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There are several branch points in the flavonoid synthe-

sis pathway starting from chalcone. Among them, the 

hydroxylation of flavanone is a key step leading to fla-

vonol and anthocyanin. The flavanone 3-β-hydroxylase 

(GmF3H) gene was cloned from soybean (Glycine max 

cultivar Sinpaldal) and shown to convert eriodictyol 

and naringenin into taxifolin and dihydrokaempferol, 

respectively. The major flavonoids in this soybean culti-

var were found by LC-MS/MS to be kamepferol O-

triglycosides and O-diglycosides. Expression of GmF3H 

and flavonol synthase (GmFLS) was induced by ultra-

violet-B (UV-B) irradiation and their expression stimu-

lated accumulation of kaempferol glycones. Thus, 

GmF3H and GmFLS appear to be key enzymes in the 

biosynthesis of the UV-protectant, kaempferol. 

 

Keywords: Flavanone 3-β-Hydroxylase; Flavonoid; Fla-

vonol Synthase; Glycine max. 

 

 

Introduction 

 

The plant phenylpropanoid pathway generates diverse 

compounds such as lignins, (iso)flavonoids, and antho-

cyanins. Members of a typical class of phenylpropanoids, 

flavonoids, have C6-C3-C6 skeletons. There are estimated 

to be more than 10,000 flavonoids (Tahara, 2007), and 

their biological functions in plants as well as in humans 

are as diverse as their structures. They have important 

roles in plant growth and development, and protect plants 

from environmental stresses such as UV, heat, cold, mi-

croorganism and pests (Dixon and Steele, 1999; Shirley,  
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1996). In humans they act as antioxidants and radical 

scavengers, and have estrogenic activity, growth stimula-

tory activity, and antimicrobial activity (Havsteen, 2002; 

Shim et al., 2007). 

The biosynthetic pathway of flavonoids has been estab-

lished by characterizing the genes involved (Winkel-

Shirley, 2001); chalcone synthesized from malonyl-CoA 

and p-coumaroyl-CoA by chalcone synthase (CHS) is the 

starting material for flavonoid biosynthesis. Chalcone 

isomerase (CHI) eventually converts chalcone to fla-

vanone, the precursor of diverse flavonoid-classes. Fla-

vanone is a precursor of other classes of flavonoids such 

as isoflavones, flavanols, anthocyanins, flavonols, and 

flavones. A key step in the biosynthesis of flavonol and 

anthocyanin is the addition of a hydroxyl group to carbon 

3 of flavanone catalyzed by flavanone 3-β-hydroxylase 

(F3H). F3H is one of the dioxygenases whose activity is 

dependent on oxoglutarate and Fe2+. It catalyzes the re-

duction of oxygen to yield hydroxylated substrates in ad-

dition to succinate and CO2 (Forkmann, 1991; Forkmann 

and Heller, 1999; Forkmann and Martens, 2001), and is a 

target enzyme for modifying the anthocyanin pathway in 

plants (Liu et al., 2002; Wiseman, 1998; Zabala and Vod-

kin, 2005). 

Soybean is known to contain isoflavones such as 

diadzein and genistein as well as flavones (apigenin and 

luteolin) and flavonols (kaempferol and quercetin) (Boué 

et al., 2003; Graham, 1991). There have been several 

studies of isoflavone biosynthesis in soybean (Kim et al., 

2005; Lozovaya et al., 2007; Yu et al., 2000; 2003). In 

addition, several soybean mutants affecting genes of an-

thocyanin or flavonol biosynthesis have been identified 

(Fasoula et al., 1995; Toda et al., 2002; Zabala and Vod-

kin, 2005). These mutants are affected in either dihy- 
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droflavonol 4-reductase (DFR), CHS, flavonol synthase 

(FLS) or F3H. However, none of these soybean enzymes 

except FLS has been biochemical characterized (Takahshi 

et al., 2007). Purification of these enzymes is time-

consuming and some of them are unstable. 

