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Abstract Two bioactive O-methylflavonoids, sakuranetin (7-
O-methylnaringenin) and ponciretin (7-O-methylnaringenin),
were synthesized in Escherichia coli. Sakuranetin inhibits
germination of Magnaporthe grisea, and ponciretin is a po-
tential inhibitor of Helicobacter pylori. To achieve this, we
reconstructed the naringenin biosynthesis pathway in E. coli.
First, the shikimic acid pathway, which leads to the biosyn-
thesis of tyrosine, was engineered in £. coli to increase the
amount of available tyrosine. Second, several genes for the
biosynthesis of ponciretin and sakuranetin such as #yrosine
ammonia lyase (TAL), 4-coumaroyl CoA ligase (4CL),
chalcone synthase (CHS), and O-methyltransferase (OMT)
were overexpressed. In order to increase the supply the
Coenzyme A (CoA), one gene (icdA, isocitrate dehydroge-
nase) was deleted. Using these strategies, we synthesized
ponciretin and sakuranetin from glucose in E. coli at the
concentration of 42.5 mg/L and 40.1 mg/L, respectively.
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Introduction

Natural compounds, particularly secondary metabolites from
plants, are valuable sources for development of nutraceuticals,
medicinal foods, and drugs (Raskin et al. 2002; Brandt et al.
2004; Newman and Cragg 2007). Flavonoids are one of the
most well-known plant secondary metabolites and exert diverse
pharmacological functions such as anti-oxidant, anti-cancer,
anti-aging, and antimicrobial activities (Tapas et al. 2008).
Despite their pharmaceutical usefulness, most flavonoids are
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obtained by extraction from plants. This makes stable and
uniform production of useful flavonoids difficult. Thus, the
development of efficient microbial processes for the production
of flavonoids has been a goal of metabolic engineering for the
past several years (Pirie et al. 2013).

The basic structure of flavonoids contains an aromatic
ring and flavonoid biosynthesis derives from an aromatic
amino acid, tyrosine. L-Tyrosine is converted into naringenin
via several catalytic steps. First, tyrosine ammonia lyase
(TAL) converts L-tyrosine to a phenylpropanoic acid, p-
coumaric acid. Once p-coumaric acid is generated, 4-
coumarate CoA ligase (4CL) mediates the formation of its
corresponding CoA ester, p-coumaroyl-CoA. Coumaroyl-
CoA is condensed with three malonyl-CoA units by the
sequential action of the type III polyketide synthase,
chalcone synthase (CHS), to form naringenin chalcone,
which becomes naringenin by chalcone isomerase (CHI)
(Fig. 1; Winkel-Shirley 2001). In order to synthesize
naringenin in Escherichia coli, at least three genes, TAL,
4CL, and CHS, are required. However, availability of tyro-
sine is a limiting factor for increasing the yield of naringenin.
Thus, the tyrosine biosynthesis pathway in E. coli also needs
to be manipulated. Supply of tyrosine or p-coumaric acid is
an alternative approach, but results in increased cost of
production cost compared to glucose.

Several reports have been published concerning production
of flavonoids in E. coli. Most previous studies used p-
coumaric acid as the starting point to synthesize flavonoids
(Watts et al. 2004; Malla et al. 2012). In two different studies,
supplementing an engineered E. coli strain with p-coumaric
acid resulted in production of 0.27 pug/L and 20.8 mg/L of
naringenin (Hwang 2003; Watts et al. 2004). Because p-
coumaric acid is relatively expensive, the synthesis of flavo-
noids from glucose is an attractive approach. To date, in only
one study, naringenin was produced from glucose using
tyrosine-overproducing E. coli mutant (Santos et al. 2011).
For the production of naringenin from glucose, an E. coli
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Fig. 1 Two bioactive flavonoids, ponciretin and sakuranetin, and their
biosynthetic pathways starting with glucose. pps4 phosphoenolpyruvate
synthetase, tkt4 transketolase, fyrR phenylalanine DNA-binding tran-
scription repressor, aroG deoxyphosphoheptonate aldolase, aroC
chorismate synthase, #yr4 prephenate dehydrogenase, pheA prephenate

