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Equol is a metabolite produced from daidzein by enteric microflora, and it has attracted a great deal of
attention because of its protective or ameliorative ability against several sex hormone-dependent diseases (e.g.,
menopausal disorder and lower bone density), which is more potent than that of other isoflavonoids. We
purified a novel NADP(H)-dependent daidzein reductase (L-DZNR) from Lactococcus strain 20-92 (Lactococcus
20-92; S. Uchiyama, T. Ueno, and T. Suzuki, international patent W02005/000042) that is involved in the
metabolism of soy isoflavones and equol production and converts daidzein to dihydrodaidzein. Partial amino
acid sequences were determined from purified L-DZNR, and the gene encoding L-DZNR was cloned. The
nucleotide sequence of this gene consists of an open reading frame of 1,935 nucleotides, and the deduced amino
acid sequence consists of 644 amino acids. L-DZNR contains two cofactor binding motifs and an 4Fe-4S
cluster. It was further suggested that L-DZNR was an NAD (H)/NADP(H):flavin oxidoreductase belonging to
the old yellow enzyme (OYE) family. Recombinant histidine-tagged L-DZNR was expressed in Escherichia coli.
The recombinant protein converted daidzein to (S)-dihydrodaidzein with enantioselectivity. This is the first
report of the isolation of an enzyme related to daidzein metabolism and equol production in enteric bacteria.

Isoflavones are flavonoids present in various plants and are
known to be abundant in soybeans and legumes. These com-
pounds have been called phytoestrogens because their chemi-
cal structure is similar to that of the female sex hormone,
estrogen. Isoflavones have an ability to bind to estrogen recep-
tors and show protection against or improvement in several sex
hormone-dependent diseases, such as breast cancer, prostate
cancer, menopausal disorder, lower bone density, and hyper-
tension, due to their weak agonistic or antagonistic effects (1,
19, 27).

Daidzein is one of the main soy isoflavonoids produced from
daidzin by the glucosidase of intestinal bacteria (17). Equol is
a metabolite produced from daidzein by the enterobacterial
microflora (5). Recently, equol has attracted a great deal of
attention because its estrogenic activity is more potent than
that of other isoflavonoids, including daidzein (27). It is well
known that individual variation exists in the ability of these
enteric microflora to produce equol and that less than half the
human population is capable of producing equol after ingest-
ing soy isoflavones (3). Therefore, to increase the production
of equol in the enteric environment of each individual, the
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development of probiotics using safe bacteria which have the
ability to produce equol from daidzein is ongoing.

Lactococcus strain 20-92 (Lactococcus 20-92; 30a) is an
equol-producing lactic acid bacterium isolated from the feces
of healthy humans by Uchiyama et al. (30). This bacterium is
spherical and Gram positive and is a strain of L. garvieae. The
application of Lactococcus 20-92 in probiotics is advantageous
because L. garvieae is not pathogenic or toxic to humans.

To date, other bacterial strains that are capable of trans-
forming daidzein to dihydrodaidzein or equol have been iso-
lated (9, 21, 22, 23, 29, 32, 36, 37). Daidzein is thought to be
metabolized by human intestinal bacteria to equol or to O-
desmethylangolensin via dihydrodaidzein and tetrahydrodaid-
zein (14, 15, 22, 32); however, neither the enzymes involved in
the metabolism of daidzein to equol nor even the metabolic
pathway has been clarified fully for equol-producing bacteria.

In this study, we purified an enzyme from Lactococcus 20-92
that assisted in the conversion of daidzein to dihydrodaidzein.
Furthermore, we cloned the L-DZNR gene and expressed the
active recombinant enzyme in E. coli.

MATERIALS AND METHODS

Bacteria and culture conditions. Lactococcus 20-92 was used for enzyme
purification and isolation of genomic DNA. It was cultured statically and anaer-
obically in GAM broth (Nissui Pharmaceutical, Tokyo, Japan) containing 10
pg/ml of daidzein (Fujicco, Kobe, Japan) at 37°C for 16 to 18 h. An anaerobic
atmosphere was generated with the use of a BBL Gaspak plus system (Becton
Dickinson and Company, Baltimore, MD). Escherichia coli JM109 (Takara Bio,
Inc., Otsu, Japan) was used as a host for standard cloning experiments, and the
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TABLE 1. Sequences of primers employed in this study

Primer

Sequence

E1-N-terminal-F31
E1-N-terminal-F32

..5"-TGAAGAATAANTTNTAYCCNAARACNTTYGA-3'

5'-ATGAAGAATAAGTTTTAYCCNAARACNTTYGA-3'

E1-N-terminal-F37 .....c.cooiiiiiieeeeeeeeeeseet et

El-internal-RP1

5'-TGAAGAATAAGTTTTAYCCNAARACNTTYGARRGNGG-3'
5'-CCTGCAATATAACCTTCATGTACNGCRTCCATNACCAT-3'

EI-RACE-N-PI ...

E1-RACE-N-P2

5'-ATGCGGATCGCTCGGTTCTCGACCTCTAGGTTAC-3’
5'-TTCTCGACCTCTAGGTTACCGATGTAGCCGC-3’

EI-RACE-RP2-1 ...

E1-RACE-RP2-2

5'-ATCGAGGAGAAGTGCGAGGACGTCAGGGTCATC-3’
5'-ACGTCAGGGTCATCGGCATCGGCGACTGCAAG-3’

PUCTO-FP-1 .oooooooeeeeee oo sseeeeessseeese s

pUC19-FP-2

5'-ACACAGGAAACAGCTATGACCATGATTACG-3’
5'-ATGATTACGCCAAGCTTGCATGCCTGCAGG-3’

EXP.E1 Pet F NAE ...uiiiiiccccccceceeeeeeeeeaae

5'-AGCTCATATGAAGAACAAGTTCTATCCGAA-3'
5'-AATCGAATTCGTACAGGTTGCAGCCAGCGATGT-3'

exp.E1 pet R His

resulting transformants were grown in Luria-Bertani (LB) broth containing am-
picillin (50 pg/ml) at 37°C. E. coli BL21(DE3) (Novagen, Inc., Madison, WI) was
used as a host for expression of the recombinant protein and was grown in LB
broth supplemented with ampicillin (50 pwg/ml) at 30°C.

