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ABSTRACT

Isoflavones of leguminous plants are biosynthesized from the general flavonoid
precursors (flavanones) by the action of 2-hydroxyisoflavanone synthase (IFS) and 2-
hydroxyisoflavanone dehydratase (HID). In soybean, IFS ¢cDNAs (IFSI and IFS2) have
already been identified, but genes/enzymes of HID have not been characterized. In
this study, a cDNA encoding HID of soybean was cloned, and the relationship between
production of isoflavones and expression of the genes of the pathway was analyzed.
Using the sequence information of cDNA of an HID producing 4'-methoxylated
isoflavone (formononetin) of licorice (Glycyrhhiza echinata, Fabaceae), an HID cDNA
was cloned from soybean seedlings by reverse transcription (RT)-PCR. Recombinant
soybean HID protein expressed in E. coli had a broad specificity and produced both 4'-
hydroxylated and 4'-methoxylated isoflavones from 2-hydroxyisoflavanones.
Expression of genes encoding enzymes involved in isoflavone biosynthesis was also
analyzed by RT-PCR. IFSI, IFS2 and HID mRNAs were expressed in soybean
seedlings. In seedlings, accumulation of isoflavones, genistein, daidzein glycitein, and
expression of JFSI and HID mRNAs were coordinately elevated. Breeding of soybeans
producing high levels of isoflavones based on the gene expression information will be
expected in the future. Soy Protein Research, Japan 8, 24-29, 2005.
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CONBIEEMTHD. 4V T TRVEFERORD
PR EERIE, ¥ M7 B APAS0D2-L FaF s A Y
7 I8 vEBEESE (IFS) ©, ZiUdiy e ff
T 57T7RK4 FLEw (77357 0) b, 1, 2-
TN AP € FRF 2 OMLIcE ) 1 V7 IR
JAROFH Q- FadI AV TIINI V) EIEE
3% (Fig. 1). IFS cDNAIZC N EF T~ AR DB~
' (Glycyrrhiza echinata), K¥, IY a7
(Lotus japonicus) 57 U —= 2 7 &N TWn5AE39,
KETHE, 5lEHEC2-e Faxs A v 7787 Uik
#% (HID) 2L AT, 4~ Fafx iy 735
A ¥ Dgenistein®daidzein SV EF R S N5 (Fig. 1).

< ARLH 7 (Glyeyrrhiza echinata) ¥l % =
)8 — ORI TRAT L L, 1V TTR A R
MEMWALE N, 4-2 X2 A Y 7 TR U formononetin
ERHLT7 74 7L ¥ v Omedicarpinz Hf$ 5
(Fig. 1) ". FA7z b iformononetind®, IFSEY D
AF WAL E G E e PIKSUBTEER S NS Z L &5
ML, AR LE2-e A XF LAY T TN 2 4-0-
A FIVHEAEFEEE SR (HI4'OMT) cDNA & HID ¢cDNA%
O—=>7 L7 HIDE#I VKX I IVIATT—¥
DEF—T 2O AHET, NI pnitrophenyl
butyratelZx 9 2 MK EGEE S RT. KRR TR
&7z 4 >~ 7HIDHIDM) 72 A & (Zformononetin

AIBAIAR (2, 7-dihydroxy-4'-methoxyisoflavanone) (2}
LTEWEREZRL, A-e FaF IR,V T7IKY
ATERMR (2, 7, 4'-trihydroxyisoflavanone, 2, 5, 7, 4'-
tetrahydroxyisoflavanone) (Zx39 5 ifPhiZiZ & A &
IRE Lo 7219,
RETRFEICL- e FOF I BOAL Y 7 TR 2 ER/T
B LML N, KREIZIEA v HIDM & 3B
B ORL DHIDDHFAET 5 L FHREND. Kif5ET
X, 7V 7HIDMOBEHEHRE b L ITKRZH» %HID
cDNAZ I L, REMIEATHEBRIEZAHE
TSR ZFEZE Lz, $/RETHOA VY TIRY
ABFREFOREBLEA V7T R FEROMEZ T~

