lowest efficiency toward p-iodophenol (kcat/Km = 23.5
7 ± 1.92 M−1 s−1).

While RsNpcAB’s PNP affinity matches that of Burk-
holderia sp. SJ98 [30] and Pseudomonas sp. WBC-3 [31] 
enzymes, its lower catalytic efficiency explains strain 
21391’s slower PNP metabolism. Critically, this study 
identifies RsNpcAB as the first reported two-compo-
nent monooxygenase capable of degrading halogenated 

phenols. This unprecedented substrate promiscuity 
expands its biotechnological potential for detoxifying 
halogenated pollutants, a capability lacking in previously 
characterized PNP-degrading systems.
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Fig. 3  Biochemical and structural analysis of two-component p-nitrophenol monooxygenase RsNcpAB from Rhodococcus sp. 21391. a Sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis analysis of the two components of p-nitrophenol monooxygenase, RsNcpA and RsNcpB. Lane 
M, protein molecular weight marker. Lane 1, purity of the oxidative component RsNcpA. Lane 2, purity of the oxidative component RsNcpB. b 
Size-exclusion chromatography of the two-component p-nitrophenol oxygenase using Superdex 200 increase 10/300 GL column. Oligomeric 
analysis of purified RsNcpA (upper), RsNcpB (middle), and their equimolar mixture (lower) revealed no significant binding between the two 
components. c Effect of different ratios of A and B proteins on enzyme activity. The final concentration of RsNpcA in the reaction solution was kept 
at 1 μM, and the enzyme activity was examined with different amounts of RsNpcB. d Overlay of crystal structures of RsNcpA and ligand-bound 
HpaB (PDB entry: 2YYJ) reveal putative substrate binding sites. e Close-up view of the substrate binding sites. The superimposition of the binding 
sites of RsNcpA, HpaB, and TftD (PDB entry: 4G5E). f Proposed catalytic mechanism of RsNcpA based on the structural and biochemical analyses. The 
residue His1293 abstracts a proton from the hydroxyl group of PNP, and a hydroxyl group of the C4a-hydroperoxyflavin intermediate is introduced 
to the ortho position on the aromatic ring by electrophilic attack. The dienone form of the product is finally rearomatized to p-nitrocatechol, 
and C4a-hydroxyflavin is formed

Table 1  Kinetic parameters of RsNpcB

Enzymatic analyses of RsNpcB were conducted in 50 mM Tris–HCl buffer (pH 7.5) 
at 25 °C

NADH dihydronicotinamide adenine dinucleotide, NADPH dihydronicotinamide-
adenine dinucleotide phosphate, FAD flavin adenine dinucleotide, FMN flavin 
mononucleotide
a  Concentration of NADH in the reaction was kept constant at 200 μM with FAD 
or FMN varying from 0.2–1.0 μM
b  Concentration of FAD in the reaction was kept constant at 20 μM with NADH 
or NADPH varying from 20–220 μM

Substrate Km (μM) kcat (s
−1) kcat/ Km × 106 (M−1 s−1)

NADHa + FAD 0.11 ± 0.02 4.36 ± 1.4 40.20 ± 3.8

NADHa + FMN 0.02 ± 0.007 1.08 ± 0.094 49.63 ± 1.007

NADH + FADb 45.47 ± 10.78 2.60 ± 1.03 0.058 ± 0.004

NADPH + FADb 16.44 ± 4.62 1.83 ± 0.67 0.12 ± 0.008
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Structural and molecular insights into the catalysis 
of RsNpcA
To gain insights into the substrate recognition and cata-
lytic mechanism of p-nitrophenol monooxygenase, the 
crystal structure of RsNpcA at a resolution of 2.4 Å with 
a space group of I4122 was determined (Table 3). Three 
protein molecules were identified within the asymmetric 
unit, while size exclusion chromatography analysis sug-
gested that RsNpcA exists in a homotetramer state in 
solution (Fig. 3b). The structure of RsNpcA consists of 12 
β-folds and 20 α-helices, with a distinctive α-helix exten-
sion structure at the C-terminus characteristic of phenol 
monooxygenases [32, 33]. Despite efforts to incorpo-
rate FAD into the crystallization system for co-crystal-
lization with RsNpcA, no FAD ligand was observed in 
the resolved protein structures. The absence of FAD in 
numerous crystal structures of two-component monoox-
ygenases may be due to a transient binding of FAD to the 
enzyme or to the requirement for the enzyme to bind to 
the reduced FAD [33–35].

