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The health benefits of flavonoids for humans are increasingly attracting attention. Because the extraction of high-purity fla-
vonoids from plants presents a major obstacle, interest has emerged in biosynthesizing them using microbial hosts. Eriodictyol
is a flavonoid with anti-inflammatory and antioxidant activities. Its efficient synthesis has been hampered by two factors: the
poor expression of cytochrome P450 and the low intracellular malonyl coenzyme A (malonyl-CoA) concentration in Escherichia
coli. To address these issues, a truncated plant P450 flavonoid, flavonoid 3=-hydroxylase (tF3=H), was functionally expressed as a
fusion protein with a truncated P450 reductase (tCPR) in E. coli. This allowed the engineered E. coli to produce eriodictyol from
L-tyrosine by simultaneously coexpressing the fusion protein with tyrosine ammonia lyase (TAL), 4-coumarate-CoA ligase
(4CL), chalcone synthase (CHS), and chalcone isomerase (CHI). In addition, metabolic engineering was employed to enhance
the availability of malonyl-CoA so as to achieve a new metabolic balance and rebalance the relative expression of genes to en-
hance eriodictyol accumulation. This approach made the production of eriodictyol 203% higher than that in the control strain.
By using these strategies, the production of eriodictyol from L-tyrosine reached 107 mg/liter. The present work offers an ap-
proach to the efficient synthesis of other hydroxylated flavonoids from L-tyrosine or even glucose in E. coli.

Flavonoids were first found in plants, and their role is to protect
plants against certain adverse environmental effects, such as

microbial infection and UV radiation (1). More than 9,000 fla-
vonoids have been found in various plants, comprising one of the
largest families of natural products (2). In recent years, the health
benefits of flavonoids have attracted increasing attention (3–6).
The effects of flavonoids on humans can be attributed to antioxi-
dant, antioncogenic, anti-inflammatory, antimicrobial, antican-
cer, and cardiovascular actions (1, 7). For example, eriodictyol
plays critical roles in the pathogenesis of diabetes mellitus, can
inhibit immunoglobulin E (IgE)/antigen (Ag)-induced type I hy-
persensitivity, and has antinociceptive and hyperthermic effects
(8–10).

Although flavonoids offer many benefits to health, efforts to
obtain high-purity flavonoids by extraction from plants present a
major obstacle (7). Chemical synthesis is associated with toxic
by-products and requires extreme reaction conditions, as in the
application of the Suzuki-Miyaura reaction (11). Therefore,
chemical synthesis is not suitable for the production of flavonoids
to be incorporated into food ingredients or cosmetics. Among the
microorganisms used for the biosynthesis of natural products,
Escherichia coli has been the most intensively investigated host
because of its genetic tractability and favorable fermentation
properties (12).

Eriodictyol is a flavanone, belonging to the family of fla-
vonoids. Previous studies have already demonstrated the feasibil-
ity of eriodictyol production in E. coli. By the overexpression of
4CL from Petroselinum crispum, CHS from Petunia X hybrida, and
CHI from Medicago sativa in E. coli, 11 mg/liter of eriodictyol was
obtained from caffeic acid (13). Furthermore, when Rhizobium
trifolii matB and matC were introduced to increase the intracellu-
lar malonyl coenzyme A (malonyl-CoA) concentration, and the
recombinant strain was cultured in M9 minimal medium (with
1% glucose) with 2 g/liter sodium malonate and 2 mM caffeic acid,
eriodictyol production reached 50 mg/liter (14). Increasing mal-
onyl-CoA biosynthesis by tuning the Escherichia coli metabolic

network increased the level of eriodictyol production from caffeic
acid to 114 mg/liter (15).

L-Tyrosine was used as the precursor of eriodictyol in this
study (Fig. 1). Previous studies showed the feasibility of narin-
genin and pinocembrin production from L-tyrosine in E. coli
(16–18). In this study, naringenin was converted to eriodictyol by
flavonoid 3=-hydroxylase (F3=H), together with cytochrome P450
reductase (CPR) (19–21). F3=H is a cytochrome P450 protein and
has never been expressed in E. coli before. Functional expression
of plant cytochrome P450 in E. coli is a challenge due to various
factors, such as solubility and cofactor incorporation (22–24).
Therefore, one of the major objectives in the present study was the
soluble expression of the fusion protein of truncated flavonoid
3=-hydroxylase (tF3=H) and truncated P450 reductase (tCPR) in
E. coli.