strain that overproduced tyrosine was used, and the yield of
naringenin was 29 mg/L (Santos et al. 2011). Although this study
demonstrated production of naringenin, the potential to improve
productivity remained. In addition, some naringenin derivatives
are more biologically active than naringenin. Previous studies
have shown production of naringenin from glucose or p-
coumaric acid (Watts et al. 2004; Santos et al. 2011). In addition,
biosynthesis of naringenin derivatives from phenylpropanoid
acid in Saccharomyces cerevisiae (Leonard et al. 2005; Yan
et al. 2005) and E. coli (Miyahisa et al. 2006) has been demon-
strated. Naringenin itself is a building block for synthesis of other
flavonoids including flavones, flavonols, and isoflavones.
Several modification reactions such as O-methylation, glycosyl-
ation, and malonylation occur during flavonoid biosynthesis
(Winkel-Shirley 2001). Among these, O-methylation, which is
mediated by O-methyltransferase (OMT), confers novel biolog-
ical activity, and O-methylated flavonoids have several specific
biological functions (Kim et al. 2010). For example, 4'-O-
methylnaringenin (ponciretin) shows antibacterial activity
against Helicobacter pylori (Kim et al. 1999) and 7-O-
methylnaringenin (sakuranetin) inhibits germination of the rice
blast fungus, Magnaporthe grisea (Kodama et al. 1992). Here,
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dehydratase, #yrB phenylalanine aminotransferase, 7AL tyrosine ammo-
nia lyase, 4CL 4-coumaroyl-CoA ligase, CHS chalcone synthase, CH/
chalcone isomerase, SOMT2 soybean O-methyltransferase, NOMT
naringenin O-methyltransferase

we engineered the tyrosine biosynthesis pathway in E. coli to
increase production of tyrosine and introduced flavonoid biosyn-
thetic genes to produce two bioactive O-methylated flavonoids,
sakuranetin and ponciretin. Using this approach, we synthesized
approximately 40 mg/L of sakuranetin and ponciretin.

Materials and methods
Construction of E. coli expression vectors

The genes aroG (2-dehydro-3-deoxyphosphoheptonate aldolase,
AMOI46981.2), tyrA (chorismate mutase/prephenate dehydroge-
nase, AM946981.2), tkt4 (transketolase A, AM946981.2), and
ppsA (phosphoenolpyruvate synthetase, AM946981.2) were
cloned by polymerase chain reaction (PCR) using E. coli BL21
(DE3) genomic DNA. The PCR product of #r4 was digested
with Ndel/Kpnl and subcloned into the corresponding sites of the
E. coli expression vector pACYCDuet (Novagen). The resulting
construct was called pA-tyrA. The PCR product of aroG was
digested with EcoRI/Sall and cloned into the corresponding sites
of pA-tyrA. This construct was designated pA-tyrA-aroG. SeTAL
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(tyrosine ammonia lyase, DQ357071.1) was amplified from
genomic DNA of Saccharothrix espanaensis (ATCC 51144)
obtained from the Korean Collection for Type Cultures, and the
resulting PCR product was cloned into the EcoRI/HindIll sites of
pACYCDuet. The resulting construct was designated pA-
SeTAL. SeTAL containing the T7 promoter was amplified using
pA-SeTAL as a template. The resulting PCR product was
digested with Xhol/HindIll, and then finally cloned into the
corresponding sites of pA-tyrA-aroG. The resulting construct
was named pA-aroG-SeTAL-tyrA.

aroG™ and tyrA™", neither of which is inhibited by the
end product, tyrosine, were produced by site-directed muta-
genesis. aroG™" was mutated at D146N and tyrA™" was
mutated at M5311 and A354V (Liitke-Eversloh and
Stephanopoulos 2007). The yr4™" gene was subcloned into
Ndel/Kpnl of pACYCDuet, and the EcoRl/Sall digest of the
resulting construct was ligated with the EcoRI/Sall digest of
aroG™". The ppsA and tktA genes were subcloned following
aroG™". Each of the two genes contained ribosomal binding
site (RBS) without a promoter. The SeTAL gene, which
contained the T7 promoter, was subcloned between tktA
and tyr4™". The resulting construct was named pA-aroG™"-
ppsA-tktA-SeTAL-tyrA™.

Three 4CL genes, from Petroselinum crispum [Mill.]
Nyman (Pc4CL, X13325.1), Oryza sativa L. cv. Nakdong
(0Os4CL, Lee et al. 2007), and Streptomyces coelicolor
A3(2) (Sc4CL, AL939119.1), were subcloned into the first
multiple cloning site of pCDFDuet. Two CHS genes from
Populus euramericana Guinier (PeCHS, Kim et al. 2012,
EF147137.1) and Petunia * hybrida cv. Surfinia Hot Pink
(PhCHS, S80857.1) were subcloned into the second multiple
cloning site of pCDFDuet, which already contained a 4CL
gene in the first multiple cloning site. Thus, six different
constructs were produced. Table 1 lists the primers used.

