
Membrane-Associated Glucose-Methanol-Choline Oxidoreductase
Family Enzymes PhcC and PhcD Are Essential for Enantioselective
Catabolism of Dehydrodiconiferyl Alcohol

Kenji Takahashi,a Yusaku Hirose,a Naofumi Kamimura,a Shojiro Hishiyama,b Hirofumi Hara,c Takuma Araki,a Daisuke Kasai,a

Shinya Kajita,d Yoshihiro Katayama,e Masao Fukuda,a Eiji Masaia

Department of Bioengineering, Nagaoka University of Technology, Nagaoka, Niigata, Japana; Forestry and Forest Products Research Institute, Tsukuba, Ibaraki, Japanb;
Department of Environmental Engineering and Green Technology, Malaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia, Kuala Lumpur,
Malaysiac; Graduate School of Bio-Applications and Systems Engineering, Tokyo University of Agriculture and Technology, Koganei, Tokyo, Japand; College of Bioresource
Sciences, Nihon University, Fujisawa, Kanagawa, Japane

Sphingobium sp. strain SYK-6 is able to degrade various lignin-derived biaryls, including a phenylcoumaran-type compound,
dehydrodiconiferyl alcohol (DCA). In SYK-6 cells, the alcohol group of the B-ring side chain of DCA is initially oxidized to the
carboxyl group to generate 3-(2-(4-hydroxy-3-methoxyphenyl)-3-(hydroxymethyl)-7-methoxy-2,3-dihydrobenzofuran-5-yl)
acrylic acid (DCA-C). Next, the alcohol group of the A-ring side chain of DCA-C is oxidized to the carboxyl group, and then the
resulting metabolite is catabolized through vanillin and 5-formylferulate. In this study, the genes involved in the conversion of
DCA-C were identified and characterized. The DCA-C oxidation activities in SYK-6 were enhanced in the presence of flavin ade-
nine dinucleotide and an artificial electron acceptor and were induced ca. 1.6-fold when the cells were grown with DCA. Based on
these observations, SLG_09480 (phcC) and SLG_09500 (phcD), encoding glucose-methanol-choline oxidoreductase family pro-
teins, were presumed to encode DCA-C oxidases. Analyses of phcC and phcD mutants indicated that PhcC and PhcD are essen-
tial for the conversion of (�)-DCA-C and (�)-DCA-C, respectively. When phcC and phcD were expressed in SYK-6 and Esche-
richia coli, the gene products were mainly observed in their membrane fractions. The membrane fractions of E. coli that
expressed phcC and phcD catalyzed the specific conversion of DCA-C into the corresponding carboxyl derivatives. In the oxida-
tion of DCA-C, PhcC and PhcD effectively utilized ubiquinone derivatives as electron acceptors. Furthermore, the transcription
of a putative cytochrome c gene was significantly induced in SYK-6 grown with DCA. The DCA-C oxidation catalyzed by mem-
brane-associated PhcC and PhcD appears to be coupled to the respiratory chain.

Lignin, one of the major components of plant cell walls, is a
complex phenolic polymer resulting from the oxidative com-

binatorial coupling of 4-hydroxycinnamyl alcohols (1). Although
lignin has various intermolecular linkages between phenylpro-
pane units and contains a number of asymmetric carbons, it is
considered to be optically inactive, implying the racemic nature of
the lignin backbone (2–4). In nature, lignin is initially decom-
posed by phenol oxidases such as lignin peroxidase, manganese
peroxidase, versatile peroxidase, and laccase secreted by white rot
fungi (5–7). Recently, dye-decolorizing peroxidases (Dyp) of Rho-
dococcus (8) and Amycolatopsis (9) and small laccase of Streptomy-
ces (10) were characterized, and these enzymes have been impli-
cated as being involved in lignin degradation. In addition, bacteria
play key roles in the degradation and mineralization of low-mo-
lecular-weight aromatic compounds derived from lignin (11, 12).
Since fragmented oligomers from lignin consist of stereoisomers
that contain various types of intermolecular linkages between
phenylpropane units, catabolic enzymes necessary for the conver-
sion of such stereoisomers must have evolved in bacteria to fully
utilize structurally and stereochemically complicated lignin-de-
rived aromatics as a source of carbon and energy. In fact, we found
the involvement of three stereospecific dehydrogenases (C�-de-
hydrogenases) (13) and three enantioselective glutathione
S-transferases (�-etherases) (14, 15), respectively, of Sphingobium
sp. strain SYK-6 in the conversion of four different stereoisomers
of guaiacylglycerol-�-guaiacyl ether into enantiomers of �-(2-
methoxyphenoxy)-�-hydroxypropiovanillone (MPHPV) and the

ether cleavage of enantiomers of MPHPV. Therefore, detailed
analyses of the enzyme genes in each catabolic pathway of lignin-
derived aromatics are essential to fully understand bacterial lignin
degradation. Furthermore, an understanding of these catabolic
systems will establish a solid foundation for the challenges en-
countered in lignin valorization, including the production of val-
ue-added chemicals from lignin (16–18).

An alphaproteobacterium, Sphingobium sp. strain SYK-6, is
the best-characterized bacterial degrader of lignin-derived aro-
matic compounds (19). The catabolic pathways and catabolic
genes in this strain for �-aryl ether (13–15), biphenyl (20–22),
pinoresinol (23), ferulate (24, 25), vanillin (26, 27), and syringate
(28) have been extensively characterized. However, the catabolic
genes for a phenylcoumaran compound, dehydrodiconiferyl alco-
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hol (DCA), remain largely unknown. The phenylcoumaran link-
age accounts for 3 to 10% of the total intermolecular linkages in
lignin (29), and DCA is known as one of the major dilignols gen-
erated in lignifying xylem (30, 31). An outline of the catabolic
pathway of DCA in Sphingomonas paucimobilis TMY1009 was first
proposed by Habu et al. (32). We later found a similar catabolic
route for DCA in SYK-6, and provided a detailed characterization
(Fig. 1) (33). In SYK-6 cells, the alcohol group of the B-ring side
chain of DCA was first oxidized to the carboxyl group to generate
3-(2-(4-hydroxy-3-methoxyphenyl)-3-(hydroxymethyl)-7-
methoxy-2,3-dihydrobenzofuran-5-yl) acrylic acid (DCA-C) via
an aldehyde derivative, 3-(2-(4-hydroxy-3-methoxyphenyl)-3-
(hydroxymethyl)-7-methoxy-2,3-dihydrobenzofuran-5-yl) acry-
laldehyde (DCA-L). Then the resulting DCA-C was converted to
5-(2-carboxyvinyl)-2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-
2,3-dihydrobenzofuran-3-carboxylic acid (DCA-CC) by the two-
step oxidations of the alcohol group of the A-ring side chain of
DCA-C. DCA-CC was decarboxylated to produce 3-(4-hydroxy-
3-(4-hydroxy-3-methoxystyryl)-5-methoxyphenyl) acrylic acid
(DCA-S), and this lignostilbene was further cleaved between C�
and C� of the A-ring side chain to form vanillin and 5-formylferu-
late. Our previous study also suggested that the multiple genes
encoding quinohemoprotein alcohol dehydrogenases (quinohe-
moprotein ADH) and aryl ADH, as well as four aldehyde dehy-
drogenase (ALDH) genes, are involved in the oxidation of DCA
and DCA-L, respectively (33). In addition, Kamoda et al. reported
that four isozymes of different lignostilbene �,�-dioxygenases of
TMY1009 had the ability to cleave the interphenyl �, � double

bond of DCA-S (34, 35). Nevertheless, no reports on the genes and
enzymes involved in the conversions of DCA-C to DCA-S have
been documented to date. Interestingly, quinohemoprotein ADH
and aryl ADH, which were able to oxidize the alcohol group of the
B-ring side chain of DCA, showed little or no activity in the oxi-
dation of the alcohol group of the A-ring side chain of DCA-C
(33). These facts suggested that other types of enzymes participate
in the oxidation of DCA-C in SYK-6.

In this study, on the basis of the cofactor requirements and
induction profiles of the enzyme activities for the conversion of
DCA-C in SYK-6, we identified two genes encoding glucose-
methanol-choline (GMC) oxidoreductase family proteins.
Gene disruption experiments and characterization of the gene
products uncovered the actual roles of these genes in the catab-
olism of DCA.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The strains and plas-
mids used in this study are listed in Table 1. Sphingobium sp. strain SYK-6
and its mutants were grown in lysogeny broth (LB; 10 g/liter of Bacto
tryptone, 5 g/liter of yeast extract, and 5 g/liter of NaCl) and Wx minimal
medium (25) containing SEMP (10 mM sucrose, 10 mM glutamate, 0.13
mM methionine, and 10 mM proline) and 2 mM DCA or DCA-C at 30°C.
When necessary, 50 mg of kanamycin (Km)/liter was added to the cul-
tures. Escherichia coli strains were grown in LB at 37°C. For cultures of cells
carrying antibiotic resistance markers, the media for E. coli transformants
were supplemented with 100 mg of ampicillin (Ap)/liter, 25 mg of Km/
liter, or 12.5 mg of tetracycline (Tc)/liter.