In this study, this fusion protein (tF3=H-tCPR) was func-
tionally expressed together with tyrosine ammonia lyase
(TAL), 4-coumarate-CoA ligase (4CL), chalcone synthase
(CHS), and chalcone isomerase (CHI) in E. coli. Because a low
level of intracellular malonyl-CoA is a major limitation for fla-
vonoid biosynthesis in E. coli, several strategies were applied to
enhance the availability of malonyl-CoA (25, 26). By employing
these strategies, the final eriodictyol production was obtained di-
rectly from L-tyrosine instead of the expensive substrate caffeic
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acid. The present work offers an approach to the efficient synthesis
of hydroxylated flavonoids in E. coli from L-tyrosine or even glu-
cose.

MATERIALS AND METHODS
Genetic material, microbial hosts, cloning vectors, and plasmids. E. coli
JM109 was used for plasmid propagation. E. coli BL21(DE3) was used
to construct the flavonoid biosynthesis strains. The pETDuet-1,
pACYCDuet-1, pRSFDuet-1, and pCDFDuet-1 expression vectors were
obtained from Novagen (Darmstadt, Germany). All of the four Duet ex-
pression vectors were designed for the coexpression of two target open

reading frames (ORFs). One vector contains two multiple cloning sites
(MCS), each of which is preceded by a T7-lac promoter and a ribosome
binding site (RBS) (Table 1). All restriction enzymes and DNA ligase were
purchased from TaKaRa (DaLian, China). TAL from Rhodotorula glutinis,
4CL from Petroselinum crispum, CHS from Petunia X hybrida, CHI from
Medicago sativa, F3=H from Gerbera hybrida, and CPR from Catharanthus
roseus were codon optimized for expression in E. coli (http://www.jcat.de/)
and were synthesized by GeneScript (Nanjing, China) (16, 27). The acetyl-
CoA carboxylase (ACC) genes, accBC and dtsR1, were cloned from Co-
rynebacterium glutamicum ATCC 13032. The acs gene was cloned from E.
coli BL21(DE3). Three plasmids involved in the Red recombinase expres-
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FIG 1 Pathway for the synthesis of eriodictyol from L-tyrosine. (A) Six genes are involved in the eriodictyol synthesis pathway: TAL, encoding tyrosine ammonia
lyase, from R. glutinis; 4CL, encoding 4-coumarate-CoA ligase, from P. crispum; CHS, encoding chalcone synthase, from P. hybrida; CHI, encoding chalcone
isomerase, from M. sativa; F3=H, encoding flavonoid 3=-hydroxylase, from G. hybrida; and CPR, encoding cytochrome P450 reductase, from C. roseus. (B) Four
genes were involved in the biosynthesis of malonyl-CoA: the acetyl-CoA carboxylase (ACC) genes accBC and dtsR1, cloned from C. glutamicum; acs, cloned from
E. coli BL21(DE3), encoding acetyl-CoA synthase; and ackA, encoding an acetate kinase, which was deleted from E. coli BL21(DE3). The steps that are the focus
of this paper are highlighted.

TABLE 1 Plasmids

Plasmid Relevant characteristics
Source or
reference

pETDuet-1 Double T7 promoters, two MCS, ColE1 (pBR322) origin; Ampr Novagen
pCDFDuet-1 Double T7 promoters, two MCS, CloDF13 origin; Smr Novagen
pRSFDuet-1 Double T7 promoters, two MCS, RSF1030 origin; Knr Novagen
pACYCDuet-1 Double T7 promoters, two MCS, p15A origin (pACYC184); Cmr Novagen
pCDF-TAL-4CL pCDFDuet-1 carrying R. glutinis TAL and P. crispum 4CL 16
pET-CHS-CHI pETDuet-1 carrying M. sativa CHI and P. hybrida CHS 16
pRSF-acs pRSFDuet-1 carrying E. coli acs This study
pRSF-ACC pRSFDuet-1 carrying C. glutamicum accBC and dtsR1 This study
pRSF-acs-ACC pRSFDuet-1 carrying E. coli acs and C. glutamicum accBC and dtsR1 This study
pACYC-acs-ACC pACYCDuet-1 carrying E. coli acs and C. glutamicum accBC and dtsR1 This study
pACYC-tF3=H-tCPR pACYCDuet-1 carrying tF3=H from G. hybrida and tCPR from C. roseus This study
pACYC-tF3=H pACYCDuet-1 carrying tF3=H from G. hybrida This study
pACYC- tCPR pACYCDuet-1 carrying tCPR from C. roseus This study
pRSF-tF3=H-tCPR pRSFDuet-1 carrying tF3=H from G. hybrida and tCPR from C. roseus This study
pKD46 Temperature-sensitive plasmid; contains arabinose-inducible phage � Red

recombinase gene for linear DNA exchange; bla (Ampr)
28

pCP20 Temperature-sensitive plasmid; contains FLP recombinase gene for
removal of antibiotic resistance cassettes; Ampr Cmr

28

pKD13 FRT sites flanking the kanamycin resistance gene; Knr 28
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sion system, pKD46, pKD13, and pCP20, were obtained from the CGSC
(http://cgsc.biology.yale.edu/) (28).

