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A Two-Component para-Nitrophenol Monooxygenase Initiates a
Novel 2-Chloro-4-Nitrophenol Catabolism Pathway in Rhodococcus
imtechensis RKJ300
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Rhodococcus imtechensis RKJ300 (DSM 45091) grows on 2-chloro-4-nitrophenol (2C4NP) and para-nitrophenol (PNP) as the
sole carbon and nitrogen sources. In this study, by genetic and biochemical analyses, a novel 2C4NP catabolic pathway different
from those of all other 2C4NP utilizers was identified with hydroxyquinol (hydroxy-1,4-hydroquinone or 1,2,4-benzenetriol
[BT]) as the ring cleavage substrate. Real-time quantitative PCR analysis indicated that the pnp cluster located in three operons
is likely involved in the catabolism of both 2C4NP and PNP. The oxygenase component (PnpA1l) and reductase component
(PnpA2) of the two-component PNP monooxygenase were expressed and purified to homogeneity, respectively. The identifica-
tion of chlorohydroquinone (CHQ) and BT during 2C4NP degradation catalyzed by PnpA1A2 indicated that PnpA1A2 catalyzes
the sequential denitration and dechlorination of 2C4NP to BT and catalyzes the conversion of PNP to BT. Genetic analyses re-
vealed that pnpA 1 plays an essential role in both 2C4NP and PNP degradations by gene knockout and complementation. In addi-
tion to catalyzing the oxidation of CHQ to BT, PnpA1A2 was also found to be able to catalyze the hydroxylation of hydroquinone
(HQ) to BT, revealing the probable fate of HQ that remains unclear in PNP catabolism by Gram-positive bacteria. This study fills
a gap in our knowledge of the 2C4NP degradation mechanism in Gram-positive bacteria and also enhances our understanding of

the genetic and biochemical diversity of 2C4NP catabolism.

hloronitrophenols, such as 2-chloro-4-nitrophenol (2C4NP),
4-chloro-2-nitrophenol (4C2NP), and 2-chloro-5-nitrophe-
nol (2C5NP), with high toxicity to human beings and animals
have been widely used in the pharmaceutical, agricultural, and
chemical industries (1). The natural formation of chloronitrophe-
nols is rare, and most of these compounds in the environment
result from anthropogenic activity. Apparently, the introduction
of chloronitrophenols into the environment has selected micro-
organisms to develop the ability to degrade these compounds. So
far, several strains able to degrade chloronitrophenols have been
isolated, including the 2C4NP-degrading strains Burkholderia sp.
strain SJ98 (2), Burkholderia sp. strain RKJ800 (3), Rhodococcus
imtechensis RKJ300 (4), and Arthrobacter sp. strain SJCon (5), the
4C2NP-degrading strain Exiguobacterium sp. strain PMA (6), and
the 2C5NP-degrading strain Ralstonia eutropha JMP134 (7).
Structurally, chloronitrophenols are chemical analogs of nitro-
phenols. The microbial degradation of nitrophenols has been ex-
tensively investigated at genetic and biochemical levels (8-13). In
contrast to nitrophenols, chloronitrophenols are more resistant to
microbial degradation due to the simultaneous existence of elec-
tron-withdrawing chloro and nitro groups, and the knowledge of
their microbial degradation is thus very limited. Previously, the
partially purified enzymes involved in meta-nitrophenol catabo-
lism were reported to be able to catalyze 2C5NP transformation in
Ralstonia eutropha JMP134 (7). In the case of 2C4NP degradation,
strains RKJ300 (4) and RKJ800 (3) were reported to degrade
2C4NP via the hydroquinone (HQ) pathway, whereas strains SJ98
(14) and SJCon (5) degraded 2C4NP with chlorohydroquinone
(CHQ) as the ring cleavage substrate. In particular, the enzymes
encoded by pnpABCDEF were recently proved to be involved in
2C4NP catabolism in Gram-negative Burkholderia sp. strain SJ98
(14). However, no investigation has been reported at the genetic
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and enzymatic levels for the 2C4NP catabolism in Gram-positive
utilizers Arthrobacter sp. strain SJCon (5) and Rhodococcus imtech-
ensis RKJ300 (4).

In this study, a novel 2C4NP catabolic pathway via hydroxy-
quinol (hydroxy-1,4-hydroquinone or 1,2,4-benzenetriol
[BT]), which is significantly different from those of other 2C4NP
utilizers, was characterized at biochemical and genetic levels in
strain RKJ300. To our surprise, BT was identified as the ring cleav-
age substrate during 2C4NP degradation in this strain, rather than
HQ as previously proposed (4). On the other hand, the two-com-
ponent (TC) para-nitrophenol (PNP) monooxygenase PnpA1A2
in this strain was found to be able to catalyze the sequential deni-
tration and dechlorination of 2C4NP to BT, and pnpA1 is essential
for strain RKJ300 to utilize 2C4NP and PNP. This study fills a gap
in terms of our knowledge of the microbial degradation mecha-
nism of 2C4NP in the Gram-positive bacteria and should also
enhance our understanding of the genetic and biochemical diver-
sity of microbial catabolism of 2C4NP.
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TABLE 1 Bacterial strains and plasmids used in this study