Quantitation of daidzein metabolites by HPLC. Quantitation of daidzein me-
tabolites by high-performance liquid chromatography (HPLC) was performed
according to the method of Lundh et al. (13) with slight modifications and using
daidzein, dihydrodaidzein (Toronto Research Chemicals, Toronto, Canada), and
equol (LC Laboratories, Woburn, MA) as standards. For quantitation of daid-
zein metabolites, samples (1 ml) were extracted with 3 ml of ethyl acetate. The
organic solvent was vacuum dried at 40°C, and the dried extract was dissolved in
0.5 ml of a 1:1 mixture of solvent A (1.8% [vol/vol] ethyl acetate, 18% [vol/vol]
methanol in 0.04% [vol/vol] phosphoric acid, 8 wg/ml EDTA-Na) and solvent B
(2% [vol/vol] ethyl acetate in methanol). A 50-ul aliquot of the dissolved extract
was then analyzed with an HPLC system (Shimadzu, Kyoto, Japan) equipped
with a reversed-phase Capcell-pack UG120 column (5-pm particle size, 250-mm
by 4.6-mm internal diameter; Shiseido, Tokyo, Japan). Detection of the daidzein
metabolites was performed by increasing the concentration of solvent B in
solvent A under the following conditions: a linear gradient for 15 min with 20 to
35% solvent B, an isocratic elution for 5 min with 35% solvent B, and a linear
gradient for 5 min with 35 to 70% solvent B at a flow rate of 1 ml/min at 40°C,
with monitoring at 254 and 280 nm.

Enzyme assay for L-DZNR. An enzyme source was added to the ice-cooled
substrate solution and incubated at 37°C for 2 h. The final reaction mixture (1
ml) contained 10 pwg/ml of daidzein as a substrate, 2 mM NADPH (Wako Pure
Chemicals, Osaka, Japan), and 2 mM NADH (Wako Pure Chemicals) in buffer
A, which was composed of 0.1 M potassium phosphate buffer (KPB), pH 7.0,
containing 2 mM dithiothreitol (DTT; Wako Pure Chemicals), 5 mM sodium
hydrosulfite (Wako Pure Chemicals), and 1 mM phenylmethylsulfonyl fluoride
(PMSF; Sigma-Aldrich Corp., St. Louis, MO). Following the 2-h incubation,
extraction with ethyl acetate was carried out and daidzein metabolites were
analyzed by HPLC as described above.

Preparation of supernatant and precipitate from cell lysates. Lactococcus
20-92 cells were centrifuged at 5,000 X g for 20 min. The cell pellets were
suspended in 0.1 M KPB containing 2 mM DTT, 5 mM sodium hydrosulfite, and
1 mM PMSF, with a 200-ml pellet resuspended in 1 ml of buffer. The suspension
was dispensed onto 0.7 ml of 0.1-mm zirconia/silica beads (BioSpec Products,
Inc., Bartlesville, OK) in 2-ml tubes, and cells were disrupted four times using a
FastPrep-24 instrument (MP Biomedical, Inc., Solon, OH) at 6,500 rpm for 20 s.
Between each disruption cycle, the samples were cooled on ice. After centrifu-
gation at 15,000 X g for 10 min, the supernatant and precipitate were separated.

Purification of L-DZNR from Lactococcus 20-92. The Lactococcus 20-92 cells
were harvested, and the supernatant from the cell lysate was prepared as de-
scribed above. The supernatant was loaded onto a butyl Sepharose 4 Fast Flow
column (GE Healthcare, Uppsala, Sweden) preequilibrated with buffer A con-
taining 1 M ammonium sulfate. After the column was washed, the bound pro-
teins were eluted with buffer A containing 0.5 M ammonium sulfate. The eluate
was then applied to an HPLC system equipped with a TSK gel ether 5-PW
column (Tosoh, Tokyo, Japan) equilibrated with buffer B (0.1 M KPB, pH 7.0, 2
mM DTT, 2.5 mM sodium hydrosulfite, 1% [vol/vol] 2-propanol) containing 1 M
ammonium sulfate. Elution was performed along a 15-min linear gradient of 1 to
0 M ammonium sulfate in buffer B at a flow rate of 0.1 ml/min. The active
fractions were diluted with buffer A and then applied to a spin column packed
with 2',5'-ADP-Sepharose 4B (GE Healthcare) and eluted with 20 mM NADPH
in buffer A. The resultant eluate was then loaded onto a Mono-Q column (GE

Healthcare) preequilibrated with buffer B at pH 7.5. The column was washed and
eluted using a linear gradient of 0 to 0.65 M NaCl in buffer B over 32.5 min at
a flow rate of 0.1 ml/min. Activity was observed in fractions 28 through 30,
corresponding to 0.4 to 0.47 M NaCl. The activity and purity of the purified
enzyme were analyzed by the HPLC method as described above and by SDS-
PAGE (10) on a 5-to-20% (wt/vol) gradient polyacrylamide gel (SuperSep, Wako
Pure Chemicals), respectively. The SDS-PAGE gels were stained with the Fla-
mingo fluorescent gel stain system (Bio-Rad Laboratories, Inc., Hercules, CA).

Determination of amino acid sequences. For N-terminal sequence analysis, 70
wl of the purified L-DZNR from the Mono-Q HPLC was added to 30 .l of 0.1%
(vol/vol) trifluoroacetic acid (TFA) and transferred to a polyvinylidene difluoride
(PVDF) membrane (ProSorb cartridge; Applied Biosystems, Foster City, CA).
After washing with 20% (vol/vol) methanol and drying, the membrane was
applied to a Procise 494cLC protein sequencer (Applied Biosystems).

The internal amino acid sequences were determined by partially purifying
L-DZNR from a 600-ml cell culture by serial chromatography with butyl Sepha-
rose 4 Fast Flow and 2’',5'-ADP-Sepharose 4B. The active fraction from the
2',5'-ADP-Sepharose 4B column was concentrated to 5 pl and subjected to
SDS-PAGE using a 10-to-20% gradient gel (Super Sep HG, Wako Pure Chem-
icals). After staining with colloidal blue (Invitrogen, Carlsbad, CA), a band at
about 70 kDa corresponding to L-DZNR was excised, crushed, and destained in
a 50% acetonitrile solution. After dehydration and drying, the resultant gel
pieces were reduced with 55 mM DTT, alkylated with 100 mM iodoacetamide,
and further digested with 2 pg Achromobacter protease I (Wako Pure Chemicals)
for 7 h. The digested peptides were extracted with 60% (vol/vol) acetonitrile in
0.1% TFA and then, after concentration, applied to reversed-phase HPLC using
a micro RPC C,/C,g SC2.1/10 column (GE Healthcare) equilibrated with eluent
A (0.05% TFA) and eluted over a 40-min linear gradient of 5 to 65% eluent B
(90% acetonitrile, 0.04% TFA) in eluent A at a flow rate of 0.1 ml/min. To
facilitate the determination of L-DZNR-derived peptides, an area of equal size
corresponding to where a 70-kDa band should have migrated was also excised
from a control, sample-free lane and treated in the same way. Consequently,
three peaks, eluted at 20.6 min (peptide 1), 22.1 min (peptide 2), and 26.6 min
(peptide 3), were selected and subjected to internal amino acid analysis using the
Procise 494cLC protein sequencer.