Metabolic engineering to enhance the availability of malonyl-CoA.
The acetyl-CoA carboxylase gene in C. glutamicum consists of two sub-
units, accBC and dtsR1 (29, 30). The accBC gene was amplified with prim-
ers accBC-F (containing an EcoRV site) and accBC-R (containing a KpnI
site) (Table 2). The dtsR1 gene was amplified by PCR using primers
dtsR1-F (KpnI) and dtsR1-R (AvrII) (Table 2). The accBC and dtsR genes
were digested and inserted into the EcoRV/KpnI and KpnI/AvrII sites of
vector pRSFDuet-1, resulting in pRSF-ACC. The acs gene was PCR am-
plified with primers acs-F (BamHI) and acs-R (NotI) (Table 2), digested,
and inserted into the BamHI/NotI site of pRSF-ACC, resulting in pRSF-
acs-ACC. Plasmid pACYC-acs-ACC was assembled in the same manner as
plasmid pRSF-acs-ACC.

The acetate competition pathway was deleted by knocking out the E.
coli chromosomal gene ackA by the Red recombinase method. The ackA
gene was PCR amplified with primers P1 and P2 (Table 2) from the E. coli
genome. The FLP recombination target (FRT)-flanked antibiotic resis-
tance genes used for selection were deleted by using a temperature-con-
ditional plasmid, pCP20, expressing FLP recombinase from a thermoin-
ducible promoter (28).

Construction and assembly of the L-tyrosine-to-eriodictyol path-
way. pCDF-TAL-4CL and pET-CHS-CHI were constructed in a previous
study (16). Naringenin can be transformed to eriodictyol by F3=H and
CPR (Fig. 1) (21, 31). Hence, F3=H was functionally expressed in E. coli as
a fusion protein with CPR (Fig. 2).

Analysis of the secondary structure of F3=H using the MLRC second-
ary-structure prediction program revealed a helix motif at the first 25
amino acids of the N-terminal region, which was identified as a mem-
brane anchor sequence (32). The truncated F3=H gene (tF3=H), in which
the membrane binding domain and stop codon were removed, was PCR
amplified from pUC57-F3=H (synthesized by GeneScript, Nanjing,
China) with primers F3=H-F and F3=H-R (Table 2). The forward primer
F3=H-F starts at the 76th nucleotide of F3=H, and the reverse primer
F3=H-R harbors a Gly-Ser-Thr linker sequence (underlined in Table 2)
and 18 CPR nucleotides. The Gly-Ser-Thr linker limits secondary-struc-
ture formation that can interfere with the interactions between the two
proteins. The truncated CPR gene (tCPR), deletions in which removed 71
amino acids from the N terminus (which is the membrane binding do-
main), was PCR amplified from pUC57-CPR (synthesized by GeneScript,
Nanjing, China) using primers CPR-F and CPR-R (Table 2). The forward
primer CPR-F contained a Gly-Ser-Thr linker sequence (underlined in
Table 2) and 22 nucleotides of F3=H. The two fragments were fused by
PCR to form one fragment (tF3=H-tCPR) with primer pair F3=H-F/
CPR-R. The tF3=H-tCPR fragment was purified, digested, and inserted

into the NdeI/KpnI sites of pACYCDuet-1 and pRSFDuet-1, respectively,
resulting in pACYC-tF3=H-tCPR and pRSF-tF3=H-tCPR. All plasmid con-
structs were verified by Sanger DNA sequencing (Sangon, Shanghai,
China).

E. coli BL21(DE3) was transformed with different plasmid combina-
tions to create different engineered strains. The plasmids and strains used
in this study are listed in Table 1 and Table 3, respectively.

Protein identification. Protein bands in lanes of a 12% polyacryl-
amide gel were identified by using the Bruker UltraFlex III matrix-assisted
laser desorption ionization–tandem time of flight mass spectrometer
(MALDI-TOF/TOF MS) (Bruker Daltonics, Karlsruhe, Germany). The
peptide fragment ion data acquired from the MALDI-TOF/TOF mass
spectrometer were used to search for protein candidates in the NCBI nr
database through Mascot (Matrix Science) integrated in BioTools (Bruker
Daltonics), which is accessible online (33).

