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A 2-Hydroxypyridine Catabolism Pathway in Rhodococcus rhodochrous
Strain PY11

Department of Molecular Microbiology and Biotechnology, Institute of Biochemistry, Vilnius University, Vilnius, Lithuania

Rhodococcus rhodochrous PY11 (DSM 101666) is able to use 2-hydroxypyridine as a sole source of carbon and energy. By investi-
gating a gene cluster (hpo) from this bacterium, we were able to reconstruct the catabolic pathway of 2-hydroxypyridine degra-
dation. Here, we report that in Rhodococcus rhodochrous PY11, the initial hydroxylation of 2-hydroxypyridine is catalyzed by a
four-component dioxygenase (HpoBCDF). A product of the dioxygenase reaction (3,6-dihydroxy-1,2,3,6-tetrahydropyridin-2-
one) is further oxidized by HpoE to 2,3,6-trihydroxypyridine, which spontaneously forms a blue pigment. In addition, we show
that the subsequent 2,3,6-trihydroxypyridine ring opening is catalyzed by the hypothetical cyclase HpoH. The final products of

2-hydroxypyridine degradation in Rhodococcus rhodochrous PY11 are ammonium ion and a-ketoglutarate.

yridine and its derivatives are ubiquitous in nature. The pyri-

dine ring is found in alkaloids (e.g., nicotine, actinidine), co-
enzymes [NAD(P)H, pyridoxal], and man-made solvents, pesti-
cides, and herbicides (e.g., paraquat). Hydroxypyridines are
common intermediate metabolites produced during microbial
biodegradation of various N-heterocycles (pyridine, nicotine, pic-
oline, 2,6-dipicolinic acid) (1-3).

It has previously been reported that Arthrobacter crystallopoi-
etes, Arthrobacter pyridinolis, and Arthrobacter viridescens (4), Ach-
romobacter sp. strain G2 (5), and Nocardia sp. strain PNO (6) use
2-hydroxypyridine (2HP) as a sole carbon and energy source.
Through more than 50 years of investigation of pyridine ring me-
tabolism, many intermediates have been identified and metabolic
pathways have been proposed. However, the genes and enzymes
responsible for 2HP biodegradation have seldom been reported.

In Achromobacter sp. G2, 2HP is metabolized via the mal-
eamate pathway (5) (Fig. 1). No enzymes responsible for the initial
hydroxylation step of 2HP leading to the formation of 2,5-dihy-
droxypyridine (2,5DHP) have been reported to date. Neverthe-
less, the degradation of 2,5DHP, an intermediate of nicotinic acid
metabolism, has been fully investigated by Jiménez et al. (7), and
all genes encoding the enzymes involved in the maleamate path-
way have been identified and characterized (7).

Arthrobacter crystallopoietes, A. pyridinolis, and A. viridescens
(4) and Arthrobacter sp. strain PY22 (8) produce a blue pigment
(nicotine blue) in the medium when grown on 2HP. The nicotine
blue has been shown to be a 4,5,4",5'-tetrahydroxy-3,3'-diaza-
diphenoquinone-(2,2") (9) that is an autoxidation product of
2,3,6-trihydroxypyridine (THP). THP can be synthesized via hy-
droxylation of 2,5DHP, 2,3-dihydroxypyridine (2,3DHP), or 2,6-
dihydroxypyridine (2,6DHP); however, only the 2,6DHP 3-hy-
droxylase, which is involved in the biodegradation of nicotine by
Arthrobacter nicotinovorans, has been identified to date (10).

We have previously reported that HpyB monooxygenase from
Arthrobacter sp. PY22 is sufficient for the conversion of 2HP to
THP (8). Since no reaction intermediates have been detected, a
consecutive two-step hydroxylation of the substrate has been pro-
posed. Further steps of this pathway, which has not been fully
elucidated yet, most probably include maleamic acid (6) or a-ke-
toglutarate (11, 12).

Various hydroxypyridines (e.g., 3-hydroxypyridine, 2,3DHP,
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and 2,6DHP) have been identified to be intermediates in the deg-
radation of pyridine compounds by Arthrobacter crystallopoietes
and Rhodococcus opacus (Fig. 1). While the detailed analysis of
intermediate metabolites has allowed the steps leading to pyr-
idine biodegradation in the aforementioned bacteria to be de-
scribed, no enzymes involved in this bioconversion have been
identified yet (13).

In this study, we report the characterization of the 2HP cata-
bolic pathway in Rhodococcus rhodochrous PY11, which has been
isolated on the basis of its ability to utilize 2HP as a carbon source
for growth (14). A gene cluster (hpo) encoding the proteins re-
quired for 2HP biodegradation in this bacterium has been identi-
fied and characterized. The intermediate metabolites have also
been determined. We demonstrate that multicomponent HpoB-
CDF dioxygenase is responsible for the initial step of 2HP biodeg-
radation. We also describe an enzymatic reaction of the ring open-
ing of THP that is catalyzed by the hypothetical cyclase HpoH.