5 ik
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Daidzein, genistein, formononetinidExtrasynthése
25, glyciteinl I fIGASE T3S0 6 AF
L 7. 2, 7-
dihydroxy-4'-methoxyisoflavanone, 2, 5, 7, 4'-
o TR L
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tetrahydroxyisoflavanone 3 BE$# (2
f:& 9,10, 11).
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Fig. 1. Isoflavonoid biosynthesis in leguminous plants. Abbreviations: HID, 2-hydroxyisoflavanone dehydratase;
HI4'OMT, 2-hydroxyisoflavanone 4'-O-methyltransferase; IFS, 2-hydroxyisoflavanone synthase. HIDH is
the HID protein of soybean showing a broad substrate specificity to 4-hydroxylated and 4'-methoxylated 2-
hydroxyisoflavanones. HIDM is Glycyrrhiza echinata HID protein with a high specificity to 4-methoxylated

2-hydroxyisoflavanone.
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PR AL b —h 7)) ZOKICASHEIIR L7z, ZFothtiss
TASHRRE L, BAPT16IER /WG PT 8 Wi, 25COSMET
T L7z R4, 6, 7, 8, 10HHICFEAER
XL, —80CTHAFL 7. F 724 ME#30H H oAl
RO REL A EILL, —80C CHRAFL7-.
AEREBERAEDRAR

iR 7 HHORESEA (10 g) 1210 mLXy 77—
[100 mM K-Pi buffer (pH 7.5), 10% sucrose and 14 mM
2-mercaptoethanol] # Nz, ek L THIEL 2. &—
YT AHMBE, A% 10,000 g TL05 M 0o HE L 7.
% Dowex 1- X2THLE L, T > =7 4% Hw
T L7z, 30% ~80% Wl 7 >~ & =7 L fafll [ 43 %
Sephadex G-25% 7 A ClilE L, FEiEo/Ny 77 —1C
BRLCTT v A1V (89600 pg7z AFE/mL).
Vi

2, 7, 4'-Trihydroxyisoflavanone, 2, 7-dihydroxy-
i 2, 5, 7, 4'-
tetrahydroxyisoflavanone ( % 5 nmol) % 2-
methoxyethanol (2xL) IZHEML, BERWEIMA T
(#2100 L) 30CTLOHMA v Far—1 L7 K
B & MR T LTIl L, Ediik s o~ b7 7
4 — (HPLC) T4 #rL7. DaidzeinB X O
formononetin(d BEHIZHE 7341 L 72”7, Genisteinid,
Capcell pak C18 MG# T & (4.6X150 mm, &4 7
7A T IV EH) EHWTE0% A ¥ — Lk
i THOM L7z (40C, 0.8 mL/min).

KEHIDHDO 7 )VKRF VT AT T —BiEHIE, 750
nmol p-nitrophenyl butyrate % & 50 mM Tris-HCI
buffer (pH9.0) 1.5 mLHCHIDH%* {4 ¥ F 2X— kL,
%5400 nm (2 B 5 p-nitrophenol ® A= B & 5 &
%Hj L 7‘:12).

KEHID cDNA (HIDH) Oy O—=>%5 EXBETO
ki)

% 7 0 HOFEEHD Stotal RNAZFHE L, cDNA
&R L7z, KRidexpressed sequence tag (EST) fic%)
(accession no. TC98460) # & & |2 Ndel % 7213 BamHI

4'-methoxyisoflavanone ¥ 7z

WGt 2 O T T A~ — %R L, cDNA% 1L
L Creverse transcription (RT)-PCR% 47 - 7-. B4lEpE
Wy (HIDH) % pT7Blue T-vector (Novagen) il
AA, HEIERCH) % g L7z, KE.HIDH cDNA® Ndel-
BamHIWF % KW 583X 7 ¥ —pET28a (Novagen)
DI BN 77 u—=2 7 L7, KEHIDH
T AHEOFRIB L OREE, BEgUIHE o 720

1V 7R

KE (Féd, % W) Z2eikL, X% —u Tt
L7z, it & szE e, 1 MIEEE- 2 & / — Vi &
2, b LT 1 R MEBIK S L 2T o 72, %
DB 2 W E S, A% ) =)V &Iz THPLCT
58T L7z, HPLCIZTSK-Gel ODS-80TM (4.6 X150
mm, RV —REH) 2 Hwz BHEEICERT v
NV ERE, A05OBIZT £ k= b ViEE A
10% 22 560% 1275 L) ICHEMT Ty N THEBS
72 (40°C, 0.8 mL/min).