2-Chloro-4-Nitrophenol Catabolic Pathway

Strain or plasmid

Relevant genotype or characteristic(s)*

Source or reference

Strains
Rhodococcus imtechensis
RKJ300 PNP and 2C4NP utilizer, wild type 4
RKJ300ApnpAl RKJ300 mutant with pnpA1l gene deleted This study
RKJ300ApnpAl [pRESQ-pnpAl] pnpAl gene complemented by pRESQ-pnpAT in RKJ300ApnpAl This study
Escherichia coli
DH5a supE44 lacU169 ($80 lacZAM15) recAl endAl hsdR17 thi-1 gyrA96 relAl Novagen
Rosetta(DE3)/pLysS F~ ompT hsdS(ry,~ my, ™) gal dem lacY1(DE3)/pLysSRARE (Cm") Novagen
S17-1 thi pro hsdR hsdM™* recA R~ M* RP4-2-Tc:Mu-Km::Tn7 30
Plasmids
pET-28a Expression vector, Kan" Novagen
pXMJ19 Source of chloramphenicol resistance gene 28
pK18mobsacB Gene replacement vector derived from plasmid pK18; Mob™ sacB* Kan" 29
PRESQ Rhodococcus-E. coli shuttle vector, Kan® 32
pET-pnpAl NdelI-HindIII fragment containing pnpA1l inserted into pET-28a This study
pET-pnpA2 Ndel-HindIII fragment containing pnpA2 inserted into pET-28a This study
pK18mobsacB-pnpAl pnpAl gene knockout vector containing 2 DNA fragments homologous to upstream This study
and downstream regions of pnpA1l and chloramphenicol resistance gene
pRESQ-pnpAl pnpAl gene complementation vector made by fusing pnpA1, including its native This study

promoter, into BglII restriction site of pRESQ

@ Cm, chloramphenicol; Kan, kanamycin.

MATERIALS AND METHODS

Bacterial strains, plasmids, primers, media, and culture conditions. The
bacterial strains and plasmids used in this study are described in Table I,
and the primers used are listed in Table 2. Rhodococcus strains were grown
at 30°C in lysogeny broth (LB) medium or minimal medium (MM) (15)
supplemented with substrates (0.2% yeast extract was added to enhance
the biomass when cultures were prepared for biotransformation assays).
Escherichia coli strains were grown in LB at 37°C. Kanamycin (50 pg/ml)
or chloramphenicol (34 g/ml) was added to the medium as necessary. All
reagents were purchased from Sigma Chemical Co. (St. Louis, MO) or
Fluka Chemical Co. (Buchs, Switzerland).

Biotransformation and identification of intermediates. Biotransfor-
mation was performed as described previously (16) with minor modifi-
cations. RKJ300 strains were grown on MM with 0.2% yeast extract to an
optical density at 600 nm (ODg,) of 0.3 and then induced by 0.3 mM
2C4NP or PNP for 8 h. Cells were harvested, washed twice, and diluted to
an ODy, of 2.0 with phosphate buffer (20 mM, pH 7.5) before 0.2 mM
substrate (2C4NP or PNP) was added. Then 0.5-ml samples were with-
drawn at regular intervals before being mixed with an equal volume of
methanol and vortexed rigorously for 10 min. Each sample was then cen-
trifuged at 15,000 X g at 4°C for 20 min before the supernatant was col-
lected for high-performance liquid chromatography (HPLC) analysis. In
order to accumulate the intermediates before ring cleavage, 1 mM 2,2'-
dipyridyl was added to the biotransformation mixtures. For gas chroma-
tography-mass spectrometry (GC-MS) analysis of the intermediates, the
phenolic compounds in the supernatant were acetylated as described pre-
viously (17).

Analytical methods. HPLC analysis was performed as described pre-
viously (18). The authentic CHQ, hydroquinone (HQ), and BT had re-
tention times of 16.5, 10.8, and 8.1 min, respectively. The conditions of
GC-MS analysis were the same as those described previously (9), except
the mass spectrometer was recorded in the range from #/z 20 to m/z 300.
Under these conditions, acetylated derivatives of authentic CHQ, HQ,
and BT had GC retention times of 16.66, 15.00, and 19.06 min, respec-
tively. The acetylated derivatives of the intermediates were identified us-
ingan NIST98 MS data library, based on comparisons of the GC retention
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times and mass spectra with those of the derivatives of authentic com-
pounds.

RNA preparation and transcription analysis. Total RNA from strain
RKJ300 was isolated using the hot phenol method (19) and reverse tran-
scribed into cDNA using a PrimeScript RT reagent kit (TaKaRa, Dalian,
China). Reverse transcription (RT)-PCR was carried out with the primers
listed in Table 2. Real-time quantitative PCR (RT-qPCR) was performed
on a CFX Connect real-time PCR detection system (Bio-Rad, Hercules,
CA) in 25-pl reaction volumes using iQ SYBR green supermix (Bio-Rad)
and the primers described in Table 2. All samples were run in triplicate in
three independent experiments. Relative expression levels were estimated
using the cycle threshold (2722€7) method, and the 16S rRNA gene was
used as a reference for normalization (20).

