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Figure 1. The biosynthetic pathway of B-3’,4’-dihydroxylated flavones. F3'H: flavonoid 3'-hydroxylase; F3H:
flavanone 3-hydroxylase; FLS: flavonol synthase!' ™.
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1.1
1.1.1 (
)
Col-0
-80 °C
1.1.2 Escherichia coli TOP10 E. coli DH5a
E. coli BL21  Saccharomyces cerevisiae WAT11
pYES-Dest52 pES-URA  pES-HIS
1.1.3 [(£)-naringenin]
[(#)-eridodictyol] [(#)-dihydrokaempferol]
(kaempferol) (dihydroquerctin)
(quercetin) Sigma-Aldrich (USA)
1.2

TaKaRa RNAiso Plus Total RNA

3- (F3'H) 3-
(F3H) PCR ( 1
50 uL PCR 10 uL 5xHF PCR

4 uL dNTPs ( 10 mmol/L) 2.5 puL
( 10 pumol/L) 4 pL cDNA (
50 ng/uL) 0.5 pL Phusion” High-Fidelity DNA

26.5 pL ddH,O0 PCR 98 °C
3min 98°C20s 63°C30s 68°C60s 35
68 °C 5 min 4°C
1%
DNA PCR
Invitrogen INC TOPO Cloning Kit
PCR pENTR E. coli
TOP10 37 °C 12-16 h
PCR
1.3

Expresso™ T7 sumo cloning kit (Lucigen)

(Arabidopsis thaliana) 1.2 pENTR
(Camellia sinensis) RNA TaKaRa DNA
PrimeScript™ RT reagent kit cDNA CsF3'H ATRI PCR
NCBI P450 CsF3'H  ATRI
(ATR) (FLS) 3 (Gly-Ser-Gly) 2
F1. ATEERENSY
Table 1. Primers used for cloning process
Access Nos. Primers Sequences (5'—3")
KT180309 CsF3'H pENTR F CACCATGACTTCCTTAGCTTTTGTTC
CsF3'H pENTR R TTAGGCCCGATACACATGGGGTG
UR4260 1 AtFLS pENTR F CACCATGGAGGTCGAAAGAGTCC
' AtFLS pENTR R TCAATCCAGAGGAAGTTTATTGAG
AY641730.1 CsF3H pENTR F CACCATGGCGCCAACAACAACGC
’ CsF3H pENTR R TCAAGCAAAAATCTCATCAGTGC
NM 118585.3 ATR1 pENTR F CACCATGACTTCTGCTTTGTATGCTTCCG
' ATR1 pENTR R TCACCAGACATCTCTGAGGTATCTTCC
NM 1191673 ATR2 pENTR F CACCATGTCCTCTTCTTCTTCTTCGTCAAC

ATR2 pENTR R

TTACCATACATCTCTAAGATATCTTCCAC

Underlined sequence indicates the 4 base pair sequences necessary for directional cloning on the 5' end of the forward primer.
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*2. ATHERIERKASY

Table 2. The primers used for constructing expression plasmids

Primers Sequences (5'—3")
CsF3'H[7-517] sumo F CGCGAACAGATTGGAGGTGCAACTCTATTTCTCACA
CsF3'H [28-517] sumo F CGCGAACAGATTGGAGGTCGTCGCAACCGCAGCCAC

CsF3'H[7/28-517]::ATR1 mid R ATCCGCCGTCGTTTTACCCGAACCACCCGACCCGAGTCC
CsF3'H::ATR1[49-688] mid F GGACTCGGGTCGGGTGGTTCGGGTAAAACGACGGCGGAT
ATR1 [49-688] sumo R GTGGCGGCCGCTCTATTACCAGACATCTCTGAGGTATCTTCC
CsF3'H [7/28-517]::ATR2 mid R ATTCCCAGAACCGGAACCCGAACCACCCGACCCGAGTCC
CsF3'H::ATR2[75-711] mid F GGACTCGGGTCGGGTGGTTCGGGTTCCGGTTCTGGGAAT