FIG 1 (A) Proposed catabolic pathway of DCA in Sphingobium sp. strain SYK-6. Enzymes: ADHs, alcohol dehydrogenases; ALDHs, aldehyde dehydrogenases;
PhcC and PhcD, DCA-C oxidases. (B) Gene organization of SLG_09480 (phcC) and SLG_09500 (phcD) involved in the oxidation of DCA-C. Arrows indicate the
genes from SLG_09470 to SLG_09520. The thick line under the map indicates the location of amplified RT-PCR product shown in panel C. (C) Agarose gel
electrophoresis of RT-PCR products (a phcC-phcD intergenic region) amplified with primers shown in Materials and Methods using the following templates:
total DNA of SYK-6 (lane 1), reverse transcripts of total RNA of SYK-6 (lane 2), and total RNA of SYK-6 (lane 3). M, molecular size markers.

Enantiospecific Oxidases for Phenylcoumaran Catabolism
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Preparation of substrates. DCA, DCA-L, DCA-C, DCA-CC, and
DCA-S were prepared as described previously (33). Guaiacylglycerol-�-
guaiacyl ether (GGE), coniferyl alcohol, and vanillyl alcohol were pur-
chased from Tokyo Chemical Industry Co., Ltd., or Wako Pure Chemical
Industries, Ltd. 2-(4-Hydroxy-3-methoxyphenyl)-5-(3-hydroxyprop-1-
enyl)-7-methoxy-2,3-dihydrobenzofuran-3-carboxylic acid (DCA-AC)
was prepared by selective reduction of DCA-CC. To a stirred solution of
DCA-CC diethyl ester (221 mg; 0.5 mmol; prepared by oxidative coupling
of ethyl ferulate) and imidazole (68 mg; 1.0 mmol) in tetrahydrofuran (8
ml), tert-butyldimethylsilyl chloride (TBSCl; 106 mg; 0.7 mmol) was
added. After being stirred at room temperature for 12 h, the reaction
mixture was concentrated in vacuo, and the residue was purified by a silica
gel column chromatography (hexane-ethyl acetate, 5/1) to give TBS-pro-
tected DCA-CC diethyl ester (compound A; 248.3 mg; 89%) as a white
solid. To a stirred solution of compound A (240 mg; 0.43 mmol) in tetra-
hydrofuran (20 ml) at �10°C, diisobutylaluminum hydride (1.04 M in
hexane; 1.0 ml; 1.08 mmol) was slowly added. After being stirred at 0°C for
30 min, a saturated aqueous solution of NH4Cl was added. The reaction

was warmed to room temperature and diluted with ethyl acetate. A satu-
rated aqueous solution of Rochelle’s salt was added, and the biphasic
mixture was vigorously stirred for 6 h. The organic layer was separated
and concentrated in vacuo, and the crude product was purified by silica gel
column chromatography (hexane-ethyl acetate, 3/2) to give TBS-pro-
tected DCA-AC ethyl ester (compound B; 170.9 mg; 85%) as a colorless
oil. To a stirred solution of compound B (55.9 mg; 0.109 mmol) in diox-
ane (1.0 ml), 2 N NaOH (0.5 ml) was added dropwise at room tempera-
ture. After being stirred for 1.5 h, 1 N HCl (2.0 ml) was added, and the
reaction mixture was extracted by ethyl acetate. The organic layer was
concentrated in vacuo, and the residue was purified by silica gel column
chromatography (ethyl acetate-methanol, 10/1) to give DCA-AC (36.6
mg; 91%) as a white solid. 1H nuclear magnetic resonance (NMR) (400
MHz, acetone-d6): � (ppm) 7.72 (1H, bs), 7.09 (1H, d, J � 2.0 Hz), 7.08
(1H, bs), 7.03 (1H, bs), 6.92 (1H, dd, J � 8.1, 2.0 Hz), 6.84 (1H, d, J � 8.1
Hz), 6.56 (1H, d, J � 15.6 Hz), 6.28 (1H, dt, J � 15.6, 5.4 Hz), 5.99 (1H, d,
J � 8.1 Hz), 4.37 (1H, d, J � 8.1 Hz), 4.21 (1H, dd, J � 5.4, 1.0 Hz), 3.88
(3H, s), 3.85 (3H, s). 13C NMR (100 MHz, acetone-d6): � (ppm) 172.2,

TABLE 1 Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)a Reference or source

Sphingobium sp. strains
SYK-6 Wild type; Nalr Smr 68
SME110 SYK-6 derivative; phcC::kan; Nalr Smr Kmr This study
SME111 SYK-6 derivative; phcD::kan; Nalr Smr Kmr This study
SME112 SYK-6 derivative; phcC-phcD::kan; Nalr Smr Kmr This study

E. coli strains
BL21(DE3) F� ompT hsdSB(rB

� mB
�) gal dcm (DE3); T7 RNA polymerase gene under the control of the

lacUV5 promoter
69

HB101 recA13 supE44 hsd20 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 70
NEB 10-beta araD139 �(ara-leu)7697 fhuA lacX74 galK (�80 �lacZ M15) recA1 endA1 nupG rpsL (Smr)

�(mrr-hsdRMS-mcrBC)
New England

Biolabs

Plasmids
pT7Blue Cloning vector; Apr Novagen
pBluescript II KS(	) Cloning vector; Apr 71
pET-16b Expression vector; T7 promoter; Apr Novagen
pJB866 RK2 broad-host-range expression vector; Tcr Pm xylS 72
pJB861 RK2 broad-host-range expression vector; Kmr Pm xylS 72
pK19mobsacB oriT sacB; Kmr 73
pIK03 pBluescript II KS(	) with a 1.3-kb EcoRV fragment carrying kan of pUC4K; Apr Kmr 28
pKS09480-500 pBluescript II KS(	) with a 3.9-kb PCR-amplicon carrying phcC and phcD This study
pKS09480 pBluescript II KS(	) with a 2.4-kb BglII-BamHI fragment carrying phcC from pKS09480-500 This study
pKS09500 pBluescript II KS(	) with a 2.7-kb XhoI-SacI fragment carrying phcD from pKS09480-500 This study
pKS09480K pKS09480 with a 1.3-kb EcoRV fragment carrying kan from pIK03 into HincII site of phcC This study
pKS09500K pKS09500 with a 1.3-kb EcoRV fragment carrying kan from pIK03 into HincII site of phcD This study
pKmb09480K pK19mobsacB with a 3.7-kb KpnI-BamHI fragment carrying disrupted phcC of pKS09480K This study
pKmb09500K pK19mobsacB with a 4.0-kb KpnI-SacI fragment carrying disrupted phcD of pKS09500K This study
pT09480-500 pT7Blue with a 3.9-kb PCR-amplicon carrying phcC and phcD This study
pT09480-500K pT09480-500 with a 1.3-kb EcoRV fragment carrying kan from pIK03 into HincII site of phcC

and phcD
This study

pKmb09480-500K pK19mobsacB with a 3.0-kb SphI-BamHI fragment carrying disrupted phcC and phcD of
pT09480-500K

This study

pT09480 pT7Blue with a 1.7-kb PCR-amplicon carrying phcC This study
pT09500 pT7Blue with a 1.8-kb PCR-amplicon carrying phcD This study
pT09480Xba pT7Blue with a 1.8-kb XbaI-BamHI fragment carrying phcC from pT09480 This study
pT09500Xba pT7Blue with a 1.9-kb XbaI-BamHI fragment carrying phcD from pT09500 This study
pET09480 pET-16b with a 1.7-kb NdeI-BamHI fragment carrying phcC from pT09480 This study
pET09500 pET-16b with a 1.8-kb NdeI-BamHI fragment carrying phcD from pT09500 This study
pJBVI09480 pJB866 with a 1.8-kb HindIII-BamHI fragment carrying phcC from pT09480Xba This study
pJBVI09500 pJB866 with a 1.9-kb HindIII-BamHI fragment carrying phcD from pT09500Xba This study
pJBI09480 pJB861 with a 1.8-kb KpnI-BamHI fragment carrying phcC from pJBVI09480 This study
pJBI09500 pJB861 with a 1.9-kb KpnI-BamHI fragment carrying phcD from pJBVI09500 This study

a Kmr, Nalr, Smr, Apr, and Tcr, resistance to kanamycin, nalidixic acid, streptomycin, ampicillin, and tetracycline, respectively.