RT-PCR#&#

Ko (4, %, B) L btotal RNAZFIE L
cDNA%Z & L7, RT-PCRICIEKEIFSI, IFS2,
HIDH cDNAD S5 L7277 4~ =% L72. PCR
B 394C 1Mook, 94C 143, 55C 147,
72C 19 DKIe%25~35% 4 Z ViR L7z, Kt
Wx12% (w/v) 7HE—A7 ) OBEKIKI T kL,
BALTF Uy AT L7z,

b xR

KEHBEREROHIDEME

WHER7THAHOKRY (W, ZiE) OFEAE»SHM
R AHRNE L, HIDIEEOKE 1T o 72, KREHEE
FL T2, 7, 4'-trihydroxyisoflavanone?* 5 daidzein %,
¥ 722, 5, 7, 4'-tetrahydroxyisoflavanone 7% genistein
AT AT S 7z (Table 1), & 5122, 7-
dihydroxy-4'-methoxyisoflavanone?* & formononetin %
AT B ETED B S 7z (Table 1), KEAEBER R

Table 1. Specific HID and carboxylesterase activities of the soybean cell-free extract and recombinant protein

Protein
Substrate Product Ac(t:iililgiraee extract ActivityiHDH
M 0, 1 0,
(pkatal/mg) Relative % (nkatal/mg) Relative %
2,5,7,4'-Tetrahydroxyisoflavanone® Genistein 550 + 24 100 110 £ 10 100
2,7,4'-Trihydroxyisoflavanone® Daidzein 190 + 19 35 44 +8 40
2,7-Dihydroxy-4'-methoxyisoflavanone®  Formononetin 100 % 10 18 18+4.2 16
p-Nitrophenyl butyrate p-Nitrophenol —¢ 0.73 =£0.10

“Mean = SD from three independent experiments. "Specific activities were determined using 100 M substrate.

“Not examined.
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TldgenisteinERHEMEA e b 22> 72, Daidzein &
formononetin ® A= B iV (X genistein Az Bl M & I #c§
bE, Zhen35%, 18%FETH -7 (Tablel).
KEHID cDNA (HIDH) M7 O—=> %5 & #&EefE

KHEEST7— % ~N— 2 (http://www.tigr.org/tdb/
tgi/gmgi/) 121&H V' YHIDME 7 3 VB L NV T
80%® [F — 1 # /R ¥ 7 1 — » (accession no.
BM177194) &, 60% DR —Mx/Rd 70— >
(accession no. TC98460) ASfFAE L 7z. BM177194135-
K2 54950085 8% &Ll Tdh o 72, TCI846013 il

IR BIORIET Fr2F LT, KEEED
5RT-PCRIC & W TCI984600 2 — Fillg x> 7 10— =~
7L, HIDH (2-hydroxyisoflavanone dehydratase
hydroxy type) &4 L7: (DDBJ accession no.
AB154415).

Y AF T vy T ERAI L 7 HIDHT: A HE % K H
THRBESETHERL, 22 FOF T 4V 758 VI
9B RRE L7z, KROHBER I C O & [k
2, Hinds2-e Faxs AV T7I3N0N b
genistein, daidzein, formononetin% 4 5 G kA
et &7z (Table 1). & 3EEIH$ 2 ARG MM
BEREHPOMMEE L ZIZFR o7z, F72KE
HIDHIZ, &PEIZE S o D N T3 p-nitrophenyl
butyrate® K5 ETE D 7R L 72 (genisteinE oGP
DFI1/150D 75 ) .

KEDAY T IR BR

KEEG & A Y 7 — )V THH L CTERINK S L %
Tw, 41V 75 RK>y7 7)) ary%HPLCTH#HTL 7.
k4, 6, 8, IOHHDFEAETIE, 4-v Fuxy
WA~ 75K Ddaidzein, genistein, glycitein?
ez (Fig. 2). AEMTClE, #HEZ6 HEICE
I LFD, WP EL, EEORAI VT TR
I3, HAE%6HH (600uxg/g fresh weight) 12—
BICEEI L, ZokEd L.