Protein expression and purification. pnpAI and pnpA2 amplified by
PCR with primers in Table 2 from genomic DNA of strain RKJ300 were
cloned into pET-28a to obtain the expression constructs listed in Table 1.
The plasmids were then transformed into E. coli Rosetta(DE3)/pLysS for
protein expression and purification as described previously (21).

Enzyme assays. The NAD(P)H-oxidizing activities of H,-PnpA2 were
measured as described previously (18). The oxidizing activity toward phe-
nolic compounds (2C4NP, PNP, CHQ, and HQ) of PnpA1A2 was mea-
sured as described previously (22) with minor modification. The reaction
mixture contained 50 mM Tris-HCl buffer (pH 7.5), 0.2 mM NADH, 0.02
mM flavin adenine dinucleotide (FAD), purified Hi-PnpA2 (0.1 to 2 p.g),
and purified Hg-PnpAl (15 to 60 p.g) in a final volume of 1 ml, and the
assay was initiated by addition of substrates. The molar extinction coeffi-
cients for NAD(P)H, PNP, and 2C4ANP were 6,220 M~ ' cm ™' at 340 nm
(23), 7,000 M ' cm ™! at 420 nm (24), and 14,580 M~ ' cm ™! at 405 nm
(25), respectively. The products of the purified PnpA1A2-catalyzed reac-
tion were identified by HPLC (18) and GC-MS (17). For the quantifica-
tion analysis of the products, 1 mM ascorbic acid (26) was added as a
reducing reagent to minimize the autooxidation of the products HQ,
CHAQ, and BT.

In the kinetic assays of Hy-PnpA2, specific activities of PnpA2 for
NADH were measured at 7 concentrations of NADH (10 to 100 wM) in
the presence of 20 uM FAD (for the determination of the kinetic param-
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TABLE 2 Primers used in this study

Primer Sequence (5'—3")" Purpose

pnpAl-F AGGCACCATATGAGGACAGGACAGCAGTATC Amplification of pnpA1l gene for expression

pnpAI-R TTTAAGCTTTCAGACCTTCTCGGTCTCC

pnpA2-F AGGCACCATATGTTGGAGGATCCGATGAAAC Amplification of pnpA2 gene for expression

pnpA2-R TTTAAGCTTTCAGTGGGGGGAAACTGC

RTA1-F GAACAGAACGACCAGGGAATC Amplification of 565 bp of prpA by RT-PCR

RTAI-R CGTAGATGTTGTTGGGCTTG

RTA2-F GCCCTTGGACAAAGCCGAAT Amplification of 397 bp of pnpA2 by RT-PCR

RTA2-R GACCTCGGCGACGAAAATG

RTB-F TGCGTTTATCCGTGAAGTGC Amplification of 347 bp of pnpB by RT-PCR

RTB-R CGTCGTTCTGCCACACCTC

RTC-F GCGGAGGAGAGAGCGAATC Amplification of 656 bp of pnpC by RT-PCR

RTC-R CCATCTACGGGCTCACCAG

RTA2A1-F CAAGTTCGCCGATGTAGCC Amplification of 565 bp of pnpA2-pnpAI-spanning region
RTA2A1-R AGATACCTCCCTGGAAGTGCC

RTA1B-F GCCGAGGTGGAGAAGAACT Amplification of 363 bp of pnpAI-pnpB-spanning region
RTAIB-R GCACTTCACGGATAAACGC

RTRA2-F CGGCACATCACTCGTCAGC Amplification of 749 bp of pnpR-pnpA2-spanning region
RTRA2-R TGAGCCAGGGACGCTTGAT

RTCR-F GCTGGTGAGCCCGTAGATG Amplification of 701 bp of pnpC-pnpR-spanning region
RTCR-R CTCGGTGACACTTCGCATG

RTql6S-F ATGGCTGAGGGTGGAAAGG Amplification of 112-bp fragment of 16S rDNA for RT-qPCR
RTql16S-R TCACCCTCTCAGGTCGGC

RTq-pnpAI-F GGAACAGAACGACCAGGGAATC Amplification of 162-bp fragment of pnpA1l for RT-qPCR
RTq-pnpAI-R AGTGAGAGCCCAGGGGTGTT

RTq-pnpC-F GCCGAGGTGATGAAATGTGAC Amplification of 163-bp fragment of pnpC for RT-qPCR
RTg-pnpC-R GCCGAGGACTGACAAGATTC

GC-pnpAl-F TACCGAGCTCAGATCCGGGCGCGAGCGTTGAG Amplification of pnpAI for gene complementation
GC-pnpAI-R CGTTACTAGTAGATCTCAGACCTTCTCGGTCTCC