To delineate the active sites of RsNpcA, its struc-
ture was aligned with that of the oxidase component 
of 4-hydroxyphenylacetate 3-monooxygenase from 
Thermus thermophilus HB8 (PDB entry: 2YYJ), which 
binds FAD and 4-hydroxyphenylacetate (Fig.  3c). The 
comparative analysis identified potential substrate-
interacting residues in RsNpcA, in particular Arg100, 
Pro152, Leu207, and His293 (Fig.  3d). However, these 
residues exhibited low conservation, in particular, 
Pro152 in RsNpcA replaces His142, a crucial general 
base in 4-hydroxyphenylacetate 3-monooxygenase for 
proton abstraction from the substrate. Similarly, in 
2,4,5-TCP 4-monooxygenase from Cupriavidus necator 
JMP134, the corresponding residue is proline, implying 

an alternative residue His289 (His293 in RsNpcA) 
as a general base [36]. When His293 of RsNpcA was 
mutated to alanine (RsNpcAH293A), the enzyme retained 
PNP catalytic activity, albeit with a 58-fold decrease 
in efficiency (Table  4), suggesting an essential role in 
catalysis. In addition, mutagenesis of the conserved 
residue Arg100 to alanine (RsNpcAR100A) resulted in a 
complete loss of catalytic function, underscoring the 
pivotal role of Arg100 in enzymatic activity.

Discussion
The newly isolated mangrove bacterium Rhodococcus sp. 
21391 efficiently mineralizes p-nitrophenol (PNP) as its 
sole carbon source, degrading 300  μM PNP within 8  h 
under induction (Fig.  2c). This performance surpasses 
previously characterized strains, including R. wrati-
slaviensis [37] and R. imtechensis RKJ300 [38], which 
required 34 h and 12 h to degrade 50 mg/L (36 μM) and 

Table 2  Kinetic parameters of RsNpcA towards various 
nitrophenols

Enzyme assay was carried out in 50 mM Tris–HCl buffer (pH 7.5) at 25 °C, with 
800 μM NADH and 20 μM FAD

PNP p-nitrophenol, 2NP o-nitrophenol, 2C4NP 2-chloro-4-nitrophenol, 4FP 
p-fluorophenol, 4CP p-chlorophenol, 4-BP p-bromophenol, 4IP p-iodophenol, 
N.D. no activity detected

Substrate Km (μM) kcat (min−1) kcat/ Km (M−1 s−1)

PNP 56.70 ± 9.60 4.74 ± 0.60 1415.68 ± 56.07 This study

2NP N.D N.D N.D

2C4NP 21.94 ± 3.34 1.62 ± 0.10 1231.79 ± 116.25

4FP 630.42 ± 118.90 1.98 ± 0.36 52.3 ± 0.30

4CP 31.41 ± 0.64 0.66 ± 0.01 343.72 ± 13.53

4BP 15.57 ± 0.83 0.60 ± 0.01 642.75 ± 28.25

4IP 208.53 ± 39.33 0.294 ± 0.03 23.57 ± 1.92

PNP 25.4 ± 3.63 – – Ref. [30]

PNP 20.3 ± 2.70 – 11,083.33 ± 716.66 Ref. [31]

Table 3  X-ray data collection and refinement statistics for the 
crystal structure of RsNpcA

a  Numbers in parentheses represent the values for the highest-resolution shell
b  Rsym = 

∑
hkl

∑
i
|Ii − �I�|/

∑
hkl

∑
|�I�| , where Ii is the intensity for the ith 

measurement of an equivalent reflection with indices h, k, and l
c  Rfree calculated with 5% of the reflections set aside randomly throughout the 
refinement

Parameters RsNpcA

Data collection

 Beamline BL5A

 Space group I 41 2 2

Cell dimensions

 a, b, c, Å 149.561, 149.561, 322,141

 Wavelength, Å 1.00000

 Resolution, Åa 49.27–2.40 (2.45–2.40)

 Total reflections 954,764

 Unique reflections 71,504 (4527)

 Redundancy 13.4 (13.7)

 Rsym or Rmerge
a,b 0.077 (1.141)

 I/σ 21.2 (2.6)

 CC (1/2) 1.0 (0.923)

 Completeness, % 99.8 (99.1)

Refinement

 Rwork/Rfree
c 0.2399/0.2710

 No. of protein atoms 11,806

 Water 101

 Average B factor, Å2 58.65

 Bond lenghth RMSZ, Å 0.436

 Bond angles RMSZ, ° 0.678

Ramachandran distribution

 Favored, % 96.93

 Allowed, % 2.59

 Outliers, % 0.48
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300 μM PNP, respectively. Strain 21391 also demonstrates 
broad metabolic versatility, degrading diverse benzene-
ring pollutants (Fig.  1f ). This functional breadth may 
arise from its chemotactic response to aromatic com-
pounds (Fig.  1e) and a robust intracellular enzyme rep-
ertoire, including the two-component monooxygenase 
RsNpcAB identified in this study. Notably, strain 21391 
tolerates PNP concentrations exceeding 1 mM (Fig. 1c), 
a trait rare among reported degraders. Collectively, these 
properties position Rhodococcus sp. 21391 as a promising 
candidate for bioremediation of phenolic-contaminated 
industrial wastewater, where its high substrate tolerance 
and broad metabolic capacity could address recalcitrant 
pollutants.