Isolation of Lactococcus 20-92 strain genomic DNA. Genomic DNA was ex-
tracted from Lactococcus 20-92 cells cultured for 18 h using the genomic DNA
buffer set and genome chip 500 (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions, with slight modifications. Briefly, 50 ml of cultured
cells were harvested by centrifugation at 5,000 X g for 20 min. The collected cells
were resuspended in 11 ml of buffer B1 (from the genomic DNA buffer set)
containing 200 ng/ml RNase A, 300 pl of a 100-mg/ml lysozyme solution (Sigma-
Aldrich), and 500 pl of Qiagen proteinase K solution (Qiagen). After incubation
at 37°C overnight, 4 ml of buffer B2 (from the genomic DNA buffer set) was
added, and the solution was mixed slowly and incubated at 50°C for 2 h. This
lysate was centrifuged at 5,000 X g and 4°C for 10 min. The supernatant obtained
was loaded onto a Qiagen genomic-tip 500/G, and genomic DNA was purified
according to the manufacturer’s instructions.

Amplification of the L-DZNR gene from Lactococcus 20-92. To clone the
L-DZNR gene from Lactococcus 20-92 genomic DNA, we designed four
degenerate primers, E1-N-terminal-F31, E1-N-terminal-F32, E1-N-terminal-
F37, and El-internal-RP1, based on corresponding segments of the N-termi-
nal (MKNKFYPKTFERGYIGNLEVEN) and internal (ASRMVMDAVHE
GYIAG) amino acid sequences of the purified enzyme (Table 1). We carried out
degenerate PCR amplification using Ex-Taq polymerase (Takara Bio, Inc.) with



5894 SHIMADA ET AL.

APPL. ENVIRON. MICROBIOL.

STD

010
» { Dihydrodaidzein
8 M Daidzein
iE .. f r'e
58 " ‘\ i Equol
4 | f\ I'g
o i
0.00 | bl ; ! ,\ T J, ¥ e j\ e e

>
= Z
>
()
T
T

22 24
Retention time {min)

" Daidzein 0 h
|
is i
§ § oo ° 2 - 4 = 4 ] “;J i 12 ) ,141 '\\:‘AA 18 WT):L A ;z = 24
< Dihydrodaidzein 2h
os ﬁ
i
o L )HL L | 'J I\ L N 1
o 2 4 L] 8 10 1z 1" % 8 20 %"ﬁun tlme :r:“")
B NADH -
are] aidzein
I"I Oh
_ |
S | \
E E o - Ll =~ ‘.’ N : =
§ § o o 2 “ L] L] 10 12 14 1% 18 20 22 24
< 2h
010 ﬁ
1
%00 Ll / \\ I | e SN ) ! 1 | B—

@)

Non cofactor

22 24
Retention time {min)

. Daidzein
o10 ﬂl 0 h
‘g S 006 / \
g g ::’:D f 3 - 4 ’\ﬁ """""""""'o"_""'ww 12 14 |{ \;V 10 I'D 22 24
<
2h
A
| F\ |
i 1 f’ \\II . v J k\ oy [
o [ - 4 L3 8 "0 12 4 16 8 20 22 24

Retention time (min)

FIG. 1. The necessity of cofactors for biotransformation in the cell extract. (A to C) Conversion of daidzein to dihydrodaidzein in the cell

extract with NADPH (A) or NADH (B) and without a cofactor (C). Eluti
equol are shown in the panel labeled STD.

an initial denaturation step at 95°C for 2 min, followed by 50 cycles of 95°C for
45 s, 54°C for 30 s, and 72°C for 2 min, with a final extension step at 72°C for 3
min. The resultant DNA fragment was purified with a gel extraction kit (Qiagen)
and then subcloned into a pT7Blue T-vector (Novagen, Inc.). We obtained the
DNA clone, pT7-E1-PCR, and sequenced it. Determination of the nucleotide

on profiles of the reference standards daidzein, dihydrodaidzein, and

sequence was carried out using a BigDye terminator v3.1 cycle sequence kit
(Applied Biosystems) on an Applied Biosystems 3130xl genetic analyzer.
Construction of genomic DNA libraries. Genomic DNA libraries were con-
structed by inserting DNA fragments, obtained by digesting the Lactococcus
20-92 genomic DNA with several restriction enzymes (Takara Bio, Inc.), into
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FIG. 2. Purification of L-DZNR from cell extracts of Lactococcus
20-92. (a) SDS-PAGE analysis of Mono-Q HPLC fractions 27 to 31.
Purified L-DZNR protein (approximately 70 kDa) is indicated by an
arrow. (b) Dihydrodaidzein-producing activity in Mono-Q HPLC frac-
tions 27 to 31. MW, molecular weight in thousands.

pUC19 plasmids which were linearized with the corresponding restriction en-
zymes and dephosphorylated with shrimp alkaline phosphatase (Takara Bio,
Inc.). The ligation of DNA fragments with linearized pUC19 was done with a
DNA ligation kit, version 2.1 (Takara Bio, Inc.). The final reaction solutions were
diluted 10-fold with water, and these diluents used as templates for rapid am-
plification of cDNA ends (RACE) (7).

Isolation and sequencing of the L-DZNR gene. For isolation of the upstream
and downstream regions of the degenerate-PCR-amplified DNA fragment,
RACE-like procedures were performed with genomic DNA libraries as tem-
plates. The upstream and downstream DNA portions were amplified by a first
round of RACE, followed by a nested RACE using gene-specific primers which
were designed based on the sequence of the degenerate PCR product (primers
E1-RACE-N-P1 and E1-RACE-N-P2 for the upstream portion and E1-RACE-
RP2-1 and E1-RACE-RP2-2 for the downstream region) and the pUC19-specific
primers pUC19-FP-1 and pUC19-FP-2 (Table 1). Using Ex-Tag DNA polymer-
ase (Takara Bio, Inc.), the RACE involved an initial denaturation step at 95°C
for 2 min, followed by 30 cycles of 95°C for 45 s, 60°C for 30 s, and 72°C for 1 min
and a final extension at 72°C for 3 min. Amplified DNA from the nested RACEs
was purified with a gel extraction kit (Qiagen) and directly sequenced. The entire
nucleotide sequence of the L-DZNR gene was determined by overlapping the
clone pT7-E1-PCR and three DNA fragments amplified by RACE.