KO-pnpAlu-F ACATGATTACGAATTCTCGTCGATCCGCCAATTC Amplification of upstream sequence of pnpA1I for gene knockout
KO-pnpAlu-R AACTAGTGATGTAATGGAGGAACCTTTCTCTCTCAGTGC

KO-pnpAld-F GAAGGAGATATACATTCCCGGCCCGACAGTCCCAGC Amplification of downstream sequence of pnpA1 for gene knockout
KO-pnpAld-R GGCCAGTGCCAAGCTATCTGTTCTGGTGCAAGGACTATG

KO-cm-F ATTACATCACTAGTTGAAAAG Amplification of chloramphenicol resistance gene for gene knockout
KO-cm-R ATGTATATCTCCTTCTTAAATCTAG

“ Specified restriction sites are underlined.

eters for NADH) or at 7 concentrations of FAD (1 to 20 pM) in the
presence of 100 WM NADH (for the determination of the kinetic param-
eters for FAD). In the case of the kinetic assays of purified PnpA1A2
against 2C4NP or PNP, 7 concentrations of substrates ranging from 1 to
30 M were used, while the concentrations of NADH and FAD were fixed
at 100 and 20 wM, respectively. Data from three independent sets of ex-
periments were fitted to the Michaelis-Menten equation by OriginPro 8
software (OriginLab, MA). The protein concentration was determined by
the Bradford method (27) with bovine serum albumin as the standard.
One unit of enzyme activity was defined as the amount of enzyme re-
quired to catalyze the consumption of 1 wmol of substrate per min at
30°C. Specific activities are expressed as units per milligram of protein.
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Gene knockout and complementation. pK18mobsacB-pnpAl for gene
knockout was constructed by fusing the upstream and downstream frag-
ments of the target gene (pnpAl) and chloramphenicol resistance gene
amplified from pXMJ19 (28) to EcoRI/HindIII-digested pK18mobsacB
(29) with an In-Fusion HD cloning kit (TaKaRa, Dalian, China) (primers
listed in Table 2). The plasmid was then transformed into strain E. coli
S17-1 (30) before it was conjugated to strain RKJ300 by biparental mating
(31). The single-crossover recombinants were screened on an MM agar
plate supplemented with 0.3 mM substrate and 34 jg/ml chlorampheni-
col. The single-crossover recombinants were then replica plated on LB
medium containing 10% (wt/vol) sucrose. After 3 days of growth at
30°C, individual colonies were plated on a kanamycin-containing LB
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FIG 1 Mass spectra of the acetylated derivatives of the intermediates during 2C4NP degradation by R. imtechensis RKJ300. (A) Mass spectrum of the acetylated
derivative of authentic CHQ. (B) Mass spectrum of the GC peak at 16.66 min, identical to that of acetylated CHQ. (C) Mass spectrum of the acetylated derivative
of authentic BT. (D) Mass spectrum of the GC peak at 19.06 min, identical to that of acetylated BT.

plate as well as chloramphenicol-containing plate. Finally, PCR anal-
ysis against the chloramphenicol-resistant but kanamycin-sensitive
colonies was carried out to identify the double-crossover recombi-
nants of RKJ300ApnpAl. pRESQ-pnpAl for gene complementation was
constructed by fusing the PCR products of pnpAl (including its native
promoter) into BgllI-digested pRESQ (32). The plasmid was then trans-
formed into the competent cells of the RKJ300ApnpA1 strain via electro-
transformation (33). The ability of wild-type strain RKJ300 and its deriv-
atives to utilize the substrates was determined by monitoring the growth
of cells together with the consumption of the corresponding substrates.

RESULTS

Strain RKJ300 degrades 2C4NP with BT as the ring cleavage
substrate. In order to accumulate the intermediates of 2C4NP
and PNP degradation, 2,2’-dipyridyl, which has been used to in-
hibit a number of ferrous-dependent aromatic ring cleavage en-
zymes (34-36), was added to the biotransformation mixtures.
Two metabolites with retention times of 16.5 and 8.1 min, respec-
tively, were detected by HPLC analysis during 2C4NP degrada-
tion. These two metabolites were identified as CHQ and BT
by comparison with the retention times of standard compounds.
Furthermore, GC-MS analysis of the acetylated products also
detected two compounds, with GC retention times of 16.66 and
19.06 min, respectively. The mass spectrum of the 16.66-min peak
(Fig. 1B) was typical for a molecule containing one chlorine and
was identified as acetylated CHQ, with the molecular ion peak at
m/z 228 and its fragments at m/z 186 (loss of —COCH;) and at
m/z 144 (loss of two —COCH;). The peaks at m/z 146 (M + 2)
and 144 (M) and their relative intensities are characteristic of a
molecule containing one chlorine atom. The relative intensities
are consistent with the natural abundance of 76% for **Cl and
24% for *’Cl. The mass spectrum of the 19.06-min peak (Fig. 1D)
indicated that the compound contained no chlorine atom. It was
identified as acetylated BT, with the molecular ion peak at m/z 252
and its fragments at m/z 210 (loss of —COCHj;), m/z 168 (loss of
two —COCHS;’s), and m/z 126 (loss of all three —COCHSj;’s). The
identity of the two intermediates as CHQ and BT was further

January 2016 Volume 82 Number 2

Applied and Environmental Microbiology

confirmed by comparison with GC-MS analysis of the acetylated
authentic compounds (Fig. 1A and C). Similarly, acetylated deriv-
atives of HQ (with a GC retention time of 15.00 min) and BT were
captured when the intermediates were acetylated during PNP deg-
radation (see Fig. S1 in the supplemental material). On the basis of
this initial characterization, strain RKJ300 was proposed to de-
grade both 2C4NP and PNP via the typical BT pathway.

