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Abstract Tea leaves are major source of catechins—
antioxidant flavonoids. Dihydroflavonol 4-reductase (DFR,
EC 1.1.1.219) is one of the important enzymes that catalyzes
the reduction of dihydroflavonols to leucoanthocyanins, a
key “late” step in the biosynthesis of catechins. This man-
uscript reports characterization of DFR from tea (CsDFR)
that comprised 1,413 bp full-length cDNA with ORF of
1,044 bp (115-1,158) and encoding a protein of 347 amino
acids. Sequence comparison of CsDFR with earlier reported
DFR sequences in a database indicated conservation of 69—
87% among amino acid residues. In silico analysis revealed
CsDFR to be a membrane-localized protein with a domain
(between 16 and 218 amino acids) resembling the NAD-
dependent epimerase/dehydratase family. The theoretical
molecular weight and isoelectric point of the deduced amino
sequence of CsDFR were 38.67 kDa and 6.22, respectively.
Upon expression of CsDFR in E. coli, recombinant protein
was found to be functional and showed specific activity of
42.85 nmol min~' mg protein~'. Expression of CsDFR was
maximum in younger rather than older leaves. Expression
was down-regulated in response to drought stress and
abscisic acid, unaffected by gibberellic acid treatment, but
up-regulated in response to wounding, with concomitant
modulation of catechins content. This is the first report
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Abbreviations

DFR Dihydroflavonol 4-reductase
DS Drought stress

ABA Abscisic acid

GA; Gibberellic acid

CsDFR  Camellia sinensis DFR
MtDFR  Medicago truncatula DFR

Introduction

The enzyme dihydroflavonol 4-reductase (DFR) catalyzes
the stereospecific reduction of dihydroflavonols to leuco-
anthocyanidins (flavan-3,4-diol) using NADPH as a
cofactor (Kristiansen and Rohde 1991; Martens et al.
2002). Depending upon the plant system, leucoanthocy-
anidins can be utilized for the synthesis of compounds such
as flavan-3-ol [(+4)-catechin] (Stafford 1990) as the likely
start unit to oligomeric proanthocyanidins (Fig. 1). Cate-
chins and proanthocyanidins are involved in plant
resistance and are regarded as potential health-protecting
compounds in food and feed (Harborne and Williams
2000).

DFR genes have been isolated from several higher
plants (Kristiansen and Rohde 1991; Sparvoli et al. 1994;
Rosati et al. 1997) and recombinant proteins produced from
them have been characterized (Peters and Constabel 2002;
Fischer et al. 2003). Knowledge of DFR is important to
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Fig. 1 Flavonoid pathway leading to biosynthesis of catechins. CHS,
chalcone synthase; CHI, chalcone isomerase; F3H, flavanone-3-
hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin
synthase; LAR, leucoanthocyanidin reductase; ANR, anthocyanidin
reductase

understand aspects of flavonoid biosynthesis, especially
how plants regulate condensed tannins and composition
and different stereochemical features of flavan-3-ols and
related compounds. DFR is regarded as central enzyme of
the flavonoid (FL) pathway (Fig. 1) and opens possibilities
for metabolic engineering of the pathway (Forkmann and
Martens 2001).

Tea is one of the most popular beverages in the world
owing to its taste, stimulative effect, and health benefits.
Tea (Camellia sinensis (L.) O. Kuntze) leaves contain
extraordinary large amounts of catechins, synthesized via
the flavonoid biosynthetic pathway and are responsible for
imparting characteristic astringency and bitterness to black
tea (Chen 2002). The amount of catechins in young leaves
of tea is approximately 25-30% on a dry weight basis
(Singh et al. 1999). These are water soluble polyhydroxy-
lated flavonoids with immense medicinal properties. In
animal systems, including humans, catechins are reported
to prevent cancer, cardiovascular, neurodegenerative, and
oxidative stress-related diseases (Bordoni et al. 2002; Le-
vites et al. 2002; Nie et al. 2002).