ATR2[75-711] sumo R GTGGCGGCCGCTCTATTACCATACATCTCTAAGATATCTTCC

CsF3H sumo F CGCGAACAGATTGGAGGTGCGCCAACAACAACGCTTACG

CsF3H::AtFLS mid 9 AAR GACTCTTTCGACCTCACCACCGGAGCCACCAGAGCCACCGCTAGCAAAAATCTCATC
CsF3H::AtFLS mid 9 AAF GATGAGATTTTTGCTAGCGGTGGCTCTGGTGGCTCCGGTGGTGAGGTCGAAAGAGTC
AtFLS sumo R GTGGCGGCCGCTCTATTATCAATCCAGAGGAAGTTTATT

CsF3'H EcoR I F GAATTCATGACTTCCTTAGCTTTTGTTC

CsF3'H Spe I R ACTAGTTTAGGCCCGATACACATGGGGTG

CsF3H::AtFLS EcoR I F GAATTCGCGCCAACAACAACGCTTACG

CsF3H::AtFLS Spe I R ACTAGTTTCAATCCAGAGGAAGTTTATT

Underlined sequence indicates the sequences necessary for performing enzyme-free cloning. The linker sequences of the fusion cDNA
are indicated in italic. Boldface indicates restriction enzyme cleavage site.

1 PCR CsF3'H[7-517] sumo F cDNA SUMO
CsF3'H[7/28-517]::ATR1 mid R SUMO-CsF3H::AtFLS 9 AA
CsF3'H[28-517] sumo F  CsF3'H[7/28-517]::ATR1 Invitrogen LR Clonase® II Plus Enzyme
mid R CsF3'H CsF3'H::ATR1[49-688]  Mix LR
mid F ATR1[49-688] sumo R ATRI pENTR pYES-Dest52
2  PCR 1 PCR 2 pYES-Dest52-CsF3'H
DNA CsF3'H[7-517] sumo F CsF3'H CsF3H:AtFLS 9 AA
ATR1[49-688] sumo R CsF3'H[28-517] pES-URA  pES-HIS
sumo F ATR1[49-688] sumo R EcoR 1 Spe 1
CsF3'H::ATRI 3 AA PCR pENTR-CsF3'H  SUMO-F3H::FLS 9 AA
SUMO pES-URA-CsF3'H pES-HIS-
SUMO-CsF3'H[7-517]::ATR1[49-688] 3 AA CsF3H::AtFLS 9AA
SUMO-CsF3'H[28-517]::ATR1[49-688] 3 AA E. coli BL21 TOP10 DHSa S. cerevisiae
CsF3'H ATR2 WAT11
SUMO-CsF3'H[7-517]::ATR2[75-711] 3 AA ZYMO RESEARCH
SUMO-CsF3'H[28-517]::ATR2[75-711] 3 AA Frozen-EZ Yeast Transformation 11 ™
9 (Ser-Gly-Gly-Ser-
Gly-Gly-Ser-Gly-Gly) CsF3H::AtFLS ( 3
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Fz 3. FTHEEM LB R
Table 3. Construction of strains used for fermentation
No. Expressing plasmids Transformed strains
S1 SUMO-CsF3'H[7-517]::ATR1[49-688] 3 AA E. coli BL21
S2 SUMO-CsF3'H[28-517]::ATR1[49-688] 3 AA E. coli BL21
S3 SUMO-CsF3'H[7-517]::ATR2[75-711] 3 AA E. coli BL21
S4 SUMO-CsF3'H[28-517]::ATR2[75-711] 3 AA E. coli BL21
S5 SUMO-CsF3'H[7-517]::ATR1[49-688] 3 AA E. coli Top10
S6 SUMO-CsF3'H[28-517]::ATR1[49-688] 3 AA E. coli Top10
S7 SUMO-CsF3'H[7-517]::ATR2[75-711] 3 AA E. coli Top10
S8 SUMO-CsF3'H[28-517]::ATR2[75-711] 3 AA E. coli Top10
S9 SUMO-CsF3'H[7-517]::ATR1[49-688] 3 AA E. coli DH50,
S10 SUMO-CsF3'H[28-517]::ATR1[49-688] 3 AA E. coli DH50
S11 SUMO-CsF3'H[7-517]::ATR2[75-711] 3 AA E. coli DH5a
S12 SUMO-CsF3'H[28-517]::ATR2[75-711] 3 AA E. coli DH50.
S13 pYES-Dest52-CsF3'H S. cerevisiae WAT11
S14 pES-URA-CsF3'H pES-HIS-CsF3H::AtFLS 9AA S. cerevisiae WAT11
14 SD-Urail ( SD-Urail-His)
S1-S12 ODeoo 0.4 16 °C
LB 37°C 12h (
2 50 mL )
LB S1-S12 1.5
ImL 37°C ODgoo 0.6 2 4 6 8 10 12 24 36
IPTG 0.5 mmol/L 25 °C 48 60h 1 mL 1 mL 100%
30 °C 2h 5 min 13500%g
( ) 10 min 0.2 um
DMSO SHIMADZU
S13 ( S14) LC-20AT SPD-M20A
15 mL SD-Urail ( SD-Urail-His) Gl Sciences Inc Wondasil C;g 5 pum
30 °C 24 h 4.6 mmx150 mm A B
50 mL 20 g/L SD-Urail A 10 min 10%
30 °C 24h 1600xg 5 min 40% 5 min 40% 60%
20 mL 2 min 10% 1.0 mL/min
20 g/L SD-Urail ( SD-Urail-His) 25°C 280 nm
1600xg 5 min uv

