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Molecular and Biochemical Characterization of Three Anthocyanin
Synthetic Enzymes from Gentiana triflora
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Full length cDNA clones of flavonoid 3,5'-hydrox-
ylase, dihydroflavonol 4-reductase and flavonoid 3-gluco-
syltransferase were cloned from petals of Gentiana triflora.
Their sequences were homologous to counterparts from
other plants. Flavonoid 3',5-hydroxylase and flavonoid 3-
glucosyltransferase were enzymatically characterized by ex-
pressing cDNAs in heterologous expression systems.
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Anthocyanins are a class of coloured flavonoid which
are the major pigments in flowers. They confer pink, red,
mauve and blue to flowers and attract pollinators. The an-
thocyanin biosynthetic pathway has been well established
and this field has been reviewed (Martin and Gerats 1992,
Holton and Cornish 1995). Most of the structural genes
and a few regulatory genes involved in the pathways have
been cloned from several plants. This has lead to a greater
understanding of the pathway and its regulation (Forkman
1993, Holton and Cornish 1995). Cloning of these genes
has also attracted industrial interest because it is possible to
modify flower colours with genetic engineering (Holton
and Tanaka 1994, Holton and Cornish 1995).

The synthetic pathway to anthocyanidin 3-glucosides
is shown in Figure 1. The first key enzyme of flavonoid bio-
synthesis is chalcone synthase which catalyzes the condensa-
tion reaction to yield 4,2',4',6'-tetrahydroxychalcone. The
chalcone is isomerized to naringenin (5,7,4-trihydroxyflava-
none), by chalcone isomerase. Hydroxylation of narin-
genin at the 3 position by flavanone 3-hydroxylase leads
to the formation of dihydrokaempferol (DHK). DHK is
subsequently hydroxylated to dihydroquercetin (DHQ) and
to dihydromyricetin (DHM) by flavonoid 3-hydroxylase

Abbreviations: DFR, dihydroflavonol 4-reductase; DHK, di-
hydrokaempferol; DHQ, dihydroquercetin; DHM, dihydromy-
ricetin; 3GT, UDP-glucose:flavonoid 3-glucosyltransferase; WH,
flavonoid 3-hydroxylase; F3',5'H, flavonoid 3',5'-hydroxylase.

The nucleotide sequences reported in this paper have been
submitted to DDBJ, EMBL and GenBank nucleotide sequence
databases with accession numbers D85184, D85185 and D85186.

(F3H) and flavonoid 3',5-hydroxylase(F3',5ii), respective-
ly (Fig. 1). These two hydroxylases belong to the Cyt P-450
superfamily. Both are key enzymes determining flower col-
our because they hydroxylate the B-ring of the dihydro-
flavonols and this hydroxylation eventually determines
the structure of the anthocyanidin and so flower colour
(Holton and Tanaka 1994). Dihydroflavonol 4-reductase
(DFR) catalyzes the reduction of dihydroflavonols to leu-
coanthocyanidins. Leucoanthocyanidins are converted to
anthocyanidins by anthocyanidin synthase and then to the
anthocyanidin 3-glucosides by UDP-glucose:flavonoid 3-
O-glucosyltransferase (3GT). Flavones and flavonols are de-
rived from flavanone by flavone synthase and from dihydro-
flavonol by flavonol synthase, respectively. Anthocyanidin
3-glucosides are further modified in species specific ways
with glycosylation, methylation and acylation reactions
(Heller and Forkman 1993).

Gentiana triflora mainly produces blue flowers and is
one of major cut flowers in Japan. Its closely related spe-
cies, Gentiana makinoi, also produces blue flowers which
contain a novel anthocyanin, gentiodelphin (delphinidin 3-
0-)ff-D-glucoside-5-0-(6-0-caffeoyl-)S-D-glucoside)-3'-(6-0-
caffeoyl-/?-D-glucoside)) (Goto et al. 1982). Yoshida et al.
(1992) suggested that the two caffeic acids in gentiodelphin
play a critical role in stabilization of gentiodelphin by intra-
molecular sandwich-type stacking of the two caffeic acids.
To understand the biosynthesis of gentiodelphin in terms
of molecular biology and biochemistry, we are extensively
studying the pathway. We report here the molecular clon-
ing of three genes in the pathway, F3',5'H, DFR and 3GT,
and the biochemical characterization of F3',5'H and 3GT
from Gentiana triflora. The main anthocyanin in this spe-
cies is also gentiodelphin (Hosokawa et al. 1996, Y. Fukui,
unpublished).