SOMT-2 (C6TAY 1.1) from Glycine max cv. Paldal, which
transfers a methyl group to 4'-hydroxyl group of naringenin,
was cloned previously (Kim et al. 2005). NOMT
(NM_001073009.2) from Oryza sativa L. cv. Nakdong was
cloned based on the published sequence (Shimizu et al.
2012) using reverse transcription polymerase chain reaction
(RT-PCR) with rice cDNA as the template. Primers of
NOMT-2 are listed in Table 1.

Deletion of the AtyrR, ApheA, and AicdA genes

Three genes tyrR (DNA binding transcriptional dual regula-
tor), pheA (chorismate mutase/prephenate dehydratase), and
icdA (isocitrate dehydrogenase) were inactivated in E. coli
BL21(DE3) using the Quick and Easy Conditional Knockout
Kit (Gene Bridges, Heidelberg, Germany). Briefly, the #7R
gene of E. coli BL21 (DE3) was inactivated using the AtyrR
FRT-PGK-gb2-neo-FRT cassette generated by PCR and
FRT-PGK-gb2-neo-FRT as a template. Luria—Bertani (LB)

medium containing 50 pg/mL kanamycin was used to select
positive colonies. Positive clone of the #rR mutation was
verified by colony PCR. The #yrR deletion mutant strain was
named BtyrR. To generate AtyrR and ApheA double mu-
tant, the BtyrR strain was used. First, the kanamycin cassette
in BtyrR was removed with a 708-FLPe expression plasmid
encoding FLPe recombinase. Removal of the kanamycin
cassette was verified by colony PCR. Using the kanamycin
cassette-free E. coli BtyrR as a host, the phed gene was
replaced by the ApheA FRT-PGK-gb2-neo-FRT cassette.
The #yrR and pheA deletion mutant strain was designated
BpheA-tyrR. Finally, a BpheA-tyrR-icdA triple mutant was
produced using the BpheA-tyrR strain as a host. Deletion of
the kanamycin cassette was performed as described above.
The icdA gene was replaced by the AicdA Tn5-neo cassette.

Synthesis of naringenin, ponciretin, and sakuranetin
from glucose in E. coli

To compare the production of naringenin from p-coumaric
acid among E. coli strains containing different 4CL and CHS,
each E. coli transformant was grown overnight at 37 °C and
transferred into new LB medium containing 50 pg/mL of
spectinomycin. Cells were grown until ODgg reached 0.8.
IPTG was added to the final concentration of 1 mM and the
culture continued to grow for 18 h at 18 °C. The cultured
cells were collected by centrifugation and then washed brief-
ly with M9 medium. The cells adjusted to ODg( of 3.0, were
resuspended in a test tube containing 2 mL of M9 medium
supplemented with 2 % glucose, 50 pg/mL of spectinomy-
cin, 1 mM IPTG, and 300 uM p-coumaric acid.
Biotransformation was conducted at 30 °C for 24 h. After
24 h of culture, 200 pL of the culture medium was extracted
with 800 puL of ethyl acetate, dried, dissolved in 100 puL
DMSO, and analyzed by HPLC.

For the synthesis of ponciretin and sakuranetin, a seed
culture of the transformant was grown in LB medium con-
taining 50 pg/mL of ampicillin, spectinomycin, and chlor-
amphenicol. The seed culture was inoculated into 3 mL of
fresh LB containing 50 uL/mL of ampicillin, spectinomycin,
and chloramphenicol. The culture was grown until absor-
bance at 600 nm reached 1.0. The cells were harvested via
centrifugation and resuspended in YM9 medium (pH 7.0)
containing 50 pg/mL of ampicillin, spectinomycin, and
chloramphenicol, 1 mM IPTG, 2 % glucose, 43 g/L of
MOPS [3-(N-morpholino)propanesulfonic acid], and 0.1 %
yeast extract, respectively. The mixture was incubated for
48 hat30 °C. And 200 pL samples were extracted with ethyl
acetate. After vortexing and centrifugation, the top organic
layer was separated and evaporated to dryness, and the
remaining residue was resolubilized with 60 uL. DMSO.
Samples were analyzed using an HPLC system. A Varian
HPLC equipped with a photo diode array detector and an
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Table 1 Plasmids, Escherichia coli strains, and primers used in this study