Takahashi et al.
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148.5, 148.4, 147.8, 145.5, 132.7, 132.4, 130.1, 129.0, 127.2, 120.0, 116.0,
115.8, 112.0, 110.6, 63.3, 56.4, 56.3, 56.2.

Enzyme assays. Cells of SYK-6 grown in LB were washed with Wx
medium, resuspended in Wx-SEMP to an optical density at 600 nm
(OD600) of 0.2, and grown at 30°C. When the OD600 of the culture reached
0.5, DCA (2 mM) was added to the culture and then the culture was
incubated for 2 h. Cells were collected by centrifugation (5,000 
 g for 10
min at 4°C) and washed twice with 50 mM Tris-HCl buffer (pH 7.5; buffer
A). The cells were resuspended in the same buffer and sonicated by an
ultrasonic disintegrator (UD201; Tomy Seiko Co.) (23). After the cell
lysate was centrifuged at 19,000 
 g for 15 min at 4°C, the resulting
supernatant was used as the cell extract. The cell extract was further cen-
trifuged at 120,000 
 g for 1 h at 4°C. The resultant pellet and supernatant
were used for the precipitated fraction (defined as the membrane fraction)
and the soluble fraction, respectively. Protein concentrations were deter-
mined by Lowry’s assay using a commercially available detection kit (DC
protein assay; Bio-Rad Laboratories). Cell extracts of SYK-6 (300 �g of
protein/ml, 500 �g/ml, 50 �g/ml, and 200 �g/ml) were incubated with
100 �M substrate (DCA, DCA-C, DCA-CC, and DCA-S) in the presence
and absence of 300 �M NAD	, 300 �M pyrroloquinoline quinone (PQQ)
plus 300 �M 1-methoxy-5-methylphenazinium methylsulfate (PMS), or
300 �M flavin adenine dinucleotide (FAD) plus 300 �M PMS at 30°C.
The reactions were stopped by the addition of methanol (final concentra-
tion, 50%) after 10, 30, 5, and 10 min of incubation with DCA, DCA-C,
DCA-CC, and DCA-S, respectively. Precipitated proteins were removed
by centrifugation at 19,000 
 g for 15 min. The resulting supernatant
diluted with 50% acetonitrile (final concentration, 17%) was analyzed by
a high-performance liquid chromatography (HPLC; Acquity ultraperfor-
mance liquid chromatography [UPLC]) system (Waters) coupled with an
Acquity TQ detector (Waters) using a TSKgel ODS-140HTP column (2.1
by 100 mm; Tosoh) as described previously (36). The mobile phase of the
HPLC system was a mixture of water (75%) and acetonitrile (25%) con-
taining formic acid (0.1%) at a flow rate of 0.3 ml/min. In the electrospray
ionization-mass spectrometry (ESI-MS) analysis, MS spectra were ob-
tained using the negative-ion mode according to the settings described for
a previous study (36). DCA, DCA-C, DCA-CC, and DCA-S were detected
at 277, 327, 324, and 323 nm, respectively. One unit of enzyme activity was
defined as the amount that degrades 1 �mol of substrate/min.

Microarray preparation. An array of 5,542 specific oligonucleotides
(5,447 45-mer and 95 35-mer; melting temperature, 72 � 5°C) was de-
signed based on the Sphingobium sp. SYK-6 genome sequence (GenBank
accession no. AP012222 and AP012223). The oligonucleotides were de-
signed using sequences from the 4,063 putative genes and synthesized by
Sigma-Genosys (Sigma-Aldrich) and printed onto glass slides by Kaken-
Geneqs. As a positive control, all of the oligonucleotides were mixed and
printed at the corners of each subgrid.

RNA isolation and cDNA synthesis for microarray analysis. Cells of
SYK-6 were grown in Wx-SEMP until the OD600 of the culture reached
0.5. Cultures were further incubated with 2 mM DCA for 2 h, with 2 mM
vanillate for 6 h, or without any substrates for 2 h. Total RNA was isolated
using Isogen II reagent (Nippon Gene) according to the manufacturer’s
instructions. Purified RNA was then treated with RNase-free DNase I
(Roche) to remove any contaminated DNA. RNA samples isolated from
three independent cultures were used for cDNA synthesis. Total RNA
(6 �g) was labeled using an indirect method in which aminoallyl-dUTPs
were incorporated by reverse transcription using a mixture of two kinds of
random hexamers, normal GC content (Invitrogen) and high GC content
(70%) (Sigma), 5-(3-aminoallyl)-dUTP (Ambion), and PrimeScript II
reverse transcriptase (TaKaRa Bio Inc.). The RNA template was then de-
graded through incubation with 0.2 N NaOH and 0.1 M EDTA, followed
by a neutralization using 1 M HEPES (pH 7.5). For a control of microarray
hybridization, genomic DNA (gDNA) was prepared. gDNA was isolated
from SYK-6 and fragmented by sonication to an average size of 1,000 bp.
Resultant gDNA (4 �g) was labeled using 5-(3-aminoallyl)-dUTP and
Klenow fragment (Roche). Cy3 and Cy5 dyes were coupled to the amino-

allyl-dUTP in the cDNA and gDNA, respectively, in the presence of 0.1 M
sodium bicarbonate (pH 9.0). The unlabeled dyes were removed using the
QIAquick PCR purification system (Qiagen).

Microarray hybridization and data analysis. We performed dupli-
cate competitive hybridization experiments using equal amounts of Cy3-
and Cy5-labeled probes. Hybridizations were performed in a GeneTac
HybStation instrument (Genomic Solutions). Hybridized arrays were im-
mediately scanned using a GenePix 4000B scanner (Axon Instruments),
and the spot intensities were quantified using Imagene 6.1 (BioDiscov-
ery). To clarify the expression pattern of Wx-SEMP plus DCA–Wx-SEMP
and Wx-SEMP plus vanillate–Wx-SEMP, in silico analysis was conducted
by the LIMMA (linear model for microarray analysis) loess (subgrid)
method using ArrayPipe 2.0. Average normalized expression ratios (treat-
ment/control) were calculated for each gene and tested for significant
variation between treatments (analysis of variance [ANOVA]).

Sequence analysis. Sequence analysis was performed with the
MacVector program (MacVector, Inc.). Sequence similarity searches were
carried out using the BLAST program (37). Pairwise and multiple align-
ments were performed with the EMBOSS alignment tool (38) and the
ClustalW2 program (39), respectively. Phylogenetic trees were generated
using the FigTree program (http://tree.bio.ed.ac.uk/software/figtree/).

Construction of mutants. A DNA fragment carrying phcC and phcD
was amplified by PCR using total DNA of SYK-6 as a template and primers
5=-GCGGGATCCACGGCGGGAAGAGGG-3= and 5=-ATCTTCACCGG
GCCGGCGCCGTAGC-3=. A 3.9-kb HindIII-BamHI fragment of the
PCR amplicon was ligated in pBluescript II KS(	) and pT7Blue to obtain
pKS09480-500 and pT09480-500, respectively. The 2.4-kb BglII (blunt-
ended)-BamHI fragment carrying phcC from pKS09480-500 was cloned
into the XhoI (blunt-ended) and BamHI sites of pBluescript II KS(	) to
generate pKS09480. The 1.3-kb EcoRV fragment carrying the Km resis-
tance gene (kan) of pIK03 was inserted into the HincII site in phcC of
pKS09480. The 3.7-kb KpnI-BamHI fragment of the resultant plasmid,
pKS09480K, was ligated into the SalI-BamHI sites of pK19mobsacB, and
then pKmb09480K was obtained. The 2.7-kb XhoI-SacI fragment of
pKS09480-500 carrying phcD was cloned into the same sites of pBluescript
II KS(	) to create pKS09500. The 1.3-kb EcoRV fragment carrying kan
was inserted into the HincII site in phcD of pKS09500. The 4.0-kb KpnI-
SacI fragment of the resultant plasmid, pKS09500K, was blunted and in-
serted into the SmaI site of pK19mobsacB, and pKmb09500K was ob-
tained. The 1.3-kb EcoRV fragment carrying kan was ligated to the HincII
sites in phcC and phcD of pT09480-500. The 3.0-kb SphI-BamHI frag-
ment of the resultant plasmid, pT09480-500K, was ligated to the same
sites of pK19mobsacB to obtain pKmb09480-500K.