EHH30H HOM AR, HMEEEAFRL, HEH
B AV 7 7K DHERERAN (Fig. 2). WTIE
genistein, daidzein?™HiH & 7223, glyciteinldfH
SN d o7z, —J7 2% |23 genistein, daidzein,
glycitein?2¥ & TN Tz, X5 |ZEETIFL-X b F VR
A7 7 R ¥ Oformononetin (ca. 8 . g/g fresh weight)
PR SN, KETREGERENICERT AV 7T
KRAACEWM N HH Z LD3broTz.
1YV 7 R EERFEGFORERENR

KE TIE 2 ¥ o IFS ¢cDNA [ IFSI (DDB]J
accession no. AF195818), IFS2 (DDBJ accession no.
AF195819)] #5E ST 5583 W [FSI, IFS2,
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HIDHEH % b L \CHF R 7T 4 <~ — % L, RT-
PCRIZ & ) K BIZT-OFB LA L7,

FHETI, IFSI, IFS2, HIDHiE(ZT-D3EIH e
&n7: (Fig. 3). IFSIX HIDH\Z, #A V7K &
DN, B 6 O HISHES ML 72, F
73 LR CTHIFSI, IFS2, HIDHDZBIAHER SN/,
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Fig. 2. Isoflavone productions in the soybean seedling
(A) and 30-day-old soybean root and leaf (B). The
data are average of two independent experiments
(maximum deviation was about 8%).
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Fig. 3. RT-PCR analysis of genes encoding enzymes
involved in isoflavone biosynthesis of soybean.
The quantity of each template for PCR was
adjusted to equal amplification of actin cDNA.
PCR cycles: IFS1, 35 cycles; IFSZ2, 35 cycles;
HIDH, 30 cycles; actin, 25 cycles.



Z &

KE2HHIDZ 0 — F§4 28 EF 20U L. K
WATHH LZHIDHIZA - FaF v/, 4-X b
Blo2-v Fass 479538 YHifba % RYg &
L, &> HIDME ($58 7% 2 G REZ2 R L7,
BIF T B IO RIS RGBSR TR S 1
TEMEOLFELIZIZFE U TH Y, HIDHIZTKRGA YV 7
TRVEARIZEG L TnL EHfEEEIND,

KEIFSI, IFS2EALT 138 B RMICEHT L 2
EDM BN FEGIEARRE DR 4 B 2 & RIS
NTW5b, EETERA Y7 IR EOHMIZEN

=

IFS1, HIDHB{zT-ORBE,lHmL, ERE 1V 7
7RV RBIETORBOMICHMPS R o7, FET
\ZIFS1, HIDHERT5A YV 7 7RV EAEHICEERE R
BEZRIZL TV D EHERESIND, BIRIENT LITK
HOETEF4L -t Fud My 7R EE I
formononetinA & L T\ /2. KEESTF — % — X —
AN, A1 vV T HIA'OMT & 80% 0 [Fl 1 % 7R3 e vl
(accession no. TC101829) 23&FR SN TV 54, 4B K
AV 7 IRV RBIETE2SHICHLNIT S0
12, HI4'OMT cDNA®D 7 1 — = 7" & BRe AT DS B2
Thrb. T7245%1F, KETOAL VT TR ER-ERN
DR, ERFREBEREFH LAV 77 K05
ERERORA Y ) == Tl ENORAPHES LS.

li\ ‘,

RARDA VT ITRNE, — T IRIARN (TN 2) 622 ROF LAV TINI U4
B (IFS) &2-v Fuxo A v 7 I8 URkEES (HID) X5 THEGHRSNS. KET
13 2 OIFS cDNA (IFSI1, IFS275 3 TIZlaE SN TWw A%, HID # 2 — F¥ 5cDNARKIEETH
o7z, REFZETIE, KREDOA YV 77K JBEHDNAYFEEL, BMEELRTORBREA VT IRy
LROMBEERHZ. ZUDIC, < ARH >y HROHID cDNA (HIDM) Byl % b 212, KEE
4 A 5HID% 2 — N4 %4cDNA (HIDH) #RT-PCRTHUS L7z, KIEH R T8l &8 72 K5 HIDH/-
AHENE, BV 7HIDME E8 7% 2 BERREEZ R L, KRESEEOA YV 77K OEEICEY:
5 ENbrolz. FoREMD Stotal RNAZ I L, RT-PCRTA V7 7K ¥V RiE{a O3 %
fENTS % &, A TIRIFSI, IFS2, HIDHE{R T L Tz, FETIEA vV 7 7 K ¥ genistein
daidzein, glycitein® &= OhNIZfEy, IFS1E HIDHEZE OB ESEML, EE TR E

B FERROMNAE S 5 2 L Db o7z,

L1R1E, KETOA Y7 7Ry ER-ERHOMEe, #

EFIREBUEHRERH L72A Y 7 TRV EHEERDO A7 ) — =2 T ENORRPIFEN 5.