Plasmids or E. coli strain or Primers

Relevant properties or genetic marker

Source or reference

Plasmids
pACYCDDuet
pCDFDuet
pGEX
pA-SeTAL
pA-tyrA-aroG

pA-aroG-SeTAL-tyrA
pA-aroG™-ppsA-tktA-SeTAL-tyrA™

pC-Os4CL-PeCHS (O)

pC-Os4CL-PeCHS (P)

pG-S2

pG-N

Strains

BL21 (DE3)

B201

B202

B203

B-301N or B-301S

B-302N
B-303N

B-TP

B-TP-30IN
B-TP-302N
B-TP-303N

B-TPI

B-TPI-301N
B-TPI-302N
B-TPI-303N

B-TPI-303S

Primers
aroG-F-EcoRI
aroG-F-Sall
tyrA-F-Ndel
tyrA-R-Kpnl
tktA-F-RBS-Xhol
tktA-R-Notl
ppsA-F-RBS-Xhol
ppsA-R-Sall-Notl
NOMT-F-EcoRI
NOMT-R-Nodl
tyrR-F-Del

tyrR-R-Del
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P15A ori, Cm"

CloDE13 ori, Str

f1 ori, Amp"

pACYCDuet carrying TAL from Saccharothrix espanaensis
pACYCDuet carrying aroG and tyrA from E. coli

pACYCDuet carrying TAL from S. espanaensis, aroG, and tyrA from E. coli

PACYCDuet carrying TAL from S. espanaensis, aroG™, ppsA,
thtd, and tyrA™ from E. coli

pCDFDuet carrying 4CL from O. sativa and PCHS from Populus
euramericana. Two genes were under control of one T7 promoter

pCDFDuet carrying 4CL from O. sativa and PCHS from Populus
euramericana. Each gene was controlled by T7 promoter

pGEX carrying SOMT?2 from Glycine max

pGEX carrying NOMT from O. sativa

F ompT hsdSp(rg mp") gal dcm lon (DE3)
BL21 (DE3) carrying pC-Os4CL-PeCHS
BL21 (DE3) carrying pC-Os4CL-PeCHS and pG-S2
BL21 (DE3) carrying pC-Os4CL-PeCHS and pG-N
BL21 (DE3) carrying pA-SeTAL, pC-Os4CL-PeCHS, and pG-S2
or pG-N
BL21 (DE3) carrying pA-SeTAL-aroG-tyrA, pC-Os4CL-PeCHS,
and pG-N
BL21 (DE3) carrying pA-SeTAL-aroG™-PPSA-tktA-tyrA™,
pC-0Os4CL-PeCHS, and pG-N
B-TP(DE3) AtyrR::FRT-APheA::FRT-kan®-FRT
B-TP carrying pA-SeTAL, pC-Os4CL-PeCHS, and pG-N
B-TP carrying pA-SeTAL-aroG-tyrA, pC-Os4CL-PeCHS, and pG-N
B-TP carrying pA-SeTAL-aroG™-ppsA-tktA-tyrA™, pC-Os4CL-PeCHS,
and pG-N
BL21(DE3) AtyrR::FRT-APheA:: AicdA-FRT FRT-kan®-FRT
B-TPI carrying pA-SeTAL, pC-Os4CL-PeCHS, and pG-N
B-TPI carrying pA-SeTAL-aroG-tyrA, pC-Os4CL-PeCHS, and pG-N
B-TPI carrying pA-SeTAL-aroG™-ppsA-tktA-tyrA™, pC-Os4CL-PeCHS,
and pG-N
B-TPI carrying pA-SeTAL-aroG™-ppsA-tktA-tyrA™, pC-Os4CL-PeCHS,
and pG-S
Sequence (5'—3")
ATgaattcgATGAATTATCAGAACGACGAT
ATgtcgacTTACCCGCGACGCGCTTTTACT
ATcatatg ATGGTTGCTGAATTGACCGCAT
CATggtaccTTACTGGCGGTTGTCATTCGC
ATCTCGAGAGGAGGCCATCCATGTCCTCACGTAAAGAGCT
CATGCGGCCGCTTACAGCAGTTCTTTTGCTTTC
ATCTCGAGAGGAGGCCATCCATGTCCAACAATGGCTCGTC
ATGCGGCCGCGCTGTCGACTTATTTCTTCAGTTCAGCCAG
ATGAATTCGATGGTGAGCCCGGTGGTACAC
CATGCGGCCGCTTACTTTGTGAACTCGAGA