A cDNA encoding DFR from tea has been reported
(Accession number AB018685), but functionality was not
evaluated and the gene was not characterized. In this work
we characterized ¢cDNA encoding DFR (CsDFR) from
tea and showed its functionality in E. coli. Further, its
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Fig. 2 Tea shoot showing leaves at different stages of development.
Apical bud represents the early stage of development; leaves get
gradually older from apical bud to 4th leaf

expression in response to developmental stages and various
external stimuli suggested its importance in the biosyn-
thesis of catechins.

Materials and methods
Plant materials and growth conditions

This study was conducted on tea clone UPASI-10, a chi-
nary type of tea clone (Balasaravanan et al. 2003) growing
well in the tea garden of the Institute (latitude 32°06'32”N,
longitude 76°33'43"E and altitude 1,300 m above mean sea
level). Various experiments were performed on apical buds
(AB; youngest) and on leaves at the 1st, 2nd, 3rd, and 4th
positions (with reference to the apical bud). Leaves at these
node positions were termed as AB, Ist, 2nd, 3rd and 4th
leaf (Fig. 2). Leaves were collected during the period of
active growth (July, average temperature 22.5°C). These
were harvested between 9 and 10 a.m., stored immediately
in liquid nitrogen, and later transferred to a —80°C freezer
till further use.

Imposition of external cues

Two-year-old tea plants raised in plastic pots were housed
in a plant-growth chamber (temperature 25 + 1°C, light
intensity 200 pE m~?2 s_l, RH 70-80%; Saveer Biotech,
India). Drought stress (DS) was created by withholding
water during the entire period of experimentation. Abscisic
acid (ABA, 100 uM) and gibberellic acid (GA3, 50 uM)
were sprayed separately and also applied to the soil
(Sharma and Kumar 2005). AB and the 1st leaf combined
were harvested and used for various analyses. For
wounding experiments, margins of third leaf were
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wounded by use of a haemostat and used for various
analyses. AB, and 1st and 2nd leaves were too small for
creating a wound and collection of the sample.

Estimation of catechins

Catechins were quantified based on the ability of diazotized
arylamine to form colored complexes with the A-ring of
the catechins and not with the other polyphenolic com-
pounds (Singh et al. 1999). Leaf tissues were ground in
liquid nitrogen, extracted with chilled acetone (initially
100% and later 60%), and the combined extract was par-
titioned with twice the volume of petroleum benzene (v/v).
The lower, aqueous acetone, layer containing catechins and
other polyphenolic compounds was removed, dried, and the
residue was dissolved in water to quantify catechins at
Ayos using the freshly prepared diazotized sulfanilamide.
A recovery experiment was always performed to estimate
the loss, and the data were taken into account when
expressing the amount of catechins. Recovery of catechins
varied between 83 and 90%. Analysis was repeated thrice
for each sample. A standard curve for the catechins was
prepared using D-(4)-catechin as standard.

Cloning of CsDFR

RNA was isolated from AB and 1st leaf combined using a
modified guanidine hydrochloride-based method (Lal
et al. 2001). Complementary DNA was synthesized using
RNA preparations (2 pg) in the presence of 1.0 pg oli-
2o(dT)"*'® and 400 U of reverse transcriptase Superscript
I (Invitrogen) after digesting with 2 U DNase I (ampli-
fication grade; Invitrogen, USA) as described earlier
(Singh et al. 2004).

A primer pair, forward; 5'-GAATCCCAATCGCAAC
CATATC-3' and reverse; 5'-CGAAGAAACTCAAATTC
GAGC-3/, was designed from the tea DFR sequence
available in the Genbank database vide accession number
ABO018685. PCR was performed using 1 pL. cDNA tem-
plate, 0.2 pM each of forward and reverse primers, 0.2 mM
dNTPs, 1 U Tag DNA polymerase, and 1 x PCR buffer
(20 mM Tris-HCI, pH 8.4, 50 mM KClI, 1.5 mM MgCl,)
in a final volume of 25 pl.. PCR was carried out on a
programmable thermocycler (GeneAmp PCR system 9700;
Applied Biosystems, USA) using the following cycling
conditions: initial denaturation at 94°C for 3 min, followed
by 35 cycles at 94°C for 30 s, 54°C for 40 s, and 72°C for
2 min and then a final extension at 72°C for 7 min. The
amplicon was cloned in pGEM-T easy vector (Promega,
USA), plasmid was isolated using the Qiagen plasmid
mini-isolation kit, and sequencing was performed using the
BigDye terminator (version 3.1) cycle sequencing mix