Plant materials and chemicals—Fresh and pigmented
petals were collected from commercially available Gentiana
triflora Pall. var. japonica Hara cut flowers at a pre-an-
thesis stage. Flavonoids were purchased from Extrasyn-
these or were from in-house stock.

Standard molecular procedures—Molecular proce-
dures used were as described previously (Sambrook et al.
1989, Brugliera 1994) unless specified. MacVector (Kodak)
was used to calculate molecular weights and isoelectric
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712 Gentian anthocyanin biosynthesis
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Fig. 1 Biosynthetic pathway of anthocyanin. Pentahydroxyflavanone and dihydromyricetin can be synthesized from naringenin
and dihydrokaempferol, respectively, by a single enzyme, F3',5'H. CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone
3-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; 3GT, UDP-glucose:flavonoid 3-glucosyltransferase;
F3'H, fiavonoid 3'-hydroxylase; F3',5'H, flavonoid 3',5'-hydroxylase.

points of deduced amino acid sequences. Geneworks (Intel-
liGenetics) was used to compare the amino acid sequences.

Construction and screening of a cDNA library—A
cDNA library was constructed with the directional ZAP-
cDNA synthesis kit as described in Tanaka et al. (1995).
Gentian F3',5'H and 3GT cDNAs were obtained from the
library screened with the Hfl F3',5'H cDNA of Petunia hy-
brida (Holton et al. 1993) and the 3GT Antirrhinum majus
(Martin et al. 1991) as described previously (Tanaka et al.
1995). The DIG-DNA labeling and detection kit (Boerin-
ger-Mannheim) were used following the manufacturer's
instructions. A DNA fragment specific to gentian DFR
cDNA was amplifiied using two oligonucleotides designed
on the basis of conserved amino acid sequences of publish-
ed DFRs as described by Helariutta et al. (1993). The ob-
tained DNA fragment was used as a probe for library
screening as described above.

Expression and enzymatic assay of F3',5'H—The yeast
expression system and related procedures are described
by Ashikari et al. (1989). The vector containing gentian
F3',5'H cDNA was constructed by inserting the £coRI and
Xhol digested cDNA into pYE2211 digested with EcoRl
and Sail. The cDNA insert is regulated by a constitutive
promoter, glyceraldehyde-3-phosphate dehydrogenase in
this plasmid. A yeast transformant expressing gentian
F3',5'H was cultured in 10 ml of modified Burkholder's me-
dium (Tanaka et al. 1977) containing 1% casamino acid
(Difco) in a 50 ml flask at 30° C for 36 h with vigorous shak-
ing. The cells were harvested by centrifugation and washed
twice with 100 mM potassium phosphate, pH 8.0, contain-
ing 1 mM EDTA and 1 mM 2-mercaptoethanol (buffer A).
The washed cells were suspended in 500^/1 of buffer A con-
taining IOJUM (p-amidinophenyl) methanesulfonyl fluoride
hydrochloride in an Eppendorf tube and then destroyed

with a mini-beadsbeader (BiospecProducts) for 2 min after
adding 200 mg of glass beads (Sigma). The crude extract
was recovered after centrifugation (ll.OOOxg, 10min,
4°C) and subjected to enzymatic assay. The assay mixture
contained 100 /il of the crude extract, 100//I buffer A, 5 [A
50 mM NADPH and 5 /xl substrates (2 mg ml"1) dissolved
in ethanol. The mixtures were extracted twice with 200^1
ethyl acetate after a 16-h reaction at 22°C. The recovered
ethyl acetate was dried and the resultant pellet was dissolv-
ed in 50% acetonitrile containing 0.1% (v/v) TFA for
HPLC analysis.

