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Abstract

Thebpha1(2072)A2A3A4gene cluster codes for a modified biphenyl dioxygenase holoenzyme with broad substrate speci-
ficity. In the previous report, we have shown the biotransformation of flavone, flavanone, 6-hydroxyflavone and 6-hydroxyfla-
vanone byStreptomyces lividanscells carryingbphA1(2072)A2A3A4. In the present study, we successfully biotransformed
chalcone and 7-hydroxyisoflavone, which are categorized with other groups of flavonoids, by using recombinantEscherichia
coli cells expressing the same genes. We also biotransformed various flavonoids byE. coli cells expressing thebphB
(dihydrodiol dehydrogenase) gene in addition to thebphA1(2072)A2A3A4genes. Flavone, flavanone, 6-hydroxyflavone,
6-hydroxyflavanone, chalcone, and 7-hydroxyisoflavone, which were used as substrates, were converted with high efficiency
to their corresponding diols, whose structures were determined by HREI-MS,1H NMR and13C NMR data. The antioxidative
activity of these generated diol compounds was markedly higher than that of the substrates used.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The degradation of polychlorinated biphenyls
(PCBs), which are serious environmental pollu-
tants, is enzymatically initiated by the action of
biphenyl dioxygenase, as has been elucidated for the
biphenyl-degrading bacteria,Pseudomonas pseudoal-
caligenesKF707 andBurkholderia cepaciaLB400
[1,2]. Biphenyl dioxygenase is a multi-component en-
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zyme consisting of BphA1, BphA2 (large and small
subunits of iron–sulfur protein, respectively), BphA3
(ferredoxin), and BphA4 (ferredoxin reductase). This
enzyme (BphA) is responsible for the conversion of a
biphenyl to its dihydrodiol, which is further converted
to 2,3-dihydroxybiphenyl by the subsequent dehydro-
genation (desaturation) catalyzed by BphB (Fig. 1).

Modified bphA1 genes have recently been gener-
ated by DNA shuffling, using thebphA1genes derived
from P. pseudoalcaligenesKF707 and B. cepacia
LB400 [3]. One of the shuffled genes,bphA1(2072),
has been shown to mediate with broad substrate
specificity, when expressed in combination with
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Fig. 1. Biphenyl catabolic pathway forP. pseudoalcaligenesKF707 and B. cepacia LB400. Key to compounds: I,
biphenyl; II, 3-phenylcyclohexa-3,5-diene-1,2-diol (dihydrodiol compound); III, 2,3-dihydroxybiphenyl (3-phenylbenzene-1,2-diol); IV,
2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid (meta-cleavage compound); V, benzoic acid. Key to enzymes: BphA (BphA1A2A3A4),
biphenyl dioxygenase; BphB, dihydrodiol dehydrogenase (desaturase); BphC, 2,3-dihydroxybiphenyl dioxygenase; BphD,meta-cleavage
compound hydrolase.

bphA2A3A4from P. pseudoalcaligene[4]. Various
molecular species, in which heterocyclic aromatics
are linked with phenyl or benzyl groups, could be
converted with high efficiency to the corresponding
dihydrodiols and/or monohydroxy derivatives by re-
combinantEscherichia colior Streptomyces lividans
strains carrying the modified biphenyl dioxygenase
genes [bphA1(2072)A2A3A4] [4,5]. However, it is
not clear whether the dihydrodiols generated would
be capable of being used as substrates for BphB to
synthesize the corresponding diols.

Flavonoid pigments are universally distributed in
higher plants and are the source of the yellow and
orange to blue colors in petals, fruits, leaves and
roots [6]. Flavonoids have recently attracted con-
siderable attention due to their beneficial effect on
health, e.g. their antioxidative activity is considered
to be of medical and nutritional importance. Al-
though 6467 flavonoids in nature are listed inThe
Handbook of Natural Flavonoids[7], the biologi-
cal transformation of these flavonoids has not been
well studied. It may be a feasible approach to pro-
duce “unnatural” natural flavonoids by enzymatic
conversion. This conversion is likely to be mediated
by modified biphenyl dioxygenase, since flavonoids
also have the molecular structure of a heteroaromatic
ring (such as a chromone ring) linked with a phenyl
group. In the previous study[8], we successfully
transformed flavone, flavanone, 6-hydroxyflavone and
6-hydroxyflavanone byS. lividans cells expressing
bphA1(2072)A2A3A4genes. In this case, the products
generated were not the corresponding dihydrodiols but
diols, and/or the monohydroxy derivatives, as shown in
Fig. 2.

