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Identification of a cytochrome P450 ¢cDNA encoding (2S5)-flavanone
2-hydroxylase of licorice (Glycyrrhiza echinata L.; Fabaceac)
which represents licodione synthase and flavone synthase 1I
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Abstract The microsome of insect cells expressing CYP Ge-5
(CYP93B1), a cytochrome P450 cDNA of licorice (Glycyrrhiza
echinata L.), catalyzed the formation of [**CJlicodione and [*4C]-
2-hydroxynaringenin from (2S)-['4C|liquiritigenin and (2S5)-
[*4C]naringenin, respectively. On acid treatment, the products
were converted to '“C-labeled 7,4’-dihydroxyflavone and api-
genin. Eriodictyol was also converted to luteolin by the reaction
with the microsome of yeast expressing CYP93B1 and
subsequent acid treatment. CYP93B1 was thus shown to encode
(2S)-flavanone 2-hydroxylase, which has previously been desig-
nated to licodione synthase and flavone synthase II depending on
the substrates employed.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Flavonoids are widely distributed in vascular plants and
play essential roles in the plant physiology [1-3]. They consist
of several classes of carbon skeletons which are primarily of
tetraketide origin derived from a phenylpropanoid (Cs-Cs)
starter and three C, elongation units (Fig. 1) [4]. Most of
the flavonoid skeletons thus have linear C43-C3-Cg structures,
but the isoflavonoids are rearranged in the C; part. The en-
zymes of flavonoid biosynthesis have been extensively studied
[4], and recent molecular biological approaches have been
impressive in elucidating the mechanism and regulation of
flavonoid biosynthesis [5].

However, the enzymes involved in the formation of flavones
and isoflavones have not been fully characterized (except for
flavone synthase I; see below). These two major flavonoid
classes are especially important in the leguminous plants for
their interactions with environmental microorganisms [3,6];
e.g. isoflavones and their derivatives are typical phytoalexins
[7] and many flavones act as signals in the early steps of
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symbiosis with soil bacteria (Rhizobia) to form nitrogen-fixing
root nodules [8,9]. These skeletons are biosynthesized from a
flavanone by an oxidative process which introduces a double
bond between C-2 and C-3, together with an aryl migration
from C-2 to C-3 in the case of isoflavone synthesis (Fig. 1) [4].
Flavone synthesis displays a unique diversity in the reaction
mechanism operating in the biosynthesis of the same product
from the same substrate. In parsley, 2-oxoglutarate-dependent
flavone synthase I abstracts hydrogens from C-2 and C-3 of a
flavanone, naringenin, to produce a flavone, apigenin [10,11].
In contrast, in snapdragon [12] and soybean [13,14], a cyto-
chrome P450 (P450) monooxygenase has been presumed to
catalyze the formation of a hypothetical 2-hydroxyflavanone
from a flavanone, the subsequent dehydration of which yields
a flavone. This process is called flavone synthase II (FNSII)
reaction. In leguminous cells, a P450 isoflavone synthase also
acts on flavanone to produce an isoflavone via the dehydra-
tion of 2-hydroxyisoflavanone (Fig. 1) [15,16]. Several P450
monooxygenases including FNSII and isoflavone synthase
have been proposed to be involved in flavonoid metabolism
(e.g. flavonoid 3’- and/or 5’-hydroxylase of anthocyanin bio-
synthesis and isoflavone 2’-hydroxylase of the legume phyto-
alexin pathway) [17], but the structural genes of these P450
proteins have been unknown except for that of flavonoid
3’,5'-hydroxylase [18].

We have characterized a P450 monooxygenase, licodione
synthase (LS), from cultured cells of a leguminous plant, lic-
orice (Glycyrrhiza echinata L.), which produces a retrochal-
cone, echinatin, on treatment with elicitor active substances,
e.g. yeast extract (Fig. 1) [19]. We have suggested that the
mode of action of LS is the hydroxylation of a 5-deoxyflava-
none, liquiritigenin, at C-2, and that the formation of lico-
dione is the result of non-enzymatic hemiacetal opening. This
proposed mechanism has made LS very likely to be the same
enzyme as FNSII. To clone LS ¢cDNA, we have prepared a
cDNA library of elicited licorice cells, and isolated four func-
tionally uncharacterized P450 PCR fragments (Ge-3, 4, 5 and
8), in addition to other four fragments highly homologous to
known sequences encoding frans-cinnamic acid 4-hydroxylase
and ferulic acid 5-hydroxylase [20]. The full-length P450 se-
quences CYP Ge-3 (CYPS1E1l) and CYP Ge-5 (CYP93B1)
containing the sequences of Ge-3 and Ge-5, which are
inducible on elicitation of the cells, have recently been cloned
[21].