Expression and enzymatic assay of3GT—The p7>c99a
expression vector (Pharmacia) was used to express the 3GT
cDNA. An oligonucleotide, AAACCATGGCACCCGTA-
TCC, was synthesized to make an Nco\ site containing the
initiation codon of the cDNA, in order to subclone the
cDNA to the vector using Ncol and Xhol sites. The cDNA
insert is regulated under the inducible trc promoter in the
plasmid. The transformant expressing the 3GT protein was
cultured in 50 ml of 2 x YT media following the manufac-
turer's instruction. The harvested cells were washed with
30 mM Tris-HCl and 30 mM NaCl at pH 7.5 and sus-
pended in 5 ml of the same buffer containing 4 mg of
lysozyme. The suspension was frozen and thawed once,
and sonicated. The crude enzyme extract was obtained
after centrifugation (18,000 x g, 10 min, 4°C). The reaction
mixture for the 3GT consisted of 20 n\ of the crude extract,
10^1 1 M Tris-HCl, pH 7.5, 10//I 5 mM UDP-Glucose and
\0fi\ substrate (1.5 mg ml"1) dissolved in 2-methoxyethanol.
The mixture was kept at 25°C for 5 min and the reaction
stopped by adding 50/A of 13.8% (v/v) acetic acid in
acetonitrile. After centrifugation at 11,000 xg for 10 min,
the supernatant of the reaction was subjected to HPLC
analysis.
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HPLC analysis—HPLC analysis for F3',5'H was car-
ried out on a YMC ODS-A312 column (6mmx 150 mm)
with gradient elution, using a gradient of 18% acetonitrile
and 0.1% TFA to 72% acetonitrile and 0.1% TFA over 10
min, followed by 72% acetonitrile and 0.1% TFA. The
flow rate was 1 ml min"1 and the column temperature was
40°C. The detection of flavonoid compounds was carried
out using a Gilson Model 116 at 290 nm and a Shimazu pho-
todiode array detector SPD-M6A from 250 nm to 400 nm.
HPLC analysis for 3GT was carried out with the same col-
umn with gradient elution, using a gradient condition of
4.5% acetonitrile and 0.1% TFA to 72% acetonitrile and
0.1% TFA over 6 min following 4 min of 4.5% acetonitrile
and 0.1% TFA. The flow rate was 1 ml min"1 and the col-
umn temperature was 40°C. Compounds were identified by
comparison to the retention times and spectral patterns
(250 nm to 600 nm) of known standards.

Isolation ofcDNA for F3',5'H—Scores of positive pla-
ques were identified after screening approximately 300,000
clones. Twelve plaques were randomly chosen, isolated and
sequenced. All of them showed good homology to the
petunia Hfl cDNA. The longest clone was sequenced and
expressed in yeast. The deduced protein consists of 516
amino acid residues and the calculated molecular weight
and isoelectric point were 58,084 and 9.38, respectively.
The amino acid sequence is shown in Figure 2. Comparison
of the deduced amino acid sequence of gentian F3',5'H to
other reported F3',5'Hs shows a high degree of identity
(Fig. 2). Identities to Eustoma russellianum (lisianthus)
(Kikuchi et al. 1993), petunia Hfl, petunia Hf2 (Holton
et al. 1993), Solanum melongena (egg plant) (Toguri et
al. 1993), and Campanula medium (Kikuchi et al. 1993)
FS'.S'Hs were 77%, 74%, 73%, 68% and 62%, respective-
ly. Gentiana and Eustoma belong to the same family, Gen-
tianaceae, and the identity of the two F3',5"Hs is higher.
Campanula F3',5'H has some insertions in its amino acid se-
quence and so is less similar. The identities to other plant

Cyts P-450 were less than 40%. These results supported the
idea that the F3',5'Hs form a family (CYP75) in the Cyt P-
450 superfamily (Toguri et al. 1993).

Biochemical characterization of recombinant gentian
F3',5'H— Recombinant gentian F3',5'H was produced in the
yeast expression system. The capacity to act on flavonoids
is summarized in Table 1. The enzyme catalyzed hydroxyla-
tion of naringenin to eriodictyol (5,7,3',4'-tetrahydroxy-
flavanone), eriodictyol to 5,7,3',4',5'-pentahydroxyflava-
none, DHK to DHQ, DHQ to DHM and apigenin to
luteolin. These results confirm that the cloned cDNA en-
codes a FS'^H with a broad substrate specificity. Verbena
hybrida and petunia FS'.S'Hs (Stotz and Foreman 1982 and
Holton et al. 1993, respectively) were reported to hydrox-
ylate flavanones and dihydroflavonols. Interestingly petu-
nia Hf2 cDNA expressed in the same yeast system did not
hydroxylate apigenin (Y. Tanaka, unpublished). Gen-
tian F3',5'H may therefore have broader substrate specifici-
ty than other FS'.S'Hs. F3*H, which is another P-450 en-
zyme hydroxylating the B-ring, has even broader substrate
specificity. Z. mays F3H can hydroxylate a flavonol as well
as a flavanone, a dihydroflavonol and a flavone (Larson
and Bussard 1986).