We report in this present paper the biotransforma-
tion of chalcone and 7-hydroxyisoflavone byE. coli
cells expressing the same genes. We further show
the efficient bioconversion of flavone, flavanone,
6-hydroxyflavone, 6-hydroxyflavanone, chalcone and
7-hydroxyisoflavone to their corresponding diols
by E. coli cells expressing thebphB gene in ad-
dition to bphA1(2072)A2A3A4. The antioxidative
activity of the generated diol compounds is also
examined.

2. Experimental

2.1. Plasmids, bacterial strains, and growth
conditions

Plasmid pKF2072 carrying thebphA1(2072)A2A3-
A4 genes for their expression inE. coli has previ-
ously been described[4]. E. coli JM109[9] was used
as a host for plasmid pKF2072 and the other plas-
mid (pBS2072B), and was cultured in an LB medium
or M9 medium[9] at 30 or 37◦C. Ampicillin (Ap,
150�g/ml) was added when needed.

2.2. Construction of the plasmid

The 1.9 kb XbaI-BglII fragment, which con-
tains bphA1 (2072), was isolated from plasmid
pKF2072. The 3.78 kbBglII-ClaI fragment carry-
ing the bphA2A3A4and bphB genes of P. pseu-
doalcaligenes KF707 was isolated from plasmid
pJHF18[10]. Both of these fragments were inserted
together into theXbaI-ClaI site of pBluescript II
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Fig. 2. Bioconversion of various flavonoids by using the cells ofE. coli carrying modified biphenyl dioxygenase genes [bphA1(2072)A2A3A4]
and by using the dihydrodiol dehyrogenase gene (bphB) in addition to these dioxygenase genes. The percentage values in parentheses
represent the yield of each purified product.

SK, creating plasmid pBS2072B. In this plasmid,
the bphA1(2072)::bphA2A3A4bphBgenes were in-
serted in an orientation to give the transcriptional
read-through from thelac promoter of the vector. The
respective DNA sequences of thebphA1(2072) gene
and thebphA2A3A4bphBgenes are available from
DDBJ/Genbank under accession numbers AB085748
and M83673.

2.3. Conversion experiments

E. coli JM109 harboring pKF2072 or pBS2072B
was grown in an LB medium containing Ap at 30◦C
while reciprocally shaking at 175 rpm (rotation per
minute) for 8 h. Five milliliters of this culture was
inoculated into 100 ml of an M9 medium containing
150�g/ml of Ap, 10�g/ml of thiamine, and 0.4%
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(w/v) glucose in a Sakaguchi flask at 30◦C while re-
ciprocally shaking at 175 rpm for 16–17 h until the
absorbance at OD 600 nm had reached approximately
1. One millimolar (final concentration) of isopropyl
�-d-thiogalactopyranoside (IPTG) was added to the
culture, and cultivation was continued for a further
4 h. The cells were collected by centrifugation, washed
once with the M9 medium, and then resuspended in
100 ml of a fresh M9 medium containing 150�g/ml of
Ap, 10�g/ml of thiamine, 0.4% (w/v) glucose, 1 mM
(final concentration) of IPTG, and 10 mg of each sub-
strate, before being cultivated in a Sakaguchi flask
at 30◦C while reciprocally shaking at 175 rpm for
2 days.

The substrates used in this study were purchased
from Aldrich Chemical Co., Sigma Chemical Co. or
Maybridge Chemical Co. The respective substrates
were dissolved in small volume of DMSO and added
to the culture.