Construction of the L-DZNR expression vector plasmid. A pair of primers,
exp.E1l pet F Nde and exp.E1 pet R His, incorporating Ndel and EcoRI restric-
tion sites, respectively, were designed to allow amplification of the entire coding
region of the L-DZNR gene (Table 1). An L-DZNR-His (N-terminally 6XHis-
tagged L-DZNR) expression plasmid, pET-E1-His, was constructed by digesting
the resulting PCR product, amplified with primers exp.E1 pet F Nde and exp.E1
pet R His, with Ndel and EcoRI and ligating the liberated fragment into pET-
21a(+) (Novagen, Inc.) between the Ndel and EcoRI sites. The recombinant
plasmid was transformed into E. coli JM109 by conventional methods, and the
transformants were grown on LB plates containing ampicillin at 37°C for 15 h. A
single colony was picked and cultured in LB medium containing ampicillin. The
isolation of pET-E1-His from E. coli JM109 transformants was carried out using
a PI200 automatic genomic DNA isolation system (Kurabo Industries, Osaka,
Japan).

Expression of recombinant L-DZNR-His in E. coli. The expression plasmid
pET-EI1-His was introduced into E. coli BL21(DE3). Cultures of the pET-E1-His
transformant and E. coli BL21(DE3) containing pET-21a(+) were grown at 30°C
until the optical density at 600 nm was 0.6 in LB medium containing ampicillin.
The expression of recombinant L-DZNR-His was induced with 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG; Wako Pure Chemicals), and the culture was
continued for a further 3 h at 30°C. The expression of recombinant L-DZNR-His
in the E. coli cells was confirmed by SDS-PAGE analysis (10). The IPTG-induced
E. coli cells were harvested by centrifugation, and the collected cells were sus-
pended in 1 ml buffer B and disrupted using a FastPrep-24 instrument as de-
scribed above. From the cell lysates, 5 pl was analyzed by SDS-PAGE and
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FIG. 3. Agarose gel electrophoresis of degenerate PCR products
obtained using primer sets 1, 2, and 3, indicated above the gel. Am-
plification of a 1.9-kb DNA fragment from the L-DZNR gene with
primer set 3 is indicated by an arrow. The combinations of forward and
reverse primers were as follows: 1, E1-N-terminal-31 and El-internal-
RP1; 2, E1-N-terminal-37 and El-internal-RP1; and 3, E1-N-terminal-
F32 and El-internal-RP1. Ma, \/Styl DNA size marker; Mb, 100-bp
DNA ladder size marker.

visualized with a quick CBB gel staining kit (Wako Pure Chemicals) and 50 pl
was used for the enzyme assay.

Enantioselectivity analysis. The enantioselectivity of L-DZNR was deter-
mined using HPLC, with a 50-pl aliquot of the dissolved extract injected into an
optically active Sumichiral-OA7000 column (5 pm, 250-mm by 4.6-mm internal
diameter; Sumika Chemical Analysis Service, Osaka, Japan). The elution was
isocratic, with a 50% (vol/vol) methanol-water mobile phase for 30 min at 40°C
and a flow rate of 1.0 ml/min. The judgment of whether it was (R)- or (S)-
dihydrodaidzein was made based on the report of Wang et al. (33). Optical
resolution of a dihydrodaidzein racemate (purchased from Toronto Research
Chemicals, Toronto, Canada) was performed by Daicel Chemical Industries
(Osaka, Japan), and we obtained two enantiomers.

Nucleotide sequence accession number. The sequence of the L-DZNR gene
reported in this paper has been deposited in the DDBJ database under the
accession number AB558141.

RESULTS

Validation of the conversion activity of daidzein to dihydro-
daidzein in Lactococcus 20-92. Lactococcus 20-92 can produce
equol from daidzein in anaerobic culture, and we examined
whether or not cell lysates possessed daidzein-metabolizing
activity in vitro. We confirmed the presence of conversion ac-
tivity from daidzein to dihydrodaidzein in the centrifuged su-
pernatant and precipitate of the disrupted cell material in the
presence but not the absence of coenzymes NADH and
NADPH. The centrifuged supernatant was used as a material
for the purification of L-DZNR, although the majority of en-
zymatic activity existed in the precipitate. This activity was only
obvious in the presence of NADPH and not in the presence of
NADH, revealing that the coenzyme NADPH was essential for
this activity (Fig. 1).

Purification of L-DZNR from Lactococcus 20-92. We puri-
fied L-DZNR from the centrifuged supernatant of the dis-
rupted cell material using a sequential four-step purification
procedure consisting of hydrophobic chromatography, affinity
chromatography, and two rounds of anion-exchange chroma-
tography. The active fractions of the final Mono-Q anion-
exchange chromatography exhibited a single band with an ap-
parent molecular mass of 70 kDa (Fig. 2a), and the staining
intensity of the bands from each fraction correlated with the
conversion activity from daidzein to dihydrodaidzein (Fig. 2b).
As a result, we concluded that this purified protein was L-
DZNR from Lactococcus 20-92.
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GTGTCGGGTTTGGACCCTGCGAAGGCTGAAAAGGCACAGCAGCACTAACAACCTATCAAG  -61

GTGCCTCAATACCCCTGCTTGTCTCAGGGGAAGGCAGACCCATCTTGAATTGGAGCGATC =1
ATGAAGAACAAGTT GCGGCTACATCGGTAACCTAGAGGT 60
M K N K F K T F ER 20
GAGAACCGAGCGATCCGCATGCCGATGGGCAGCGAGCTGGGCAACCCGGACGGCTCTCCC 120
E NJR A T R M]P M 6@ TEL GNJPODGTSP 40
AGCTGGECCTCCCTCAAGGCGTACGCTGAGGCTGCCGACGETGGAACCGGCATCRTETTC 180
S WASLEKAYAEAADGGTG | VF 60