Flavonols protect plants from ultraviolet B (UV-B) ir-

radiation. In soybean, the UV-B resistant cultivar contains 

more flavonol than the susceptible cultivar (Reed et al., 

1992; Sullivan and Teramura, 1990). There has been no 

report concerning the relationship between the induction 

of genes involved in flavonol biosynthesis and the accu-

mulation of flavonols. For this reason we analyzed the 

major flavonols in soybean by LC/MS/MS and observed 

the changes of these flavonols upon UV-irradiation. In 

addition, we showed that genes involved in flavonol bio-

synthesis such as GmF3H and GmDFR were induced by 

UV-irradiation. 

 

 

Materials and Methods 

 

Chemicals Flavonoids were purchased from Indofine Chemicals 

(Hillsborough, USA) or Sigma (Sigma-Aldrich, USA). Solvents 

for HPLC were from Merck (USA). 

 

Cloning of GmF3H Total RNA from whole two-week-old UV-

B-treated soybean (Glycine max Sinpaldal) plants was isolated 

with a plant total RNA isolation kit (Qiagen, USA), and cDNA 

was synthesized using Omniscript reverse transcriptase (Qiagen, 

USA) with oligo dT as primer. Polymerase chain reactions 

(PCR) were performed with HotStart Taq Polymerase (Qiagen) 

under the following conditions: 40 cycles of 1 min denaturation 

at 94°C, 1 min annealing at 55°C, and 1 min amplification at 

72°C. Primers were 5′-AGACAACAATGGCACCAACA-3′ as 

forward primer and 5′-ACTAAAAACACCAAGGGGGC-3′ as 

reverse primer, both designed based on the sequence in Gen-

Bank access number AY669324. The PCR product was sub-

cloned into pGEMT- Easy (Promega, USA) and sequenced. 

Expression of GmFLS encoding flavonol synthase (Takahashi 

et al., 2007) and GmDFR encoding dihydroflavonol 4-reductase 

(Fasoula, 1995) in response to UV-B irradiation was investi-

gated as described in Kim et al. (2004). Primers used were: 5′-

GAGCAACCAGGCATCACAAC-3′ and 5′-GGTCGCCAATG-

TGAATAACG-3′ based on the GmFLS sequence (GenBank 

accession number AB246668), and 5′-AGTGACGTTGAGTTT-

TGCCG-3′ and 5′-CTGGCCTTACAAGCCACTCA-3′ for Gm 

DFR (from GenBank accession number AF167556). 

 

Expression of GmF3H in E. coli The open reading frame of 

GmF3H was amplified with Pfu DNA polymerase (Intron Bio-

tech, Korea) and was inserted into pGEX 5X-3 (Amersham Bio-

tech, USA). The construct was transformed into E. coli BL21 

(DE3), and a transformant was grown in LB medium containing 

50 μg/ml ampicillin to an absorbance at 600 nm of 0.7. At this 

point, isopropyl-beta-D-thiogalactopyranoside (IPTG) was added 

at a final concentration of 0.1 mM and the culture was grown 

for five more hours at 30°C. The cells were harvested and 

washed with PBS buffer (10 mM NaH2PO4, 150 mM NaCl, pH 

7.0), resuspended in the same buffer, and lysed by sonication. 

The expressed protein was purified with a GSTrap affinity col-

umn (Amersham Biotech, USA). 

 

Preparation of 2S-naringenin and 2S-eriodictyol The 2S-

naringenin was prepared by HPLC (Varian, USA) using a 

Chiralpack AD-RH column (4.6 mm × 150 mm, Daicel Chemi-

cal Industries). An isocratic elution system in CH3CN/H2O 

buffer (3:7, pH 2.0) was used at a flow rate of 0.4 ml/min over a 

1 hr period (Miyahisa et al., 2005). 2S-eriodictyol was prepared 

using a Chiralpak OJ-RH column (4.6 mm × 150 mm, 5 μm 

particle size, Chiral Technologies Inc., USA). The mobile phase 

consisted of acetonitrile, water and phosphoric acid (20:80:0.04, 

v/v/v). Separation was carried out isocratically at a flow rate of 

0.4 ml/min, with ultraviolet (UV) detection at 288 nm (Jaime et 

al., 2007). 