Culture media and microbial growth conditions. Bacterial cells were
inoculated from frozen stocks in the Luria-Bertani plate and were cul-
tured at 37°C for 12 h. Then a single colony was picked up from the plate
and was cultured in a 250-ml flask with 25 ml of fresh morpholinepro-
panesulfonic acid (MOPS) medium at 37°C with orbital shaking at 200 �
g (34). After an optical density at 600 nm (OD600) of 1.2 had been reached,
an additional 25 ml of fresh medium and a final aliquot of isopropyl-�-
D-thiogalactopyranoside (IPTG; final concentration, 0.6 mM) were pro-
vided, and cultures were subsequently equilibrated at a lower temperature
of 25°C or 30°C for 72 h. The flavonoid, intracellular malonyl-CoA, and

TABLE 2 Oligonucleotides used in this study

Name Oligonucleotide sequence (5=–3=)a

Target
gene

Relevant
characteristic

P1 CTATGGCTCCCTGACGTTTTTTTAGCCACGTATCAATTATAGGTACTTCC
ATTCCGGGGATCCGTCG

kan ackA upstream

P2 GATTTGGCGGGTTACAAAACAGCACCGCCAGCTGAGCTGGCGGTGTGAAA
TGTAGGCTGGAGCTGCTTCG

kan ackA downstream

accBC-F GGCCGATATCGGTGTCAGTCGAGACTAGGAAGATCAC accBC EcoRV
accBC-R CGGGGTACCCTTGATCTCGAGGAGAACAACG accBC KpnI
acs-F CGGGATCCGATGAGCCAAATTCACAAACACAC acs BamHI
acs-R AAGGAAAAAAGCGGCCGCTTACGATGGCATCGCGATAG acs NotI
dtsR1-F CGGGGTACCATGACCATTTCCTCACCTTT dtsR1 KpnI
dtsR1-R CGGCCTAGGTTACAGTGGCATGTTGCC dtsR1 AvrII
F3=H-F GGGAATTCCATATGCGCAACCCGAACCGTCT tF3=H NdeI
F3=H-R CTTGCCACTGCCACTGCTTGTCGACCCCACCTTCGTCGTTTCATACACA tF3=H Linker
CPR-F TGTGTATGAAACGACGAAGGTGGGGTCGACAAGCAGTGGCAGTGGCAAG tCPR Linker
CPR-R CGGGGTACCTCACCACACATCACGCAGAT tCPR KpnI
a Underlined nucleotides indicate homology arms or restriction enzyme sites.
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FIG 2 Functional fusion of F3=H and P450 reductase. Truncated and modi-
fied F3=H and CPR were renamed tF3=H and tCPR, respectively. tF3=H and
tCPR were fused by PCR. The fusion protein tF3=H-tCPR harbored a Gly-Ser-
Thr linker sequence.
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intracellular acetyl-CoA concentrations were measured at different
postinduction phases during a total fermentation time of 72 h. A final
concentration of 1 mM L-tyrosine was added as the substrate. A final
concentration of 0.1 mM aminolevulinate was added as a heme precursor
to increase cytochrome P450 activity. Various combinations of ampicillin
(100 �g/ml), kanamycin (50 �g/ml), chloramphenicol (30 �g/ml), and
streptomycin (50 �g/ml) were added to the cultures of plasmid-bearing E.
coli strains (16).

Extraction and analysis of intracellular malonyl-CoA and acetyl-
CoA. For the wild-type [WT], BM1, BM2, BM3, BM4, and BM strains, 5
ml of cell culture was removed after induction at 25°C for 36 h in MOPS
medium; for the BF1, BF2, BMF1, and BMF2 strains, 5 ml of cell culture
was removed every other 12 h in the induction phase. The portions of cell
culture removed were chilled immediately on ice and were centrifuged at
5,000 � g and 4°C for 10 min. The cell pellet was resuspended in 1 ml of
6% perchloric acid to facilitate cell lysis. Repeated freezing and dissolution
was performed to completely break down the cells. Then 0.3 ml of 3 M
potassium carbonate was added while vortexing to neutralize the acid.
The solution was centrifuged to pellet the cell debris (15, 35). The super-
natant was collected and was stored chilled until analysis of the CoA com-
pounds using quadrupole ion trap-TOF mass spectrometry coupled with
liquid chromatography (LCMS-IT-TOF) (Shimadzu, Kyoto, Japan). To
determine the dry weight of cells, a 25-ml portion of the same cell culture
as that from which portions were removed as described above (WT, BM1,
BM2, BM3, BM4, BM, BF1, BF2, BMF1, or BMF2) was spun in a pre-
weighed centrifuge tube at 5,000 � g for 5 min. The cell pellet was washed
with deionized water and was dried at 105°C. The differences in weight
between empty tubes and tubes with cell residues represented the dry
weight of cells.