ATGGACAACGCCGGCGTGAGCCAGTTCCACCATGTCGGACTGTCCCTGGCCAGCGACAAC 240
M DNAGVYTOQ@FHHYGGLSLASTDN 80

TACATCGGCCCCATGTCCGTCCTCGCAAAGACCATCAAGCAGCACGGGGCCATCCCCGGC 300
Y1 GPMSVLAKTI KQHGAIUPSG

100
CTGCAGATCGTCCACCCBGGCCECGACGCGGCGTTCATGCACGGTGACGACCTGATCTCC 360
LQ I VHPGRDAAFVRGDODL I S 120
TCTTCCCGCATCCAGTGGGAGCCCTGGTACGAGAACGGCGGCECTATTCCCCGCGAGCTC 420
§ SR I @ WEZPWYENGGAVPREHIL 140
ACCATCGAGGAGATCCACGACTTCGTCGGTTACTTCGGCGACTGCGCACTCCGCGCGCAG 480
T1EEI HDFVGYFGDCALR RAR 160
ACCGCGGGCTTCGAAATCGTCGACGTCCACGCGGCATGCGGCGTCCTGCTGAGCAACTTC 540
TAGFEI!I VDVHAACGCGVY LLGSNETF 180
CTCTCGGGGCGCAACAACACCCGCAATGACATGTACGGCGGAAGCGTGGACAACCBCGCE 600
L SPRNNTRNDMYGGGSLHNR RA 200
CGCTTCCTGCTCGAGGTCATGCGCGACATCAAGAAGAAGTGCCCCAAGCTCCCGCTGGCT 660
RFLLEVY I RDI KKK KT CPNLTPLA 220
ATCCBACTCTCCGGCATCGACTTCGAACCGGACGGCATCACCATCGAGGAGACCTGCGAG 720
I RLSGI DFEPDGITIEETTEGCE 240
GTCGCCAAGATGTGGGAGGCAGCCGGTGCGGACGCCATCAAGATCACCTGGGGTTCGCAT 780
VAKMWCEAAGADAINITWSGEGSH 260
GCAGAGGTCATAAACGCGGCCGGCCTGCTCTCCAAGCACGGCGCCAACCACGTCGAGGCA 840
AEV I NAAGLTILTSIK KU HSEGEANHYVYEA 280
GCGAAGATGATCAAGGACGCTCGTTAGCATCCCCACCATGCTGTGCGGCGGCATCTACTCC 900
A KNI KDAVS | PTMLZGCGE G 11 Y S 300
CCCGAGATCGGCGAGAAGCTGCTCGAGGACGECGTCTGCGACTTCATCGGCATCGGCAAG 960
P EI GEKLILEDSGVYCDFII G I &K 320
CCCGCGCTCGCCGACCCCATGTGGGGCAAGAAGGCAGCTGAGGGGCGTCCTGAGGACATC 1020
PALADPMWAIKTEKAAETGRTPETDI 340

AGGCCCIACATLAATTIACRGCATOARCTACCATRACCRLGACATACTCTLCARCGRCATE 1080
RPLC 1 6CBVELCHDRGMILSGEE YV (} 360

QI.GG@GEGCGCCGTCAACECGGCCCTGTACMGTICGAGGAACCCGTCTACCCGCAGGCT 1140
VOGAVNAALTYTKIEDTETPVYFPQA| 380

ETGGTTCGCAAGAAGGTCATGATGATGGGCGCAGGGCGGGCTGGCTGGGAGGGTGCGATC 1200
VP CK VL1 GAG R AGCERAI 40

ACCGCGAAGAAGTGCGGCCATGACGTCACCATCTACGAGAAGCGCAAGATCGGTGGCGTT 1260
TAKKGCGHDYTIYEKRIKIGE GV 420

CTGAAGGAGGCTACCGTCTCCGACAGCAAGGAGGACCTCGGCCGCGTCATCAGCTACTAC 1320
LKEATVSDSKEDLGRLITYY 440

GAGACCCAGCTCAAGAAGGAGGGCATCGAGGTCATCTACGAGGAGGCCACTGGAGACACC 1380
ETQLKIKEZGIEVYI YEEATADT

460

GTTGTAGCCGGCGGCTTCGACGTCGCCATCGTCGCCTGCGGCGCCACCGTGCGCAACCTC 1440
VVAGGFDVAIVACGATVR RNL 480
AACATCBACGGCCAGGACGACCCCTCCGTCATGTACGCGATGGACTTCCTGGACAACEAC 1500
NI DGQDDPSVVYAMDTFTLTDNTD 500
TGCAAGAGCGATGCCGAGAGGGTCGTCGTTGTCPPCPRIPPP FGIPGGTGCCGAGACG 1560
DRVYVVYVYEGE 6 A 520
GCBCTGATCOTCACREAGRAGCEEGE cmssneTcAccATcAcc,%cccecrcccceeAs 1820
TTCTTCGTCTCCGGCGTCATGGGCATCGCCTACATGGTTCGCCTGGGTATGGCGGGAGTC 1680
FFVSGVMGEI!I AYMVRLGMAEG GV 560
ACGATCAAGCCCTCCACCCAGCTCGTCGCCGTCAAGGATGGCAAGCCCATGTTCGCCGGC 1740
T I KPS TQLVY AV KDGKTPMFASG 580
CCCCGCGGCCTGGAGACCCTGGACGT CGACCAGACARTCATCTCCTCTGGCTTCGTCCCG 1800
PRGELETLDVDQTI I SSGEFVP 600

ACGTTCAAGCAGTTCCGCGCCCAGATCGAGGAGAAGTGCGAGGACGTCAGGGTCATCGGC 1860
TFNGFRAQI!I EEKGCEDVRVIG 620
ATCGGCGACTGCAAGGCCTCCCGCATGGTCATGGACGCTGTCCACGAGGGCTACATCGCT 1920
I 8D C KAS RNV WD AV HEGY A 640
GGCEGGAACETGTAGCGAACACGGGGCTGAAGGGAAGG TCCACACCCTTGATTTGAGGC 1980

TTCTGACCAAACGGGCCGGAGGAGCGGGCAAGCAGCTGCGCCGCCTCCGGCCCGTCGA 2040

FIG. 4. Nucleotide sequence of the L-DZNR gene from Lactococ-
cus 20-92 and predicted amino acid sequence of its product. Nucleo-
tides and translated amino acids are numbered on the right side of the
figure. Peptide sequences obtained by Edoman degradation are boxed.
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Cloning and sequencing of L-DZNR and its gene. For the
determination of the primary structure of L-DZNR, we ini-
tially obtained the N-terminal and internal amino acid se-
quences of the purified L-DZNR protein. The 22 amino acids
at the N terminus were MKNKFYPKTFERGYIGNLEVEN.
The three internal portions of L-DZNR were 10, 16, and 17
amino acids long, with the sequences FDEPVYPQAE (pep-
tide 1), ASRMVMDAVHEGYIAG (peptide 2), and GYIGN
LEVENRAIRMPM (peptide 3), respectively. Given that the
10 amino acids at the N-terminal end of peptide 3 coincided
with 10 residues of the identified N-terminal sequence, these
two identified sequences were thought to be continuous at the
N-terminal region of this enzyme.