The resulting plasmids were independently introduced into SYK-6
cells by electroporation, and candidate mutants were isolated as described
previously (40). The disruption of each gene was examined by Southern
hybridization analysis. Total DNA of candidates for SME110, SME111,
and SME112 were digested with HindIII-EcoRI, PstI-SalI, and XhoI, re-
spectively. A 1.7-kb NdeI-BamHI fragment carrying phcC, a 1.8-kb NdeI-
BamHI fragment carrying phcD, a 3.9-kb HindIII-BamHI fragment car-
rying phcC and phcD, and a 1.3-kb EcoRV fragment carrying kan were
labeled with the digoxigenin system (Roche) and used as probes.

Characterization of mutants. Cells of SYK-6, SME110, SME111, and
SME112 were grown in LB. After 12 h of incubation, cells were collected
by centrifugation, washed twice with buffer A, and resuspended in 1 ml of
the same buffer. After the addition of 100 �M substrate (DCA or DCA-C),
resting cells (OD600 of 0.5 or 1.0) were incubated at 30°C with shaking.
Portions of the cultures were collected at various sampling time points.
The reactions were stopped by centrifugation, and the supernatants were
filtered and analyzed by HPLC using a TSKgel ODS-140HTP column and
Chiralcel OD-RH column (4.6 by 150 mm; DAICEL). The same mobile
phase as described above was used, and the flow rates were 0.3 and 0.7
ml/min, respectively. To determine the optical rotation of the racemic
DCA-C preparation, the sample was separated by an HPLC system (Shi-
madzu) using a Chiralcel OD-RH column. The same mobile phase as
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described above was used, and the flow rate was 0.8 ml/min. Optical
rotations were measured with a laser polarimeter (APL4; PDR-Separa-
tions) at 426 nm.

Reverse transcription-PCR (RT-PCR). Total RNA was prepared
from SYK-6 cells grown with DCA according to the method described
above. cDNA was synthesized by the method described previously (41)
except for using PrimeScript II reverse transcriptase. PCR was performed
with the resultant cDNA with primers 5=-GCACATCGTCATAGCTCC
A-3= and 5=-GGCATCTTCCTCAACCTGT-3= and Q5 Hot Start high-
fidelity DNA polymerase (New England BioLabs Inc.). A control PCR was
performed with reverse transcriptase-negative samples to verify the ab-
sence of genomic DNA contamination. The resultant PCR products were
subjected to agarose gel electrophoresis.

Expression of phcC and phcD in SYK-6 and E. coli. A 1.7-kb fragment
carrying phcC and a 1.8-kb fragment carrying phcD were amplified by
PCR using total DNA of SYK-6 as a template and primer sets as follows:
for phcC amplification, 5=-AACTCTGACATATGGCCAGCAAAACG-3=
and 5=-GCGGGATCCACGGCGGGAAGAGGG-3=, and for phcD ampli-
fication, 5=-CCGAGAGCATATGAATCATCATGAACTCC-3= and 5=-G
AAGGATCCGATATAGCGCTCGAAATCC-3=. The PCR-amplified
fragments were ligated in pT7Blue, and the nucleotide sequences of the
inserts were determined. The 1.7-kb NdeI-BamHI fragment carrying
phcC and 1.8-kb NdeI-BamHI fragment carrying phcD of the resulting
plasmids were cloned into pET-16b to obtain pET09480 and pET09500.
pJBI09480 and pJBI09500 were created using the DNA fragments carrying
phcC and phcD derived from pET09480 and pET09500 through the gen-
eration of plasmids pT09480Xba, pT09500Xba, pJBVI09480, and
pJBVI09500.

E. coli BL21(DE3) cells harboring pET09480 or pET09500 were grown
in LB at 30°C, and the expression of the genes was induced for 24 h at 16°C
by adding 100 �M isopropyl-�-D-thiogalactopyranoside when the OD600

of the culture reached 0.5. SYK-6 cells harboring pJBI09480 and
pJBI09500 were grown in LB at 30°C, and the expression of the genes was
induced for 12 h at 30°C by adding 1 mM m-toluate when the OD600 of the
culture reached 0.5. Cells of the E. coli and SYK-6 transformants were then
harvested by centrifugation and washed with buffer A. The cells resus-
pended in the same buffer were sonicated, and the cell lysates were ob-
tained. After the cell lysates were centrifuged at 19,000 
 g for 15 min at
4°C, the resulting supernatants were used as the cell extracts. The cell
extracts were further centrifuged at 120,000 
 g for 1 h at 4°C. The resul-
tant pellet and supernatant were used for the precipitated fraction (mem-
brane fraction) and the soluble fraction. The expression of the genes was
confirmed using SDS-12% polyacrylamide gel electrophoresis (PAGE).
Protein bands in gels were stained with Coomassie brilliant blue.

Cellular localizations of PhcC and PhcD in SYK-6. Cellular localiza-
tions of PhcC and PhcD were determined by measuring the activities for
the conversion of DCA in the membrane and soluble fractions prepared
from the SYK-6 cells harboring pJBI09480 and pJBI09500 grown in LB. A
1-ml assay mixture containing buffer A, 300 �M FAD, 300 �M PMS, and
100 �M DCA-C was mixed with cell extracts (100 �g of protein), the
soluble fraction containing PhcC or PhcD (200 �g and 500 �g of protein),
or the membrane fraction containing PhcC or PhcD (20 �g of protein).
Reactions were carried out at 30°C and then stopped by the addition of
methanol (final concentration, 50%) after 3 min (for the reaction with
PhcC) and 5 min (for the reaction with PhcD) of incubation. Precipitated
proteins were then removed by centrifugation at 19,000 
 g for 15 min,
and the supernatants diluted with 50% acetonitrile (final concentration,
17%) were analyzed by HPLC.

Enantiospecificities of PhcC and PhcD. The membrane fractions pre-
pared from E. coli cells harboring pET09480 and pET09500 grown in LB
were employed for the enzyme characterization of PhcC and PhcD. To
determine the enantiospecificities, the membrane fractions containing
PhcC or PhcD (10 or 100 �g/ml of protein) were incubated in a reaction
mixture containing buffer A, 200 �M DCA-C, 300 �M FAD, and 300 �M
PMS. After incubation for 10 min, the reaction was terminated by the

addition of methanol (final concentration, 50%). To isolate the remaining
DCA-C in the reactions, the supernatants were extracted with ethyl ace-
tate, and the compounds were separated by thin-layer chromatography
using Silica Gel 60 F254 (Merck Millipore) with a solvent mixture of
71.4% benzene, 21.4% ethyl acetate, and 7.2% acetic acid. Compounds
were visualized under UV light at 254 nm. DCA-C has an Rf of 0.41 in this
system and was extracted with ethyl acetate. The resultant compound was
analyzed by chiral HPLC analysis under the conditions described above.

Identification of the reaction products. In the presence of 300 �M
FAD and 300 �M PMS, 200 �M DCA-C was incubated with the mem-
brane fractions containing PhcC (10 �g of protein/ml) or PhcD (100 �g of
protein/ml) for 30 min at 30°C. The supernatants were analyzed by HPLC
and ESI-MS under the conditions described above.

Substrate preferences. The activities of PhcC and PhcD for the oxi-
dation of DCA, DCA-L, DCA-C, GGE, coniferyl alcohol, and vanillyl
alcohol were determined by measuring the decrease in the amount of
substrates by HPLC analysis. The enzyme reactions were carried out in a
1-ml reaction mixture containing buffer A, 300 �M FAD, 300 �M PMS,
100 �M substrate, and the membrane fractions containing PhcC or PhcD
(5 or 50 �g of protein) at 30°C for 3 min (for the reaction with PhcC) and
5 min (for the reaction with PhcD). The decrease in the substrates (DCA,
DCA-L, and DCA-C) and the generation of the reaction products were
determined by HPLC and ESI-MS analysis under the conditions described
above. In analyzing the activities for GGE, coniferyl alcohol, and vanillyl
alcohol, mobile phases consisting of a mixture of water and acetonitrile
(80:20, 85:15, and 95:5) containing formic acid (0.1%) were used. DCA,
DCA-L, DCA-C, GGE, coniferyl alcohol, and vanillyl alcohol were de-
tected at 277, 346, 327, 277, 263, and 279 nm, respectively.

Optimum pH and temperatures. The optimal pH was determined in
a 1-ml reaction mixture containing 300 �M FAD, 300 �M PMS, 100 �M
DCA-C, and the membrane fractions containing PhcC or PhcD (5 or 50
�g of protein) at pH ranges from 6.0 to 10.0 using 50 mM GTA buffer (50
mM 3,3-dimethylglutarate, 50 mM Tris, and 50 mM 2-amino-2-methyl-
1,3-propanediol; pH 6.0 to 9.0) and 50 mM CHES [2-(N-cyclohexylami-
no)ethanesulfonic acid] buffer (pH 8.6 to 10) at 30°C. The optimal tem-
peratures for PhcC and PhcD were determined in a 1-ml reaction mixture
containing 50 mM GTA buffer (pH 9.0 for PhcC and pH 7.5 for PhcD),
300 �M FAD, 300 �M PMS, 100 �M DCA-C, and the membrane frac-
tions containing PhcC or PhcD (5 or 50 �g of protein) at temperature
ranges from 10 to 50°C.