CoA was analyzed by using a Shimadzu LCMS-IT-TOF consisting of a
separation module connected directly to the IT-TOF MS. A Shim-Pack
VP-ODS high-performance liquid chromatography (HPLC) column
(length, 150 mm; inner diameter, 2.0 mm; Shimadzu, Kyoto, Japan) was

used to perform HPLC separation. The samples of malonyl-CoA and
acetyl-CoA were eluted at a flow rate of 0.2 ml/min with a gradient of 10
mM ammonium formate (A) and 20% 10 mM ammonium formate in
methanol (vol/vol) (B) as follows: at 0 min, 2% B; at 10 min, 60% B; at 20
min, 76% B; at 25 min, 2% B. IT-TOF detection using an electrospray
ionization (ESI) source was performed in positive-ion mode using opti-
mized conditions as follows: detector voltage, 1.60 kV; nebulizing gas (N2)
flow, 1.5 liters/min; drying gas (N2) flow, 200 kPa; ion accumulation time,
30 ms; collision energy set at 40% for MS2; scan ranges, m/z 750 to 900 for
MS1 and m/z 100 to 900 for MS2 (36). The multiple-reaction-monitoring
(MRM) mode was used to quantify CoA-thioesters of interest, using mass
ions set to detect transitions of the parent ion to the daughter ion specific
to the selected analytes. The transitions (m/z for the parent ion ¡ m/z for
the daughter ion) for the two CoA-thioesters of interest were as follows:
for malonyl-CoA, 854.1 ¡ 428; for acetyl-CoA, 810.1 ¡ 428.

Analysis and quantification of eriodictyol and intermediate metab-
olites. To analyze flavonoid production, the entire culture broth was
freeze-dried using a VirTis BenchTop 6K manifold freeze dryer (SP In-
dustries, Warminster, PA). Then the freeze-dried culture broth was ex-
tracted with dimethyl sulfoxide (DMSO) to obtain eriodictyol and inter-
mediate metabolites. The analysis was performed using a Shimadzu
LCMS-IT-TOF consisting of a separation module connected directly to
the IT-TOF MS. A Shim-Pack VP-ODS HPLC column (length, 150 mm;
inner diameter, 2.0 mm) was used to perform HPLC separation. Eriodic-
tyol and intermediate metabolites were separated by elution with an ace-
tonitrile/water gradient at a flow rate of 0.2 ml/min under the following
conditions: 10 to 40% acetonitrile (vol/vol) for 10 min, 40 to 60% aceto-
nitrile (vol/vol) for 5 min, 60 to 10% acetonitrile (vol/vol) for 2 min (14).
IT-TOF detection with an ESI source was performed in negative-ion
mode using optimized conditions as follows: detector voltage, 1.60 kV;
nebulizing gas (N2) flow, 1.5 liters/min; drying gas (N2) flow, 200 kPa; ion
accumulation time, 30 ms; collision energy set at 40% for MS2; scan range,
m/z 100 to 300 for MS1 and m/z 50 to 300 for MS2. Quantification was
performed in the MRM mode in a tandem mass spectrometer (MS-MS)
with the mass ions set to detect transitions of the parent ion to the daugh-
ter ion specific to the selected analytes. The transitions (m/z for the parent
ion ¡ m/z for the daughter ion) were as follows: for eriodictyol, 287 ¡
151; for naringenin, 271 ¡ 151; for p-coumaric acid, 163 ¡ 119.

Statistical analysis. Student’s t test was employed to investigate statis-
tical differences, and differences with P values of �0.05 were considered
significant.

RESULTS
Soluble expression of the translational fusion protein tF3=H-
tCPR in E. coli. In order to investigate soluble expression, several
recombinant E. coli strains were developed, including strains BA
(blank control), BAtF (expressing tF3=H), BAtC (expressing
tCPR), and BAtFC (expressing tF3=H-tCPR) (Table 3). Figure 3
shows the expression profiles of the targeted recombinant pro-
teins. All three proteins were observed in the supernatant (Fig. 3,
lanes 2 to 4) but were not found in the cellular debris (lanes 6 to 8).

The protein in Fig. 3, lane 2, was identified as CPR (GI 18139;
mass, 78,953 Da; score, 1,596). The protein in Fig. 3, lane 3, was
identified as F3=H (GI 77176700; mass, 56,315 Da; score, 657).
The protein in Fig. 3, lane 4, was identified as F3=H (GI 77176700;
mass, 56,315 Da; score, 453) and CPR (GI 18139; mass, 78,953 Da;
score, 696). This indicated that soluble expression of the fusion
protein (tF3=H-tCPR) was achieved. The matched information
for proteins in the database consists of theoretical values, which
cannot distinguish truncated or fusion proteins from normal pro-
teins. Therefore, the molecular sizes given for all proteins are
larger than those shown in SDS-PAGE, because the data obtained
from the database were molecular sizes of whole proteins rather
than those of truncated proteins.