Degenerate primers were designed on the basis of the N-
terminal amino acid sequence and the sequence of peptide 2.
We tried to amplify the gene encoding L-DZNR with the
genomic DNA from Lactococcus 20-92 and obtained a 1.9-kb
DNA fragment by degenerate PCR when an annealing tem-
perature of 54°C was used (Fig. 3). The DNA fragment was
cloned and sequenced. The deduced amino acid sequence
from the nucleotide sequence contained the same sequence
that was observed in peptide 1 at amino acids 372 to 381
(Fig. 4). Therefore, we concluded that this DNA fragment
was derived from the L-DZNR gene. This DNA fragment
was incomplete; therefore, we performed RACE to search
for the missing segment and obtained three new DNA frag-
ments containing portions of the L-DZNR gene. These were
designated RACE-fragment-N-Sacl (1.2 kb), RACE-frag-
ment-N-Sau3AI (1.0 kb), and RACE-fragment-C-Sacl (0.6
kb). We determined the entire nucleotide sequence of the
L-DZNR gene by overlapping the sequences of the initially
amplified 1.9-kb DNA fragment and these three DNA frag-
ments. The assembled sequence consisted of 3,553 nucleotides
and contained an open reading frame of 1,935 nucleotides
encoding L-DZNR. The open reading frame of this gene en-
coded 644 amino acids with a calculated molecular mass of
68,943 Da, demonstrating good agreement with the apparent
molecular mass of 70 kDa obtained from the purified
L-DZNR. Figure 4 shows the nucleotide and deduced amino
acid sequences of L-DZNR. A putative Shine-Dalgarno se-
quence and a putative terminator sequence were identified in
5'- and 3'-untranslated regions, respectively; however, —35
and —10 boxes were not found in the 5'-untranslated regions.

Gene characteristics. Analysis of the deduced amino acid se-
quence of L-DZNR has indicated that this sequence contains a
putative 4Fe-4S iron-sulfur cluster motif (CXXCX,CX;,C) (20)
at amino acids 343 to 363 and two cofactor binding sites (GX
GXXG) (11, 31) at amino acids 390 to 395 and 512 to 517 (Fig.
4 and 5). A BlastP homology search (2) revealed that the
deduced amino acid sequence of L-DZNR was similar to ar-
chaeal or bacterial open reading frames which are annotated as
NADH:flavin oxidoreductase/NADH oxidase (28 to 36% iden-
tity). An old yellow enzyme (OYE)-like FMN binding domain

The 4Fe-4S iron-sulfur cluster motif and two cofactor binding sites are
indicated by the shaded areas. Consensus amino acid sequences of
each motif are shown in bold. Putative terminator sequences are indi-
cated by the arrows.
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Daidzein reductase MKNKFYPK ERGYIGNLEVE RA | RMP[UGTE-LGNPRIESP SWASLKANA -ADGGTGLMFMDNAGVIQF 69
NADH oxidase —-MTHFPN SEGR IENLV IRYR I VMPP TN-LANEDIESVSQRL | DY) 67
2-enoate reductase -—MVAYTR EP I KI[EKVE KK 1 AMT VLGLATHYECF SKRVVDY]VER 68
2, 4-dienoyl CoA reductase ————SYPS PLDLEFTTLKYRVLMGS HTGLEEYPDG AERLAAFY~ WARHG ALIVSGG I APDLT 64
Daidzein reductase HHVGLSLAS————DNY | GPMSVLAKT I KQHEA | PGLINI VHPGRDAAFVRGDDL | S-SSR I QWEPWYE| 131
NADH oxidase QGKNVACQLRLDDD———KYMAGFFELAEAVHSY KIFMOIHFAGRQTTPGITEGLQP—-VAPSPVPGSF 132
2-enoate reductase IERFKAGAVPVATANPLHFIATAGELTERVHAY TKIFLELGMGFGRVAAP ILLESQP—VAPSALPNFYW| 136
2,4-dienoyl CoA reductase GVGMEGGAMLNDAS—-—QIPHHRTITEAVHQE GKIAL#ILHTGR———YSYQPHLVAPSALQAPI| 123
Daidzein reductase 1VDV[gAA (5L SPRNQITIRNIEM Y{ele A 200
NADH oxidase P! | FVDA IFDG | FMSPRTN VIKY(Ee 200
2-enoate reductase CRERT V ASEA FTIALFN REDISIGG] 206
2, 4-dienoyl CoA reductase FLTLRTN REDELGG 192
Daidzein reductase 255
NADH oxidase 256
2-enoate reductase 276
2, 4-dienoy| CoA reductase 248
Daidzein reductase SHAEVINAAGLLSKHGANHVEAAKMIKD‘VSIPTMLCGGIYSPEIGEKLLEIG yDFIGIGK 325
NADH oxidase | YESMPTLLEPSRFEQGWRVYLAEE I [SKVIIN I ITVGVIREPEFAEKIIAEGR-DFVAVGR 326
2-enoate reductase SYDAWYWAHPPVYQKHGCYLPLTQRLNEVYK VY IVAGRLEIPELAEEALV [CQARMIA|GR 346
2, 4—dienoyl CoA reductase |(WHEAR | PT | ATP-VPRGAF SWVTRKLSGH{S PLVTTNRINDPQVADDILS'GDfDMVSMAR 317
B
Daidzein reductase EMWA E®INPED) R'CI@CGVGCHDRGMLSGGVVQC-VN-ALYKFDEP—VYPQAEV 394
NADH oxidase PEWPKJAKERQNELRKHIISEN | G | GGRVFONLRLRIETVY VAGREGVYSEIKOAPV 396
2-enoate reductase PYWVN VMT(ERSKN RAQIGEHDGEL G-RGFLGRPLS(E VNPACGREEEY—AIDRAPE 414
2, 4—~dienoyl CoA reductase AELLS \QSENADE[INT{HIGENQAELD-Q | FVGKVTS(¥ VNPRACHETKMPILPAVOK 385

Daidzein reductase

NADH oxidase

2-enoate reductase

2, 4—dienoyl CoA reductase

QY | LYEKKGQH LE | BiSASPG KIKWFRDWLEAELSRAGVEVRSGVTADAETIA 466
SLYEKSDRL{EEHVVEZAVPDF| DGRLLEWYKTELGELQVEIHLNQEVTPEFVE 484

T | YEKRKI LKERTVSDS EDLGRLITYYETQLKKEGIEVIY EEATADTVV 462
Q TLFDAHSEI FNIGKQIPG EEFYETLRYYRRMIEVTGVTLKLNHTVTADQLQ 455

Daidzein reductase AGGFIVAI VEIGEATVRNLNJIDEQDDP——S{jVYAMYF(EDNDCKSD—ADR 527
NADH oxidase ALSPOYVILATESEPVTPRIKEAEKENTF(JFQAWDVEBAGKVSFDKDEE 533
2-enoate reductase EKNPRVVVVETESTPAI PDIPEVNKD——KGTTVSEL L GKKQAG—DR 546
2, 4-dienoyl CoA reductase A—FRETILYS IVERTEPIIDS | DHP—KIJL SYLY RDKAPVG—NK 519
Daidzein reductase RGKDVT[]TTRSPEFFVSGYMG———IAYMVREIGNAGY 560
NADH oxidase KGAKVT[IVEMLSD | A1 DMEP | SRFDMMQQFT GIS— 569
2-enoate reductase QGKDYT IEILDDLMRAGIPVPYMNRMMLLDL KMNGV 585