2.4. Extraction and HPLC analysis of the
converted products

To extract the converted products as well as the
substrates, a volume of methanol (MeOH) equal to
that of the culture medium was added to the co-culture
of the transformed cells ofE. coli, and mixed for
30 min. After centrifuging to remove the cells, the
liquid phase was analyzed by high-pressure liquid
chromatography (HPLC) or used for further purifi-
cation of the converted products. The liquid phase
(80�l) was applied to HPLC in an XTerra C18 col-
umn (4.6 mm× 150 mm, Waters) with a photodiode
array detector (model L-7455, Hitachi). Development
was at a flow rate of 1 ml/min with solvent A (5%
acetonitrile (CH3CN) and 20 mM phosphoric acid)
for 3 min, then by a linear gradient from solvent A to
solvent B (95% CH3CN and 20 mM phosphoric acid)
for 15 min, and finally with solvent B for 10 min, the
maximum absorbance being monitored in the range
of 200–500 nm.

2.5. Purification and identification of the
converted products

The liquid phase (1400 ml), which had been ob-
tained by the procedure just described, was con-
centrated in vacuo and extracted with ethyl acetate

(EtOAc; 500 ml× 2). The resulting organic layer was
concentrated in vacuo and analyzed by thin-layer chro-
matography (TLC) on silica gel (E. Merck 60F-254
0.25 mm silica gel plates). The formed products
were purified by column chromatography on Silica
Gel 60 (20 mm× 250 mm, Merck). Their structures
were analyzed by mass spectral data (MS (EI) and
HRMS (EI); Jeol DX505W) and nuclear magnetic
resonance (NMR) spectral data (400 MHz, Bruker
AMX400).

2.5.1. 3-(2,3-Dihydroxycyclohexa-1(6),4-dienyl)-7-
hydroxychromen-4-one

The compound1 is a product converted from
7-hydroxyisoflavone by modified bphA. The crude
EtOAc extract (55.9 mg) was subjected to column
chromatography (dichloromethane (CH2Cl2)–EtOAc
= 10:1) to yield 47.0 mg of1. MS (EI) m/z272 (M+).
HRMS (EI) calcd. for C15H12O5 (M+), 272.0683;
found 272.0685.1H NMR (DMSO-d6) δ: 4.19 (1H,
m), 4.31 (1H, m), 5.81 (dd, 1H,J = 2.0, 9.6 Hz),
5.93 (ddd, 1H,J = 2.4, 5.7, 9.6 Hz), 6.42 (d, 1H,
J = 5.3 Hz), 6.84 (d, 1H,J = 2.6 Hz), 6.91 (dd,
1H, J = 2.6, 8.8 Hz), 7.92 (d, 1H, J=8.8 Hz). 13C
NMR (DMSO-d6) δ: 67.0 (C-2′), 69.4 (C-1′), 102.0
(C-8), 115.3 (C-6), 116.3 (C-4), 122.7 (C-5′), 122.9
(C-3), 123.9 (C-4′), 127.2 (C-5), 132.5 (C-3′), 133.0
(C-6′), 153.0 (C-2), 157.2 (C-8a), 162.6 (C-7), 175.4
(C-4).

2.5.2. 3-(2-Hydroxyphenyl)-1-phenylpropan-1-one
(2: product converted from (trans)-chalcone by
modified bphA)

The crude EtOAc extract (187.0 mg) was subjected
to column chromatography (hexane–EtOAc= 4:1)
to yield 24.9 mg of 2. MS (EI) m/z 226 (M+).
HRMS (EI) calcd. for C15H14O2 (M+), 226.0994;
found 226.0992.1H NMR (CDCl3) δ: 2.98 (t, 2H,
J = 6.2 Hz), 3.38 (t, 2H,J = 6.2 Hz), 6.78 (ddd,
1H, J = 1.1, 7.1, 7.4 Hz), 6.86 (dd, 1H,J = 1.1,
7.0 Hz), 7.05 (dd, 1H,J = 7.0, 7.4 Hz), 7.06 (d, 1H,
J = 7.1 Hz), 7.38 (dd, 1H,J = 7.4, 7.4 Hz), 7.50
(dd, 1H,J = 7.4, 7.4 Hz), 7.91 (d, 1H,J = 7.4 Hz).
13C NMR (CDCl3) δ: 23.5 (C-1), 29.7 (C-2), 117.4
(C-6′), 120.7 (C-4′), 127.7 (C-2′), 127.9 (C-5′), 128.3
(C-5), 128.3 (C-9), 128.6 (C-6), 128.6 (C-8), 130.5
(C-3′), 133.7 (C-7), 136.0 (C-4), 154.5 (C-1′), 202.0
(C-3).
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2.5.3. 2-(2,3-Dihydroxyphenyl)chromen-4-one
(3: product converted from flavone by modified
bphA+ bphB)