Chemotaxis mediates bacterial interactions with envi-
ronmental chemicals and plays a key role in the recogni-
tion of chemicals utilized by bacteria for “feeding” [39, 
40]. Of note, while members of Rhodococcus lack flagella 
and are generally considered to be non-motile [26], strain 
21391 sensed the substrate PNP and exhibited chemo-
taxis in the present study. This is not the first report of 
the chemotactic motility of Rhodococcus, for example, 
R. erythropolis U23A showed chemosensitizing effects 
on Arabidopsis root leachate [41]; the cell density of 
the plant roots was tenfold higher than that of the sur-
rounding sandy soil. In addition, biphenyl and benzoic 
acid chemotaxis has also been observed in R. ruber SS1 
and R. pyridinivorans SS2 [42]. The present study iden-
tified genes associated with bacterial gliding and twitch-
ing motility in the genome of strain 21391 (Table S3). The 
mechanism by which these genes mediate chemotaxis 
warrants further in-depth study.

Based on genomic and proteomic analyses, the gene 
cluster involved in PNP metabolism in strain 21391 was 
identified, and the structure and catalytic properties 
of the key enzymes were characterized, thus elucidat-
ing the mechanism of PNP metabolism in this bacte-
rium at the molecular level. In particular, RsNpcAB, the 
two-component p-nitrophenol monooxygenase derived 
from strain 21391, was found to have a broad substrate 
spectrum, and not only catalyzes the efficient oxidation 
of nitrophenols (including PNP and 2-chloro-4-nitro-
phenol), but can also utilize a wide range of para-hal-
ogenated phenols as substrates (Table 2). These results 

suggest that the enzyme is likely to have potential for 
development in the field of biocatalysis. Since the sub-
strate binding site of RsNpcA consists of several resi-
dues including small spatially hindering residues such 
as Gly104, Pro152, and Leu207 (Fig. 3e), it is hypothe-
sized that the broad substrate selectivity of p-nitrophe-
nol monooxygenase is likely because the enzyme has a 
large substrate pocket that can accommodate the bind-
ing of multiple substrate molecules. In addition, based 
on the crystal structure and site mutation analysis, it is 
evident that residues Arg100 and His293 in the active 
center of RsNpcA play an essential role in catalysis. 
Therefore, based on previous research [36], a catalytic 
pathway in which residue His293 is directly involved 
in catalysis as a general base, and Arg100 provides the 
appropriate ionized environment to support the reac-
tion, is proposed (Fig. 3f ).

Conclusions
This study isolated a new mangrove soil bacterium 
strain, Rhodococcus sp. 21391 that can efficiently 
metabolize PNP. The strain completely degraded 
300  μM PNP within 8  h and possessed the ability to 
degrade a variety of benzene compounds, demonstrat-
ing its metabolic potential and applicability in the 
field of environmental remediation. Using genomic 
and comparative proteomic analysis, the gene clus-
ter responsible for PNP metabolism in Rhodococcus 
sp. 21391 was identified, and a key two-component 
p-nitrophenol oxidase (RsNpcAB) with a uniquely 
broad substrate profile was discovered. Considering the 
potential application of RsNpcAB in the transformation 
of environmental organic pollutants, the crystal struc-
ture of the oxidizing component of p-nitrophenol oxi-
dase, RsNpcA, was revealed. Based on structural and 
point mutation analyses, a model of the enzyme’s cata-
lytic mechanism was proposed, providing fundamen-
tal support for the further exploitation of this enzyme. 
This study constitutes a useful microbial resource for 
the bioremediation of environmental benzene organic 
pollutants represented by PNP. The revealed metabolic 
mechanism and key enzymes provide a solid founda-
tion for further development of more efficient environ-
mental remediation.
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Table 4  Kinetic parameters of RsNpcA and its mutants

N.D. no activity detected

Enzyme Km (μM) kcat (min−1) kcat/Km (M−1 s−1)

RsNpcA 56.70 ± 9.60 4.74 ± 0.60 1415.68 ± 56.07

RsNpcAH293A 52.65 ± 3.72 0.06 ± 0.005 28.44 ± 0.13

RsNpcAR100A N.D N.D N.D
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