Identification of the flavin cofactor. In order to identify the flavin
cofactor in PhcC, a 100-�l solution of the membrane fraction containing
PhcC (485 �g of protein) was incubated in boiling water for 10 min.
Precipitated proteins were removed by centrifugation at 19,000 
 g for 15
min. The resulting supernatant was analyzed using HPLC with an Acquity
UPLC BEH C18 column (2.1 by 100 mm; Waters). The mobile phase of the
HPLC system was a mixture of water (90%) and acetonitrile (10%) con-
taining formic acid (0.1%) at a flow rate of 0.5 ml/min.

Effects of ubiquinone derivatives on the enzyme activities. To inves-
tigate the role of ubiquinone as an electron acceptor of PhcC and PhcD,
the activities of these enzymes for the conversion of DCA-C in the pres-
ence of water-soluble short-chain ubiquinone (coenzyme Q10 [CoQ10])
analogs, 2,3-dimethoxy-5-methyl-1,4-benzoquinone (CoQ0) and 2,3-di-
methoxy-5-methyl-6-(3-methyl-2-butenyl)-1,4-benzoquinone (CoQ1),
were determined. The enzyme reactions were carried out in a 1-ml reac-
tion mixture containing GTA buffer (pH 9.0 or 7.5), 200 �M DCA-C, 300
�M FAD, 300 �M CoQ0 or CoQ1, and the membrane fractions contain-
ing PhcC or PhcD (5 or 50 �g of protein) at 30°C for 3 min (for the
reaction with PhcC) and 5 min (for the reaction with PhcD). The decrease
in the substrates was determined by HPLC analysis.

Microarray data accession number. Details of the microarray design,
transcriptomic experimental design, and transcriptomic data have been
deposited in the NCBI Gene Expression Omnibus (http://www.ncbi.nlm
.nih.gov/geo/) and are accessible through GEO series accession number
GSE71789.
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RESULTS
Cofactor requirements, cellular localizations, and induction
profiles of DCA catabolic enzymes. In order to characterize the
enzymes involved in the catabolism of DCA in Sphingobium sp.
SYK-6, localizations and induction profiles of the enzyme activi-
ties in SYK-6 toward DCA, DCA-C, DCA-CC, and DCA-S were
examined (Table 2). The effects of the addition of NAD	, PQQ
plus PMS, and FAD plus PMS on the enzyme activities to convert
DCA and DCA-C were also investigated (Table 2).

The extract of SYK-6 cells grown with DCA exhibited the high-
est specific activities for the conversion of DCA when NAD	 was
added to the reaction mixture. In contrast, the specific activities in
the presence of PQQ plus PMS or FAD plus PMS were ca. 35 to
43% of the activity obtained with NAD	. To examine the local-
ization of the enzyme, cell extracts of SYK-6 were fractionated into
the soluble fraction and the precipitated fraction (defined as the
membrane fraction) by ultracentrifugation. The amount of pro-
teins in the membrane fraction was estimated to account for ca.
9.4% (wt/wt) of the total cellular proteins. During the fraction-
ation, a considerable portion of membrane proteins seemed to be

trapped in an intermediate layer which appeared after ultracen-
trifugation. To examine the localization of the DCA-converting
enzyme, the activities of the soluble (7.5 mg of protein) and mem-
brane fractions (0.94 mg of protein) derived from the cell extract
(10 mg of protein) were compared. Major activity was observed in
the soluble fraction in the presence of NAD	, suggesting that the
DCA-converting enzymes are mainly localized in the cytoplasm.
In addition, since the activities of extracts of the SYK-6 cells grown
with or without DCA were almost the same, the genes encoding
DCA-converting enzymes seem to be constitutively expressed. In
our previous study, we suggested the involvement of multiple qui-
nohemoprotein ADHs and aryl ADHs in the DCA oxidation (33).
However, since quinohemoprotein ADHs are usually localized in
the membrane or periplasm (42), aryl ADHs appear to play an
important role in the oxidation of DCA.

Enzyme activities of the SYK-6 cell extract for the conversion of
DCA-C were significantly enhanced in the presence of FAD plus
PMS (Table 2), as shown in our previous report (33). The ac-
tivities for the conversion of DCA-C in the presence of FAD
plus PMS were observed in both the soluble and membrane

TABLE 2 Enzyme activities of cell extract, soluble fraction, and membrane fraction of SYK-6 toward DCA and its derivatives

Substrate Fraction Cofactor(s)

Activitya (mU)

SEMP SEMP 	 DCA SEMP 	 DCA-C

DCA Cell extract None 21 � 7 36 � 3 46 � 10
NAD	 160 � 2 170 � 2 140 � 1
PQQ 	 PMS 61 � 2 59 � 0.6 56 � 0.2
FAD 	 PMS 43 � 0.8 73 � 3 74 � 4

Soluble None 5.7 � 3 11 � 6 —c

NAD	 110 � 2 120 � 2 —
PQQ 	 PMS 20 � 0.4 16 � 2 —
FAD 	 PMS 15 � 3 16 � 1 —

Membrane None 6.8 � 0.4 12 � 0.4 —
NAD	 6.3 � 0.1 13 � 0.7 —
PQQ 	 PMS 18 � 0.2 18 � 0.1 —
FAD 	 PMS 9.4 � 0.3 21 � 0.8 —

DCA-C Cell extract None 3.5 � 0.4 14 � 0.8 6.0 � 0.6
NAD	 2.4 � 1 14 � 0.2 6.4 � 1
PQQ 	 PMS 3.2 � 0.5 16 � 0.3 9.1 � 2
FAD 	 PMS 19 � 0.6 32 � 0.4 27 � 0.7

Soluble None NDb 1.7 � 0.2 —
NAD	 ND 1.4 � 0.5 —
PQQ 	 PMS 1.3 � 0.3 3.0 � 0.1 —
FAD 	 PMS 5.3 � 0.6 6.9 � 0.2 —

Membrane None 0.8 � 0.04 3.0 � 0.1 —
NAD	 0.7 � 0.05 3.1 � 0.08 —
PQQ 	 PMS 0.8 � 0.1 3.2 � 0.05 —
FAD 	 PMS 2.4 � 0.02 3.8 � 0.07 —

DCA-CC Cell extract None 1,300 � 30 2,400 � 70 2,200 � 100
Soluble None 1,300 � 20 2,100 � 10 —
Membrane None ND ND —

DCA-S Cell extract None 180 � 40 240 � 20 —
Soluble None 130 � 8 190 � 20 —
Membrane None ND 4.1 � 2 —

a Cell extracts of SYK-6 (10 mg of protein) were fractionated into the soluble (7.5 mg of protein) and membrane (0.94 mg of protein) fractions. Enzyme activities in the cell extract,
soluble fraction, and membrane fraction are shown as milliunits/10 mg of protein, milliunits/7.5 mg protein, and milliunits/0.94 mg of protein, respectively. The data are averages �
standard deviations from three independent experiments.
b ND, not detected.
c —, not tested.
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fractions (Table 2). Considering the possible loss of some mem-
brane proteins during the preparation of the membrane fraction,
the DCA-C-converting enzyme(s) appears to be almost equally
distributed to the cytoplasm and membrane. When using the cells
grown with DCA, the activities for the conversion of DCA-C in the
presence of FAD plus PMS in the soluble and membrane fractions
were ca. 1.3- and 1.6-fold higher than those from the cells grown
without DCA. These results indicated that the activities for the
conversion of DCA-C were induced at a low level in the SYK-6
cells during growth on DCA, which is in agreement with our pre-
vious results (33). In addition, similar induction was also seen in
the cells grown with DCA-C.

The activities of SYK-6 converting DCA-CC and DCA-S were
only detected in the soluble fraction, suggesting the cytoplasmic
localization of the DCA-CC-converting enzyme(s) and DCA-S-
converting enzyme(s). When the cells were grown with DCA, the
activities for the conversion of DCA-CC and DCA-S were stimu-
lated ca. 1.6- and 1.5-fold, respectively.