MATERIALS AND METHODS

Bacterial strains and growth conditions, plasmids, primers, and stan-
dard techniques. The 2HP-degrading bacterium Rhodococcus rhodo-
chrous PY11 was previously isolated from a soil sample (14). The Rhodo-
coccus erythropolis SQ1 strain (15) was chosen as the host strain for the
expression of recombinant genes (cloned into plasmid pART2 [16] or
pNitQC1 [17]) in bioconversion experiments. Escherichia coli strain
DH5a was used for cloning experiments. The recombinant proteins were
overexpressed in E. coli strain BL21(DE3). The bacterial strains, plasmids,
and primers used in this study are listed in Table 1. Rhodococcus strains
were grown at 30°C with aeration, and E. coli strains were grown at 37°C
with aeration. Rhodococcus rhodochrous PY11 was cultivated either in nu-
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FIG 1 Proposed pathways of aerobic 2HP degradation in bacteria. Solid arrows, reactions for which the appropriate genes and/or enzymes are known; dashed
arrows, proposed reactions. Compound 1, 2-hydroxypyridine; compound 2, 2,5-dihydroxypyridine; compound 3, N-formylmaleamic acid; compound 4,
maleamic acid; compound 5, maleic acid; compound 6, fumaric acid; compound 7, 2,3,6-trihydroxypyridine; compound 8, nicotine blue pigment; compound
9, 2,6-dihydroxypyridine; compound 10, 3-pentenoic acid monoamide; compound 11, 2-ketoglutaramate; compound 12, a-ketoglutarate; compound 13,
2,3-dihydroxypyridine; compound 14, 5-amino-2-oxo-4-pentenoic acid; compound 15, succinic semialdehyde.

trient broth (NB) medium (Oxoid) or in minimal medium (5 g/liter NaCl,
1 g/liter K,HPO,, 1 g/liter NH,H,PO,, 0.1 g/liter MgSO,, 0.2 g/liter yeast
extract, pH 7.2) supplemented with either 2HP (0.1% [wt/vol]) or succi-
nate (0.1% [wt/vol]). E. coli cells transformed with recombinant plasmids
were cultivated in NB medium supplemented with appropriate antibiotics
(50 pug/ml ampicillin, 20 wg/ml streptomycin, or 40 wg/ml kanamycin). R.
erythropolis SQI cells transformed with recombinant plasmids were
grown in the presence of 60 pg/ml kanamycin or 30 wg/ml chloramphen-
icol. For transformation of plasmid DNA, electroporation was applied.
Standard molecular biology techniques were performed as described pre-
viously (18).
mRNA differential display. Isolation of RNA from Rhodococcus rho-
dochrous PY11 was performed according to a previously published
method (19). Reverse transcription (RT)-PCRs were performed as de-
scribed in reference 20 with modifications. Five random primers were
used for RT-PCR (Table 1). Arbitrarily amplified DNA fragments were
generated from the total RNA of induced cells (0.1% 2HP) and control
cells (0.1% succinate). A series of five parallel RT and PCR amplification
reactions was performed using a cMaster RTplusPCR system (Eppendorf,
Germany). The following temperature regime was applied: 94°C (5 min),
40°C (5 min), and 72°C (5 min) for 1 cycle, followed by 40 cycles of 94°C
(I min), 60°C (1 min), and 72°C (5 min). The DNA fragments were
separated by electrophoresis in 8% polyacrylamide gels (18) and visual-
ized by ethidium bromide staining. Bands generated from the RNA of
induced cells but not from the RNA of control cells were excised from the
gel and placed in a tube with distilled water. After 1 h of incubation, the
water was discarded. In total, 50 .l of 10 mM Tris-HCI, pH 8.3, buffer
containing 10 mM KCl was added, and the mixture was heated to 95°C for
1 h to allow some of the DNA to diffuse out of the gel. To reamplify the
eluted DNA, the extracts were cleared by centrifugation and the superna-
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tant was used as a template for the PCR. The reamplification conditions
were as follows: 94°C (1 min), 60°C (1 min), and 72°C (5 min) for 40
cycles. Then, each DNA fragment was cloned into the pTZ57R/T vector
and sequenced using M13/pUC (—46) forward 22-mer and reverse 24-
mer primers.

Analysis of the protein expression profile induced by 2HP and puri-
fication of the 2HP-inducible protein from Rhodococcus rhodochrous
PY11. Rhodococcus rhodochrous PY11 cells were grown in the presence of
2HP or succinate (control) in the minimal medium for 15 h, and then the
cells were harvested, washed with 0.9% NaCl, resuspended in 50 mM
Tris-HCl buffer, pH 8.0, and disrupted by sonication at 750 W for 15 min
usinga VC750 ultrasound processor (Sonics & Materials, Inc.). Cell debris
was removed by centrifugation at 16,000 X g for 45 min. The resulting cell
extract was used for SDS-PAGE analysis.

To purify the inducible 45-kDa protein, 1-liter flasks containing 200
ml of minimal medium supplemented with 2HP were inoculated with the
overnight culture of Rhodococcus rhodochrous PY11 and incubated for 15
h under anaerobic conditions. Then, the cells were collected by centrifu-
gation (4,000 X g for 20 min) and washed with 0.9% NaCl. Cell extracts
were prepared by resuspending the cell paste in 50 mM Tris-HCI buffer,
pH 7.5, containing 1 mM EDTA and 10% glycerol (buffer A). The cells
were then disrupted by sonication, and the cell debris was removed by
centrifugation (16,000 X g for 45 min). The cell extract was loaded onto a
DEAE-Sepharose column (22 ml) that had been preequilibrated with buf-
fer A. The column was then washed with buffer A, and the 45-kDa protein
was eluted with a linear gradient from 0 to 1 M NaCl in buffer A. The
fractions were checked by electrophoresis, and those containing the high-
est concentration of the 45-kDa protein were pooled, saturated with solid
ammonium sulfate, and applied onto a phenyl-Sepharose column (20 ml)
equilibrated with 25 mM Tris-HCl buffer, pH 7.5, containing 1.5 M am-
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TABLE 1 Bacterial strains, plasmids, and primers used in this study

Strain, plasmid, or primer

Genotype or relevant characteristics, relevant properties and cloning strategies,
or sequence (5'-3")*

Reference or source

Strains

Rhodococcus rhodochrous

PY11

R. erythropolis SQ1

E. coli BL21(DE3)

E. coli DH5«

Plasmids
pUCI19
pTZ57R/T
pET-21b
pET-28b
pETDuet-1
pCDFDuet-1
pART2

pNitQC1
pETDuet-hpoB

pCDFDuet-hpoC

pET21-hpoD

pCDFDuet-hpoF

pB/D

pF/C

pET28-hpol

PART2HpoE

pNitHpoBCD

pHpoBCDEFG

pNitHpoH

Primers
hpoBF
hpoBR
hpoCF
hpoCR
hpoDF1
hpoDF2
hpoDR
hpoFF

2HP-degrading bacterium

Mutant of Rhodococcus erythropolis strain ATCC 4277-1 with increased
transformability