 

GmF3H enzyme assay and analysis of reaction products The 

reaction mixture contained 1 mM ascorbate, 2 mg catalase (bo-

vine, Sigma, USA), 100 μM FeSO4, 160 μM 2-oxoglutaric acid, 

10 mM Tris/HCl (pH 8.0), 40 μM of flavonoid substrate and 

12.5 μg of purified recombinant GmF3H. The mixture was in-

cubated at 37°C for 1 h, then extracted with ethyl acetate and 

evaporated by vacuum. When enzyme kinetics were calculated 

based on Lineweaver-Burke plots, concentrations of eriodictyol 

from 10 to 100 μM were used. The reaction products were ana-

lyzed by high performance liquid chromatography as described 

in Kim et al. (2006). 

The LC-MS/MS instruments were a Varian 212 HPLC photo-

diode array detector (Varain355) (Varian Inc., USA), and a Var-

ian 500-MS ion trap spectrometer. A Chromsep HPLC column 

(150 × 2 mm) was used at a flow rate of 0.2 ml/min. The mobile 

phase consisted of A (0.1% formic acid in water) and B (0.1% 

formic acid in acetonitrile). The gradient increased linearly from 

0% to 10% B in 2 min, to 40% B in 10 min, and 70% in 20 min. 

The system was operated with MS workstation software (ver-

sion 6.9, Varian, Inc.). Mass spectra were acquired simultane-

ously using an electrospray ionization (ESI) source in positive 

and negative ionization mode at 600 V. The spray needle volt-

age was set at 5 kV, capillary voltage was 80 V, and capillary 

temperature 220°C. The sheath gas pressure was set at 35psi and 

the auxiliary gas pressure at 10psi. Full scan mass spectra were 

recorded for the range of m/z 50-2000. 

 

Extraction of flavonoids from Glycine max Soybean plants 

were exposed to UV-B for 2 h as described in Kim et al. (2004) 

and kept in normal light for 23 h. Flavonoids were then ex-

tracted. Flavonoids were also extracted control soybean plants. 

We performed this experiment twice. 

Total phenolic compounds were isolated from soybean leaves 

by grinding them to a fine power in liquid nitrogen with pestle 

and mortar, and extracted with 80% methanol. The extract was  
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Fig. 1. Expression and purification of recombinant GmF3H 

protein. Lane M, protein size marker; lane 1, E.coli lysate before 

induction; lane 2, E. coli lysate after induction; lane 3, purified 

recombinant GmF3H. 

 

 

filtered through a 0.45 μm PTFE membrane (Whatman, UK). 

The resulting fraction was evaporated and redissolved in water. 

After eliminating undissolved material by centrifugation, the 

sample was purified with a C-18 Sep-pak cartridge (Waters, 

USA). The resulting samples were analyzed by HPLC and 

LC/MS/MS. 

 

 

Results and Discussion 

 

Cloning and characterization of GmF3H We searched 

for an F3H in the soybean genome index of the Institute 

of Genome Research (TIGR), retrieved one and named 

the gene GmF3H. A BLAST search revealed that GmF3H 

had 78% amino acid sequence identity to Petunia hybrida 

F3H (Britsch et al., 1986). A full length cDNA of GmF3H 

was cloned by RT-PCR; the open reading frame consisted 

of 1128-bp encoding a 42.7-kDa protein. GmF3H con-

tained the conserved iron and 2-oxoglutarate binding 

sites: his at 77, his at 219, asp at 221 and his at 277 for 

iron binding; arg at 287 and ser at 289 for 2-oxoglutarate 

binding. 

Although GmF3H had strong homology to other F3Hs, 

it seemed necessary to verify its function in vitro. There-

fore GmF3H was subcloned into the E. coli expression 

vector pGEX 5X-2 fused with the glutathione S-tran-

sferase gene to facilitate purification of the expressed 

protein. Most of the expressed GmF3H was soluble. We 

examined the purity of the recombinant protein by SDS-

PAGE. As shown in Fig. 1, its molecular weight is about 

68-kDa, consistent with the sum of the molecular weights 

of GmF3H, 42.7 kDa and glutathione-S-transferase, 26-

kDa. 