2C4NP degradation in strain RK]300 is induced by 2C4NP or
PNP. Since BT was identified as the ring cleavage substrate for
both 2C4NP and PNP degradation by strain RKJ300, whole-
cell biotransformation was performed in order to investigate
whether the same enzymes catalyze the catabolism of 2C4NP
and PNP. The uninduced cells of strain RKJ300 exhibited neg-
ligible activity for 2C4NP and PNP. However, either 2C4NP- or
PNP-induced cells of strain RKJ300 have the ability to degrade
both 2C4NP and PNP rapidly (Fig. 2). This finding indicated
that the same set of enzymes were likely involved in both
2CANP and PNP catabolism and induced by these two sub-
strates. Interestingly, although CHQ and HQ were detected,
respectively, during 2C4NP and PNP degradation, 2C4NP-in-
duced cells of strain RKJ300 showed an evidently lower rate of
conversion of CHQ (approximately 4.3 uM h™' ODy, cell ")
than the cells converting 2C4NP (100 pM h™"' ODyq, cell ™),
and PNP-induced cells also exhibited an evidently lower rate of
conversion of HQ (approximately 3 wM h™' ODg, cell™")
than cells converting PNP (150 uM h™' ODg, cell™'). How-
ever, both 2C4NP-induced strain RKJ300 and PNP-induced
RKJ300 degraded 0.2 mM BT completely in 1 h, similar to the
conversion rates for 2C4NP and PNP (shown in Fig. 2). This fur-
ther confirmed that BT was the ring cleavage substrate in both
2C4NP and PNP catabolism in strain RKJ300, apart from the
HPLC and GC-MS identification.

Sequence analyses of 2C4NP catabolic gene cluster. The find-
ings above indicated that the catabolism of 2C4NP and the catab-
olism of PNP in strain RKJ300 likely share the same set of en-
zymes, which led us to elucidate their encoding genes. A DNA
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FIG 2 Biotransformation analyses of 2C4NP (A) and PNP (B) degradation by
the induced and uninduced cells of R. imtechensis RKJ300. The cells were
suspended to an ODg, of 2.0 with phosphate buffer, and 0.2 mM substrate
(2C4NP or PNP) was added. The experiments were performed in triplicate; the
results are the average from three independent experiments, and error bars
show standard deviations.

fragment with nucleotides from positions 86449 to 92096 of con-
tig 7 (GenBank accession no. AJJH01000007) from the draft ge-
nome of strain RKJ300 (37) was designated the pnp catabolic clus-
ter, as outlined and annotated in Fig. 3A. Among the products
encoded by these genes, PnpA1l and PnpA2 exhibit high degrees of
identity to the oxygenase and reductase components, respectively,
of the PNP monooxygenase from several Gram-positive PNP uti-
lizers (11, 17, 38), indicating that PnpA1A2 belongs to the phenol
4-monooxygenase group of the two-component flavin-diffusible
monooxygenase (TC-FDM) family. PnpB has a high level of iden-
tity to NpcC, which was previously reported to catalyze the dioxy-
genation of BT to maleylacetate during PNP catabolism in Rhodo-
coccus opacus SAO101 (11). PnpC appears highly homologous to
the known maleylacetate reductase PnpF from Burkholderia sp.
strain SJ98, which was reported to reduce maleylacetate into 3-
ketoadipate (14). PnpR was proposed to be an LysR regulatory
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protein as it is closely related to NpsR of Rhodococcus sp. strain
PN1 (38).

pnp genes are upregulated in 2C4NP-induced cells of strain
RKJ300. Transcriptional analysis of the pnp cluster was carried
out in order to investigate whether the enzyme-coding genes were
highly transcribed in response to the substrates 2C4NP and PNP.
Reverse transcription-PCR was performed with RNA derived
from strain RKJ300 with or without the induction of substrates
(2C4ANP or PNP). The transcription of pnp genes was detected
only under inducing conditions, and pnpA2A1B, pnpC, and pnpR
were proved to be in three different transcriptional operons, as
shown in Fig. 3B. In addition, real-time quantitative PCR analysis
showed that the transcription levels of pnpAl and pnpC (each
representing their own operons) under the 2C4NP-induced con-
dition were increased dramatically compared to that under the
uninduced condition, with 1,878- and 510-fold increases, respec-
tively (Fig. 4). Similarly, the transcription levels of these two genes
under PNP-induced condition were 2,804- and 865-fold higher
than those under the uninduced condition. This indicated that the
enzymes encoded by the pnp cluster are likely involved in both
2C4NP catabolism and PNP catabolism in strain RKJ300.