GTGTCATATCATCATATTAATTGTTCTTTTTTCAGGTGAAGGTT
CCCATGaattaaccctcactaaagggeg

TTGCACCATCAGGCATATTCGCGCTTACTCTTCGTTCTT
CTTCTGACTCAtaatacgactcactatagggctce

Novagen
Novagen

GE Healthcare
This study

This study
This study

This study
This study

Kim et al. (2005)
Shimizu et al. (2012)

This study
This study
This study
This study
This study

This study
This study

This study
This study
This study
This study

This study
This study
This study
This study

This study
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Table 1 (continued)

Plasmids or E. coli strain or Primers

Relevant properties or genetic marker

Source or reference

pheA-F-Del CCTCCCAAATCGGGGGCCTTTTTTATTGATAACAAAAAG
GCAACACTATGaattaaccctcactaaagggeg

pheA-R-Del CACATCATCCGGCACCTTTTCATCAGGTTGGATCAACAG
GCACTACGTTCtaatacgactcactatagggctc

icdA-F-Del ATGGAAAGTAAAGTAGTTGTTCCGGCACAAGGCAAGAA
GOATCACCCTGCAaattaaccctcactaaagggeg

icdA-R-Del TTACATGTTCTTGATGATCGCATCACCAAATTCTGAACAT

TTCAGCAGTTtaatacgactcactatagggctc

Sc4CL-F-EcoRI
Sc4CL-R-Afll1
0s4CL-F-BamHI
Os4CL-R-Nofl
PtCHS-Ndel
PtCHS-Kpnl
Pc4CL-F-EcoR1
Pc4CL-R-Notl
PeCHS-F-Ndel
PeCHS-R-Kpnl
aroG-F-D146N
aroG-R-D146N
tyrA-F-M531
tyrA-R-M531
tyrA-F-A3541
tyrA-R-A3541

ATGAATTCGATGTTCCGCAGCGAGTACGCA
CATCTTAAGTCATCGCGGCTCCCTGAGCTG
ATATGGATCCGATGGGGTCGGTGGCGGCGG
CCATGCGGCCGCTTAGCTGCTTTTGGGCGC
GGGGCATATGGTGACAGTCGAGGAGTATCG
CCCCGGTACCTTAAGTAGCAACACTGTGGA
CCGGAATTCGeccATGGGAGACTGTGTAGCACCCAA
CCCGTCGACCCCTTATTTGGGAAGATCACCGGATGC
aacatATGgcaccgtcgattgagga
aaggtaccTCATGAGTAAATTGTTTGTTCT
CAGGTGAGTTTCTCaATATGATCACCCCAC
GTGGGGTGATCATATtGAGAAACTCACCTG
AGCGCGAGGCATCTATtITTGGCCTCGCGGC
GCCGCGAGGCCAAAaTAGATGCCTCGCGCT
GGTTCGGCGATTACGTACAGCGTTTTCAGAGT
ACTCTGAAAACGCTGTACGTAATCGCCGAACC

Agilent Polaris 5 C18-A column (250 mmx4.6 mm) was
used for analysis of the reaction products. The mobile phases
consisted of 0.1 % formic acid in water and acetonitrile. The
program was as follows: 20 % acetonitrile at 0 min, 45 %
acetonitrile at 10 min, 80 % acetonitrile at 20 min, 90 %
acetonitrile at 20.1 min, 90 % acetonitrile at 25 min, 20 %
acetonitrile at 25.1 min, and 20 % acetonitrile at 30 min. The
flow rate was 1 mL/min and UV detection was dually
performed at 290 nm and 310 nm.

Results
Production of sakuranetin and ponciretin in E. coli

Ponciretin and sakuranetin are O-methylated naringenin and
synthesized from naringenin. Therefore, naringein synthesis is
important for production of more ponciretin and sakuranetin.
Two genes, 4CL and CHS, were tested to find the best combi-
nation of 4CL and CHS for the production of naringenin. We
tested the production of naringenin from p-coumaric acid in .
coli BL21(DE3) containing different combinations of 4CL and
CHS. Three 4CL genes from O. sativa (Os4CL), S. coelicolor
(Sc4CL), and P, crispum (Pc4CL), and two CHS genes from P,