(Applied Biosystems) on an automated DNA sequencer
(ABI Prism 310, Genetic Analyzer, Applied Biosystems).
Analysis of nucleotide and deduced amino acid sequences
were analyzed using various tools available at http://www.
ncbi.nlm.nih.gov/, http://ca.expasy.org/, http://smart.embl-
heidelberg.de/ and http://npsa-pbil.ibcp.fr/.

Recombinant protein expression, purification
and measurements of enzyme activity

A primer pair (forward 5-ATGAAAGACTCTGTT
GCTTCTGCC-3' and reverse 5'-TTAAACCTTGTTGCC
ATTGACAGGG-3') was designed to amplify the ORF of
CsDFR, cloned into expression vector pQE-30 UA, and
transformed into M15 pREP-4 competent cells (The
QIAexpressionist, Germany). This vector allows in-frame
cloning of PCR products resulting in a 6 x His tag
attached at the N terminal end of the recombinant protein.
The 6 x His tag amino acids resulted from vector
sequences will increase the molecular weight of expressed
protein by about 2.2 kDa. In-frame cloning of ORF of the
gene with respect to the bacterial promoter was confirmed
by sequencing. Expression of the recombinant protein was
induced by 1 mM IPTG dissolved in sterile water and
added to the liquid cell culture. Cells were harvested at
different times and expression of the recombinant proteins
was monitored on a SDS—polyacrylamide gel stained with
Coomasie brilliant blue. The 6 x His tagged recombinant
proteins were purified using Ni-NTA columns under
denaturing and native conditions. The manufacturer’s
instructions were followed wherever necessary. DFR
activity was measured according to Xie et al. (2004) with
some modifications. The total reaction mixture of 1 ml
contained 50 mM Tris—-HCl (pH 7.0), 4 mM NADPH,
100 pM taxifolin (dihydroquercetin), and 32 pg protein
samples. NADPH was added at the end and its oxidation
was observed at 340 nm at 25°C for 30 min. The enzyme
activity was calculated by using the extinction coefficient
of NADPH, 6.22 mM ' cm™".

Semi-quantitative expression analysis by RT-PCR

To study gene expression, cDNA was synthesized using
RNA isolated from the different samples under examina-
tion. The resulting cDNA was used as template for PCR
reaction using CsDFR primers (forward) 5'-GCTGAC
ACGAACTTGACAC-3, (reverse) 5'-CCACCCCACCAT
ACAAAAAC-3’, and PCR conditions 94°C for 3 min for 1
cycle — 94°C for 30 s, 55°C for 40 s, 72°C for 1 min for
30 cycles — 72°C for 7 min. 26S rRNA-based gene
primers were used as internal control for expression studies
(Singh et al. 2004).

@ Springer


http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://ca.expasy.org/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
http://npsa-pbil.ibcp.fr/