Search for the genes involved in the oxidation of DCA-C us-
ing microarray analysis. Because the DCA-C oxidation in the
SYK-6 cells was enhanced in the presence of FAD and induced at a
low level in the cells grown with DCA, we searched for the DCA-C
oxidase genes based on the induction profiles of the whole SYK-6
genes analyzed by DNA microarray analysis and domain architec-
tures deduced from the nucleotide sequences. These analyses
found SLG_09480 and SLG_09500, which showed similarities to
the GMC oxidoreductase family proteins. The transcriptions of
SLG_09480 and SLG_09500 were induced 2.3-fold (P value 
0.081; ANOVA) and 2.2-fold (P value  0.013), respectively, dur-
ing the growth of SYK-6 with DCA, while the transcriptions of
these genes were not induced when vanillate was added to the
culture. SLG_09480 and SLG_09500, which encode proteins of
541 and 576 amino acids, respectively, showed 42% amino acid
sequence identity with each other and exhibited 38% and 37%
identities with choline dehydrogenase of E. coli K-12 (43).
SLG_09490, located between SLG_09480 and SLG_09500, en-
codes a hypothetical protein of 126 amino acids containing a
SnoaL2 domain, whose function in the catabolism of DCA was not
deduced (Fig. 1B).

To examine whether SLG_09480 and SLG_09500 form a tran-
scription unit, RT-PCR analysis was performed using total RNA
prepared from the SYK-6 cells grown in the presence of DCA. A
specific amplification of the region between SLG_09480 and
SLG_09500 was observed (Fig. 1B and C), indicating that the
genes SLG_09480, SLG_09490, and SLG_09500 form an operon.

In the vicinity of SLG_09480 and SLG_09500, SLG_09520 and
SLG_09440, which encode a putative MarR-type transcriptional
regulator and a putative lignostilbene �,�-dioxygenase, respec-
tively, were found. In addition, the SLG_09420 product was pre-
viously characterized as an aryl ADH catalyzing the oxidation of
DCA (33). On the other hand, it was shown that the gene products
of ALDH-encoding SLG_09400 and SLG_09510 showed no activ-
ity toward DCA-L (33). The involvement of SLG_09520 and
SLG_09440 in the DCA catabolism should be examined in a future
study.

Roles of SLG_09480 and SLG_09500 in the conversion of
DCA-C. In order to examine whether SLG_09480 and SLG_09500
are indeed involved in the conversion of DCA-C in SYK-6, an
SLG_09480 mutant (SME110), an SLG_09500 mutant (SME111),
and an SLG_09480 SLG_09500 double mutant (SME112) were

created. The ability of SME110 and SME111 to convert DCA-C
was assessed using resting cells. The wild-type strain completely
converted 100 �M DCA-C within 2.5 h. On the other hand, the
conversion rates of these mutants for DCA-C were significantly
decreased, and approximately a half molar concentration of
DCA-C remained after being incubated for 5 h. In addition,
SME112 was no longer able to convert DCA-C (Fig. 2A). When
DCA was used as a substrate, the rates of conversion between the
wild type and the above-mentioned three mutants were almost
identical (Fig. 2B). However, SME110 and SME111 accumulated
DCA-C at a concentration half-molar to that of the added DCA. In
the case of SME112, an accumulation of DCA-C at a concentra-
tion approximately equimolar to the added DCA was observed
(Fig. 2B). These results indicated that both SLG_09480 and
SLG_09500 are essential for the catabolism of DCA-C; thus, we
designated these genes phcC and phcD. The results also suggested
that PhcC and PhcD converted one of the different enantiomers
probably included in the DCA-C preparation.

In order to examine the existence of enantiomers in the DCA-C
preparation, DCA-C was analyzed by chiral HPLC, and separated
into two peaks with retention times at 10.8 min and 12.2 min (Fig.
3A). From the results of the optical-rotation analysis, the former
and latter peaks were identified to be (	)-DCA-C and (�)-
DCA-C, respectively (Fig. 3B). The racemic DCA-C preparation
consists of equal amounts of (	)-DCA-C (ca. 49.4%) and (�)-
DCA-C (ca. 50.6%). The resting cells of SME110 and SME111

FIG 2 Conversion of DCA and DCA-C by SME110, SME111, and SME112.
(A) Conversions of 100 �M DCA-C by resting cells (OD600 of 1.0) of SYK-6
(circles), SME110 (squares), SME111 (diamonds), and SME112 (triangles).
(B) Conversions of 100 �M DCA by resting cells (OD600 of 0.5) of SYK-6
(circles), SME110 (squares), SME111 (diamonds), and SME112 (triangles).
Open and closed symbols indicate the concentrations of DCA-C and DCA,
respectively. The data are the averages � standard deviations (error bars) of at
least three measurements.
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grown in LB were incubated with 100 �M DCA-C for 5 h, and the
reaction mixtures were analyzed by chiral HPLC. In the reaction
mixture of SME110, (�)-DCA-C almost completely disappeared
while (	)-DCA-C remained (Fig. 4B). On the other hand, (	)-
DCA-C was almost completely transformed, while (�)-DCA-C
remained in the reaction mixture of SME111 (Fig. 4C). All these
results strongly suggest that PhcC and PhcD specifically converted
(	)-DCA-C and (�)-DCA-C, respectively.

Cellular localizations of PhcC and PhcD. In order to deter-
mine the cellular localizations of PhcC and PhcD, each of phcC
and phcD was overexpressed in SYK-6 cells using pJB861 as a
vector. The activities for the conversion of DCA-C of the extracts
prepared from the SYK-6 cells carrying phcC and phcD expression
plasmids (pJBI09480 and pJBI09500) grown in LB were increased
95-fold (180 � 4 mU/mg of protein) and 26-fold (49 � 4 mU/mg
of protein), respectively, compared to that of the wild type. The
extracts of the SYK-6 cells harboring pJBI09480 and pJBI09500
were fractionated to the soluble and membrane fractions. SDS-
PAGE of the fractions of the SYK-6 cells harboring pJBI09480
showed the production of PhcC in both the soluble and mem-
brane fractions (Fig. 5A). On the other hand, PhcD was observed
in the membrane fraction of the SYK-6 cells harboring pJBI09500.
The activities for the conversion of DCA-C in the membrane frac-
tions containing PhcC and PhcD (1.1 and 1.2 mg of protein) were
estimated to be 340 � 40 and 330 � 60 mU. In the soluble frac-
tions containing PhcC and PhcD (6.8 and 6.6 mg of protein),
activity levels of 162% and 11% of those found in the correspond-
ing membrane fractions were observed. These results suggest that

PhcC and PhcD were localized to both the cytoplasm and mem-
brane, although most parts of PhcD were localized to the mem-
brane.

Identification of the reaction products of PhcC and PhcD.
For characterization of PhcC and PhcD, phcC and phcD fused with
a His tag at their 5= termini were expressed in E. coli. SDS-PAGE of
the precipitated fractions (membrane fractions) prepared from
each E. coli strain harboring pET09480 and pET09500 showed the
expression of phcC and phcD; however, the expression of phcD was
substantially lower than that of phcC (Fig. 5B). The membrane
fractions were treated with six different detergents, including
n-dodecyl-�-D-maltoside to solubilize PhcC and PhcD, and then
these enzymes were purified by Ni affinity chromatography. How-
ever, purified PhcD lost its activity, and the specific activity of
purified PhcC was decreased to approximately 12% (260 � 20
mU/mg) of that obtained with the membrane fraction. Moreover,
His tag-fused phcD was expressed in SYK-6 cells harboring
pJBI09500, which carried phcD. However, an active PhcD was not
obtained after the purification. Because of these results, enzyme
properties of PhcC and PhcD were investigated using the mem-
brane fractions prepared from the cell extracts of E. coli harboring
pET09480 and pET09500.

FIG 3 Chiral-HPLC separation of the racemic DCA-C. Chromatograms with
UV detection (A) and optical-rotation detection are shown (B). Deduced ste-
reochemistries of (	)-DCA-C and (�)-DCA-C based on the absolute config-
urations of (	)-(2S,3R)-DCA and (�)-(2R,3S)-DCA are shown in panel C
(53).

FIG 4 Chiral-HPLC analysis of the conversion of DCA-C by SME110 and
SME111. DCA-C (200 �M) was incubated with resting cells of SME110 and
SME111 (OD600 of 1.0). Portions of the reaction mixtures were collected at the
start of incubation (incubation with SME110) (A) and after 5 h of incubation
with SME110 (B) and SME111 (C) and analyzed by chiral HPLC.
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When the membrane fractions containing PhcC or PhcD were
incubated with 200 �M DCA-C in the presence of FAD plus PMS,
these fractions exhibited specific activities of 2,100 � 300 mU/mg
and 180 � 20 mU/mg, respectively. HPLC analysis of the reaction

mixtures obtained after 30 min of incubation indicated that
DCA-C was converted into DCA-CC with a retention time of 3.1
min as a major product (Fig. 6). A small amount of DCA-CL with
a retention time of 2.0 min was also observed. These results indi-
cate that PhcC and PhcD have the ability to oxidize the alcohol
group at the �-carbon of the A-ring side chain of DCA-C.