PnpAlA2 catalyzes the monooxygenation of both 2C4NP
and PNP to BT. (i) Expression and purification of PnpAl and
PnpA2. Recombinant PnpAl and PnpA2 were individually over-
expressed in E. coli Rosetta(DE3)/pLysS as N-terminal His,-
tagged fusion proteins for easy purification. Substantial amounts
of soluble and active H¢-PnpAl and Hy-PnpA2 were synthesized
and purified to apparent homogeneity by Ni**-nitrilotriacetic
acid (NTA) affinity chromatography. SDS-PAGE analysis showed
that the molecular masses of Hg-PnpAl and Hg-PnpA2 are ap-
proximately 62 and 22 kDa (see Fig. S2 in the supplemental ma-
terial), respectively, corresponding to the molecular masses de-
duced from their amino acid sequences.

(ii) Characterization of the reductase component of 2C4NP
monooxygenase. As the reductase component of 2C4NP or PNP
monooxygenase, NAD(P)H-oxidizing activity of purified Hg-
PnpA2 was determined in the presence of FAD or flavin mononu-
cleotide (FMN). Maximal NADH-oxidizing activity was achieved
in the presence of FAD with a specific activity of 8.9 U mg™"
(defined as 100%). NADH can be replaced by NADPH with 90%
efficiency; however, only 25% of activity was present when FAD
was replaced by FMN. The kinetic parameter results revealed that
the K, values of Hs-PnpA2 for NADH and FAD were 20.5 * 2.9
and 3.2 = 0.4 uM, respectively.

(iii) Characterization of 2C4NP monooxygenase. E. coli cells
carrying pET-pnpAl were still found, by HPLC analysis, to de-
grade both 2C4NP and PNP, without PnpA2. A possible explana-
tion is that PnpAl can use free reduced flavins formed by the
NADH:FAD oxidoreductase from E. coli, and the presence of such
flavin reductase was reported in E. coli (39). Similar cases were also
reported for several other PNP monooxygenases (17, 40). In the
assay of purified enzyme, the optimal molar ratio of PnpA2 and
PnpALl of the two-component monooxygenase was determined.
The amount of Hg-PnpA2 was increased from 0 to 22.5 nM when
the amount of Hi-PnpA1 was kept constant at 1 wM. Negligible
2C4NP or PNP monooxygenation activity was observed when
PnpA2 was omitted from the reaction. However, the activity in-
creases rapidly with the addition of PnpA2, and the maximal ac-
tivity (0.02 U mg™' for 2C4NP and 0.039 U mg™~' for PNP) was
achieved when PnpA2 was added at 18 nM (Fig. 5). This indicated
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FIG 3 (A) Organization of the pnp gene cluster of R. imtechensis RKJ300. The black arrows indicate the sizes and directions of transcription of each gene. The locations
of primer sets RTC, RTA2, RTAI, RTB, RTCR, RTRA2, RTA2A1, and RTAIB and the DNA fragments amplified for RT-PCR are indicated below. (B) Analysis of
pnpCRA2A 1B transcription by RT-PCR. Total RNAs of strain RKJ300 with or without induction by 2C4NP were prepared for RT-PCR, and reactions performed without
RT were used as negative controls. Lanes M, molecular markers of sizes 1,000, 750, 500, 250, and, 100 bp; lanes 2, 4, 6 8, 11, 14, 17, and 20 (template from strain RKJ300
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RTCR, RTRA2, RTA2A1, and RTA1B primer sets, respectively. (C) Proposed pathways for 2C4NP catabolism in R. imtechensis RKJ300, together with the catabolic
reactions catalyzed by pnp gene products. The transformation of CHQ to BT by PnpA1A2 is indicated by a dashed arrow. TCA, tricarboxylic acid.

that the optimal molar ratio of PnpA2 and PnpA1 is about 1:55.  PnpAl for PNP (k_,/K,,, 0.53 * 0.03 pM~' min™"') was higher
Kinetic assays revealed that the K,,, values of H-PnpA1 for 2C4NP  than that for 2C4NP (k.. /K,,, 0.16 = 0.01 uM ™" min™").

and PNP were 4.4 = 0.7 and 3.5 * 0.6 wM, respectively, implying (iv) Identification of the products of 2C4NP and PNP cata-
PnpAl has similar affinities for these two nitrophenol substrates.  lyzed by purified PnpA1A2. For the products’ identification, 1
However, in terms of k. /K,, values, the catalytic efficiency of
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FIG 6 Time course of 2C4NP degradation by purified PnpA1A2. Ascorbic
acid was added to the reaction mixture at a final concentration of 1 mM to
reduce quinones to quinols. Samples were withdrawn at the indicated time
points and treated immediately with glacial acetic acid (1%) to stop the reac-
tion. The disappearance of 2C4NP and the appearance of the products (CHQ
and BT) were quantified by HPLC. The experiments were performed in trip-
licate, the results shown are average values from three independent experi-
ments, and error bars indicate standard deviations.