F~ ompT hsdSg(rg~ my ) gal dem (DE3), strain for protein overexpression

F~ $80dlacZAM15 A(lacZYA-argF)U169 recAl endAl hsdR17(r~ my ") phoA
supE44 N~ thi-1 gyrA96 relAl

Ap* ori ColEl lacZa, high copy-no. cloning vector

Ap" ori ColE1 lacZa, high copy-no. cloning vector

pBR322-derived ColEl, T7 lac promoter, Ap"

pBR322-derived ColE1, T7 lac promoter, Km"

pBR322-derived ColE1, T7 lac promoter, two MCSs,” Ap"

CloDF13 replicon, T7 lac promoter, two MCSs, Sm"

E. coli-A. nicotinovorans shuttle plasmid for hdnOp-driven constitutive
expression, MCS, Km"

E. coli-Rhodococcus shuttle vector for constitutive expression, Chl" repAB

The hpoB gene was amplified by PCR using plasmid pHpoBCDEFG and primers
hpoBF and hpoBR, digested with Ndel and Xhol, and cloned into the
corresponding sites of the pETDuet-1 vector

The hpoC gene was amplified by PCR using plasmid pHpoBCDEFG and primers
hpoCF and hpoCR, digested with Ncol and HindIII, and cloned into the
pCDFDuet-1 vector cut with Ncol and HindIII

The hpoD gene was amplified by PCR using plasmid pHpoBCDEFG and
primers hpoDF2 and hpoDR, digested with Ndel and HindIII, and cloned
into the corresponding sites of the pET21b vector

The hpoF gene was amplified by PCR using plasmid pHpoBCDEFG and primers
hpoFF and hpoFR, digested with BglII and Kpnl, and cloned into the
corresponding sites of the pPCDFDuet-1 vector

The hpoD gene was amplified by PCR using plasmid pHpoBCDEFG and
primers hpoDF1 and hpoDR, digested with EcoRI and HindIII, and cloned
into the corresponding sites of the pETDuet-hpoB plasmid

The hpoC gene was amplified by PCR using plasmid pHpoBCDEFG and primers
hpoCF and hpoCR, digested with Ncol and HindIII, and cloned into the
corresponding sites of the pPCDFDuet-hpoF plasmid

The hpol gene was amplified by PCR using genomic DNA of Rhodococcus
rhodochrous PY11 and primers hpolF and hpolR, digested with Ndel and
Xhol, and cloned into the corresponding sites of the pET28b vector

The hpoE gene was amplified by PCR using plasmid pHpoBCDEFG and primers
hpoEF and hpoER, digested with KpnlI and Xbal, and cloned into the
corresponding sites of the pART2 vector

The hpoBCD genes were amplified by PCR using plasmid pHpoBCDEFG and
primers hpoBF and hpoDR, digested with Ndel and HindIII, and cloned into
the corresponding sites of the pNitQC1 vector

A 5.2-kb Bsp14071 genomic DNA fragment containing the hpoB, hpoC, hpoD,
hpoE, hpoF, and hpoG genes from Rhodococcus rhodochrous PY11 was inserted
into the pART?2 vector cut with Acc651

The hpoH gene was amplified by PCR using genomic DNA of Rhodococcus
rhodochrous PY11 and primers hpoHF and hpoHR, digested with Ncol and
HindIII, and cloned into the corresponding sites of the pNitQC1 vector

GCACATATGAGCACATACGTCTGCAAC
CAGCTCGAGCTATGGCTGCGTGTTG
CTACCATGGTGACCGCCACAGTGGATC
CTAAAGCTTGGCATTGTTGGCTCGATTC
CTAGAATTCGATGCCTAAGCAGCTG
GCACATATGCCTAAGCAGCTGC
CAGAAGCTTTCAGACATGAGCGGGA
GACAGATCTCATGAGCACGATCGATG

14
15
Novagen, Germany

Fermentas, Lithuania

18

Thermo Fisher Scientific, Lithuania
Novagen, Germany

Novagen, Germany

Novagen, Germany

Novagen, Germany

16

17

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
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TABLE 1 (Continued)

2-Hydroxypyridine Catabolism Pathway

Strain, plasmid, or primer

Genotype or relevant characteristics, relevant properties and cloning strategies,
or sequence (5'-3")*

Reference or source

hpoFR GACGGTACCTCAGATGTCGAGGATCAG This study
hpolF CCTAGATCTCCATATGAGTAACCGGCTCG This study
hpolR CATCTCGAGTCAGGCGACGCCGATCG This study
hpoEF CTCGGTACCCATGTCTGACGGCAAGGTC This study
hpoER GAGTCTAGATGTCACGAAGCCTCCGTC This study
hpoHF GTACCATGGGAACGGACCTGATCACCTC This study
hpoFR GATAAGCTTCCGATCACCGGTCCTCAG This study
Primers for mRNA
differential display
RAN1 CGGAGCAGAAGACATGA This study
RAN2 CGGAGCAGAAGACATGC This study
RAN3 CGGAGCAGAAGACATGG This study
RAN4 CGGAGCAGAAGACATGT This study
RAN5 CGGAGCAGAAGACAATG This study

“ MCSs, multiple-cloning sites.

monium sulfate, 1 mM EDTA, and 10% (vol/vol) glycerol. The 45-kDa
protein was eluted with a linear gradient of 1.5 to 0 M (NH,),SO,. After
electrophoresis, the fractions of interest were pooled, concentrated with
ammonium sulfate, and loaded onto a Superdex 200 column equilibrated
with buffer A supplemented with 0.1 M NaCl. After gel filtration chroma-
tography, the fractions were further purified by rechromatography on a
Mono Q column (1 ml) equilibrated with buffer A. Fractions containing
the 45-kDa protein were eluted with a linear gradient of 0 to 1 M NaCl in
buffer A. The N-terminal sequence of the purified protein was determined
by Edman degradation (Umea University, Umea, Sweden).