We used two flavanones, eriodictyol and naringenin, as 

possible substrates for the GmF3H. HPLC analysis of the 

reaction products obtained with each substrate revealed a 

new peak differing in retention time from the substrate.  

 

A 
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Fig. 2. Analysis of GmF3H reaction products by high perform-

ance liquid chromatography. A. Reaction products of 2S eriodic-

tyol with GmF3H. P1, reaction product; S1, substrate (2S-

eriodictyol). B. Authentic compounds. S1, 2S-eriodictyol; S2, 

taxifolin. C. Reaction products of 2S-naringein. P2, reaction 

product; S3, substrate (2S-naringenin). D. Authentic compounds. 

S3, 2S-naringenin; S4, dihyrokaempferol. 

 

 

After prolonged incubation the substrates were still pre-

sent and no new peak was produced. This indicates that 

GmF3H uses only one of the two enantiomers of fla-

vanones and that the reaction products were not further 

converted into either kaempferol or quercetin. It is known 

that F3H uses the S-enantiomer much better than the R-

form (Britsch et al., 1986). Since the enantiomers of nar-

ingenin and eriodictyol can be separated with a chiral 

column (Jaime et al., 2007; Miyahisa et al., 2005) we 

were able to determine which configurations acted as sub-

strates. Incubation of 2S-narigenin or 2S-eriodictyol with 

the recombinant GmF3H gave rise to the new peaks 

whereas incubation of 2R-narigenin and 2R-eriodictyo did 

not. This indicates that GmF3H uses only the 2S-forms. 

The 2S-naringein reaction product had a retention time at 

11.3 min (Fig. 2), the same as dihydrokaempferol, and the 

2S-eriodictyol reaction product had a retention time of 8.5 

min, like taxifolin. Tandem mass spectrometry analysis 

confirmed that the reaction products were dihydro-

kaempferol and taxifolin, respectively (Fig. 3). We tested 

whether GmF3H contains an FLS since the FLS converts 

eriodictyol into taxifolin which is eventually transformed 

into quercetin. The reaction products obtained after pro-

longed incubation of eriodictyol with GmF3H consisted 

only of taxifolin, indicating that GmF3H does not metabo-

lize taxifolin further. Taken together, these results suggest 

that GmF3H encodes a flavanone 3-β-hydroxylase. 

The Km and Vmax for eriodictyol were found to be 87 

μM and 102.4 μkat/mg protein, resepctively. GmF3H uses 

2S-eriodictyol (100%) more efficiently than 2S-narin-

genin (90%). Two methoxy eriodictyol, homoeriodictyol 

(3′-methoxy eriodictyol) and hesperetin (4′-methoxy eri-

odictyol) also served as substrates (Table 1).
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Fig. 3. Identification of reaction products of GmF3H by tandem mass spectrometry. A. reaction product of 2S-naringenin. B. authentic 

dihydrokaempferol. C. reaction product of 2S-eriodictyol. D. authentic taxifolin. 

 

 

Table 1. Substrate specificity of GmF3H. 

Substrate Structure 
Relative 

activity (%)

Eriodictyol 

 

100 

Naringenin 

 

090 

Homoeriodictyol 

 

016 

Hesperetin 

 

056 

 

 

UV-B irradiation induces expression of GmF3H and 

GmFLS, and results in the accumulation of flavonols 

There are no reports of dihydrokaempferol or taxifolin in 

soybean. These compounds are substrates for two en-

zymes, FLS and DFR (Shirley, 2001). FLS converts dihy-

drokaempferol into kaempferol, and taxifolin into 

quercetin, both of which are known as UV-protectants, 

and DFR channels these substrates into the biosynthesis 

of anthocyanin. We investigated the expression of 

GmF3H, GmFLS, and GmDFR upon UV-B irradiation by 

RT-PCR. Total RNA was isolated 0, 2, 8, 12, 20 h after 

UV-B irradiation (Fig. 4). Expression of GmF3H was not  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Expression of GmF3H, GmFLS, and GmDFR upon UV-B 

irradiation Total RNA was isolated at 0, 2, 8, 20 h after UV-B 

irradiation from whole soybean plants (Kim et al, 2004). RT-

PCR was conducted with the soybean actin gene as a control. 