20 g/L
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[15] N
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P450 (ATR)
E. coli
TMHMM [17]
4  CsF3'H::ATR 2
2 4 E. coli
TOP10 E. coli DH5a  E. coli BL21
ODgo 0.6 IPTG 2h
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Figure 2. Constructing plasmid of fusion gene

CsF3'H::ATR. A: SUMO-CsF3'H[7-517]::ATR1[49-688]
3 AA; B: SUMO-CsF3'H[28-517]::ATR1[49-688] 3
AA; C: SUMO-CsF3'H[7-517]::ATR2[75-711] 3 AA;
D: SUMO-CsF3'H[28-517]::ATR2[75-711] 3 AA.
SUMO-CsF3'H[7-517]::ATR1[49-688] 3 AA indicates
construction of gene ensembles encoding CsF3'H[7-517]
and ATR1[49-688]. Numbers correspond to the amino
acids encoded by the first and last codons of the gene
sequences. The other plasmids can be deduced by
analogy.
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25°C 30°C 24 h

E. coli BL21
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SUMO-CsF3'H[7-517]::ATR1[49-688] 3 AA

SUMO-CsF3'H[7-517]::ATR2[75-711] 3 AA

(S1 S3 S5 S7 S9  SlI)
SUMO-CsF3'H
[28-517]::ATR1[49-688] 3 AA  SUMO-CsF3'H
[28-517]::ATR2[75-711] 3 AA TOP10 DHS5a
(S6 S8 S10  SI2) 3
3 25°C 30 °C
10-20

SUMO-CsF3'H[28-517]::ATR2[75-711]
(S8  S12) SUMO-CsF3'H[28-517]::
ATR1[49-688] 3 AA (S6 S10)
1 DHS5a
TOP10 (S6 S8)
3 1000 pmol/L
287.93 pmol/L 1000 pmol/L
131.76 pumol/L
188.62 umol/L
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1 000 pmol/LL

CsF3'H (13]
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Figure 3. Content of product from different bacterial strains transformed fusion gene CsF3'H::ATR plasmids.
Products from the strains incubated at 30 °C with naringenin (A), dihydrokaempferol (C) and kaempferol (E) as
substrates; products from the strains incubated at 25 °C with naringenin (B), dihydrokaempferol (D) and
kaempferol (F) as substrates. Duncan’s multiple range test (P<0.05, n=3). Bars superscripted by different letters are

significantly different at the 0.05 probability level.
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Figure 4. Products accumulation in strain S13 bioconversion. A: eriodictyol; B: dihydroquercetin; C: quercetin.
Duncan’s multiple range test (P<0.05, n=3). Bars superscripted by different letters are significantly different at the