mM ascorbic acid was added into the reaction mixture to mini-
mize the autooxidation of the products. By HPLC and GC-MS
analyses, both CHQ and BT were identified as products of 2C4NP
monooxygenation in the system containing purified PnpA1A2. In
a time course assay of monooxygenation reaction, 2C4NP con-
sumption (29.4 wM) was approximately equivalent to the total
accumulation of both CHQ (7.8 M) and BT (19.2 M) (Fig. 6),
indicating a nearly stoichiometric formation of CHQ and BT from
2C4ANP. Similarly, HQ and BT were identified as the products of
PNP catalyzed by purified PnpA1A2.

(v) PnpA1A2 catalyzes a poor conversion of CHQ and HQ to
BT. Generally, most of the members of the phenol 4-monooxy-
genase group of the TC-FDM family were proposed to hydroxyl-
ate their substrates twice in tandem (17). Therefore, CHQ and HQ
were also used as the initial substrates to see whether the purified
PnpA1A2 can catalyze the hydroxylation of these two compounds.
Although with low conversion rates (less than 0.0002 U mg™ "), by
GC-MS analysis, PnpA1A2 was found to also be able to catalyze
the hydroxylation of CHQ and HQ to produce BT (see Fig. S3
in the supplemental material), a likely ring cleavage substrate dur-
ing the degradation of 2C4NP and PNP in this strain.

pnpAl is essential for strain RKJ300 to utilize 2C4NP. To
investigate the physiological roles of the two-component
monooxygenase (PnpA1A2) in 2C4NP and PNP catabolism in
vivo, derivatives of strain RKJ300 with deletion of the encoding
gene of the oxidase component (PnpAl) were constructed.
Strain RKJ300ApnpAl (with pnpAl deleted) completely lost its
ability to grow on 2C4NP as well as PNP, and pnpAI-comple-
mented mutant RKJ300ApnpAI[pRESQ-pnpAl] regained its
ability to grow on these two substrates. This clearly revealed that
pnpAl was absolutely essential for strain RKJ300 to utilize 2C4NP
and PNP as the sole sources of carbon and energy. Interestingly, in
the biotransformation assay, strain RKJ300ApnpA1 is unable to
degrade 2C4NP, but it can transform PNP (yellow) slowly into a
yellow-orange compound (with an approximate conversion rate
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FIG 7 Whole-cell biotransformation of 2C4NP and PNP by RKJ300ApnpAl.
Strain RKJ300ApnpAI was grown on MM containing 0.2% (wt/vol) yeast ex-
tract to an ODy, of 0.3 and induced by 0.3 mM 2C4NP or PNP. Cells were
harvested, and suspended to an ODy, of 2.0 in phosphate buffer containing
0.3 mM substrate (2C4NP or PNP). 4-NC, 4-nitrocatechol. All of the experi-
ments were performed in triplicate, the results shown are average values from
three independent experiments, and error bars indicate standard deviations.

of 6.5 uM/ODy, of cell/h) (Fig. 7). The yellow-orange compound
was identified as 4-nitrocatechol by HPLC analysis, and it was not
degraded further even after a longer incubation period. These
findings indicated that there is another enzyme involved in PNP
transformation in strain RKJ300, in addition to PnpAl.

DISCUSSION

To date, two typical HQ ring cleavage enzymes, including the
LinE-like single-subunit HQ dioxygenase (41, 42) and the
HapCD-like two-subunit HQ dioxygenase (14, 35, 43), have been
reported in bacterial catabolism of aromatics. Previously, strain
RKJ300 was reported to degrade 2C4NP with initial formation of
CHQ, which was further degraded via an HQ pathway (Fig. 8B)
(4), but with no genetic and enzymatic evidence. In this study, the
gene(s) encoding the potential LinE- or HapCD-like HQ dioxy-
genase was not found from its draft genome by initial bioinfor-
matic analysis. Subsequent biochemical and genetic analyses dem-
onstrated that the 2C4NP catabolism in strain RKJ300 was via the
BT pathway rather than the reported HQ pathway, filling a gap in
our knowledge of the 2C4NP degradation mechanism at the mo-
lecular and biochemical levels in Gram-positive bacteria.

The 2C4NP catabolic pathway identified in strain RKJ300 is
significantly different from those of the other three reported
2C4NP utilizers. In the previous studies of 2C4NP catabolism,
CHQ was identified as the ring cleavage substrate in Burkholderia
sp. strain SJ98 (Fig. 8C) (14) and Arthrobacter sp. strain SJCon
(Fig. 8D) (5). The identification of BT as the ring cleavage sub-
strate in the present study (Fig. 8A) clearly indicates that the
chloro group was removed before ring cleavage during 2C4NP
catabolism in strain RKJ300, whereas this removal occurs after
ring cleavage in the above two 2C4NP degraders (5, 14). Although
the chloro group in 2C4NP degradation by the utilizer Burkhold-
eria sp. strain RKJ 800 was also removed before ring cleavage, the
ring cleavage substrate was HQ (Fig. 8B) (3) rather than BT. It can
be concluded that the 2C4NP degradation via the BT pathway in
strain RKJ300 reveals a novel catabolic pathway that was not pre-
viously reported for 2C4NP catabolism.
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indicate the ring cleavage positions.