hybrida (PhCHS) and P. euramericana (PeCHS) were used.
Six different combinations of 4CL and CHS were tested for the
production of naringenin from p-coumaric acid. E. coli con-
taining Os4CL and PeCHS showed the highest productivity
(59 mg/L) after 24 h of incubation followed by E. coli con-
taining Os4CL and PhCHS (48 mg/L) (Fig. 2). The E. coli
containing either Se4CL and PeCHS or Sc4CL and PeCHS
produced only small amounts of naringenin (less than 5 mg/L,
Fig. 2). These results indicated that there was optimum com-
bination of 4CL and CHS and balanced gene combination is
important for the higher amount of naringenin production. We
used Os4CL and PeCHS as the best combination for
naringenin production. The E. coli strain containing Os4CL
and PeCHS was designated B201 (Table 1).

Using the strain B201, we tested the production of
ponciretin and sakuranetin from p-coumaric acid by
transforming the B201 with either pG-S2 (for the production
of ponciretin) or pG-N (for the production of sakuranetin) to
know if the two constructs, pC-Os4CL-PeCHS and pG-S2 or
pC-Os4CL-PeCHS and pG-N, worked properly. The resulting
strain B202 and B203 were fed with p-coumaric acid and the
production of ponciretin (B202) or sakuranetin (B203) was
examined. Ponciretin was successfully synthesized by B202
and sakuranetin was produced by B203 (Fig. 3). These results
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Fig. 2 Comparison of production of naringenin from p-coumaric acid
using different combination of 4CL and CHS. / PeCHS and Pc4CL in
pCDFDuet, 2 PeCHS and Os4CL in pCDFDuet, 3 PeCHS and Sc4CL
in pCDFDuet, 4 PtCHS and Pc4CL in pCDFDuet, 5 PtCHS and Os4CL
in pCDFDuet, 6 PtCHS and Sc4CL in pCDFDuet. Error bars indicate
mean values £ SD from three independent experiments

indicated that ponciretin and sakuranetin could be synthesized
from p-coumaric acid in E. coli carrying three genes.
Synthesis of ponciretin and sakuranetin from glucose re-
quires TAL, which converts tyrosine into p-coumaric acid.
TAL was cloned from S. espanaensis (Berner et al. 2006; Kang

et al. 2012). Both strain B202 and B203 were transformed
with pA-SeTAL and the resulting strains B-301N and B-301S
were examined for production of ponciretin or sakuranetin,
respectively, from glucose. The reaction mixture from strain
B-301N produced a new product, which had the same reten-
tion time and molecular mass with ponciretin (Fig. 3); B-301S
also produced sakuranetin, based on the HPLC retention time
and molecular mass. Additional peaks shown in Fig. 3, turned
out to be p-coumaric acid and naringenin intermediates of
ponciretin and sakuranetin. Using four genes, TAL, 4CL,
CHS, and OMT, we synthesized 2.5 mg/L of ponciretin and
16.3 mg/L of sakuranetin in wild-type E. coli.

Engineering of E. coli to increase the production
of ponciretin and sakuranetin

Although two O-methylated flavonoids were synthesized
from glucose using the E. coli strain containing several genes
for O-methylated flavonoid biosynthesis, yields were low.
Therefore, E. coli was engineered to increase the production
of two bioactive O-methylflavonoids, ponciretin and
sakuranetin, from glucose. Two strategies were used: the
first was to increase the pool of tyrosine and the second
one was to increase the supply of CoA for the production
of p-coumaroyl-CoA and malonyl-CoA.

The amino acid tyrosine is the substrate of TAL, which is
the entry point of flavonoid biosynthesis (Fig. 1). Several
studies have shown an increase in the production of tyrosine in

Fig. 3 HPLC analysis of mAU - S1
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L . 5004 @
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Fig. 4 Effect of different gene combinations and E. coli mutants on the
production of ponciretin. A—pA-SeTAL, pC-Os4CL-PeCHS, and pG-
S2; B—pA-aroG-SeTAL-tyrA, pC-Os4CL-PeCHS, and pG-S2; C—pA-
aroG™-ppsA-tktA-SeTAL-tyrA™, pC-Os4CL-PeCHS, and pG-S2. Er-
ror bars indicate mean values + SD from three independent experiments