0.05 probability level.
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3648 h 1000 pmol/L
734.32 umol/L 1000 pmol/L (20]

446.07 pmol/L 1000 pmol/L CsF3'H CsF3H::AtFLS 9 AA
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Figure 5. HPLC chromatograms of products from strain S14 co-transformed pES-URA-CsF3'H and
pES-HIS-CsF3H::AtFLS 9 AA. A: standards; B: the strain WATI11 co-transformed with pES-URA-CsF3'H and
pES-HIS-CsF3H::AtFLS 9 AA; C: the strain WATI11 co-transformed with pES-URA and pES-HIS. DHM:
dihydromyricetin, DHQ: dihydroquercetin; MY C: myricetin; DHK: dihydrokaempferol; PEN: pentahydroxyflavonone;
ERI: eridictyol; QUE: quercetin; NAR: naringenin; KAE: kaempferol.
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6 48 h
CsF3H::AtFLS 9 AA 1412.16 pumol/L 36 h
490.25 umol/L 48 h
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Figure 6. Products accumulation in coexpression strain S14 bioconversion. DHQ: dihydroquercetin; DHK:
dihydrokaempferol; ERI: eriodictyol; QUE: quercetin; KAE: kaempferol. Duncan’s multiple range test (£<0.05,
n=3). Bars superscripted by different letters are significantly different at the 0.05 probability level.
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3 itib
[21-24]
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P450 (17.26]
P450
P450
P450 271
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[28-29]
CsF3'H P450
(ATR1  ATR2)

4

SUMO-CsF3'H[28-517]::ATR1[49-688] 3
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Engineering of a flavonoid 3'-hydroxylase from tea plant
(Camellia sinensis) for biosynthesis of B-3',4’-dihydroxylated
flavones

Tianshan Zhou , Youben Yu, Bin Xiao, Lu Bao, Yuefang Gao
College of Horticulture, Northwest A & F University, Yangling 712100, Shaanxi Province, China

Abstract: [Objective] A flavonoid 3'-hydroxylase from tea plant was engineered to synthesize B-3',4'-dihydroxylated
flavones such as eriodictyol, dihydroquercetin and quercetin. [Methods] Four articifical P450 constructs harboring
both flavonoid 3'-hydroxylase gene from Camellia sinensis (CsF3'H) and P450 reductase gene from Arabidopsis
thaliana (ATRI1 or ATR2) were introduced into Escherichia coli strains TOP10, DH5a and BL21, resultantly
engineering strains S1 to S12. The plasmid pYES-Dest52-CsF3'H harboring CsF3'H gene was introduced into yeast
Saccharomyces cerevisiae WAT11 designated as strain S13. The plasmid pES-HIS-CsF3H::AtFLS 9 AA was
constructed through fusing flavanone 3-hydroxylase gene from Camellia sinensis (CsF3H) and flavonol synthase
gene from Arabidopsis thaliana (AtFLS). Plasmid pES-URA-CsF3'H and pES-HIS-CsF3H::AtFLS 9 AA were then
co-introduced into yeast S. cerevisiae WAT11 designated as strain S14. [Results] Strain S6 generated highest
bioconversion efficiency at 25 °C among all E. coli strains during 24 h fernentation. Supplemented with 1000 pmol/L
naringenin, dihydrokaempferol and kaempferol, the maximum amounts of eriodictyol, dihydroquercetin and
quercetin produced by strain S13 were 734.32 pumol/L, 446.07 pmol/L and 594.64 pmol/L respectively.
Supplemented with 5 mmol/L naringenin, the maximum amounts of eriodictyol, kaempferol, quercetin,
dihydroquercetin and dihydrokaempferol produced by strain S14 were 1412.16 umol/L, 490.25 pmol/L, 445.75 pmol/L,
66.75 pmol/L and 73.50 umol/L during 3648 h fermentaion respectively. [Conclusion] CsF3'H was engineered for
biosynthesis of B-3’,4’-dihydroxylated flavone.

Keywords: flavonoid 3'-hydroxylase from Camellia sinensis, B-3',4’-dihydroxylated flavones, biosynthesis
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