The crude EtOAc extract (189.9 mg) was subjected
to column chromatography (CH2Cl2–MeOH= 30:1)
to yield 30.0 mg of3. MS (EI) m/z254 (M+). HRMS
(EI) calcd. for C15H10O4 (M+), 226.09940; found
226.09942.1H NMR (DMSO-d6) δ: 6.82 (dd, 1H,J =
7.9, 7.9 Hz), 6.98 (dd, 1H,J = 1.8, 7.9 Hz), 7.11 (s,
1H), 7.35 (dd, 1H,J = 1.8, 7.9 Hz), 7.47 (dd, 1H,
J = 7.9, 7.9 Hz), 7.71 (d, 1H,J = 8.0 Hz), 7.80 (ddd,
1H, J = 1.8, 7.9, 7.9 Hz), 8.03 (dd,J = 1.8, 7.9,
7.9 Hz).13C NMR (DMSO-d6) δ: 111.0 (C-3), 117.6
(C-6′), 118.3 (C-3′), 118.4 (C-8), 118.5 (C-4′), 119.2
(C-5′), 123.1 (C-4a), 124.7 (C-5), 125.2 (C-6), 134.1
(C-7), 145.3 (C-2′), 145.9 (C-1′), 155.8 (C-8a), 161.1
(C-2), 177.2 (C-4).

2.5.4. 2-(2,3-Dihydroxyphenyl)chroman-4-one
(4: product converted from flavanone by modified
bphA+ bphB)

The crude EtOAc extract (103.2 mg) was subjected
to column chromatography (CH2Cl2–MeOH= 20:1)
to yield 68.0 mg of4. MS (EI) m/z256 (M+). HRMS
(EI) calcd. for C15H12O4 (M+), 226.0994; found
226.0994.1H NMR (DMSO-d6) δ: 2.76 (dd, 1H,J =
13.4, 16.5 Hz), 3.16 (dd, 1H,J = 3.0, 16.5 Hz), 5.78
(dd, 1H,J = 3.0, 13.4 Hz), 6.70 (dd, 1H,J = 7.9,
7.9 Hz), 6.80 (dd, 1H,J = 1.2, 7.9 Hz), 6.93 (dd, 1H,
J = 1.2, 7.9 Hz), 7.07 (d, 1H,J = 7.9 Hz), 7.08 (dd,
1H, J = 7.9, 7.9 Hz), 7.57 (ddd, 1H,J = 1.8, 7.9,
7.9 Hz), 7.79 (dd, 1H,J = 1.8, 7.9 Hz).13C NMR
(DMSO-d6) δ: 42.5 (C-3), 74.4 (C-2), 115.1 (C-4′),
117.0 (C-6′), 118.0 (C-8), 119.1 (C-5′), 121.3 (C-6),
125.8 (C-4a), 126.1 (C-3′), 126.4 (C-5), 136.2 (C-7),
140.7 (C-2′), 145.2 (C-1′), 161.5 (C-8a), 192.0 (C-4).