98 Plant Biotechnol Rep (2009) 3:95-101
Fig. 3 Comparison of the C sinensis MKDSVASATASAPGTV(VTGAAGFIGSWLVMRLLERGY|I VRATVRDPANLKKVKHLLDLP 60
amino acid sequences of DFRs A thaliana =  -------- MV.QKE. . - 2 Foeeennnn G..... Qovvnn. 52
using repor[ed DFR sequences P commun:fs -------- MG.ESES. - H..T........ T.Qeeeeennn 52
of Medicago truncatula Ig d?mcf-;tlca -------- :(; gz;s : ............. I;RL; ........ g 3 .......... :2
. vinirfera = s===-=- .. D erersrsssssss . RKRUL. ...l oV nen
(AAR27015), Pyrus communis M truncatula ~  -------- MG.VSE B Moo dTeenennn. D.M....... E.. 52
(AAO39818), Malus domestica * shH Ak kk ok k Rk kkkhkkhh ok, khkkkkkkk Kk Kkhkk hkhkk kK
(AAD26204), Vitis vinifera
(PSIIlO), and Arabidopsis C sinensis KADTNLTLWKADLNEEGSFDEAIEGCSGVFHVATPMDFESKDPENEVIKPTINGVLSIIR 120
thaliana (BAD95233). Gaps are A chalia:'m N.K.Q........ s Y.D..N..Devorttiiie i iieneanenns V..M.G.MK 112
represented as dashes; asterisks, P communz:s E.H........ AD........ [ = L.D.LK 112
.. M domestica E.H........ AD........ 0 2 = L.D.LK 112
colons and dots indicate V vinifera EHeooonn.. AD........ N S E.M.G.MK 112
identical amino acid residues, M truncatula G.NSK.S...... Guevrennnn KeoTooeeeennannnnns K...N..... L.D.MK 112
conserved substitutions, and ki ak khkkhkhk . kkk k. kk . kk Ak kA Ak kA kk kA kk kA k ke k  kk, k. k k..
semi-conserved substitutions,
respectively, in all sequences C sinensis SCTKAKTVKRLVFTSSAGTVNVQEHQQPVFDENNWSDLHF INKKKMTGWMYFVSKTLAEK 180
d in the alienment. The A thaliana A.V..... R.F....oovi. E...KN.Y...D E..MS......iiiiiiennnn 172
used in the alig ; P communis A.Q..... 3 E...K..Y..S VE.CRSV......oovvunnn. Q 172
boxed region is a putative M domestica A.Q..... RK.ooeeennnn. E...K..Y..S....VE.CRSV. ..o vuuun... Q 172
NADPH-binding region V vinifera AA....Revvvuunnnn.. IQ...L..Y..SC...ME.CRA.. ..A..u.uuen... Q 172
(Lacombe et al. 1997). The M truncatula A.K..... Revevnennnn LD.T.Q.NS.I..TC...VE.CRRV. .. ....covuuunn Q 172
region prediCth tO be I'Clated tO * b dkk ok kkkkhdkkh LR * *% * ok * khkdk khhkhhkhkhkhdkhh
substrate SP?CIﬁCIty (Johnson C sinensis AAVEAAKENNIDFISIIPTLVGGPFIMPTFPPSLITALSPITRNEGHYSIIKQGQFVHLD 240
et al. 2001) is underlined A thaliana ...DP.E.KGL..........V.'o TTSMurunrenennnnn.. A..... R...Y 232
P communis = ...K¥.........T......I...L..SM...... G....L S..G...... Y 232
M domestica = ...K¥.........T......I...L..SM...... G....L...S..G...... Y 232
V vinifera = ...KY¥.........T...... V... . SML o G..A..... R.voeennn 232
M truncatula E..KPS..H....V....P..V......SM......... L..GY.A......... YI... 232
ek kkk kk & * kk kkohkhkk .. kkk
C sinensis DLCESHIFLYERPQAEGRYICSSHDATIHDLAKLMREKWPEYNVPTEFKGIDKDLPVVSF 300
A thaliana ..NA...... QAA.K............ LTIS.FL.P.Y...... ST.E.V.EN.KSIE. 292
P communis S P T ¢ ; S B.V.ML...Y b S DN.EP.H. 292
M domestica Lo Y.L HKe e B.V.ML Y Jd..K.. L. DN.EP.H. 292
V vinifera ..NA. . Y.F.N.K........... CI.L. ML...Y....I...... V.EN.KS.C. 292
M truncatula ..LA....F.N.K.H..... C..E.T. EVA INK Y..F.V..K..D.PD..EIIK. 292
kkdk kk k.. * khkkdkk kk. * * kokk ko k. * * *
C sinensis SSKKLIGMGFEFKYSLEDMFRGAIDTCREKGLLPHS- ------- PAENPVNGNKV-- - -~ 347
A thaliana Q..F..V.-=mmmmmo LSYQSISEI .TKNENI 344
P communis .I.IP--AEKTEAAER.SNLVDV..GG--- 347
M domestica .I.IPIPAEKTEAAE.SNLVDV. .G---- 348
V vinifera RP.------uu-- HEKPVDG.T----- 337
M truncatula ....ITDL..I.........T...B......... KV----cuouom- TET DTMKK---- 339
C Sinensis =  seeeeeeeceecceeee e eeee e
A thaliana DVKTGDGLTDGMKPCNKTETGITGERTDAPMLAQQMCA 382
P communis = =  ~=--=e-eecccecccccccccccccccccccccooaa-
M domestica = =  see-eeeeecceccececcccccccccccceneee e
V vinifera = =  -------mmmmmmceee e eeemeeeeeeee-
M truncatula = = —ecee e e -