TABLE 3 Strains

Strain Relevant characteristic(s) Source

E. coli BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) Novagen
E. coli JM109 endA1 recA1 gyrA96 thi hsdR17(rK

� mK
�)

relA1 supE44 	(lac-proAB) [F= traD36
proAB lacIq lacZ	M15]

Novagen

Corynebacterium
glutamicum
ATCC 13032

Clone for ACC ATCC

E. coli BA BL21(DE3) carrying pACYCDuet-1 This study
E. coli BAtF BL21(DE3) carrying pACYC-tF3=H This study
E. coli BAtC BL21(DE3) carrying pACYC-tCPR This study
E. coli BAtFC BL21(DE3) carrying pACYC-tF3=H-tCPR This study
E. coli BM1 ackA deletion mutant of BL21(DE3) This study
E. coli BM2 BL21(DE3) carrying pRSF-acs This study
E. coli BM3 BL21(DE3) carrying pRSF-ACC This study
E. coli BM4 BL21(DE3) carrying pRSF-acs-ACC This study
E. coli BM BM1 carrying pRSF-acs-ACC This study
E. coli BF1 BL21(DE3)carrying pCDF-TAL-4CL,

pET-CHS-CHI, and pRSF-tF3=H-tCPR
This study

E. coli BF2 BL21(DE3) carrying pCDF-TAL-4CL,
pET-CHS-CHI, and
pACYC-tF3=H-tCPR

This study

E. coli BMF1 BM1 carrying pCDF-TAL-4CL, pET-
CHS-CHI, pACYC-acs-ACC, and
pRSF-tF3=H-tCPR

This study

E. coli BMF2 BM1 carrying pCDF-TAL-4CL, pET-
CHS-CHI, pRSF-acs-ACC, and
pACYC-tF3=H-tCPR

This study
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Engineering malonyl-CoA availability. Three strategies were
employed in an effort to increase the availability of malonyl-CoA
for flavonoid biosynthesis. These strategies include overexpres-
sion of acetyl-CoA carboxylase (ACC), overexpression of acetyl-
CoA synthase (encoded by acs), an enzyme involved in the acetate
assimilation pathway, and deletion of the acetate competition
pathway by knockout of the acetate kinase (ackA) gene. Intracel-
lular malonyl-CoA and acetyl-CoA concentrations are shown in
Table 4. Overexpression of ACC alone increased the cellular ma-
lonyl-CoA concentration by 278% over that in wild-type E. coli.
Overexpression of acs to recycle acetate back to acetyl-CoA in-
creased the intracellular malonyl-CoA concentration by 69.5%
over that in the WT. By knockout of ackA, the intracellular malo-
nyl-CoA concentration increased by 130% over that in WT E. coli.
Coexpression of the acs product with ACC enhanced the intracel-
lular malonyl-CoA concentration by 330% over that in WT E. coli.
A combination of the three manipulations gave a total increase in
the intracellular malonyl-CoA level of 16.3-fold over that in WT E.
coli.

Optimization of expression of tF3=H-tCPR. In order to bal-
ance tF3=H-tCPR gene expression, the tF3=H-tCPR fusion gene
was cloned into two vectors, pACYCDuet-1, with a low copy
number of 10 to 12 (p15A origin of replication), and pRSFDuet-1,
with a high copy number of 
100 (RSF1030 origin of replication)
(35). As shown in Fig. 5, eriodictyol production by strain BF2,
carrying a lower copy number of P450 fusion genes, was 21.1%
higher than that of strain BF1, which carries a higher copy number

of P450 fusion genes. Eriodictyol production by strain BMF2 was
23.5% higher than that by strain BMF1. Transcriptional levels of
genes on different vectors measured by quantitative reverse tran-
scription-PCR (qPCR) are shown in the supplemental material.