2.5.5. 2-(2,3-Dihydroxyphenyl)-6-hydroxychromen-
4-one (5: product converted from 6-hydroxyflavone
by modified bphA+ bphB)

The crude EtOAc extract (309.5 mg) was subjected
to column chromatography (CH2Cl2–MeOH = 5:1)
to yield 31.5 mg of5. MS (EI) m/z270 (M+). HRMS
(EI) calcd. for C15H10O5 (M+), 270.0528; found
270.0522.1H NMR (DMSO-d6) δ: 6.78 (dd, 1H,
J = 7.4, 7.4 Hz), 6.95 (dd, 1H,J = 1.8, 7.4 Hz), 7.05
(s, 1H), 7.22 (dd, 1H,J = 3.5, 8.6 Hz), 7.29 (d, 1H,
J = 3.5 Hz), 7.30 (dd, 1H,J = 1.8, 7.4 Hz), 7.57

(d, 1H, J = 8.6 Hz). 13C NMR (DMSO-d6) δ: 107.4
(C-5), 110.0 (C-3), 117.3 (C-6′), 118.4 (C-3′), 118.4
(C-4′), 118.4 (C-5′), 119.7 (C-8), 122.9 (C-7), 124.0
(C-4a), 145.5 (C-2′), 146.0 (C-1′), 149.5 (C-8a), 154.7
(C-6), 160.9 (C-2), 177.1 (C-4).

2.5.6. 2-(2,3-Dihydroxyphenyl)-6-hydroxychroman-
4-one (6: product converted from 6-hydroxyflavanone
by modified bphA+ bphB)

The crude EtOAc extract (170.7 mg) was subjected
to column chromatography (CH2Cl2–MeOH= 20:1)
to yield 23.9 mg of6. MS (EI) m/z272 (M+). HRMS
(EI) calcd. for C15H12O5 (M+), 272.0685; found
272.0685.1H NMR (DMSO-d6) δ: 2.68 (dd, 1H,
J = 2.4, 16.4 Hz), 3.06 (dd, 1H,J = 13.4, 16.4 Hz),
5.65 (dd, 1H,J = 2.4, 13.4 Hz), 6.68 (dd, 1H,J =
7.3, 7.3 Hz), 6.77 (d, 1H,J = 7.3 Hz), 6.91 (d, 1H,
J = 7.3 Hz), 6.92 (d, 1H,J = 8.8 Hz), 7.02 (dd, 1H,
J = 3.2, 8.8 Hz), 7.10 (d, 1H,J = 3.2 Hz).13C NMR
(DMSO-d6) δ: 42.7 (C-3), 74.4 (C-1), 110.0 (C-5),
115.0 (C-8), 115.0 (C-6′), 117.0 (C-4′), 119.0 (C-5’),
120.7 (C-4a), 124.5 (C-7), 126.1 (C-3′), 142.4 (C-2′),
145.2 (C-1′), 151.5 (C-6), 154.9 (C-8a), 192.3 (C-4).

2.5.7. 3-(2,3-Dihydroxyphenyl)-7-hydroxychromen-
4-one (7: product converted from 7-hydroxyisoflavone
by modified bphA+ bphB)

The crude EtOAc extract (118.0 mg) was subjected
to column chromatography (hexane–EtOAc= 2:1) to
yield 56.4 mg of7. MS (EI) m/z 270 (M+). HRMS
(EI) calcd. for C15H10O5 (M+), 270.0528; found
270.0522.1H NMR (DMSO-d6) δ: 6.63 (dd, 1H,J =
2.4, 7.7 Hz), 6.66 (dd, 1H,J = 7.1, 7.7 Hz), 6.79 (dd,
1H, J = 2.4, 7.1 Hz), 6.87 (d, 1H,J = 2.1 Hz), 6.93
(dd, 1H,J = 2.1, 8.8 Hz), 7.94 (d, 1H,J = 8.8 Hz).
13C NMR (DMSO-d6) δ: 102.1 (C-8), 115.2 (C-6),
115.2 (C-6′), 116.5 (C-4a), 118.7 (C-5′), 120.1 (C-3′),
121.7 (C-4′), 122.1 (C-3), 127.2 (C-5), 143.8 (C-2′),
145.6 (C-1′), 154.6 (C-2), 157.5 (C-8a), 162.1 (C-7),
174.9 (C-4).