Cell suspension experiments and bioconversions. R. erythropolis
SQ1 or E. coli cells transformed with recombinant plasmids carrying dif-
ferent genes of the hpo locus were cultivated as described above. For cell
suspension and bioconversion experiments, R. erythropolis SQ1 was
grown in 2-liter flasks containing 250 ml of NB medium until the culture
reached an optical density at 600 nm (ODg,) of 1.6 to 2.0. E. coli
BL21(DE3) cells were cultured aerobically at 30°C in 2-liter conical flasks
with 250 ml of brain heart infusion (BHI) medium (Oxoid) supplemented
with the appropriate antibiotics. When an ODy, of 1.2 was reached, 0.5
mM isopropyl-B-p-thiogalactopyranoside (IPTG) was added to induce
the expression of proteins, and the culture was incubated for 20 h at 20°C.
Then, cells were collected by centrifugation, washed twice, and resus-
pended in 10 mM potassium phosphate, pH 7.2, to achieve a 4-fold in-
crease in cell density. The cell suspension was then supplemented with 0.1
to 0.2 mM appropriate substrate and incubated at 30°C. Bacteria were
removed by centrifugation at 16,000 X g for 1 min, and the UV absorption
spectrum of each supernatant was recorded in a PowerWave XS plate
reader (BioTek Instruments, Inc.). Bioconversion reactions were carried
outin a total volume of 250 ml at 30°C with shaking at 180 rpm. Substrate
and glucose were added to the reaction mixture in portions of 20 mg and
125 mg, respectively, while the progress of conversion was monitored by
determination of the changes in the UV absorption spectrum in the 200-
to 340-nm range.

Metabolite detection, isolation, and structural analysis. High-per-
formance liquid chromatography (HPLC)-mass spectrometry (MS) anal-
yses were performed using a high-performance liquid chromatography
system (Shimadzu, Japan) equipped with a photodiode array (PDA) de-
tector (Shimadzu, Japan) and mass spectrometer (LCMS-2020; Shi-
madzu, Japan) equipped with an electrospray ionization source. The
chromatographic separation was conducted using a Hydrosphere C, 4 col-
umn (4 mm by 150 mm; YMC, Japan) at 40°C and a mobile phase that
consisted of water (solvent A) and acetonitrile (solvent B) delivered in
gradient elution mode at a flow rate of 0.6 ml min~". The elution program
was as follows: 0 to 0.5 min, 5% solvent B; 0.5 to 3 min, 60% solvent B; 3
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to 3.1 min, 60% solvent B; 3.1 to 3.2 min, 5% solvent B, 3.2 to 10 min, 5%
solvent B. Mass scans were measured from #1/z 10 up to m/z 500 at a 350°C
interface temperature, a 250°C desolvation line (DL) temperature, and a
+4,500-V interface voltage with a neutral DL/Qarray, using N, as the
nebulizing and drying gas. Mass spectrometry data were acquired both in
the positive ionization mode and in the negative ionization mode. The
data were analyzed using LabSolutions LCMS software.

For isolation of the intermediate metabolites, bacteria were removed
from the bioconversion reaction mixtures by centrifugation at 4,000 X g
for 20 min, and the supernatants were evaporated under reduced pres-
sure. The product of hpoBCDF was extracted with ethanol. Flash chroma-
tography was performed on Kieselgel Si60 columns (40 to 63 pum; Merck)
equilibrated with CHCl, and eluted with a CHCl;-methanol gradient. The
isolated intermediate metabolites were used for structural analysis and for
the whole-cell and enzyme experiments.

The structures of the bioconversion products were determined using
'H nuclear magnetic resonance (NMR) and '*C NMR. 'H and >*C NMR
spectra were recorded on a Varian Unity Inova 300 spectrometer (300 and
75 MHz, respectively). All products were dissolved in deuterated dimethyl
sulfoxide (DMSO). Spectra were calibrated with respect to the solvent
signal (for CDCl,, 'H$ = 7.26 and >C & = 77.2; for DMSO-dg, 'H$ =
2.50 and *C 3 = 39.5).

Hpol expression and purification. The hpol gene was cloned into
the expression vector pET28b(+) to obtain a protein tagged with 6His
at the N terminus (Table 1). E. coli BL21(DE3) cells were transformed
with the recombinant plasmid pET28-hpol and cultivated as mentioned
above. Cells were collected by centrifugation, washed with 50 mM potas-
sium phosphate buffer (pH 7.2), resuspended in 8 ml of the same buffer,
and disrupted by sonication. Cell debris was removed by centrifugation at
16,000 X g for 10 min. Cell extracts were loaded onto a HiTrap IMAC FF
5-ml nickel column (GE Healthcare), and proteins were eluted with 50
mM potassium phosphate buffer, pH 7.2, containing 0.5 M imidazole.
The purity of Hpol was confirmed by electrophoresis on a 14% SDS-
polyacrylamide gel.

Chemical synthesis of 2-ketoglutaramate. 2-Ketoglutaramate was
prepared according to a previously published procedure (21). Fremy’s salt
(0.75 mM) was added to a 0.25 mM solution of glutamine prepared in
sodium bicarbonate buffer (1 M, pH 9.5). The reaction mixture was
stirred at room temperature and monitored daily by thin-layer chroma-
tography. The glutamine was completely converted to 2-ketoglutaramate
in 5 days. The reaction mixture was neutralized (final pH, 6.0) by addition
of Dowex-50WX8-100 ion-exchange resin and then filtered and analyzed
by HPLC-MS.

aem.asm.org 1267


http://aem.asm.org

Vaitekunas et al.