In this report, we demonstrate that heterologously ex-
pressed CYP Ge-5 protein displays LS activity and FNSII
activities toward different flavanone substrates (after chemical
dehydration). We propose that the enzyme responsible for
these collective activities may be called (2S)-flavanone 2-hy-
droxylase (F2H).
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2. Materials and methods

2.1. Expression of CYP Ge-5 (CYP93BI) in insect cells using
baculovirus vector

The coding region of CYP Ge-5 [21] with tailored end-sequences
was obtained by PCR with KOD polymerase (Toyobo, Tokyo, Japan)
and CYP Ge-5 cDNA clone in pBluescript SK(—) as the template,
using specific primers, Ge-5S1 (5'-CTAGGATCCATGGAACCT-
CAACTCGTAG-3’) in which the original six nucleotides (AGCGAT)
upstream of the initiation codon (italicized) are converted to
GGATCC (BamHI site) and Ge-5A1 (5'-TCAACATTCAATGA-
TTTTGAGGGG-3') to generate a blunt-end at the termination co-
don (italicized). The PCR products were digested with BamHI, and
the fragment was subcloned into the Stul and BamHI sites of pFAST-
BACI1 donor plasmid (Gibco BRL, Maryland, USA) to produce
pFAST Ge-5, which contained the open reading frame in the sense
direction under the polyhedrin promoter. The recombinant baculovi-
rus was constructed using the Bac-to-Bac Baculovirus Expression sys-
tem (Gibco BRL). Spodoptera frugiperda (Sf9) cells (Invitrogen, Cal-
ifornia, USA) were maintained as a monolayer culture in the TMN-
FH medium [22] supplemented with 10 pg/ml gentamicin sulfate. For
the expression of P450 proteins, Sf9 cells were infected with recombi-
nant virus at a rate of 5 to 10 plaque-forming units per cell. Hemin (2
png/ml) was added to the culture medium to supplement low endoge-
nous levels of heme in insect cells. Cells were harvested 110 h after
infection.

2.2. Expression of CYP93BI in yeast

The CYP Ge-5 coding region was amplified by PCR as above using
Ge-5S1 primer and Ge-5A2 primer (5'-AGACCTCGAGTCAA-
CATTCAATGATTTTGA-3’) in which six nucleotides (TTATTC)
downstream of the termination codon (italicized) of the original
cDNA were converted to CTCGAG to generate a Xhol site. The
BamHI-Xhol fragment of the PCR product was cloned into a
pYES2 (Invitrogen) expression vector with a URA3 selection marker,
and the resultant pYES Ge-5 was transferred into a protease-deficient
Saccharomyces cerevisiae strain BJ2168 (a; prcl1-407, prb1-1122, pep4-
3, leu2, trpl, ura3-52; Nippon Gene, Tokyo, Japan). The transform-
ants were selected on a medium containing 6.7 mg/ml yeast nitrogen
base without amino acids (Difco, Michigan, USA), 20 mg/ml glucose,
30 pg/ml leucine, 20 pg/ml tryptophan and 5 mg/ml casamino acid.
For the induction of P450 proteins, the cells grown in the above
medium for 10 h were transferred to 40 volumes of YPGE medium
[23] supplemented with 20 mg/ml galactose and 2 pg/ml hemin but
without glucose. After 24 h, the cells were harvested, and converted to
spheroplasts using Zymolyase 20T (Seikagaku Corporation, Tokyo,
Japan).

2.3. Preparation of microsomes and enzyme assay

The insect cells and yeast spheroplasts were disrupted at 4°C with
glass beads (0.35-0.60 mm diameter) in buffer A (0.1 M K-Pi (pH 7.5)
containing 10% (w/v) sucrose and 14 mM 2-mercaptoethanol). The
lysate was successively centrifuged at 10000X g and 15000X g for 10
min each, and the resultant supernatant was ultracentrifuged at
160000 X g for 90 min. The precipitates were homogeneously sus-
pended in buffer A (1.5-2.5 mg/ml protein).