Isolation of cDNA for DFR—Many positive plaques
were identified from the library of approximately 300,000
clones. Twelve dozen plaques were chosen, isolated and
sequenced. All of them showed good homology to the
reported DFR cDNAs. The longest clone was sequenced
completely. The deduced protein has 359 amino acid resi-
dues and calculated molecular weight and the isoelectric
point was 40,138 and 4.97, respectively. The amino acid se-
quence is shown in Figure 3. Comparison of the deduced
amino acid sequences of reported DFR showed that the se-
quences were well conserved except at the beginning and
end of the sequences.

Gentian DFR is more closely related to DFRs from
dicots than to those from monocots. Comparison of

(4 51)RICAGTRMGILLVEYILGTLVHSFDWKLGFSEDELNMDETFGLALQKAVPLAAMVIPRLPLHVYAP

Fig. 2 The deduced amino acid sequence of F3',5'H from Gentiana triflora. Amino acid residues conserved in reported F3',5'Hs are
asterisked. See text for details.
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714 Gentian anthocyanin biosynthesis

Table 1 Hydroxylation of flavonoids by gentian expressed in yeast

Substrate Product Amount of product
(pmol (mg protein)"1 h~')

Flavanone
Naringenin
Eriodictyol

Dihydroflavonol
Dihydrokaempferol
Dihydroquercetin

Flavone
Apigenin

Flavonol
Kaempferol

Eriodictyol
Pentahydroxyflavanone

Dihydroquercetin
Dihydromyricetin

Luteolin

No products were detected

18
7.8

10
27

9.0

The reaction mixture contained 1.6 mg of crude protein extracted from yeast expressing gentian F3',5'H. Each product was identified
from its retention time and absorption spectrum and quantified by HPLC analysis. The host yeast did not have any capacity to act on
these substrates.

gentian DFR amino acid sequence to Gerbera hybrida
(Helariutta et al. 1993), Petunia hybrida (Beld et al. 1989,
Huit et al. 1994), Callistephus chinensis (Chinese aster)
(Min et al. 1995 the accession number: Z67981), Vitis
vinifera (grape) (Sparvoli et al. 1994), Lycopersicon
esculentum (tomato) (Bongue-Bartelsman et al. 1994),
Rosa hybrida (Tanaka et al. 1995), Arabidopsis thaliana
(Shirley et al. 1992), Dianthus caryophyllus (carnation)
(Min et al. 1995 Z67983), Antirrhinum majus (Beld et
al. 1989), Zea mays (Schwartz-Sommer et al. 1987) and
Hordeum vulgare (Barley) (Kristiansen and Rohde 1991)
gave identities of 71%, 70%, 69%, 66%, 66%, 64%, 61%,
61%, 58%, 57% and 57%, respectively. The reason for the
low identity to Antirrhinum DFR relative to other dicot
DFRs is that Antirrhinum DFR has an extra sequences in
its C-terminus.

DFR is proposed to be part of a superfamily also con-
taining mammalian 3/?-hydroxysterol dehydrogenase and
other proteins. Some strictly conserved amino acid residues
are observed in the family (Baker and Blasco 1992). These
residues are also conserved in gentian DFR as shown in
Figure 3 and are likely to be essential for function of these

proteins.
The anthocyanins in gentian flowers are derivatives of

cyanidin and delphinidin (Hosokawa et al. 1995, 1996, Y.
Fukui, unpublished). Pelargonidin derivatives have not
been reported so far. DFR plays an important role in deter-
mination of flower colour. Petunia hybrida does not pro-
duce significant amount of pelargonidin because its DFR
can barely reduce DHK (Forkman and Ruhnau 1987).
Similarly, gentian DFR may also not be able to reduce
DHK and this could be a reason why no pelargonidin has
been isolated from gentian flowers. Biochemical characteri-
zation of gentian DFR is in progress in our laboratory.

Isolation of cDNA for 5G71—Many positive plaques
were identified after the screening. Twelve plaques were ran-
domly chosen, isolated and sequenced. Many of them show-
ed good homology to Antirrhinum 3GT (Martin et al.
1991) and the longest clone was sequenced. The deduced
protein has 453 amino acid residues and calculated molecu-
lar weight and isoelectric point of 50,005 and 5.18, respec-
tively. The amino acid sequence is shown in Figure 4.

Comparison of the deduced amino acid sequence of
gentian 3GT to other 3GTs revealed a high degree of identi-

Fig. 3 The deduced amino acid sequence of DFR of Gentiana triflora.
hydrogenase/DFR superfamily (Baker and Blasco 1992) are asterisked.