2.5.8. 3-(2,3-Dihydroxyphenyl)-1-phenylpropan-1-
one (8: product converted from (trans)-chalcone by
modified bphA+ bphB)

The crude EtOAc extract (187.0 mg) was subjected
to column chromatography (hexane–EtOAc= 4:1) to
yield 58.5 mg of8. MS (EI)m/z242 (M+). HRMS (EI)
calcd. for C15H14O3 (M+), 242.0943; found 242.0944.
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1H NMR (DMSO-d6) δ: 2.85 (t, 2H,J = 7.3 Hz),
3.25 (t, 2H,J = 7.3 Hz), 6.52 (dd, 1H,J = 7.5,
7.5 Hz), 6.57 (d, 1H,J = 7.5 Hz), 6.63 (d, 1H,J =
7.5 Hz), 7.50 (dd, 2H,J = 7.6, 8.6 Hz), 7.61 (dd, 1H,
J = 7.6, 7.6 Hz), 7.96 (d, 2H,J = 8.6 Hz).13C NMR
(DMSO-d6) δ: 24.8 (C-1), 38.2 (C-2), 113.3 (C-6′),
118.7 (C-5′), 120.2 (C-4′), 127.8 (C-5), 127.8 (C-9),
128.0 (C-2′), 128.7 (C-6), 128.7 (C-8), 133.0 (C-7),
136.6 (C-4), 143.1 (C-2′), 144.9 (C-1′), 199.6 (C-3).

2.6. In vitro inhibitory activity against lipid
peroxidation

A rat brain homogenate was prepared according to
the method of Kubo et al.[11] with some modifica-
tions. In brief, a male Wistar rat weighting about 300 g
was intraperitoneally anaesthetized with sodium pen-
tobarbital (50 mg/kg), and the brain was transcardially
perfused with 10 mM phosphate-buffered saline (pH
7.4) to completely remove blood from the brain. After
killing by decapitation, the whole brain, except for
the cerebellum, was immediately homogenized with
a Teflon homogenizer for 30 s in 15 ml of an ice-cold
100 mM phosphate buffer (pH 7.4). The reaction mix-
ture for the assay consisted of 0.5% (w/v) of the ho-
mogenate, 100�M sodium ascorbate as an initiator for
the generation of oxygen radicals, and a sample dis-
solved in MeOH. The mixture was incubated at 37◦C
for 1 h while reciprocally agitating. Malondialdehyde
(MDA) was stoichiometrically formed in the reaction
mixture according to the concentration of lipid per-
oxides. MDA thus formed was allowed to react with
thiobarbituric acid for spectrophotomeric quantifica-
tion at 532 nm. The percentage inhibition was calcu-
lated as follows:(1− (T −B)/(C−B)) × 100 (%), in
whichT, C andB are respectively theA532 readings of
the treatment drug, the control (peroxidation without
a drug) and the zero time control (no peroxidation).

3. Results

3.1. Biotransformation of the flavonoids with
modified bphA

Respective flavonoids were biotransformed through
the co-cultivation with the cells ofE. coli carrying
plasmid pKF2072, which expresses the modified

biphenyl dioxygenase genes [bphA1(2072)A2A3A4].
The products converted were analysed by chromato-
graphic and spectroscopic methods.

3.1.1. Flavone, flavanone, 6-hydroxyflavone and
6-hydroxyflavanone

The products, which were converted from flavone,
flavanone, 6-hydroxyflavone and 6-hydroxyflavanone,
were compared by TLC and HPLC with the authentic
samples[8] to confirm their identities as shown in
Fig. 2.

3.1.2. 7-Hydroxyisoflavone
The molecular formula of the product1 was deter-

mined to be C15H12O5 by HRMS (EI) and1H NMR
and13C NMR spectral data. An analysis of the DQF
COSY and HMQC spectra of1 indicated1 to be the
dihydrodiol derivative of the phenyl side chain. The
1′,2′-diol regiochemical assignment was confirmed by
the long-range1H-13C coupling from H-4′ (δ, 6.42)
to C-3 (δ, 122.9) and C-2′ (δ, 67.0). These findings
indicated1 to be 3-(2,3-dihydroxycyclohexa-1(6),4-
dienyl)-7-hydroxychromen-4-one (Fig. 2). Product1
was a novel compound, the yield of the purified prod-
uct being shown inFig. 1.