A S 2HP B 12
116 - =116
66.2 = = 66.2
= p— = 45.0
450- =€ [MTATVDQ |» e
35.0 - =
- =250
25.0 =
18.4 = - 18.4
c H4- MPKQLPA S
hpoD hpoF hpoH hpoJ
hpoG hpol

transposase
orf 33
transposase
transposase
orf 36
transposase

|

0 2 kb

%

integrase
orf 38
orf 39

FIG 2 2HP-inducible proteins. (A) Rhodococcus rhodochrous PY11 was cultivated in minimal medium supplemented with 0.1% succinate (lane S) or 0.1% 2HP
as a single source of carbon (lane 2HP). The positions of molecular mass markers are shown (in kilodaltons) to the left of the gels. (B) Purification of
2HP-inducible proteins (lane 1) and determination of N-terminal sequences. SDS-polyacrylamide gels were stained with Coomassie blue. Arrows, 2HP-
inducible proteins. The positions of molecular mass markers (lane 2) are shown (in kilodaltons) to the right of the gels. (C) Genetic organization of the hpo gene
locus, which is involved in the metabolism of 2HP in Rhodococcus rhodochrous PY11, and its flanking regions. Black arrows, genes that are known to be involved
in 2HP degradation; gray arrows, transport system and regulatory gene; white arrows, other open reading frames (ORFs) in the locus.

w-Amidase assay. Purified recombinant Hpol (100 g) was added to
reaction mixtures (of 250 wl) containing different concentrations of 2-ke-
toglutaramate in 50 mM potassium phosphate, pH 7.2. Samples were
incubated at 30°C for 16 h, and the reactions were stopped by adding equal
amount of acetonitrile. The formation of a-ketoglutarate was monitored
by HPLC-MS.

Gene sequence analysis. The similarity of the deduced amino acid
sequences of the proteins encoded by the hpo locus with sequences in the
NCBI database was performed using the BLAST program (22). Protein
functions were assigned on the basis of the similarity of the protein amino
acid sequences with the sequences in the NCBI Conserved Domain Data-
base (CDD) (23).

Nucleotide sequence accession numbers. The Rhodococcus rhodo-
chrous PY11 genome fragment sequence with the 2HP degradation locus
was deposited in GenBank under accession no. FM202432. The Rhodococ-
cus rhodochrous PY11 16S rRNA gene sequence was deposited in GenBank
under accession no. KT951673. The Rhodococcus rhodochrous PY11 strain
was deposited in the DSMZ open collection as strain DSM 101666.

RESULTS AND DISCUSSION

Identification of genes involved in degradation of 2HP. We re-
ported previously that Rhodococcus rhodochrous PY11 is capable of
using 2HP as a source of carbon and energy (14). The 16S rRNA
gene sequence of strain PY11 showed 99% similarity to that of
bacteria of the Rhodococcus rhodochrous group and 96.0 to 98%
similarities to the 16S rRNA gene sequences of other type strains of
the genus Rhodococcus (see Fig. S1 in the supplemental material).
On the basis of the results of 16S rRNA gene sequence analysis and
biochemical tests (see the supplemental material), strain PY11 was
identified to be Rhodococcus rhodochrous PY11. Two approaches
were followed to identify the genes encoding the degradation of
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2HP: (i) the technique of mRNA differential display to identify
2HP-inducible genes in Rhodococcus rhodochrous PY11 and (ii)
analysis of 2HP-inducible proteins.

In total, 19 DNA fragments generated from the RNA of in-
duced cells but not from the RNA of control cells were sequenced,
and the sequences were compared with those in GenBank. The
350-bp fragment (2HP3) encoded a 98-amino-acid protein that
showed homology (72% identity; E value, 2.1E—27) to the hypo-
thetical protein gpORF106 from Arthrobacter nicotinovorans (10)
(see Fig. S2 in the supplemental material). Although the function
of gpORF106 has not been determined yet, the orfI06 gene was
found to be located in a cluster responsible for nicotine biodegra-
dation in Arthrobacter nicotinovorans (10). Therefore, the afore-
mentioned 350-bp DNA fragment, containing a full gene (later
designated hpoG), was used as a probe for chromosome walking to
identify a genomic locus putatively encoding 2HP biodegradation
in Rhodococcus rhodochrous PY11. Hence, a 60,152-bp-long DNA
fragment from the genome of Rhodococcus rhodochrous PY11
(GenBank accession no. FM202432) was cloned into several plas-
mids for sequencing.

SDS-PAGE analysis revealed that at least one 2HP-inducible
protein was detectable in Rhodococcus rhodochrous PY11 (Fig. 2A).
During the purification of this protein (45 kDa), another product
of 14 kDa was also copurified (Fig. 2B). Both the 45-kDa and
14-kDa proteins were subjected to N-terminal amino acid se-
quencing, which allowed us to map their corresponding genes
(designated hpoC and hpoD, respectively) within the sequenced
60-kb genome fragment. By combining the data obtained from
the mRNA differential display with those from the analysis of
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TABLE 2 Functional annotations of hypothetical Hpo proteins
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Superfamily designation