Amino acid residues conserved in the 3/?-hydroxysteroid de-
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(18DSFSDLPEELIMEDSQSIFALTLHNMGLKLHKATAVAVNSFEEIDPIITNHLRSTNQLNILNIGPLQTLSSSIPPEDNECLKWLQTQKESS

* * * * *

(271) WYLSFGTVINPPPNEMAALASTLESRKIPFLWSLRDEARKHLPENFIDRTSTFGKIVSWAPQLHVLENPAIGVFVTHCGWNSTLESIFC

* * * *

(3G1)RVPVIGRPFFGDQKVNARMVEDVWKIGVGVKGGVFTEDETTRVLELVLFSDKGKEMRQNVGRLKEKAKDAVKANGSSTRNFESLLAAFNK

(45DLDS

Fig. 4 The deduced amino acid sequence of 3GT of Gentiana triflora.
(Brugliera et al. 1994) are asterisked. See text for details.

Amino acid residues conserved in glycosyltransferases

ty. Identities to A.majus (Martin et al. 1991), Solanum
melongena (Toguri et al. X77369), Z. mays (Furtek et al.
1988, Ralston et al. 1988) and H. vulgare (Wise et al. 1990)
were 52%, 46%, 32% and 31%, respectively. Gentian 3GT
is clearly more homologous to dicot 3GTs than to monocot
ones. The gentian 3GT amino acid sequence is similar
to Manihot esculentla (cassava) glucosyl transferase clones
(Hughes and Hughes 1994). A cassava clone (pCGT7) was
not full length but has the identity is 49% in the sequenced
region. Gentian 3GT has a lower degree of identity to

Table 2 Glucosylation of flavonoids by gentian 3GT ex-
pressed in E. coli

Substrate Amount of product
p r o t e m ) i m i n

Anthocyanidin
Pelargonidin
Cyanidin
Delphinidin

Flavonol
Kaempferol
Quercetin
Myricetin

Dihydroflavonol
Dihydrokaempferol
Dihydroquercetin

Flavone
Apigenin

Anthocyanin
Delphinidin-3-glucoside

22
35
57

2.5
3.7
4.0

0
0

0

0

The reaction mixture contained 120/ig of crude protein extracted
from E. coli expressing gentian 3GT. Each product was identified
from its retention time and absorption spectrum and quantified by
the HPLC analysis. The host did not convert any of these sub-
strates.

glucosyltransferases in the database and even to flavonoid
3-rhamnosyitransferase (13%) (Brugliera et al. 1994). It
has been suggested that some amino acid residues are con-
served in a wide range of glycosyltranserases (Brugliera et
al. 1994), and all but one of such residues are also con-
served in gentian 3GT (Fig. 4).

Biochemical characterization of recombinant gentian
3GT— Gentian 3GT was expressed in E. coli, and its sub-
strate specificity determined using various flavonoids, as
summarized in Table 2. Gentian 3GT converts antho-
cyanidins much more efficiently than flavonols. It also
tends to glucosylate more efficiently anthocyanidins and
flavonols with more hydroxyl groups. It does not modify di-
hydroflavonols at all. Flavone and delphinidin 3-glucoside
that did not have 3-hydroxyl group were not modified
either. Gentian 3GT is suggested to be a UDP glucose:
anthocyanidin 3-O-glucosyltransferase because the 3GT
prefers anthocyanidins to flavonols and gentian flowers
does not contain significant amount of flavonols if any (Y.
Fukui, unpublished). Although 3GTs have been generally
reported to have broader substrate specificity and can
glucosylate anthocyanidins, dihydroflavonols and flavo-
nols (reviewed by Heller and Forman 1993), each 3GT has
its preferable substrates; grape contains a 3GT which
catalyzes anthocyanidins but not flavonols (Do et al. 1995)
and red cabbage seedlings contain a 3GT which modifies
flavonols more efficiently than anthocyanidin (Sun and
Hrazdina 1991).

All of the structural and functional results obtained
here are similar to the results obtained for the same genes
isolated from other species in the anthocyanin pathway.
This suggests that the biosynthesis pathway to antho-
cyanidin 3-glucosides in Gentian triflora is essentially the
same as the pathway shown in Figure 1. The successful ex-
pression of genes involved in the anthocyanin pathway in
heterologous systems would provide a good tool to charac-
terize the enzymes in the pathway.
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