3.1.3. trans-Chalcone
The molecular formula of the product2 was de-

termined to be C15H14O2 by HRMS (EI) and1H
NMR and 13C NMR spectral data. In the1H NMR
and 13C NMR spectra of 2, the signals due to∆1,2

of the substrate had disappeared, while two coupled
methylene signals (δH 3.00 (δC 30.1) andδH 3.23 (δC
40.4)) were observed. This confirmed the reduction
of ∆1,2 in 2. Furthermore,vicinal spin networks due
to one-substituted andortho-substituted benzene were
observed in the DQF COSY spectrum of2. Consis-
tent with the molecular formula of 1, the replacement
of one phenolic OH function in either benzene ring
was proved. The position of the phenolic OH func-
tion was determined to be C-1′ by the observation of
1H-13C long-range coupling from H-1 (δ 2.85) to C-1′
(δ 154.5) and to C-3′ (δ 130.5). Thus,2 was iden-
tified as 3-(2-hydroxyphenyl)-1-phenylpropane-1-one
(Fig. 2), a novel compound. The reduction of∆1,2 was
observed in the co-culture of (trans)-chalcone with
hostE. coli JM109. Therefore, this reduction was in-
dependent ofbphA.
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3.2. Biotransformation of the flavonoids with
modified bphA and bphB

Respective flavonoids were biotransformed through
the co-cultivation with the cells ofE. coli carrying
plasmid pBS2072B, which expresses the dihydrodiol
dehydrogenase (desaturase) gene (bphB) in addition to
the modified biphenyl dioxygenase genes. The prod-
ucts converted were analyzed by chromatographic and
spectroscopic methods.

3.2.1. Flavone
Converted product3 was compared by TLC and

HPLC with an authentic sample of 2-(2,3-dihydroxy-
phenyl)chromen-4-one to confirm its identity as shown
in Fig. 2.

3.2.2. Flavanone
Converted product4 was compared by TLC and

HPLC with an authentic sample of 2-(2,3-dihydroxy-
phenyl)chroman-4-one to confirm its identity as shown
in Fig. 2.

3.2.3. 6-Hydroxyflavone
The molecular formula of product5 was deter-

mined to be C15H10O5 by HRMS (EI) and1H NMR
and13C NMR spectral data. An analysis of the DQF
COSY and HMQC spectra of5 suggested the attach-
ment of two phenolic OH functions at C-1′ and C-2′.
The positions of the phenolic OHs were confirmed
by the observation of1H-13C long-range coupling
from H-4’ (δ 7.30) to C-2 (δ 160.9) and to C-2′ (δ
145.5), and avicinal spin network from H-4′ to H-6′
(δ 6.95). These findings enabled5 to be determined
as 2-(2,3-dihydroxyphenyl)-6-hydroxychromen-4-one
(Fig. 2), this being a novel compound.

3.2.4. 6-Hydroxyflavanone
The molecular formula of product6 was deter-

mined to be C15H12O5 by HRMS (EI) and1H NMR
and 13C NMR spectra data. An analysis of DQF
COSY and MHQC spectra of6 suggested the attach-
ment of two phenolic OH functions at C-1′ and C-2′.
The positions of the phenolic OHs were confirmed by
the observations of1H–13C long-range coupling from
H-4′(δ 6.91) to C-2 (δ 74.4) and to C-2′ (δ 145.5), and
from H-5′ (δ 6.68) to C-1′ (δ 145.2) and to C-3′ (δ
126.1), and avicinal spin network from H-4′ to H-6′

(δ 6.77). These findings enabled6 to be determined
as 2-(2,3-dihydroxyphenyl)-6-hydroxychroman-4-one
(Fig. 2), this being a novel compound.