Results and discussion

Characterization and functional validation of CsDFR

PCR amplified CsDFR (Accession number AY648027)
comprised of 1,413 bp full length cDNA with ORF of
1,044 bp, starting from 115 to 1,158 encoding a protein of
347 amino acids. Northern analysis confirmed the tran-
script size to be approximately 1.3 kb as cloned through
PCR (data not shown). Sequence comparison of deduced
amino acid sequences of CsDFR with reported DFR
sequences indicated 69-87% conservation of amino acid
SMART domain analysis indicated
amino acids at positions 16-218 had a domain resembling
that of the NAD-dependent epimerase/dehydratase family.

residues (Fig. 3).
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This family of proteins utilize nucleotide sugar substrates
for a variety of chemical reactions involving NAD as a

cofactor. The theoretical molecular weight and isoelectric

point of the deduced amino sequence of CsDFR was

38.67 kDa and 6.22, respectively. Hydropathy analysis
(Kyte and Doolittle 1982) predicted that the CsDFR protein
contained seven putative transmembrane segments (TMs)
connected by hydrophilic loops. Prediction of transmem-
brane domains by use of the transmembrane hidden
Markov model (TMHMM) program (http://genome.cbs.
dtu.dk/servicess TMHMMY/) suggested that the N and C
hydrophilic termini were located inside the cellular com-
partment. This membrane topology is characteristic of
many transporter proteins found in both prokaryotes and
eukaryotes (Henderson 1993).The prediction of secondary
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Fig. 4 Predicted secondary structure of deduced amino acid
sequence of DFR from tea (CsDFR) by SOPMA and comparison
with that of Medicago truncatula (MtDFR). Helices, sheets, turns, and
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Fig. 5 Recombinant DFR protein expression and purification. M,
molecular weight marker; UI, uninduced fraction; /, IPTG induced for
2 h; I', IPTG induced for 4 h; I, IPTG induced for 6 h; WO, first
washout; WO', second washout; PF, 1st purified fraction; PF’, second
purified fraction

structure by SOPMA (Combet et al. 2000) indicated that
the deduced CsDFR contained 135 a-helices, 29 fi-turns, 61
extended strands, and 122 random coils (Fig. 4). A similar
secondary structure for DFR has been documented for
Medicago truncatula (Xie et al. 2004) that comprised of
134 o-helices, 28 fS-turns, 61 extended strands, and 116
random coils. Such a similar secondary structure of CsDFR
with functional MtDFR suggested CsDFR could be a
functional gene (Fig. 4).

In order to confirm if the cDNA yielded a functional
protein, the entire coding region of the CsDFR was
amplified, cloned into expression vector pQE-30 UA and
expression was induced with 1 mM IPTG (Fig. ).
Recombinant protein was purified using Ni-NTA columns
and PAGE analysis indicated protein size to be approxi-
mately 41 kDa, as expected from the molecular weight of
DFR protein (38.67 kDa) and fusion proteins of the vector
(2.2 kDa). The specific activity of the purified protein was
found to be 42.85 + 0.15 nmol min~' mg~"' protein and
was comparable with the in-vitro DFR activity reported by
Xie et al. (2004).