Enantiospecificity of PhcC and PhcD. The membrane frac-
tions, including PhcC or PhcD were incubated with 200 �M
DCA-C for 10 min in the presence of FAD plus PMS. Because the
retention times of DCA-C and the reaction product, DCA-CC,
were similar when the chiral column was used for the analysis,
DCA-C remaining after the reaction was isolated by thin-layer
chromatography. Chiral-HPLC analyses indicated that the
DCA-C remaining after the reactions catalyzed by PhcC and PhcD
were (�)-DCA-C and (	)-DCA-C, respectively (Fig. 7). These
results corresponded to the results of the analysis of the mutants,
indicating the enantiospecificity of PhcC and PhcD, respectively,
toward (	)-DCA-C and (�)-DCA-C.

Other enzyme properties of PhcC and PhcD. The optimum
pHs of PhcC and PhcD for the conversion of DCA-C were esti-
mated to be 9.0 and 7.0 to 8.0, respectively. The optimum temper-
atures of PhcC and PhcD were determined to be 30°C and 40°C.
HPLC analysis of the supernatant obtained by the heat treatment
of the membrane fraction containing PhcC indicated that this
enzyme contained FAD as a prosthetic group (data not shown).

The membrane fractions containing PhcC or PhcD were incu-
bated with 200 �M DCA, DCA-L, GGE, coniferyl alcohol, and
vanillyl alcohol, and the reaction mixtures were analyzed by
HPLC. PhcC and PhcD displayed specific activities of 2,200 � 100
mU/mg and 230 � 8 mU/mg toward DCA, which were equivalent
to the activities of them toward DCA-C. Liquid chromatography-
mass spectrometry (LC-MS) analysis showed that the generation
of DCA-AC (compound III) from DCA, indicating that the alco-

FIG 5 Expression of phcC and phcD in Sphingobium sp. SYK-6 and E. coli.
Proteins (10�g) were separated on SDS-12% polyacrylamide gels and stained with
Coomassie brilliant blue. (A) Lanes: 1, 4, and 7, SYK-6 harboring pJB861 (vector);
2, 5, and 8, SYK-6 harboring pJBI09480 (phcC); 3, 6, and 9, SYK-6 harboring
pJBI09500 (phcD); 1 to 3, cell extracts; 4 to 6, soluble fractions; 7 to 9, membrane
fractions. (B) Lanes: 1, 4, and 7, E. coli BL21(DE3) harboring pET-16b (vector);
2, 5, and 8, E. coli BL21(DE3) harboring pET09480 (phcC); 3, 6, and 9, E. coli
BL21(DE3) harboring pET09500 (phcD), 1 to 3, cell extracts; 4 to 6, soluble
fractions; 7 to 9, membrane fractions; M, molecular mass markers.

FIG 6 Conversion of DCA-C by membrane fractions containing PhcC and PhcD. DCA-C (100 �M) was incubated with membrane fractions containing PhcC
(10 �g of protein/ml) or PhcD (100 �g of protein/ml). Portions of the reaction mixtures were collected at the start of incubation (incubation with PhcC) (A) and
after 30 min of incubation with PhcC (B) and PhcD (C) and analyzed by HPLC. Negative-ion ESI-MS spectra of compounds I (D) and II (E), which were
identified as DCA-CL and DCA-CC, are shown (F).
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hol group at the �-carbon of the A-ring side chain of DCA was
oxidized to the carboxyl group (Fig. 8A to C and G to I). Further-
more, PhcC and PhcD were also able to oxidize DCA-L, and their
activities were 67% and 47% of that toward DCA-C. The oxida-
tion of the alcohol group at the �-carbon of the A-ring side chain
of DCA-L by PhcC was verified by LC-MS analysis (Fig. 8D to F
and I). PhcC had only weak activity for coniferyl alcohol (ca. 4% of
the specific activity for DCA-C). GGE and vanillyl alcohol were
not substrates for PhcC and PhcD.

Based on the observations that significant portions of PhcC
and PhcD were localized to the membrane, we hypothesized that
these enzymes could utilize ubiquinone (CoQ10) as an electron
acceptor in the oxidation of DCA-C. Therefore, the DCA-C oxi-
dation activities of PhcC and PhcD were measured using CoQ0

and CoQ1 as electron acceptors instead of CoQ10 because of their
better solubilities. The membrane fractions containing PhcC or
PhcD were incubated with 200 �M DCA-C in the presence of FAD
plus CoQ0 or CoQ1, and the reaction mixtures were analyzed by
HPLC. PhcC showed specific activities of 2,000 � 200 mU/mg and
1,900 � 600 mU/mg in the presence of CoQ0 and CoQ1, respec-
tively. PhcD also exhibited specific activities of 180 � 10 mU/mg

and 160 � 10 mU/mg in the presence of CoQ0 and CoQ1. These
values were almost equivalent to the activities obtained using PMS
as an electron acceptor (PhcC, 2,100 � 300 mU/mg; PhcD, 180 �
20 mU/mg).

DISCUSSION

In this study, we found that the gene products of phcC
(SLG_09480) and phcD (SLG_09500), which belong to the GMC
oxidoreductase family, have activities for the oxidation of DCA-C.
Enzymes in this family, including glucose oxidase (EC 1.1.3.4),
cholesterol oxidase (EC 1.1.3.6), pyranose oxidase (EC 1.1.3.10),
methanol oxidase (EC 1.1.3.13), aryl alcohol oxidase (AAO; EC
1.1.3.7), and choline dehydrogenase (EC 1.1.99.1), oxidize pri-
mary and secondary alcohols and contain FAD as a prosthetic
group (44, 45). An FAD-binding domain and a substrate-binding
domain are conserved in the N-terminal and C-terminal regions,
respectively, among the enzymes in this family (46). These do-
mains are also conserved in PhcC and PhcD, and the presence of
FAD in PhcC was experimentally confirmed. In the SYK-6 ge-
nome, six putative GMC oxidoreductase family enzyme genes,
including phcC and phcD were found. A phylogenetic analysis
suggested that all of these SYK-6 gene products are related to cho-
line dehydrogenases (Fig. 9).

The DCA-C preparation contains almost equal amounts of
(	)-DCA-C and (�)-DCA-C (Fig. 3), and PhcC and PhcD were
found to be enantioselective DCA-C oxidases that are specific for
(	)-DCA-C and (�)-DCA-C, respectively (Fig. 4 and 7). Based
on the fact that the phcC phcD double mutant (SME112) lost the
activity for the conversion of DCA-C, and an equimolar amount
of DCA-C was accumulated from DCA, it was concluded that
DCA is indeed catabolized via DCA-C and that phcC and phcD are
essential for the conversion of (	)-DCA-C and (�)-DCA-C, re-
spectively (Fig. 2). To date, we have demonstrated the involve-
ment of three C�-dehydrogenases (LigD, LigL, and LigN) and
three glutathione S-transferases (LigF, LigE, and LigP) in the ste-
reoselective oxidation of four stereoisomers of GGE and enanti-
oselective �-ether cleavage of MPHPV enantiomers (13–15). As
shown in this study, it is apparent that SYK-6 has evolved the
enzyme systems to completely degrade the stereoisomers of not
only �-aryl ether but also a phenylcoumaran-type lignin-derived
biaryl. In this respect, it is noteworthy that phcC and phcD consti-
tute an operon for the specific conversion of DCA-C and that their
expression is induced during DCA catabolism. To utilize both
enantiomers of DCA, either phcC or phcD might have arisen
through gene duplication in SYK-6 or its ancestor. To our knowl-
edge, this study is the first showing a set of enantiospecific oxidases
belonging to the GMC oxidoreductase family of proteins. Inter-
estingly, a gene set similar to phcC and phcD was found in Alter-
erythrobacter atlanticus 26DY36 (WYH_02651 and WYH_02653)
and Sphingomonas sp. WHSC-8 (TS85_05630 and TS85_05635)
(Fig. 9), implying the involvement of the gene products of these
strains in enzyme reactions similar to the stereospecific oxidation
of DCA-C.