E. coli (Liitke-Eversloh and Stephanopoulos 2007; Juminaga
etal. 2012). Two genes, #yrR and pheA, were deleted. The tyrR
is the transcription regulatory protein, which is feedback-
inhibited by tyrosine. Deletion of #yrR increased tyrosine
production in E. coli (Liitke-Eversloh and Stephanopoulos
2007; Mufioz et al. 2011). The pheA competes for prephenate
with tyrA. Therefore, deletion of these two genes resulted in
an increase in tyrosine (Liitke-Eversloh and Stephanopoulos
2007; Juminaga et al. 2012). As a second target for increase in
tyrosine production, two genes, ppsA and tkt4, both of which
are at the entry point of the shikimic acid pathway (Fig. 1),
were overexpressed to increase the substrates phosphoenol-
pyruvate and erythrose 4-phosphate, both of which are the
first substrates to be converted by aroG into 3-deoxy-D-
arabinoheptulosonate-7-phosphate in shikimic acid pathway
(Fig. 1; Patnaik and Liao 1994; Yi et al. 2002). Two additional
two genes, aroG™" and tyr4™", were also overexpressed.
aroG™ is a mutant form of aroG that is not inhibited by the
end product, tyrosine. The tyr4 was also altered to
generate a mutant protein (tyrA™"), which was not
inhibited by the end product, tyrosine (Liitke-Eversloh and
Stephanopoulos 2007). Second, a supply of CoA was
engineered. The icdA gene, which encodes isocitrate dehydro-
genase, was deleted. It was reported that deletion of icdA led to
an increase in the amount of CoA in E. coli (Lee et al. 2009). It
was expected that increasing the amount of CoA would accel-
erate the production of p-coumaroyl-CoA. Three E. coli
strains, BL21 (wild type), B-TP (tyrd/pheA double mutant),
and B-TPI (tyrR/pheA/icdA triple mutant), were used along
with three different vector sets, pA-SeTAL, pA-aroG-SeTAL-
tyrA, and pA-aroG™-ppsA-tktA-SeTAL-tyrA™ (Table 1).
Therefore, nine different strains, comprising three E. coli

strains harboring three different constructs, were compared
for ponciretin production (Fig. 4).

The production of ponciretin was examined in each E. coli
strain. In wild-type E. coli BL21, the strain harboring pA-
aroG™"-ppsA-tktA-SeTAL-tyrA™" produced much greater
amount of ponciretin (11.5 mg/L) than did strains harboring
pA-SeTAL (2.5 mg/L) or pA-aroG-SeTAL-tyrA (3.2 mg/L).
However, the effect of pA-aroG™-ppsA-tktA-SeTAL-tyrA™
in strain B-TP and B-TPI was not as significant as in wild type
(Fig. 4). Strain B-TPI was more productive than other strains
such as wild type and B-TP. Mutation of icd4 led to an
increase in the production of ponciretin from 17.2 mg/L (strain
B-TP-303N) to 32.7 mg/L (strain B-TPI-303N). Overall, by
engineering E. coli, we increased ponciretin production from
2.5 mg/L (strain B-301N) to 32.7 mg/L (strain B-TPI-303N), a
13-fold difference.

Using the B-TPI-303 strain, we optimized the cell concen-
tration and the reaction temperature. First, we optimized the
reaction temperature. The cells were incubated at 25 °C, 30 °C,
and 37 °C. Cells grown at 30 °C produced 18.2 mg/L
ponciretin for 24 h. However, cells grown at 25 °C produced
only 6.4 mg/L, and cells grown at 37 °C did not produce any
detectable amount of ponciretin. It is likely that cells grown at
25 °C did not provide sufficient cofactor such as S-
adenosylmethionine for O-methylation and/or did not express
enough proteins for the production of ponciretin from glucose
due to the low growth temperature. However, cells grown at
37 °C are likely to produce high amounts of protein, which
may form inclusion bodies.

We also optimized cell concentration. Cell concentration
was adjusted to 0.5, 1, 1.5, 2, and 2.5 at ODgq. The optimal
cell concentration was 1 at ODgq, at which approximately
18.2 mg/L ponciretin was produced. However, cells at lower
and higher concentrations produced less ponciretin.
Subsequently, production of ponciretin using strain B-TPI-
303 was monitored for 72 h. Production of naringenin was
detected at 3 h whereas production of ponciretin was first
detected at 12 h. However, production of naringenin contin-
ued to decrease after 3 h. It seems that conversion of
naringenin to ponciretin occurs from 3 to 12 h. Notably,
production of p-coumaric acid continued to increase after
24 h. The final yield of ponciretin was approximately
42.5 mg/L after 60 h of incubation (Fig. 5a), after which the
amount of ponciretin was decreased.