(25)-[**Clliquiritigenin or (2S)-[**C]naringenin (6.4 kBg/nmol each,
0.08 nmol) [19] in 30 ul 2-methoxyethanol was incubated at 25°C for
2 h with 1.5-2.5 mg microsomes in the presence of | mM NADPH in
the total volume of 1.05 ml. After the termination of the reaction with
30 ul acetic acid and carrier samples, the ethyl acetate extract of the
mixture was analyzed by TLC-radiochromatography/autoradiogra-
phy. For the assay with non-labeled substrates, the reaction mixture
contained 10 pg each of the substrates (liquiritigenin, naringenin
(Wako, Osaka, Japan) and eriodictyol (Extrasynthése, Genay,
France)) instead of radiolabeled ones. Acid-catalyzed conversion of
the reaction products into flavones was carried out by stirring the
concentrated ethyl acetate extracts with 500 ul 10% HCI in ethanol
at room temperature for 2 h followed by ethyl acetate extraction and
HPLC analysis using a Shim-pack CLC-ODS column (6.0 X 150 mm;
Shimadzu, Kyoto, Japan) with a solvent of 50% methanol and 3%
acetic acid in water at a flow rate of 1 ml/min at 40°C. The eluent was
monitored at 330 nm (7,4’-dihydroxyflavone), 263 nm (apigenin) or
354 nm (luteolin). For the determination of the substrate stereoselec-
tivity of the reaction, (RS)-naringenin (10 pg) and the microsome (ca.
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2 mg/ml protein) of the yeast expressing CYP Ge-5 were incubated as
above, except that incubation times were 20 and 120 min. The remain-
ing substrates recovered from a silica-gel TLC plate (Merck (Darm-
stadt, Germany); solvent: toluene/ethyl acetate/methanol/light petro-
leum (6:4:1:3)) were analyzed by HPLC on a Chiralcel OD-RH
column (4.6 X150 mm; Daicel, Tokyo, Japan) with 35% acetonitrile
at a flow rate of 0.5 ml/min at 30°C.

3. Results and discussion

For the radiochemical assay of P450 reactions, (25)-
[“*CJliquiritigenin  (7,4'-dihydroxyflavanone) and  (2S)-
[**C]naringenin (5,7,4'-trihydroxyflavanone) were prepared
using a cell-free extract of licorice cells with [2-1*C]malonyl-
CoA as the isotope source [19]. The assay was first carried out
with the insect microsome in which CYP Ge-3 or CYP Ge-5
was expressed. Fig. 2a shows the TLC-autoradiogram of the
products of the reaction in the presence of 1 mM NADPH,
exhibiting that the preparation containing CYP Ge-5 protein
converted (2S)-['*C]liquiritigenin into [*CJlicodione. CYP
Ge-3 protein did not react with liquiritigenin. The identity
of ["“C]licodione was demonstrated by the formation of
[**C]-7,4'-dihydroxyflavone on treatment with HCI to perform
dehydrative cyclization (Fig. 2b) [24]. When (29)-
[**Clnaringenin (5,7,4'-trihydroxyflavanone) was used as the
substrate for the reaction with CYP Ge-5 protein, one major
radioactive product was observed on TLC-radiochromato-
gram (Fig. 3a). Although a standard sample was inaccessible
to us, this compound is likely to be 2-hydroxynaringenin, as
its Rf (0.38), and also the Rf’s of naringenin (0.75) and api-
genin (0.58), agreed with the reported values (0.41, 0.75 and
0.65, respectively) under the same conditions [11]. Further-
more, it was converted to ['*Clapigenin (5,7,4'-trihydroxyfla-
vone) when treated with HCl (Fig. 3b), confirming the 2-hy-
droxyflavanone structure of the enzyme reaction product.