Size Region CDD
Protein (amino acids) Putative function (positions)  Superfamily (specific hit/conserved domain) accession no. E value
HpoR1 222 DNA binding response regulator 17-131 REC (signal receiver domain) cd00156 1.92E—22
161-217 LuxR_C_like cd06170 5.87E—17
HpoR2 632 Signal transduction histidine kinase 18-242 PAS domain cd00130 2.26E—06
263-324 HisKA (histidine kinase A) cd00082 1.86E—15
398-483 HATPase_c (histidine kinase-like ATPases) ¢d00075 3.18E—20
515-629 REC (signal receiver domain) cd00156 7.62E—24
HpoA 494 Permease 8-357 SLC5-6_like_sbd (nucleobase-cation symport 1~ ¢d10323 2.04E—06
transporters)
HpoB 114 Ferredoxin 3-101 Rieske (Rieske_RO_ferredoxin) cd03528 8.77E—38
HpoC 409 Large subunit of aromatic ring- 57-183 Rieske (Rieske_RO_alpha_N) cd03469 5.03E—33
hydroxylating dioxygenase
208-404 SRPBCC (RHO_alpha_C) ¢d00680 9.14E—36
HpoD 116 Small subunit of aromatic ring- No putative conserved domains have been
hydroxylating dioxygenase detected
HpoE 253 Short-chain dehydrogenase/reductase  7-248 NADB Rossmann (SDR_C) cd05233 1.29E—61
HpoF 310 Ferredoxin-NADPH reductase 9-213 FNR_like (ferredoxin reductase/PDR_like cd06185 2.75E—86
phthalate dioxygenase reductase)
226-304 Fer2 (2Fe-2S iron-sulfur cluster binding domain) cd00207 3.17E—11
HpoG 98 Hypothetical protein 2-95 Dabb (stress-responsive A/B barrel domain) pfam07876  3.04E—19
HpoH 320 Cyclase 52-252 Cyclase pfam04199  1.76E—37
Hpol 275 Nitrilase 7-269 Nitrilase cd07583 3.2E—108

2HP-inducible proteins and bioinformatics sequence analysis, the
operon putatively involved in the biodegradation of 2HP in Rho-
dococcus rhodochrous PY11 was identified. The operon consisted
of 12 genes, denominated hpoR1, hpoR2, hpoA, hpoB, hpoC, hpoD,
hpoE, hpoF, hpoG, hpoH, hpol, and hpo] (Table 2; Fig. 2C).

The hpo gene cluster is surrounded by transposases, integrases,
and a truncated hpoJ gene (Fig. 2C), suggesting a horizontal gene
transfer event. The first two genes in the hpo operon, designated
hpoR1 and hpoR2, encode a potential two-component regulatory
system (Table 2; see also Tables S1 and S2 in the supplemental
material). The amino acid sequence of HpoA showed similarity to
bacterial permeases for cytosine/purines, uracil, thiamine, and al-
lantoin. The homologs of HpoA participate in the transport of
N-heterocyclic compounds. This allows us to assume that this
protein is responsible for the intake of 2HP; however, further in-
vestigation is required to elucidate the precise function of this
protein.

The hpoBCDF genes encode the 2HP four-component dioxy-
genase. A BLAST homology search against database sequences
revealed that the genes hpoB, hpoC, and hpoF share amino acid
sequence similarity with the ferredoxin, large subunit, and ferre-
doxin reductase components of the ring-hydroxylating dioxyge-
nases, respectively (Table 2). The bioinformatics analysis showed
that HpoD has no putative conserved domains; however, results
from protein analysis experiments (Fig. 2B) revealed that this pro-
tein forms a strong complex with HpoC. Thus, we hypothesized
that HpoD may function as a small subunit of the dioxygenase
system.

To investigate the role of the initial oxidation of 2HP, the hpoB,
hpoC, hpoD, and hpoF genes were cloned and expressed in E. coli.
pET-28b, pETDuet-1, and pCDFDuet-1 (Table 1) were used to
construct a set of compatible plasmids, each carrying either an
individual gene from the hpo cluster or a different combination of
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three hpo genes. Then, the ability of E. coli BL21(DE3) cells trans-
formed with the hpo locus genes to metabolize 2HP was analyzed.
As seen in Fig. S3 in the supplemental material, the cells carrying
the hpoBCDF genes were able to completely transform 2HP within
1 h. By expressing different combinations of three hpo genes, we
identified that only three Hpo proteins, namely, HpoB (a putative
ferredoxin), HpoC (a putative large subunit of dioxygenase), and
HpoD (a putative small subunit of dioxygenase), are essential for
the initial attack of the pyridine ring of 2HP (Fig. 3). The hpoF
gene could be replaced by other intrinsic E. coli ferredoxin reduc-
tases, a finding consistent with the findings of many other studies
of dioxygenases (24). Our data suggest that HpoBCDF proteins
form the dioxygenase system that catalyzes the oxidation of 2HP.
According to the literature, several dioxygenases show promis-
cuous activity toward pyridine derivatives; e.g., a naphthalene di-
oxygenase from Pseudomonas sp. strain NCIB 9816-4 oxidizes
N-methyl-2-pyridone derivatives but not 2-pyridone (25), while a
mutant toluene dioxygenase from Pseudomonas putida F1 is active
toward 4-picoline (26). On the contrary, HpoBCDF from Rhodo-
coccus rhodochrous PY11 uses 2HP as a physiological substrate.
Identification of 2HP oxidation product. To identify the re-
action product of the oxidation of 2HP by the HpoBCDF dioxy-
genase system, E. coli BL21(DE3) cells carrying pB/D and pF/C
(harboring the hpoBCDF genes) were used to transform larger
amounts of 2HP. After a flash column purification of the product,
HPLC-MS, >C NMR, and '"H NMR analyses were performed (see
the text in the supplemental material). The product of 2HP oxi-
dation was identified to be 3,6-dihydroxy-1,2,3,6-tetrahydropyri-
din-2-one. This compound was rather unstable and under acidic
conditions was rapidly transformed to 2,5DHP (data not shown).
According to the literature, the cis-dihydrodiols of N-heterocycles
are relatively unstable; e.g., higher temperatures (~50°C) lead to
their trans isomerization, while mild acid conditions cause dehy-
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FIG 3 Bioconversion of 2HP in E. coli transformed with compatible plasmids, each carrying a different combination of genes from the hpo locus. Cultures of E.
coliwere incubated in potassium phosphate buffer supplemented with 0.2 mM 2HP for 5 h, and the UV absorption spectra were recorded. Black solid lines, initial
spectrum of 2HP; gray dashed lines, the final spectra of the bioconversion products.

dration (27). The expected product of the aromatic ring-hydroxy-
lating dioxygenase is cis-diol. We hypothesize that the true prod-
uct of HpoBCDF dioxygenase is in fact a cis-5,6-dihydro-5,6-
dihydroxy-2-pyridone, which is undetectable outside the cell due
to its instability.