3.2.5. 7-Hydroxyisoflavone
The molecular formula of product7 was de-

termined to be C15H10O5 by HRMS (EI) and1H
NMR and 13C NMR spectral data. An analysis
of the DQF COSY and HMQC spectra of7 sug-
gested the attachment of two phenolic OH functions
at C-1′ and C-2′. The positions of the phenolic
OHs were confirmed by the observation of1H-13C
long-range coupling from H-6′ (δ 6.79) to C-1′ (δ
145.6) and to C-2′ (δ 143.8), and avicinal spin net-
work from H-4′ (δ 6.66) to H-6′. These findings
enabled 7 to be determined as 3-(2,3-dihydroxy-
phenyl)-7-hydroxychromen-4-one (Fig. 2), this being
a novel compound.

3.2.6. trans-Chalcone
The molecular formula of product8 was deter-

mined to be C15H14O3 by HRMS (EI) and1H NMR
and13C NMR spectral data. The∆1,2 of the substrate
in 8 was also reduced, as with2. An analysis of the
DQF COSY and HMQC spectra of8 suggested the
attachment of two phenolic OH functions at C-1′
and C-2′. The positions of these phenolic OHs were
confirmed by the observation of1H-13C long-range
coupling from H-1 (δ 2.85) to C-2′ (δ 143.1), C-3′ (δ
128.0) and C-4′ (δ 120.2), and avicinal spin network
from H-4′ (δ 6.57) to H-6′ (δ 6.63). These findings en-
abled8 to be determined as 3-(2,3-dihydroxyphenyl)-
1-phenylpropan-1-one (Fig. 2), this being a novel
compound.

3.3. Antioxidative activity of the converted
products

The antioxidative activity of flavonoids is impor-
tant for their medicinal and nutritional values. The
converted products reported in this paper contained
some phenolic OH functions in their structures, so the
in vitro inhibitory activity toward lipid peroxidation
was examined. The results are summarized inTable 1.
All the products showed stronger antioxidative activ-
ity than to the substrate. In particular, compounds 3–8
possessing the catechol structure showed sufficient an-
tioxidative activity.
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Table 1
Inhibitory effects of flavonoids on lipid peroxidation in a rat brain
homogenate

Compound IC50 (�M)

Flavone >200
3 25

Flavanone 140
4 73

6-Hydroxyflavone >200
5 2.7

6-Hydroxyflavanone 33
6 15

7-Hydroxyisoflavone >200
1 190
7 25

(trans)-Chalcone >200
2 62
8 7.0
Catechin (positive control) 20

4. Discussion

The biphenyl dioxygenasebphA1(2072)A2A3A4,
which was modified by directed protein evolution
(DNA shuffling) [4], was able to transform various
flavonoids. 7-Hydroxyisoflavone was converted to
its dihydrodiol form (Fig. 2), this being the typical
reaction mediated by this enzyme, while the mono-
hydroxy products were generated from flavone, fla-
vanone, 6-hydroxyflavone, 6-hydroxyflavanone and
(trans-)chalcone through theE. coli cells expressing
the modified dioxygenase (Fig. 2). These substrates
seem to have been converted to their corresponding
dihydrodiols, and then to the more stable monohy-
droxylated forms in a non-enzymatic manner. It is
surprising that in the case of flavone and flavanone,
not the dihydrodiol but the diol forms were observed
from the products converted by the recombinantE.
coli cells carrying onlybphA1(2072)A2A3A4(Fig. 2).
E. coli is likely to have endogenous dehydrogenation
activity, although it is not strong. The same result has
also been obtained when usingS. lividansas the host
[8].

Dihydrodiol dehydrogenase (desaturase) BphB that
is derived fromP. pseudoalcaligenesKF707 was ca-
pable of efficiently converting the flavonoid dihydro-
diol forms, which would have been generated through
the above-mentioned dioxygenase, to the correspond-
ing flavonoid-diol forms. This result demonstrates that
the native BphB had broad substrate specificity. We
have shown for the first time in this study efficient en-
zymatic syntheses of flavonoid-diols with a structure
of the catechol type. The diol products generated were
“unnatural” natural flavonoids, which have not previ-
ously been detected in nature, with strong antioxidant
activity.
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