The finding that a single P450 protein catalyzed the forma-
tion of both the theoretical tautomer of 2-hydroxyliquiritige-
nin (licodione) [25] and acid-labile intermediates of flavone
biosynthesis strongly supports the hypothesis that flavone bio-
synthesis in legumes proceeds via 2-hydroxylation of flava-

Malonyl-CoA + 4-Coumaroyl-CoA —= CHALCONE (Cg-C5-Cg)
(C2)x3 (Ce-Ca)
/
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Fig. 1. Biosynthesis of licodione, flavones, and isoflavones. FNSI,
flavone synthase I; IFS, isoflavone synthase.
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Fig. 2. TLC-autoradiograms of the products from aerobic incuba-
tion of (2S)-["*Clliquiritigenin and NADPH with the microsomal
fractions of Sf9 cells infected with the recombinant baculovirus har-
boring CYP Ge-3 and CYP Ge-5. a: Direct reaction products on
cellulose TLC (solvent, 30% acetic acid). The control lane was
loaded with the products from the reaction with uninfected Sf9
cells. b: The product after acid treatment of the spot in CYP Ge-5
lane in a. The radioactive material at the spot (Rf 0.59) was sepa-
rated from the plate, treated with HCI, and subjected to TLC on
silica-gel (solvent: toluene/ethyl acetate/methanol/light petroleum
(6:4:1:3)). Liq, liquiritigenin; Lic, licodione; D, 7,4’'-dihydroxyfla-
vone; O, origin; F, solvent front.

nones (Fig. 1) [13]. The second half of flavone formation
should be a dehydratase-catalyzed reaction rather than a
spontaneous dehydration, because the intermediate (2-hydrox-
ynarigenin) was found to be stable under neutral conditions
(Fig. 3a). In contrast, the hypothetical product from liquiriti-
genin, 2-hydroxyliquiritigenin, proved to be very unstable;
indeed it has not been detected in the tautomeric mixtures
of licodione [25]. It should undergo hemiacetal opening to
yield licodione as soon as it is formed at the enzyme active
site, but when the dehydratase functions quickly, it will be
converted to 7,4’-dihydroxyflavone. CYP Ge-5 (CYP93B1)
was thus shown to encode (2S)-flavanone 2-hydroxylase
(F2H) which has previously been designated to LS and FNSII
depending on the substrates employed.

(a) (b) ()
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Fig. 3. Radiochromatograms of a: the reaction products from (25)-
[**C]naringenin with the microsomal fraction of Sf9 cells expressing
CYP Ge-5, and b: the product after HCI treatment of the spot (Rf
0.38) in a. TLC, cellulose; solvent: chloroform/acetic acid/water
(10:9:1). For the control, a microsome of uninfected Sf9 cells was
reacted with the substrate.

The yeast expression system was used to monitor the sub-
strate specificity of the reaction catalyzed by CYP Ge-5 pro-
tein (F2H). The unlabeled substrates and NADPH were in-
cubated with the yeast microsomes, and the reaction mixtures
were analyzed by HPLC after acid treatment (Fig. 4). As
expected, when liquiritigenin and naringenin were the sub-
strates, respective major peaks of 7,4’-dihydroxyflavone and
apigenin were observed (Fig. 4a and b). Eriodictyol (5,7,3",4"-
tetrahydroxyflavanone) was converted to luteolin (5,7,3",4’-
tetrahydroxyflavone) through the sequential reactions with
CYP Ge-5 protein and acid treatment (Fig. 4c). Thus, licorice

(d) (e)
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Fig. 4. HPLC analysis of the reaction catalyzed by (2S)-flavanone 2-hydroxylase expressed in yeast. a, b and ¢: Time course of the reaction.
The reaction products from non-labeled (RS)-liquiritigenin (Liq, in a), (RS)-naringenin (Nar, in b) and (RS)-eriodictyol (Eri, in c¢) were acid
treated and analyzed with reversed-phase HPLC. Dih, 7,4’-dihydroxyflavone; Api, apigenin; Lut, luteolin. For the control, a microsome of
yeast cells transformed with pYES2 was reacted with each substrate for 120 min. d: HPLC of the product of chalcone isomerase reaction in
licorice cell-free extract with 4,2’,4’,6’-tetrahydroxychalcone as the substrate on a chiral separation column. The reaction theoretically yields
(2S)-enantiomer, but a partial racemization must have occurred during workup. e: Time course of the consumption of the substrate, (RS)-nar-

ingenin, by the F2H reaction displayed by the chiral HPLC.
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F2H acts on at least three differently hydroxylated flavanones
(liquiritigenin, naringenin and eriodictyol).