2, 4~dienoy| CoA reductase STSQNIAGFCNEWGIDSSLQQAGGLSPQGMQIPRSPRQ MLQRKASKPGOGLGKTTQWIHRTT LSRGV 589

Daidzein reductase TIKPSTQLVAVKDGKPMFAGPRG LETLDVDQTIISS FVPTFNQFRAQlEEKCEDVR IGDCKASRM 629
NADH oxidase —ARTGKVVTEILPRGVAAVGKEGKQDFIRAHKVVLAI SPVGNELKKTLEDKG I DVRVIEED—AYNVGK 636
2-enoate reductase KWLTETSVLEVTDDGVTLIGKNYQRSPLPADTVILAV FG—ADQRLYNALRDKIPNLY D—SREPRN 652

2, 4-dienoyl CoA reductase KMIPGVSYOKIDDDG—LHVVINGETQVLAVDNVVIC QEPNR—ALAQPLIDSGKTVH GCDVAMELD 657

Daidzein reductase VMDAVHERY IAGCNL 644
NADH oxidase | IDAVSSEFQVAWQL 651
2-enoate reductase ILAGIW EVGRGI 667

2, 4-dienoy| CoA reductase ARRAIAQETRLALE[ 671

FIG. 5. Sequence alignment of L-DZNR from Lactococcus 20-92 with the NADH oxidase from 7. brockii (GenBank accession no. P32382),
2-enoate reductase from M. thermoacetica (GenBank accession no. Y16136), and 2,4-dienoyl coenzyme A (CoA) reductase from E. coli (GenBank
accession no. AAB82738). Identical amino acid residues are indicated in black, and 3/4 matched amino acid residues are in gray. Box A, OYE-like
FMN binding domain; box B, 4Fe-4S cluster motif; box C, coenzyme binding motifs. Consensus amino acid residues of 4Fe-4S cluster motif and
coenzyme binding motifs are indicated in bold letters under boxes B and C, respectively.
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sequence was also conserved at the N terminus of this protein
(Fig. 5). The majority of organisms which had a sequence
similar to that of L-DZNR were obligate or facultative anaer-
obes. Genes which were similar to L-DZNR were not found
when a Blastn search with default parameters was conducted.
Three characterized enzymes, NADH oxidase from Thermo-
anaerobacter brockii (GenBank accession number P32382, 35.4%
identity) (12), 2-enoate reductase from Moorella thermoacetica
(GenBank accession number Y16136, 32.9% identity) (26),
and 2,4-dienoyl coenzyme A reductase from E. coli (GenBank
accession number AAB82738, 28.6% identity) (8), were found
to be similar to L-DZNR. Figure 5 shows the alignment of the
deduced amino acid sequences for L-DZNR and these three
characterized enzymes. The two nucleotide binding motifs (G
XGXXG) and a putative 4Fe-4S iron-sulfur cluster motif
(CXXCX;CX,1.1,C) were conserved in all of the aligned en-
zymes (Fig. 5). Analysis of the protein structure and localiza-
tion with PSORT (http://psort.ims.u-tokyo.ac.jp/) (24, 25)
demonstrated three transmembrane regions at amino acids 460
to 477, 507 to 525, and 546 to 562 in the C-terminal region of
L-DZNR; therefore, L-DZNR is likely to be a transmembrane
protein.

Expression of recombinant L-DZNR-His in E. coli. The ex-
pression of recombinant L-DZNR-His in E. coli harboring
pET-E1-His encoding L-DZNR-His was attempted under dif-
ferent conditions. Using SDS-PAGE, we analyzed the expres-
sion of recombinant L-DZNR-His. A protein with a molecular
mass of approximately 70 kDa, consistent with the size ex-
pected from pET-E1-His, was observed in cell lysates of E. coli
harboring pET-E1-His but not in the controls (Fig. 6). An
enzyme assay of the expressed recombinant L-DZNR-His was
performed using E. coli cell extracts as an enzyme source, and
the cell extracts displayed conversion activity from daidzein to
dihydrodaidzein by HPLC analysis, proving that this recombi-
nant protein had daidzein reductase activity (Fig. 7).

The L-DZNR-His activities in E. coli cell extracts were vastly
different depending on the culture conditions, with the cell
extracts exhibiting lower enzymatic activities in high-aeration
than in low-aeration cultures. Moreover, the recombinant pro-
teins demonstrated a tendency to aggregate into inclusion bod-
ies (data not shown). Therefore, the recombinant protein was
finally expressed under very-low-aeration culture conditions at
30°C.

Enantioselectivity of recombinant L-DZNR-His. Two enan-
tiomers of dihydrodaidzein exist. We examined the enantio-
selectivity of recombinant L-DZNR-His during the conversion
of daidzein to dihydrodaidzein by chiral HPLC analysis. The
results are shown in Fig. 8. This recombinant protein possessed
enantioselectivity, with high production of ($)-dihydrodaidzein
rather than (R)-dihydrodaidzein from daidzein evident.

DISCUSSION

Metabolic pathways leading to the formation of equol from
daidzein have been proposed previously (6, 15, 18, 23, 32). We
observed dihydrodaidzein and tetrahydrodaidzein as reaction
products in the conversion of daidzein to equol using homog-
enates of Lactococcus 20-92 cells as a enzyme source; however,
dehydroequol, a metabolite which has been detected in human
urine and is thought to be a metabolite produced directly from
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FIG. 6. SDS-PAGE analysis of the expressed recombinant L-DZNR-
His. M, molecular mass standards (kDa); lane 1, crude cell extract from E.
coli BL21(DE3)/pET-E1-His; lane 2, crude cell extract from E. coli
BL21(DE3)/pET21a. Recombinant L-DZNR-His (approximately 70
kDa) is indicated by the arrow.

tetrahydrodaidzein (18, 32), was not observed (data not
shown). Accordingly, we assumed that equol was produced
from daidzein in this bacterium following three stages of enzy-
matic reactions. Those stages were the conversion of daidzein to
dihydrodaidzein (first stage), of dihydrodaidzein to tetrahydro-
daidzein (second stage), and of tetrahydrodaidzein to equol (third
stage). We called the enzymes responsible for each stage E1, E2,
and E3, respectively (Fig. 9). For the verification of our hypothet-
ical metabolic pathway, we attempted to purify these enzymes
from the homogenates of Lactococcus 20-92 cells and succeeded
in isolating E1, also known as L-DZNR.