The substrate specificity of the dioxygenase system was tested
with various pyridinols as the substrates. Out of 15 N-heterocyclic
aromatic compounds tested (see Table S3 in the supplemental
material), only 2-hydroxy-3-methylpyridine was transformed by
E. coli BL21(DE3) cells carrying pB/D and pF/C (carrying the
hpoBCDF genes). The product of 2-hydroxy-3-methylpyridine
oxidation was purified and identified to be 3,6-dihydroxy-5-
methyl-1,2,3,6-tetrahydropyridin-2-one (see the text in the sup-
plemental material).

HpoE catalyzes the second step in 2HP biodegradation. The
sequence of the deduced hpoE gene product showed a significant
similarity to the sequences of short-chain dehydrogenases/reduc-
tases. Several proteins of this family are encoded by bacterial oper-
ons responsible for the biodegradation of aromatic compounds,
and these operons are usually located in close proximity to the
genes that encode dioxygenases. Such dehydrogenases catalyze the
oxidation of cis-dihydrodiols, the products of the dioxygenase en-
zymatic reaction, to form the corresponding catechols (28). Since
all our attempts to express hpoE in E. coli were unsuccessful due to
the production of insoluble protein aggregates, R. erythropolis
strain SQI, incapable of transforming 2HP, was used for the ex-
pression of HpoE. For this, the hpoE gene was cloned into pART?2
(Table 1), and the recombinant plasmid pART2HpoE was used to
transform R. erythropolis SQ1 cells. Although in the case of the
latter strain the recombinant protein was soluble, no activity of
HpoE could be detected in vitro or in vivo using 3,6-dihydroxy-
1,2,3,6-tetrahydropyridin-2-one as a substrate.
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To confirm that HpoE is indeed responsible for the catalysis of
the second step in the biodegradation of 2HP, the DNA fragment
harboring the hpoB, hpoC, hpoD, hpoE, hpoF, and hpoG genes was
cloned into the pHpoBCDEFG plasmid. After transformation of
R. erythropolis SQ1 cells with pHpoBCDEFG, the bacteria pro-
duced the blue pigment in the presence of 2HP (Fig. 4B; see also
Fig. S4 in the supplemental material). A pigment with similar
physical characteristics (UV-visible spectra and molecular mass)
was shown to be produced by Arthrobacter oxydans grown on
nicotine (9), and the nicotine blue is formed via the autoxidation
of THP. We cloned a DNA fragment with the hpoB, hpoC, and
hpoD genes into the pNitQC1 plasmid to obtain pNitHpoBCD.
After transformation of R. erythropolis SQ1 cells with pNitH-
poBCD, the bacteria could convert 2HP to 3,6-dihydroxy-1,2,3,6-
tetrahydropyridin-2-one, as was the case with E. coli BL21(DE3)
cells carrying the hpoBCD genes. In the presence of 2HP, R. eryth-
ropolis SQ1 cells harboring the pNitHpoBCD and pART2HpoE
plasmids could produce the blue pigment far less efficiently than
those carrying pHpoBCDEFG. This may be due to the different
protein expression levels or the absence of HpoF and HpoG.
Therefore, the hpoE gene was assigned to be a putative 2-pyri-
done-5,6-dihydro-cis-5,6-diol dehydrogenase that catalyzes the
second step in 2HP degradation (Fig. 5). Though HpoG is phylo-
genetically related to stress response proteins and those of un-
known function, its closest homolog is 07106 (mox) from Arthro-
bacter nicotinovorans. orf106 (mox) is located within a gene cluster
that is involved in degradation of the plant alkaloid nicotine (10),
yet the exact function of this gene has never been elucidated. hpoG
expression was induced in Rhodococcus rhodochrous PY11 in the
presence of 2HP, but the function of the HpoG protein remains
unknown.

HpoH is a hydrolase active toward THP. The next step of the
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FIG 4 Conversion of 2HP in Rhodococcus erythropolis SQ1 transformed with recombinant plasmids, each carrying a different combination of genes from the hpo
locus. (A) R. erythropolis SQ1 (control without plasmids); (B) R. erythropolis SQ1 harboring the pHpoBCDEFG plasmid; (C) R. erythropolis SQ1 transformed
with pHpoBCDEFG and pNitHpoH. For HPLC-MS analysis, cultures of Rhodococcus erythropolis SQ1 were incubated in potassium phosphate buffer supple-

mented with 0.2 mM 2HP for 2 h. The total-ion chromatograms (TIC) were recorded in the positive-ion (E+) or negative-ion (E—) mode from the MS.