The substrate stercoselectivity of the F2H reaction was fur-
ther explored by HPLC on a chiral separation column, which
clearly distinguishes (2R)- and (2S)-naringenin (Fig. 4d). Rac-
emic naringenin was reacted with yeast microsome expressing
Ge-5 protein, and the remaining substrate during the reaction
was recovered and analyzed. Results in Fig. 4e show that only
(28)-naringenin was consumed and (2R)-naringenin remained,
confirming the F2H selectivity toward (2S)-flavanone.

In this study, heterologously expressed CYP93B1 was dem-
onstrated to have F2H activity toward both 5-deoxy- and 5-
hydroxyflavanones in vitro. As the time courses of the induc-
tion of the retrochalcone pathway (the highest LS activity and
maximum echinatin accumulation at about 18 h and 24 h
post-elicitation, respectively; [19,26]) and CYP93B1 mRNA
accumulation (about 12 h; [20]) in elicited licorice cells coin-
cide, CYP93B1 is regarded as the actual gene encoding LS.
Also, as 7,4’-dihydroxyflavone has been identified from lico-
rice cells [24], CYP93BI1 protein is likely to participate in this
5-deoxyflavone biosynthesis in vivo. Although 5-hydroxyfla-
vones, e.g. apigenin and luteolin, have not yet been identified
in licorice cells, the F2H activity toward 5-hydroxyflavanone
of licorice microsome previously detected in vitro [19] can
now be attributed to this protein. It remains to be determined
whether CYP93B1 protein catalyzes this reaction on 5-hy-
droxyflavonoids in licorice cells. The existence of CYP93B1-
like sequences and their expression in plants producing 5-hy-
droxyflavones should be examined to establish that this gene
product is the universal component of FNSII.

The substrate specificity of the recombinant licorice F2H
casts an interesting problem regarding the biosynthesis of
3’-hydroxyflavones. Luteolin biosynthesis from eriodictyol in
the soybean microsome has been reported as one of the FNSII
reactions [13], and the present study reproduced this reaction
with heterologously expressed F2H. On the other hand, luteo-
lin formation by the 3’-hydroxylation of apigenin by flavo-
noid 3’,5'-hydroxylase (CYP75) has also been reported [27].
Thus the organization of a ‘metabolic grid’ [28] in the syn-
thesis of 3’-hydroxylated flavones by two P450 monooxy-
genases (F2H and flavonoid 3’,5’-hydroxylase) may be envis-
aged.

Other members (CYP93A1 and CYP93A2) of CYP93 fam-
ily have been isolated from soybean, another species of Faba-
ceae [29,30]. CYPI93Al is inducible in the cells by treatment
with methyl jasmonate or Phytophthora elicitor [29,31]. There
is a good possibility that these gene products are involved in
stress-induced phenylpropanoid/flavonoid biosynthesis.

Acknowledgements: We thank Dr. K. Sato and Ms. M. Komoto
(Iwate Biotechnology Research Center) for their assistance and don-
ation of materials in insect cell cultures. T.A. was supported by a
research fellowship (No. 3883) of the Japan Society for the Promotion
of Science for Young Scientists. This work was also supported by a
Grant-in-Aid (No. 09640782) from the Ministry of Education, Sports,
Science and Culture of Japan.

T. Akashi et al.IFEBS Letters 431 (1998) 287-290
References

[1] Stafford, H.A. (1991) Plant Physiol. 96, 680—685.

[2] Koes, R.E., Quattrocchio, F. and Mol, J.N.M. (1994) BioEssays
16, 123-132.

[3] Shirley, B.W. (1996) Trends Plant Sci. 1, 377-382.

[4] Heller, W. and Forkmann, G. (1994) in: J.B. Harborne (Ed.),
The Flavonoids. Advances in Research since 1986, Chapman and
Hall, London, pp. 499-535.

[5] Forkmann, G. (1994) in: J.B. Harborne (Ed.), The Flavonoids.
Advances in Research since 1986, Chapman and Hall, London,
pp- 537-564.

[6] Dixon, R.A. and Paiva, N.L. (1995) Plant Cell 7, 1085-1097.