The conversion from daidzein to dihydrodaidzein is a reduc-
ing reaction. In general, a reductase often needs a coenzyme,
such as NAD(H), NADP(H), or FAD(H), for its catalytic
activity. We found that the conversion of daidzein to dihydro-
daidzein by the cell extract of Lactococcus 20-92 is dependent
on the coenzyme NADPH. Therefore, we examined the affinity
of this enzyme for blue Sepharose, red Sepharose, and 2',5'-
ADP-Sepharose, which are the affinity resins generally used for
purification of enzymes that use NAD(H) or NADP(H) as a
coenzyme. We found that this enzyme had a higher affinity to
2',5'-ADP-Sepharose (data not shown). Consequently, 2',5'-
ADP-Sepharose was adopted as the affinity resin for purifica-
tion of this enzyme.

We purified L-DZNR using hydrophobic, affinity, and an-
ion-exchange chromatography. We also succeeded in cloning
the L-DZNR gene by using the information provided by the
N-terminal and partial internal amino acid sequences obtained
from the purified protein. The molecular mass (68,943 Da)
calculated from the sequence of the L-DZNR gene was in
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FIG. 7. (a and b) HPLC elution profiles of daidzein converted to dihydrodaidzein in crude cell extracts from E. coli BL21(DE3)/pET-E1-His
(a) and E. coli BL21(DE3)/pET21a (b). Elution profiles of reference standards (daidzein, dihydrodaidzein, and equol) are shown in the panel

labeled STD.

strong agreement with molecular mass of the protein analyzed
by SDS-PAGE (70 kDa).

The nucleotide sequence of the L-DZNR gene was unique,
but the primary structure of the L-DZNR protein contained an
4Fe-4S cluster and two cofactor binding motifs. An OYE-like
FMN binding domain near the N terminus strongly suggested
that this enzyme belongs to the OYE family. Homology
searches in public databases revealed numerous genes encod-

ing proteins that have motifs similar to those seen in L-DZNR
that have been cloned from several bacteria or identified in
bacterial genomic DNA, and almost all the products of these
genes are annotated as putative flavin oxidoreductases or hypo-
thetical proteins. Such a gene was found frequently in obligate
and facultative anaerobic organisms, including Lactococcus 20-92.
One of the features of such gene products is that they have an
4Fe-4S cluster at the center of the putative primary sequence.
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FIG. 8. Chiral HPLC analysis of the products in enantioselective
reduction of dihydrodaidzein. (a) Reaction mixture with Lactococcus
20-92 cell extract. (b) Reaction mixture with recombinant L-DZNR-
His expressed in E. coli. The enantiomers of dihydrodaidzein, (R)-
dihydrodaidzein and (S)-dihydrodaidzein, are indicated as (R) and (S),
respectively. The elution profile of the reference standard (dihydro-
daidzein racemate) is shown in the panel labeled STD.

The protein containing the Fe-S cluster is generally called an
iron-sulfur protein. Iron-sulfur proteins are widely found in
many organisms and have essential physiological roles in elec-
tron transport and oxidation-reduction catalysis. An iron-sul-
fur cluster is thought to facilitate electron transfer in oxidation-
reduction reactions (4, 28). These properties suggest that the
electron transfer function of the 4Fe-4S cluster in the L-DZNR
molecule contributes to the reduction of daidzein to dihydro-
daidzein under anaerobic conditions.

The predicted putative structure of L-DZNR is similar to
those of bacterial enoate reductases. Enoate reductases cata-
lyze the reduction of carbon-carbon double bonds of nonacti-
vated 2-enoate, o,B-unsaturated aldehydes, cyclic ketones, and
methylketones by using NADH as an electron donor (26). It
was reported that the recombinant enoate reductase of Clos-
tridium thermoaceticum expressed in E. coli under aerobic con-
ditions was insoluble and enzymatically inactive but that, when
expressed under anaerobic conditions, the enzyme was soluble
and enzymatically active (26).

Lactococcus 20-92 is able to grow both aerobically and
anaerobically; however, Lactococcus 20-92 does not exhibit the
ability to convert daidzein to equol when grown aerobically.
Moreover, the enzyme activity of the recombinant L-DZNR
tends to be lower when expressed in highly aerated E. coli
cultures. Therefore, these facts suggest that L-DZNR has char-
acteristics similar to those of the enoate reductase of C. ther-
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FIG. 9. Postulated metabolic pathway for conversion of daidzein to
equol in Lactococcus 20-92. Asymmetric carbons of the molecules are
indicated by asterisks.

moaceticum, with both enzymes being unstable under aerobic
conditions.

As described above, the existence of an OYE-like FMN
binding domain in the determined putative primary structure
of L-DZNR reveals that this enzyme could be classified in the
OYE family. The OYE member NAD(P)H dehydrogenase
was the first flavoprotein purified from brewer’s yeast and was
named so because a solution of this protein is yellow in color
(34, 35). A solution of the purified recombinant L-DZNR-His
from E. coli was light yellow in color (data not shown). Kataoka
et al. (16) reported that the OYE from Candida macedoniensis
could catalyze the enantioselective hydrogenation of the carbon
double bond of ketoisophorone (KIP; 2,6,6-trimethyl-2-cyclo-
hexen-1,4-dione). We examined whether L-DZNR catalyzes a
reduction of daidzein with enantioselectivity or not and
showed that recombinant L-DZNR-His participated in the en-
antioselective hydrogenation of daidzein, with the dihydro-
daidzein produced almost always being (§)-dihydrodaidzein.

The conversion of daidzein was performed using the cell
extract of Lactococcus 20-92 as an enzyme source, and the
produced dihydrodaidzein was detected as a racemate. Re-
cently, Kim et al. (18) reported that (R)- and (S)-dihydrodaid-
zeins are rapidly converted to racemates in the cell extract and
the whole cell of Eggerthella sp. Julong 732 and proposed the
existence of a dihydrodaidzein racemase in this bacterium.
Taken together, our results from this study strongly support
the existence of a dihydrodaidzein racemase as predicted by
Kim et al. (18).

This is the first report elucidating the sequence of the gene
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encoding L-DZNR, one of the enzymes involved in the me-
tabolism of daidzein to equol. Our study contributes to the
identification of other enzymes involved in the equol produc-
tion pathway and to the elucidation of metabolic mechanisms
involved in converting daidzein to equol in enteric bacteria.
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