Determination of optimal culture conditions. Four different
temperatures were chosen (20°C, 25°C, 28°C, 30°C) for the induc-
tion phase. The production of eriodictyol was maximized at 25°C
for BMF1 and BMF2 and at 30°C for BF1 and BF2 (Fig. 4A).
Strains were induced at OD600 values of 0.6, 0.9, 1.2, 1.5, 1.8, and
2.1. By use of the gradient test described above, an OD600 of 1.2 to
1.8 was taken as representing the optimal condition for all four
strains (Fig. 4B). IPTG was added to strains BF1, BF2, BMF1, and
BMF2 at concentrations of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 mM.
All four strains exhibited the highest eriodictyol production at an
IPTG concentration of 0.6 mM (Fig. 4C). When glucose was used
as the substrate, the eriodictyol production of BMF2 was only 5.70
mg/liter. Therefore, L-tyrosine was added for sufficient substrate
availability. As shown in Fig. 5B, the eriodictyol production of
strains BMF1 and BMF2 reached 86.4 mg/liter and 107 mg/liter
from L-tyrosine, respectively, under their optimal culture condi-
tions (25°C in the induction phase, with an OD600 of 1.2 to 1.8 and
an IPTG concentration of 0.6 mM). The eriodictyol production of
strains BF1 and BF2 reached 35.2 mg/liter and 42.6 mg/liter from
L-tyrosine, respectively, under their optimal culture conditions
(30°C in the induction phase, with an OD600 of 1.2 to 1.8 and an
IPTG concentration of 0.6 mM).

DISCUSSION

In this work, the soluble expression of the fusion protein (tF3H-
tCPR) was found to promote the biosynthesis of eriodictyol from
L-tyrosine. Three approaches were involved in this study: (i) sol-
uble fusion expression of tF3=H (cytochrome P450) and tCPR
(P450 reductase), (ii) enhancement of the availability of malonyl-
CoA, and (iii) balancing of the relative gene expression to enhance
eriodictyol accumulation.

In order to solve the problem of the lack of cofactor incorpo-
ration into E. coli, the gene for cytochrome P450 reductase (CPR)
from C. roseus, which had been successfully expressed in E. coli
before, was codon optimized for synthesis of the enzyme. How-
ever, previous research showed that eriodictyol cannot be ob-
tained from p-coumaric acid by the functional expression of CPR
as a fusion protein with a flavonoid 3=,5=-hydroxylase (F3=5=H)
from C. roseus in E. coli (31). Meanwhile, F3=H from G. hybrida,
which was functionally expressed in Saccharomyces cerevisiae, was
used to hydroxylate naringenin to eriodictyol (21). Therefore,
F3=H from G. hybrida and CPR from C. roseus were chosen for the

MM

 116  

66.2 

 45   

(KDa)
tCPR 72 KDa

 tF3'H 54 KDa

 tF3'H-tCPR125 KDa

FIG 3 SDS-PAGE analysis of proteins extracted from the supernatant after the
disruption of E. coli cells. Proteins in lanes 1 to 4 were extracted from the
supernatant after cell disruption; proteins in lanes 5 to 8 were extracted from
cellular debris. The extracts obtained from the recombinants were electropho-
resed on a 12% polyacrylamide gel under denaturing conditions. The images
from SDS-PAGE analyses were captured using the Gel Doc system (Bio-Rad).
Lanes 1 and 5, pACYCDuet-1; lanes 2 and 6, pACYC-tCPR; lanes 3 and 7,
pACYC-tF3=H; lanes 4 and 8, pACYC-tF3=H-tCPR.

TABLE 4 Intracellular malonyl-CoA and acetyl-CoA concentrations in E. coli strains

Strain [characteristic(s)]a

Malonyl-CoA Acetyl-CoA

Concnb

% increase over
concn in WT Concnb

% increase over
concn in WT

WT 0.230 � 0.01 1.86 � 0.21
BM2 (acs overexpression) 0.390 � 0.03 69.5 2.24 � 0.22 20.4
BM3 (ACC overexpression) 0.870 � 0.09 278 1.48 � 0.17 �20.5
�
1 (	ackA) 0.530 � 0.08 130 1.92 � 0.24 3.22
BM4 (acs-ACC overexpression) 0.990 � 0.11 330 1.52 � 0.14 �18.3
BM (acs-ACC overexpression, 	ackA) 3.98 � 0.16 1.63 � 103 1.12 � 0.16 �39.8
a The WT strain was included as a reference for comparison.
b Expressed as micromoles per gram of cells (dry weight).
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fusion protein (tF3=H-tCPR) in this study. Because a membrane
anchorage domain of cytochrome P450 renders the protein insol-
uble, soluble expression of a translational fusion protein (tF3=H-
tCPR) in E. coli was one of the major objectives. By truncation of
the first 25 amino acids at the N-terminal end of F3=H, the fusion
protein (tF3=H-tCPR) was functionally expressed in E. coli. The
fusion protein allowed the efficient synthesis of eriodictyol from
L-tyrosine in E. coli.