[7] Barz, W. and Welle, R. (1992) in: H.A. Stafford and R.K. Ibra-
him (Eds.), Recent Advances in Phytochemistry, Vol. 26:
Phenolic Metabolism in Plants, Plenum Press, New York, pp.
139-164.

[8] Phillips, D.A. (1992) in: H.A. Stafford and R.K. Ibrahim (Eds.),
Recent Advances in Phytochemistry, Vol. 26: Phenolic Metabo-
lism in Plants, Plenum Press, New York, pp. 201-231.

[9] Spaink, H.P. (1995) Annu. Rev. Phytopathol. 33, 345-368.

[10] Britsch, L., Heller, W. and Grisebach, H. (1981) Z. Naturforsch.
36c, 742-750.

[11] Britsch, L. (1990) Arch. Biochem. Biophys. 282, 152-160.

[12] Stotz, G. and Forkmann, G. (1981) Z. Naturforsch. 36¢, 737-
741.

[13] Kochs, G. and Grisebach, H. (1987) Z. Naturforsch. 42c, 343—
348.

[14] Kochs, G., Welle, R. and Grisebach, H. (1987) Planta 171, 519-
524.

[15] Kochs, G. and Grisebach, H. (1986) Eur. J. Biochem. 155, 311-
318.

[16] Hashim, M.F., Hakamatsuka, T., Ebizuka, Y. and Sankawa, U.
(1990) FEBS Lett. 271, 219-222.

[17] Schuler, M.A. (1996) Crit. Rev. Plant Sci. 15, 235-284.

[18] Holton, T.A., Brugliera, F., Lester, D.R., Tanaka, Y., Hyland,
C.D., Menting, J.G.T., Lu, C.-Y., Farcy, E., Stevenson, T.W.
and Cornish, E.C. (1993) Nature 366, 276-279.

[19] Otani, K., Takahashi, T., Furuya, T. and Ayabe, S. (1994) Plant
Physiol. 105, 1427-1432.

[20] Akashi, T., Aoki, T., Takahashi, T., Kameya, N., Nakamura, .
and Ayabe, S. (1997) Plant Sci. 126, 39-47.

[21] Akashi, T., Aoki, T., Kameya, N., Nakamura, I. and Ayabe, S.
(1997) Plant Physiol. 115, 1288.

[22] O’Reilly, D.R., Miller, L.K. and Luckow, V.A. (1994) Baculovi-
rus Expression Vectors: A Laboratory Manual, Oxford Univer-
sity Press, New York, pp. 109-123.

[23] Pompon, D., Louerat, B., Bronine, A. and Urban, P. (1996) in:
E.F. Johnson and M.R. Waterman (Eds.), Methods in Enzymol-
ogy, Vol. 272: Cytochrome P450 Part B, Academic Press, San
Diego, pp. 51-64.

[24] Ayabe, S., Kobayashi, M., Hikichi, M., Matsumoto, K. and
Furuya, T. (1980) Phytochemistry 19, 2179-2183.

[25] Ayabe, S. and Furuya, T. (1980) Tetrahedron Lett. 21, 2965-
2968.

[26] Ayabe, S., Iida, K. and Furuya, T. (1986) Phytochemistry 25,
2803-2806.

[27] Tanaka, Y., Yonekura, K., Fukuchi-Mizutani, M., Fukui, Y.,
Fujiwara, H., Ashikari, T. and Kusumi, T. (1996) Plant Cell
Physiol. 37, 711-716.

[28] Luckner, M. (1990) Secondary Metabolism in Microorganisms,
Plants, and Animals, Springer-Verlag, Berlin, pp. 15-61.

[29] Suzuki, G., Ohta, H., Kato, T., Igarashi, T., Sakai, F., Shibata,
D., Takano, A., Masuda, T., Shioi, Y. and Takamiya, K. (1996)
FEBS Lett. 383, 83-86.

[30] Suzuki, G., Ohta, H., Kato, T., Shibata, D., Masuda, T. and
Takamiya, K. (1997) Plant Physiol. 114, 748.

[31] Ohta, H., Suzuki, G., Awai, K., Masuda, T., Kato, T., Shibata,
D. and Takamiya, K. (1997) Physiol. Plant. 100, 647-652.