Based on the results for ponciretin, we used the same E.
coli strain, B-TPI with pA-SeTAL-aroG™-ppsA-tktA-tyrA™,
pC-0s4CL-PeCHS, and pG-Ss (Strain B-TP1-304S), to ex-
amine the production of sakuranetin. Unlike the production of
ponciretin, sakuranetin was produced after 12 h of incubation,
and its production reached a maximum at 48 h, both of which
were 12 h earlier than ponciretin production. The yield of
sakuranetin was approximately 40.1 mg/L (Fig. 5b), which
is 2.46-fold greater than the productivity of strain B-301S
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(Table 1), which contained pA-SeTAL, pC-Os4CL-PeCHS,
and pG-S1.

Discussion

By manipulation of the tyrosine biosynthesis pathway and
the coenzyme A supply, we achieved the production of
greater than 40 mg/L of two bioactive flavonoids, ponciretin
and sakuranetin. Previously, ponciretin and sakuranetin were
synthesized using bioconversion from naringenin using E.
coli harboring naringenin O-methyltransferase. The yield of
ponciretin was approximately 42.5 mg/L (Kim et al. 2005),
which was similar to the yield in this study. However, the
yield of sakuranetin (40.1 mg/L) in this study was much
greater than that obtained by bioconversion of naringenin
using E. coli harboring SaOMT-2 (16.3 mg/L, Kim et al.
2006). The OMT used in the present study was from rice
instead of Streptomyces avermitilis. Differences in catalytic

@ Springer

efficiency between two OMTs may have caused the differ-
ence in sakuranetin production.

The overexpression of aroG™ and ryr4™" along with ppSA4
and #kt4 led to a significant increase in the production of
ponciretin from 2.5 mg/L to 11.2 mg/L in the wild-type strain.
However, its effect in strains B-TP and B-TPI was not signif-
icant. In B-TPI, use of SeTAL alone achieved ponciretin
production of 26.6 mg/L, which is approximately 81 % of
that achieved by coexpression of aroG™ and tyr4™ along
with ppsA and thktA (32.7 mg/L). It is likely that the major
bottleneck in wild E. coli was the amount of tyrosine, which
was supplemented by overexpression of ppsA, tktA, aroG"",
and tyr4™". However, in B-TP and B-TPI, supplementation of
tyrosine could be achieved by mutation in #yrR and #yrA.
Therefore, the effect of overexpression of ppsA, tktA,
aroG™R and tyr4™" was marginal. In addition, once tyrosine
supplementation is sufficient, the supply of CoA became
important. B-TP-303N produced approximately 17 mg/L,
whereas B-TPI-303N, in which the icd4 gene from B-TP
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has been deleted in order to increase the supply of CoA (Lee
et al. 2009), produced 32.7 mg/L.

Sakuranetin production occurred 12 h sooner than ponciretin
production (Fig. 4). Precursors such as p-coumaric acid and
naringenin accumulated in greater amounts during ponciretin
production than during sakuranetin production, probably due to
the different catalytic properties of SOMT and NOMT. NOMT
converted naringenin more efficiently than SOMT, which
resulted in less accumulation of the precursors.

p-Coumaric acid did not accumulate at the initial stage,
but continued to accumulate thereafter. It appears that p-
coumaric acid was converted into p-coumaroyl-CoA, which
was eventually converted into naringenin at the initial stage.
However, during the later stages, due to the lack of energy
source, because we used minimal medium, the supply of
CoA and/or malonyl-CoA were insufficient for the conver-
sion of p-coumaric acid into next stage products. These
results coincided with the results of a previous study that
showed that the p-coumaric acid supplied was not converted
to naringenin after optimization of production of malonyl-
CoA (Xu et al. 2011).

Sakuranetin was originally considered to be a phytoalexin
against Magnaporthe oryzae (Kodama et al. 1992), although
it was first isolated from cherry tree (Asahina 1908).
Subsequently, sakuranetin has been isolated from various
plants, and various biological activities have been document-
ed, including anti-inflammatory activity (Zhang et al. 2006),
anti-mutagenic activity (Miyazawa et al. 2003), and anti-
bacterial activity against H. pylori (Zhang et al. 2008).
Development of an efficient method for production of
sakuranetin as well as ponciretin will make it possible to
explore their other biological activities, which has not been
possible due to their limited supply. Engineered E. coli could
be used to produce other biologically active flavonoids in
addition to sakuranetin and ponciretin.
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