One molecule of eriodictyol requires three molecules of malo-
nyl-coenzyme A (Fig. 1). Previously, the low intracellular malo-
nyl-CoA concentration restricted the efficient production of fla-
vonoids in E. coli (37, 38). Therefore, it was necessary to engineer
the bacteria for enhanced malonyl-CoA availability so as to
achieve a metabolic balance between the requirements of malo-
nyl-CoA for cell growth and product synthesis. As shown in Fig. 5,
the intracellular malonyl-CoA concentrations of BF1 and BF2
were very low because malonyl-CoA availability was not enhanced
in these two strains. In BMF2 and BMF1, malonyl-CoA accumu-
lated and reached its highest concentrations at 48 h, when eriodic-
tyol production achieved its highest level. The increased accumu-
lation of malonyl-CoA indicated that eriodictyol production may
achieve its highest level and stop at some point due to the action of
other, unknown, limiting factors. Before that point, malonyl-CoA
is consumed to synthesize eriodictyol. A biphasic plateau (12 h to
36 h) was observed for malonyl-CoA and p-coumaric acid con-
centrations, but not for naringenin or eriodictyol, which progress
in a linear manner throughout the growth phase. This indicated
that the synthesis rate of naringenin is faster than the rate of con-
version of naringenin to eriodictyol. Due to the increase in malo-
nyl-CoA availability, although p-coumaric acid production by
BMF2 and BMF1 was lower than that by BF2 and BF1 after 48 h of
the eriodictyol accumulation phase, the production of eriodictyol
by BMF2 was 151% higher than that by BF2. Meanwhile, eriodic-
tyol production by BMF1 was 146% higher than that by BF1.
Besides, no direct precursor of malonyl coenzyme A was added
here, in contrast to previous work on the pathway of matB and
matC (14). Therefore, this approach is more suitable for large-
scale industrial production.

Previous studies showed that coumaroyl-CoA inhibits the TAL
enzyme and that low-copy-number plasmids could perform bet-
ter than high-copy-number plasmids for cytochrome P450 (31,
39, 40). Therefore, balancing relative gene expression is a potential
route to the rational and efficient regulation of the expression of
genes in the overall pathway. Our previous studies showed that
coumaroyl-CoA can inhibit TAL enzyme activity, and the combi-
nation of pCDF-TAL-4CL and pET-CHS-CHI was shown to be
the optimal combination for flavonoid biosynthesis (16, 41). In
this study, pACYC-tF3=H-tCPR was shown to be a better choice
than pRSF-tF3=H-tCPR for optimization of the expression of
tF3=H-tCPR. By this combination of plasmids and genes, gene
expression was balanced to enhance eriodictyol accumulation.

The present work demonstrates a way to approach the efficient
biosynthesis of eriodictyol via soluble expression of a translational
fusion protein, tF3=H-tCPR, in four vectors in E. coli. These four
Duet vectors are designed with compatible replicons and drug
resistance genes for effective propagation and maintenance of four
plasmids in a single cell (42–44). The ability of Duet vectors to be
cotransformed, propagated, and induced for robust target protein
coexpression makes them ideal for the efficient biosynthesis of
eriodictyol (13, 14, 30, 45). Although integration of genes into the
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at an OD600 of 1.5 and an IPTG concentration of 0.6 mM. (B) Induction OD600 at
an IPTG concentration of 0.6 mM and a temperature of 30°C (for BF1 and BF2) or
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replicates. Error bars represent standard deviations from the means.
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chromosome would be more suitable for large-scale industrial
production, the current combination of these four vectors can
significantly facilitate the process of researching such complicated
metabolic pathways. However, the ultimate goal of the current
work is to find a strain that can produce these phytochemicals
without the addition of antibiotics and inducers, in view of both
safety and cost concerns.

Although previous studies required only three genes in the er-
iodictyol synthesis pathway, they can use only sodium malonate
and caffeic acid (which is expensive) as the substrates rather than
L-tyrosine or glucose (14, 15). Therefore, the new eriodictyol syn-
thesis pathway, utilizing less expensive precursors, provides
greater economic efficiency. However, the dissolubility of L-ty-
rosine in water is only 2.8 mM (25°C) (46). The poor dissolubility
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of L-tyrosine is a limitation on higher production of eriodictyol.
Since E. coli can synthesize L-tyrosine by its own metabolic path-
way, our next plan is to produce eriodictyol directly from glucose.
The main goal of the current work is to establish the metabolic
pathway from primary metabolites to a heterologous phytochem-
ical. The current method, especially the functional soluble expres-
sion of P450 flavonoid hydroxylase and P450 reductase, offers a
route for the efficient biosynthesis of other important hydroxy-
lated flavonoid molecules, for use as food ingredients or in cos-
metics applications, from L-tyrosine or even glucose in metaboli-
cally engineered E. coli.
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