In SYK-6 cells, the activities for the conversion of DCA-C were
observed in both the cytoplasm and membrane fractions (Table
2). Corresponding to this result, PhcC and PhcD produced in
SYK-6 cells harboring phcC- and phcD-containing plasmids were
localized to both the cytoplasm and membrane. Similarly, a GMC
oxidoreductase family protein, polyethylene glycol dehydroge-
nase (PEGDH) from Sphingopyxis terrae, was suggested to be lo-

FIG 7 Stereospecificities of PhcC and PhcD for the oxidation of DCA-C enan-
tiomers. (A) Chiral-HPLC profiles of the racemic DCA-C. The membrane
fractions containing PhcC (B) or PhcD (C) were incubated with 200 �M
DCA-C in the presence of 300 �M FAD and 300 �M PMS for 10 min. The
remaining DCA-C in the reaction mixtures was separated by thin-layer chro-
matography and then analyzed by chiral HPLC.
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calized to both the soluble and membrane fractions (47). Another
GMC oxidoreductase family protein, AlkJ, encoded on the alkane-
metabolizing alk operon from Pseudomonas putida strain GPo1,
was shown to be localized to the membrane (48). Since there is no
predicted signal sequence or hydrophobic transmembrane span-
ner in PhcC, PhcD, PEGDH, and AlkJ, these enzymes are thought
to be peripheral membrane proteins. Interestingly, it was reported
that PEGDH and AlkJ were able to utilize ubiquinone (CoQ10) or
its derivatives (CoQ0 and CoQ1) as electron acceptors for the ox-
idation of their substrates (48, 49). Furthermore, electron trans-
port from AlkJ to cytochrome c in the presence of CoQ1 was ob-
served. Therefore, the electrons that are removed from the
substrate by AlkJ and PEGDH are thought to be transferred to the
respiratory chain (48, 49). Meanwhile, we demonstrated that
PhcC and PhcD were able to utilize CoQ0 and CoQ1 as electron
acceptor and that the activities for the conversion of DCA-C were

similar to that obtained in the presence of PMS. Furthermore, we
found that SLG_38090, which encodes a putative cytochrome c
family protein, was highly upregulated in the SYK-6 cells grown
with DCA (ca. 5.9-fold) compared to the cells grown with vanil-
late. All these results strongly suggest that electrons removed from
the substrates during the oxidation of DCA-C catalyzed by PhcC
and PhcD were transferred to cytochrome c via ubiquinone. Al-
though PhcC and PhcD in the cytoplasm may be able to oxidize
DCA-C using molecular oxygen as an electron acceptor, the reac-
tion efficiency seems to be very low, and the resulting H2O2 must
be toxic to the cells. Therefore, PhcC and PhcD in the cytoplasm
appear to not play a major role in the catabolism of DCA-C in vivo.

The membrane fractions containing PhcC and PhcD con-
verted DCA-C into DCA-CC, and only a trace amount of DCA-CL
was accumulated (Fig. 6). This result suggests that both enzymes
were capable of oxidizing DCA-C to carboxylic acid derivatives.

FIG 8 Conversion of DCA and DCA-L by the membrane fraction containing PhcC. DCA and DCA-L (100 �M), respectively, were incubated with the membrane
fraction containing PhcC (10 �g of protein/ml) in the presence of 300 �M FAD and 300 �M PMS. Portions of the reaction mixtures containing DCA and DCA-L
were collected at the start (A and D) and after 10 min of incubation (B and E). The reaction products were analyzed by LC-MS, and negative-ion ESI-MS spectra
of compounds III and IV are shown in panels C and F. An HPLC chromatogram of authentic DCA-AC and its negative-ion ESI-MS spectrum are shown in panels
G and H, respectively. (I) Chemical structures of DCA-AC and compound IV [2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-5-(3-oxoprop-1-enyl)-2,3-dihy-
drobenzofuran-3-carboxylic acid; DCA-LC].
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AAOs belonging to the GMC oxidoreductase family have activities
for the oxidation of a variety of aromatic alcohols to the corre-
sponding aromatic aldehydes, while AAOs exhibit activities for
the oxidation of some aromatic aldehydes. For example, the activ-
ity of AAO from Pleurotus eringii for the oxidation of benzalde-
hyde was less than 1% of that for the oxidation of benzyl alcohol.
In contrast, the activity of this enzyme for the oxidation of 4-ni-
trobenzaldehyde was ca. 50% of that for the oxidation of 4-nitoro-
benzyl alcohol (50). Generation of aromatic carboxylic acids from
aromatic alcohols by the reaction catalyzed by AAO is thought to
be the result of the oxidation of gem-diols formed by the hydration
of aromatic aldehydes (51). A similar reaction is known in choline
oxidase from Arthrobacter globiformis, which oxidizes choline to
glycine betaine via betaine aldehyde (52). These facts suggest that
PhcC and PhcD have the ability to convert DCA-C into DCA-CC

through similar reactions, described above. However, since our
results were obtained using the membrane fractions containing
PhcC and PhcD, further experiments are necessary to verify this
hypothesis using the purified enzymes. In a previous study, we
observed a significant accumulation of DCA-CL when DCA-C
was incubated with an ultrafiltrate of the cell extract of SYK-6 (�3
kDa) (33). After the addition of NAD	 into the same reaction
mixture, DCA-CL was converted to vanillate and ferulate. These
results suggest that cytoplasmic NAD	-dependent ALDHs are
also involved in the oxidation of DCA-CL into DCA-CC.

Interestingly, PhcC and PhcD were able to oxidize the �-car-
bon at the A-ring side chain of DCA, and their activities were
equivalent to those for the oxidation of DCA-C. These results
might suggest the presence of an alternative pathway in which the
�-carbon at the A-ring side chain of DCA is initially oxidized.

FIG 9 Phylogenetic tree of PhcC and PhcD with known and putative GMC oxidoreductase family enzymes. The scale corresponds to a genetic distance of 0.06
substitutions per position. GMC oxidoreductase family enzymes include the following, with locus tags or GenBank accession numbers in parentheses: PhcC
(SLG_09480) and PhcD (SLG_09500), DCA-C oxidases of Sphingobium sp. SYK-6; BetA_Ec, choline dehydrogenase of E. coli K-12 (P17444) (43); BetA_Cs,
choline dehydrogenase of Chromohalobacter salexigens DSM 3043 (Q9L4K0) (54); BetA_Rm, choline dehydrogenase of Rhizobium meliloti 1021 (P54223) (55);
AlkJ_Pp, alcohol dehydrogenase of Pseudomonas putida GPo1 (Q9WWW2) (48); PegA_St, polyethylene glycol dehydrogenase of Sphingopyxis terrae (Q93I49)
(49); Pno_Ml, pyridoxine 4-oxidase of Microbacterium luteolum YK-1 (Q9AJD6) (56); BetA_Mm, 5-hydroxymethylfurfural oxidase of Methylovorus sp. MP688
(E4QP00) (57); Gox_An, glucose oxidase of Aspergillus niger NRLL-3 (P13006) (58); Gox_Pa, glucose oxidase of Penicillium amagasakiense (P81156) (46);
P2ox_Pc, pyranose 2-oxidase of Phanerochaete chrysosporium BKM-F-1767 (Q6QWR1) (59); P2ox_Tv, pyranose 2-oxidase of Trametes versicolor (P79076) (60);
P2ox_Pg, pyranose 2-oxidase of Phlebiopsis gigantea DSM 13218 (Q6UG02) (61); P2ox_Tm, pyranose 2-oxidase of Tricholoma matsutake (Q8J2V8) (62);
ChoB_Bs, cholesterol oxidase of Brevibacterium sterolicum (P22637) (63); ChoA_Ss, cholesterol oxidase of Streptomyces sp. SA-COO (P12676) (64); ChoD_Mt,
cholesterol oxidase of Mycobacterium tuberculosis H37Rv (P9WMV9) (65); Mox_Pa, methanol oxidase of Pichia angusta (P04841) (66); and Aod1_Cb, alcohol
oxidase of Candida boidinii S2 (Q00922) (67). Putative GMC oxidoreductase family enzymes include the following: SLG_11400, SLG_12830, SLG_20170, and
SLG_27980 of Sphingobium sp. SYK-6; WYH_02651, WYH_02653, and WYH_02869 of Altererythrobacter atlanticus 26DY36; TS85_05630 and TS85_05635 of
Sphingomonas sp. WHSC-8; L288_14545 of Sphingobium quisquiliarum P25; NSU_1606 of Novosphingobium pentaromativorans US6-1; Caul_3245 of Caulo-
bacter sp. K31; M529_19015 of Sphingobium ummariense RL-3; and YP76_13265 of Sphingobium chungbukense DJ77.
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However, after the incubation of DCA with the cell extract of
SYK-6, both DCA-L and DCA-C were observed, whereas a DCA
derivative, the �-carbon at the A-ring side chain of which is car-
boxylic acid (DCA-AC), was not detected (data not shown). Fur-
thermore, there was no difference in the conversion rates for DCA
between the phcC phcD double mutant (SME112) and the wild-
type strain (Fig. 2B). These results indicated that phcC and phcD
are not involved in the conversion of DCA.
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