X

1) Aoki T, Akashi T and Ayabe S (2000): Flavonoids of
leguminous plants. structure, biological activity,
and biosynthesis. J Plant Res, 113, 475-488.

2) Dixon RA (1999): Isoflavonoids: biochemistry,
molecular biology, and biological functions. In U
Sankawa, ed, Comprehensive Natural Products
Chemistry. Volume 1. Polyketides and Other
Secondary Metabolites Including Fatty Acids and
Their Derivatives. Elsevier, Amsterdam, pp. 773-
823.

3) Akashi T, Aoki T and Ayabe S (1999): Cloning and
functional expression of a cytochrome P450 cDNA
encoding 2-hydroxyisoflavanone synthase involved
in biosynthesis of the isoflavonoid skeleton in
licorice. Plant Physiol, 121, 821-828.

28

[y

4) Steele CL, Gijzen M, Qutob D and Dixon RA
(1999): Molecular characterization of the enzyme
catalyzing the aryl migration reaction of
isoflavonoid biosynthesis in soybean. Arch
Biochem Biophys, 367, 146-150.

5) Jung W, Yu O, Lau SM, O'Keefe DP, Odell J, Fader
G and McGonigle B (2000): Identification and
expression of isoflavone synthase, the key enzyme
for biosynthesis of isoflavones in legumes. Nature
Biotechnol, 18, 208-212.

6) Shimada N, Akashi T, Aoki T and Ayabe S (2000):
Induction of isoflavonoid pathway in the model
legume Lotus japonicus. molecular characterization
of enzymes involved in phytoalexin biosynthesis.
Plant Sci, 160, 37-47.

AE/-ABEMRE Vol 8(2005)



7)

10)

Nakamura K, Akashi T, Aoki T, Kawaguchi K and
Ayabe S (1999): Induction of isoflavonoid and
retrochalcone branches of the flavonoid pathway
in cultured Glycyrrhiza echinata cells treated
with yeast extract. Biosci Biotechnol Biochem, 63,
1618-1620.

Akashi T, Sawada Y, Aoki T and Ayabe S (2000):
New scheme of the biosynthesis of formononetin
involving 2,7,4'-trihydroxyisoflavanone but not
daidzein as the methyl acceptor. Biosci Biotechnol
Biochem, 64, 2276-2279.

Akashi T, Sawada Y, Shimada N, Sakurai N, Aoki
T and Ayabe S (2003): ¢cDNA cloning and
biochemical characterization of S-adenosyl-L-
methionine: 2,7,4'-trihydroxyisoflavanone 4'-O-
methyltransferase, a critical enzyme of the
legume isoflavonoid phytoalexin pathway. Plant
Cell Physiol, 44, 103-112.

Akashi T, Aoki T and Ayabe S (2005): Molecular
and biochemical characterization of 2-
hydroxyisoflavanone dehydratase. Involvement of
carboxylesterase-like proteins in leguminous
isoflavone biosynthesis. Plant Physiol, 137, 8382-
891.

KE7=ARBEMRE Vol. 8(2005)

11)

12)

13)

14)

Ayabe S, Akashi T and Aoki T (2002): Cloning of
c¢DNAs encoding P450s in the flavonoid/isoflavonoid
pathway from elicited leguminous cell cultures.
Methods Enzymol, 357, 360-369.

and Mentlein R (1981):
Carboxylesterases-amidases. Methods Enzymol,
77, 333-344.

Dhaubhadel S, McGarvey BD, Williams R and
Gijzen M (2003): Isoflavonoid biosynthesis and
accumulation in developing soybean seeds. Plant
Mol Biol, 53, 733-743.

Subramanian S, Hu X, Lu G, Odelland JT and Yu O
(2004): The promoters of two isoflavone synthase

Heymann E

genes respond differentially to nodulation and
defense signals in transgenic soybean roots. Plant
Mol Biol, 54, 623-639.

29