2HP degradation pathway is ring fission. Although N-heterocycles
are usually oxidatively cleaved by dioxygenases (1, 3), the hydro-
Iytic cleavage of the pyridine ring was proposed in Rhodococcus
opacus (13), A. nicotinovorans, Nocardioides sp. strain JS614, and
R. opacus (12), yet to our knowledge, no protein/gene has been
shown to be responsible for THP (the precursor of the blue pig-
ment) metabolism to date, probably due to the high degree of
instability of THP. In the case of Rhodococcus rhodochrous PY11,
the primary structure of the hpoH gene product is similar to that of
members of the cyclase superfamily. A BLAST search against the

sequences in the Protein Data Bank (PDB) revealed that the se-
quence of the HpoH protein shows similarity to the sequences of a
predicted metal-dependent hydrolase from Bacillus stearothermo-
philus (PDB accession no. 1R61) and a manganese-dependent
isatin hydrolase from Labrenzia aggregata IAM 12614 (PDB acces-
sion no. 4JON) (29) (with 26% and 23% sequence identity, respec-
tively), both of which belong to the cyclase superfamily. Three-
dimensional structure analysis of these two proteins revealed that
the conserved cyclase motif HXGTHXDXPXH is responsible for
the complexation of metal ions (two histidines and a glutamate are
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FIG 5 Proposed 2-hydroxypyridine catabolic pathway in Rhodococcus rhodochrous PY11. Compound 1, 2-hydroxypyridine; compound 16, cis-5,6-dihydro-5,6-
dihydroxy-2-pyridone; compound 17, 3,6-dihydroxy-1,2,3,6-tetrahydropyridin-2-one; compound 7, 2,3,6-trixydroxypyridine; compound 8, nicotine blue
pigment; compound 11, 2-ketoglutaramate; compound 12, a-ketoglutarate. HpoBCDF, four-component dioxygenase; HpoE, 2-pyridone-5,6-dihydro-cis-5,6-
diol dehydrogenase; HpoH, THP hydrolase; Hpol, 2-ketoglutaramate amidase.
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shown in bold). Therefore, it is natural to assume that cyclase
could function as a hydrolase in the presence of appropriate metal
ions. Moreover, in all known bacteria that produce a blue pigment
from nicotine, the homologs of hpoH are located in close proxim-
ity to operons confirmed to be responsible for nicotine degrada-
tion (12). Thus, we hypothesized that hpoH may encode the hy-
drolytic ring-opening activity.

To test this hypothesis, the hpoH gene was cloned into the
pNitQC1 plasmid to obtain pNitHpoH. After cotransformation
of R. erythropolis SQ1 with the pHpoBCDEFG and pNitHpoH
plasmids, the bacteria did not produce a blue pigment in the pres-
ence of 2HP but still retained the ability to metabolize this com-
pound. HPLC-MS analysis of the reaction products revealed a new
compound with a molecular mass of 145 Da (Fig. 4C), which
corresponded well to the molecular mass of hydrolyzed THP, con-
firming our hypothesis that the latter compound undergoes hy-
drolytic cleavage.

In water, THP exists in several tautomeric forms, one of which
is 3-hydroxypyridine-2,6(1H,3H)-dione. The most likely bond to
be hydrolyzed in THP is one of the amide bonds. If such is the case,
two products of THP hydrolysis by HpoH are possible: either
2-ketoglutaramate or 4-ketoglutaramate. The HPLC retention
time of a chemically synthesized 2-ketoglutaramate was identical
to that of the product of THP hydrolysis by HpoH (see Fig. S5 in
the supplemental material). Thus, the results presented here indi-
cate that the hypothetical cyclase HpoH is in fact a THP hydrolase.

The hpoI gene encodes a w-amidase for 2-ketoglutaramate. It
was recently shown that three Gram-positive soil bacteria, namely,
Arthrobacter nicotinovorans, Nocardioides sp. JS614, and Rhodo-
coccus opacus, all contain a homologous nitrilase gene located
within the gene cluster responsible for nicotine catabolism (12).
Moreover, it was confirmed experimentally that the aforemen-
tioned nitrilase catalyzed the conversion of 2-ketoglutaramate to
a-ketoglutarate (12). The amino acid sequence of Hpol from Rho-
dococcus rhodochrous PY11 showed significant similarity to these
nitrilases and contained the conserved Cys-Glu-Lys triad involved
in catalysis (12). We suggested above that the THP hydrolase may
generate 2-ketoglutaramate as a final product. The recombinant
Hpol protein expressed in E. coli exhibited w-amidase activity
with 2-ketoglutaramate as a substrate (see Fig. S5 in the supple-
mental material). When a product of THP hydrolysis was incu-
bated with a recombinant Hpol protein, the molecular mass of the
generated compound increased by 1 Da, and its HPLC retention
time matched that of a-ketoglutarate. These results strongly indi-
cate that the final products of 2HP degradation in Rhodococcus
rhodochrous PY11 are ammonium ion and a-ketoglutarate, which
is a key intermediate in the Krebs cycle.

Conclusions. A 60-kb genomic fragment containing genes that
are responsible for the degradation of 2HP in Rhodococcus rhodo-
chrous PY11 was identified and investigated. The first reaction of
2HP degradation is catalyzed by the four-component HpoBCDF
dioxygenase. The second enzymatic step in 2HP degradation is
oxidation of cis-5,6-dihydro-5,6-dihydroxy-2-pyridone to render
THP. This reaction is catalyzed by the hpoE gene product, whose
primary structure is similar to the primary structures of short-
chain dehydrogenases/reductases. After the initial hydroxylation,
the next step in the aerobic degradation of cyclic aromatic com-
pounds is a ring cleavage. We experimentally confirmed that the
hpoH gene product catalyzes the hydrolytic ring opening of THP
and identified the missing link in THP degradation. The product
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of THP hydrolysis is further metabolized via a hydrolysis reaction
catalyzed by Hpol. The recombinant Hpol nitrilase converted
2-ketoglutaramate to a-ketoglutarate.

A complete set of genes responsible for aerobic 2HP degrada-
tion in Rhodococcus rhodochrous PY11 was identified and success-
fully expressed in heterologous hosts. The isolation of intermedi-
ate metabolites and their subsequent analysis allowed us to fully
elucidate the catabolic pathway of 2HP. Our results enrich the
understanding of the degradation pathways of N-heterocyclic ar-
omatic compounds and provide further insights into the chemis-
try and biochemistry of the bacterial degradation of xenobiotics.
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