PCR was conducted for 33 cycles for GmF3H, 35 cycles for 

GmFLS, and 38 cycles for GmDFR . 

 

 

detected in the absence of UV-B irradiation whereas 

GmFLS and GmDFR were expressed. However, all three 

genes were maximally expressed two hour after UV-B 

irradiation. Overall expression of GmF3H was the highest 

followed by GmFLS and GmDFR. 

GmF3H and GmFLS are directly involved in flavonol 

biosynthesis, and studies by others have shown that the 

UV-tolerance of soybean is correlated with its flavonol 

content (Reed et al., 1992; Sullivan and Teramura, 1990). 

The major flavonoids in soybean leaves are kaempferol 

and quercetin glycosides (Stafford, 1990). In order to see 

whether the induction of GmF3H and GmFLS is accom-

panied by the accumulation of flavonols, we examined 

flavonoid content by HPLC (Fig. 5). Several peaks in the 

characteristic UV-visible spectra of flavonoids were identi-

fied as kaempferol derivatives. To further characterize the 

individual peaks, we obtained MS and MS-MS spectra (Ta-
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Table 2. Annotation of flavonoids peaks from HPLC profiles shown in Fig. 2. 

Peak No. Rt (min.) λmax (nm) [M+H]+ Main fragments Compound identification 

1 24.3 264, 346 757 594.9, 448.9, 432.6, 287 Kaempferol O-hexoside, O-hexosyl-rhamnoside I 

2 24.8 264, 346 757 594.9, 449,432.9, 287 Kaempferol O-hexoside, O-hexosyl-rhamnoside II 

3 26.0 264, 346 741 595.1, 449.1, 432.9 287 Kaempferol O-rhamnoisde, O-hexosyl-rhamnoside I 

4 26.3 264, 346 741 595.1, 449.1, 432.9 287 Kaempferol O-rhamnoside, O-hexosyl-rhamnoside II

5 30.9 264, 346 594 448.8, 432.8, 287 Kaempferol O-hexosyl-rhamnoside I 

6 32.2 264, 346 594 448.8, 432.8, 287 Kaempferol O-hexosyl-rhamnoside II 
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Fig. 5. A. HPLC elution profile of flavonoids from Glycine max 

leaves. HPLC chromatograms were monitored at 340 nm and 

the peak numbers correspond to the MS analysis in Table 2. B. 

changes in kaempferol derivatives upon UV-irradiation. Soy-

bean plants were exposed to UV-B for 2 h, and transferred to 

normal light for 6 h and 23 h. Flavonoids were extracted straight 

after UV-irradiation and 6 h and 23 h later. Non-irradiated plants 

were used as controls. 

 

 

ble 2). The first two peaks were identified as kaempferol 

O-hexoside and O-hexosyl-rhamnosides. The difference of 

their retention times is due to the different positions of gly-

cosylation. Peaks 3 and 4 were identified as kaempferol O-

rhanmoside, O-hexosyl-rhamnosides, and peaks 5 and 6 as 

kaempferol O-hexosyl-rhamosides, both of which are 

likely to be substrates for the synthesis of the other four 

kaempferol trigycosides. Surprisingly, all the major peaks 

in the HPLC turned out to be flavonol kaempferol deriva-

tives (Fig. 5A; Table 2) Based on these results, we moni-

tored the changes in kaempferol derivatives using HPLC. 

Soybean plants were treated with UV-B for 2 h and total 

flavonoids were extracted from their leaves after 0, 6, and 

23 h. Total flavonoids did not change immediately after 

UV-treatment whereas the content of flavonoids fell by 

about 35% after 6 h. However, after 23 h it had increased 

by about 20% (Fig. 5B). Four peaks, 1, 2, 3, and 5 ap-

peared to increase significantly by 23 h post treatment. 

We infer that UV-irradiation increases expression of 

GmF3H, which may have a role in the accumulation of 

flavonol-O-glycosides. 

F3H has been a target for treatments to manipulate fla-

vonoids such as anthocyanins and isoflavonoids in crops. 

Our results show that F3H is also one of enzymes that 

protects plants from UV-irradiation by generating the UV-

protectant, kaempferol. 
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