Expression of CsDFR, as influenced by leaf age, across
different tea clones and environmental cues

Catechin content did not show significant differences
starting from apical buds to the 3rd leaf, but decreased

EBG 258 zae

coils are indicated by the longest, second longest, second shortest, and
shortest vertical lines, respectively

Leaf position

AB 1 2 3 4

Fig. 6 Effect of leaf age on expression of CsDFR in the apical bud
(AB) and lIst, 2nd, 3rd, and 4th leaves. Different node positions are
with respect to AB. Catechin content in % g m™' dry weight is
indicated below each lane

significantly in the 4th leaf. Expression level of CsDFR
also showed the similar pattern (Fig. 6). Earlier studies
have also shown that expression of DFR was highest in
young seeds and flowers, consistent with accumulation of
condensed tannins and leucoanthocyanidins in these tissues
(Jaakola et al. 2002; Xie et al. 2004).

External cues DS, ABA, and GA; treatment reduced
catechins in buds and the Ist leaf combined, starting from
day 2 and onwards (Fig. 7a—c). Wounding, however,
enhanced the catechin content at 12 and 24 h of treatment,
compared with the control (Fig. 7d). The catechin content
at 48 h of treatment was almost similar to control values.
The physical conditions of the wounded leaves did not
permit further experimentation. The results were repro-
ducible with three biological samples.

There was a decrease in the expression of CsDFR in
response to DS and ABA, and it was unaffected by GA;
treatment (Fig. 7a—c). However, up-regulation was
obtained in response to wounding (Fig. 7d). DS has been
found to down-regulate expression of phenylalanine
ammonia-lyase (PAL) enzyme in tea (Jeyaramraja et al.
2003). ABA also led to a decrease in the activity of PAL at
both molecular and biochemical levels (Ward et al. 1989;
Graham and Graham 1996). A decrease in expression level
of CsDFR in response to DS or ABA treatment could be
part of the general response of tea to these stresses. GAj

@ Springer
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Fig. 7 Effect of a drought a Da’y b DE[y
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has been shown to inhibit the flavonoid pathway in grow-
ing and non-growing cultures of two species of Spirodela
sp. (Furuya and Thimann 1964) and pea (Russel and Gal-
ston 1969), at the level of chalcone synthase (CHS) in
carrot (Daucus carota) cell cultures (Hinderer et al. 1983),
and at the level of PAL in bayberry (Myrica rubra Bieb)
(Li et al. 2003). In tea plant, GA; treatment up-regulated
the expression of QM like protein (Singh et al. 2008a) and
Histone H3 (Singh et al. 2008b) transcripts but down-reg-
ulated the expression of F3H gene (Singh et al. 2008c).
However, CsDFR transcripts remain unaffected but cate-
chin content decreased with GA; treatment. Low catechin
content might be because of down-regulation of genes next
to DFR, for example anthocyanidin synthase, leucocyandin
reductase, and anthocyanidin reductase.

Wounding is known to affect the flavonoid pathway by
inducing PAL (Schulz et al. 1989; Logemann et al. 1995),
cinnamate 4-hydroxylase (Chapple 1998), 4-coumaroyl
CoA ligase (Douglas et al. 1991), and CHS expression
(Brignolas et al. 1995; Richard et al. 2000). Also, the
catechin content was found to be increased in response to
wounding in Picea abies (Brignolas et al. 1995). Tea also
behaved the same way in that the catechin content and
the transcripts of CsDFR increased in response to
wounding at 12 h of treatment and remained at that level
until 24 h. Wounding-induced enhancement of catechin
content and other flavonoids could be an adaptive
response to protect against tissue damage (Brignolas et al.
1995). Catechin content, however, decreased thereafter,
but expression of CsDFR was not affected. The noted
decrease in catechin content at 48 h of the treatment,
compared with at 24 h of the treatment, could be because
of either oxidation and/or polymerization of catechins,
e.g. by polyphenol oxidase.
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