Recently, the molecular mechanism of 2C4NP degradation
was reported in Gram-negative Burkholderia sp. strain SJ98 (14).
However, no such information has been reported in Gram-posi-
tive bacteria, although two Gram-positive 2C4NP utilizers (4, 5)
were isolated. In this study, the high transcription of the pnp clus-
ter in 2C4NP- and PNP-induced cells indicated that the enzymes
encoded by the pnp genes were likely involved in both 2C4NP
catabolism and PNP catabolism in strain RKJ300. Enzymatic assay
and identification of intermediates have shown that PnpA1A2 has
the ability to catalyze the oxidation of both 2C4NP and PNP to BT,
and pnpAl is necessary for strain RKJ300 to utilize 2C4NP and
PNP. Considering the significant increase in the transcriptional
levels of pnpB and pnpC under 2C4NP- and PNP-induced condi-
tions, it is reasonable to conclude that PnpB and PnpC are likely
responsible for the BT ring cleavage and the maleylacetate reduc-
tion, respectively, in the lower pathway of the catabolism of both
2C4NP and PNP in strain RKJ300 (Fig. 3C). On the other hand,
PnpA1A2-initiated 2C4NP catabolism clearly indicated that the
molecular mechanism of 2C4NP degradation in Gram-positive
strain RKJ300 is different from that previously reported in Gram-
negative Burkholderia sp. strain SJ98 where a single-component
PNP 4-monooxygenase PnpA was proven to initiate 2C4NP deg-
radation (14).

It is generally accepted that a monooxygenase attack on an
aromatic ring at a position occupied by an electron-withdrawing
group (such as a chloro or nitro group) produces a quinone (14,
17, 44, 45), while an attack at an unsubstituted position produces
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a quinol (46, 47). Therefore, the detection of CHQ from the
PnpA1A2-catalyzed 2C4NP conversion proposed that chloro-1,4-
benzoquinone (CBQ) was the direct product (Fig. 3C). The pro-
duction of CHQ during 2C4NP degradation is probably due to the
nonenzymatic reduction of CBQ by small reducing agents, such as
NADH or ascorbic acid, and the same explanations were also pro-
posed previously for PNP (9) and 2,4,6-trichlorophenol (45) deg-
radation. On the other hand, the conversion of CHQ to BT by
PnpAl1A2 could eliminate the toxicity of CHQ against strain
RKJ300, and this also revealed the probable fate of the by-product
CHQ during 2C4NP degradation.

Most members of the phenol 4-monooxygenase group of the
TC-FDM family were reported to hydroxylate their substrates
twice in tandem (17, 38, 45, 48). Therefore, the identification of
BT as the preponderant product of 2C4NP by PnpA1A2 presents
strong evidence that CBQ from the first catalytic step would be
further hydrolyzed to BT via 2-hydroxy-1,4-benzoquinone. Ac-
cording to this study, we concluded that PnpA1A2 converts
2C4NP to BT by means of two different reactions: (i) it oxidizes
2C4NP to CBQ, and then (ii) it hydrolyzes CBQ to BT (Fig. 3C).
Although PnpA1A2 has the ability to catalyze CHQ to BT, the
extremely low rate of reaction suggested that the conversion of
CHQ to BT was not likely the main pathway of 2C4NP catabolism
in strain RKJ300 (Fig. 3C). The sequential process of denitration
and dechlorination of 2C4NP by PnpA1A2 is very similar to the
catalytic mechanism of TcpA, a homolog of PnpAl, against 2,4,6-
trichlorophenol during 2,4,6-TCP degradation by Ralstonia eutro-
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phaJMP134. TcpA was reported to catalyze the sequential dechlo-
rinations of 2,4,6-trichlorophenol to 6-chlorohydroxyquinol via
2,6-dichloroquinone and 6-chlorohydroxyquinone (45).

For PNP catabolism, it was generally accepted that BT is the
ring cleavage substrate in Gram-positive strains (11, 12,17, 18, 41,
48), while HQ is the ring cleavage substrate in Gram-negative
bacteria (9, 14, 49-51). Interestingly, a small amount of HQ has
been detected during PNP catabolism in most Gram-positive
strains (12, 17, 18, 38); however, the fate of HQ remains unclear.
In this study, HQ was also detected during PNP catabolism by
strain RKJ300. Intriguingly, PnpA1A2 was found to be able to
catalyze the conversion of HQ to BT (although with a low specific
activity), indicating that the produced HQ during PNP catabolism
in Gram-positive PNP utilizers could be likely further degraded
via the existing BT pathway.
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