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The amino acids tyrosine and phenylalanine are primary

metabolites that serve as entry points for the synthesis of

flavonoids in plants. In plants, phenylalanine undergoes

deamination by phenylalanine ammonia lyase (PAL) that

leads to the synthesis of cinnamic acid. Sequential

hydroxylation and O-methylation result in the production

of hydroxycinnamic acids, including p-coumaric acid,

caffeic acid, ferulic acid, and sinapic acid [4]. p-Coumaric

acid can be synthesized from phenylalanine by deamination

and hydroxylation, or from tyrosine by deamination. PALs

from monocotyledons recognize not only phenylalanine

but also tyrosine [8, 23], whereas PALs from dicotyledonous

plants recognize only phenylalanine [3]. 

Hydroxycinnamic acids serve as substrates for various

compounds, including flavonoids, isoflavonoids, stilbenes,

aurones, catechins, proanthocyanidins, lignans, lignin, and

phenylpropenes [25]. The first committed step for the

synthesis of these compounds is the attachment of coenzyme

A to hydroxycinnamic acids. Coenzyme A is attached to

cinnamic acid or p-coumaric acid by 4-coumarate:CoA

ligase (4CL) to form cinnamoyl-CoA or p-coumaroyl-CoA

[5]. Flavanones (naringenin and pinocembrin) are synthesized

from the condensation of one molecule of hydroxycinnamoyl-

CoA and three molecules of malonyl-CoA. Condensation

of one molecule of cinnamoyl-CoA with three molecules of

malonyl-CoA leads to the synthesis of pinocembrin,

whereas p-coumaroyl-CoA and malonyl-CoA are required

for the synthesis of naringenin [2]. These two flavanones

are the most essential components required in the synthesis

of diverse flavonoids, including flavones, flavonols,

isoflavones, and anthocyanins [27]. 

Pinocembrin, one of the major ingredients of propolis [6],

exerts diverse activities, including antibacterial activity

[26], antifungal activity [21], inhibition of atherosclerosis

[30], and protection of neurons in Alzheimer’s disease [16].

Pinocembrin has been extracted from propolis [22], and the

biological synthesis of pinocembrin has been performed

using microorganisms introduced with an artificial gene

cluster. Mostly, cinnamic acid is used as the starting

material for the synthesis of pinocembrin [14, 15, 20, 29].

Biosynthesis of pinocembrin from cinnamic acid does not

require PAL, which converts phenylalanine to cinnamic

acid. Glucose has also been used as the starting material to

synthesize pinocembrin using Escherichia coli [19, 28].

Another flavanone, naringenin, was also synthesized from

glucose in E. coli by modulating its tyrosine biosynthesis
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Pinocembrin is a flavonoid that exhibits diverse biological properties. Although the major

source of pinocembrin is propolis, it can be synthesized biologically using microorganisms

such as Escherichia coli, which has been used to synthesize diverse natural compounds.

Pinocembrin is synthesized from phenylalanine by the action of three enzymes; phenylalanine

ammonia lyase (PAL), 4-coumarate:CoA ligase (4CL), and chalcone synthase (CHS). In order

to synthesize pinocembrin from glucose in Escherichia coli, the PAL, 4CL, and CHS genes from

three different plants were introduced into an E. coli strain. Next, we tested the different

constructs containing 4CL and CHS. In addition, the malonyl-CoA level was increased by

overexpressing acetyl-CoA carboxylase. Through these strategies, a high production yield (97

mg/l) of pinocembrin was achieved.
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pathway [24]. Compared with the synthesis of flavanone

from glucose, the synthesis of flavanone from hydroxycinnamic

acids such as cinnamic acid and p-coumaric acid leads

to enhanced production of pinocembrin or naringenin.

However, the synthesis of pinocembein from glucose has

an economical advantage, because glucose costs much less

than cinnamic acid. 

Three enzymes are required to synthesize pinocembrin

from glucose (Fig. 1). PAL converts phenylalanine into

cinnamic acid, which is then converted into cinnamoyl-

CoA through 4CL. CHS condensates cinnamoyl-CoA and

three molecules of malonyl-CoA to make pinocembrin. The

PAL used in this study had approximately 1,280-fold higher

catalytic efficiency for phenyalanine than for tyrosine [3]. The

PAL gene from Arabidopsis thaliana (GenBank XM_002877863)

was cloned by reverse-transcription polymerase chain

reaction as described previously [12]. The 4CL (Os4CL) and

CHS (PeCHS) genes, which were cloned as previously

described [13, 10], were regulated by independent T7

promoters. Os4CL was cloned into the EcoRI/NotI site of

the pCDFDuet vector. PeCHS was subcloned into the

second cloning site, NdeI/KpnI, of pCDFDuet harboring

Os4CL. E. coli BL21 (DE3) were transformed with three

genes (pA-AtPAL and pC-pOs4CL-pCHS in Table 1). E. coli

transformants (B-Pin1) were grown in Luria-Bertani (LB)

broth containing 50 µg/ml of chloramphenicol and 50 µg/ml

of spectinomycin. The culture was inoculated into fresh LB

medium containing 50 µg/ml chloramphenicol and 50 µg/ml

of spectinomycin, and the culture was incubated at 37oC

with shaking until an OD600 of 1.0 was attained. The cells

were harvested and resuspended with M9 medium containing

2% glucose, 0.2% yeast, 50 µg/ml of chloramphenicol,

50 µg/ml spectinomycin, and 0.1 mM IPTG. The resulting

culture was incubated at 30oC for 24 h with shaking at

180 rpm, and then 300 µl of the culture was extracted with

600 µl of ethylacetate. The supernatant was collected,

dried, and dissolved in 100 µl of dimethyl sulfoxide; 10 µl

of the resultant solution was analyzed by high-performance

liquid chromatography (HPLC), using an Ultimate 3000

HPLC (Thermo Scientific, USA) equipped with a photodiode

array (PDA) detector and a Varian C18 reverse-phase

column (Varian, 4.60 × 250 mm, 3.5 µm particle size). The

separation condition for HPLC was as described by Kim

et al. [12]. HPLC analysis of the culture showed a new peak

(Fig. 2); the molecular mass of the corresponding product

of this peak was 256 Da, which corresponded with the

molecular mass of pinocembrin. Empty vectors (pACYCDuet

and pCDFDuet) were introduced into BL21 as controls, and

the resulting transformant did not synthesize any product

(data not shown). In order to determine the structure of

this reaction product from B-Pin1, nuclear magnetic

resonance (NMR) analysis [11] was carried out and the

following data were obtained: 1H NMR (400 MHz, MeOD)

δ 7.47-7.49 (m, 2H), 7.35-7.43 (m, 3H), 5.93 (d, J = 2.2 Hz,

1H), 5.89 (d, J = 2.1 Hz, 1H), 5.44 (dd, J = 12.8, 3.0 Hz, 1H),

3.09 (dd, J = 17.1, 12.8 Hz, 1H), and 2.76 (dd, J = 17.1,

3.1 Hz, 1H). These data are in concordance with those

reported previously [1, 30]. Therefore, the structure of

product was confirmed to be pinocembrin. 

Next, we tested the effect of the promoter on the

production of pinocembrin. Two constructs were built with

Os4CL and PeCHS (Table 1); the first construct (pseudo-

operon type) has two T7 promoters (pC-pOs4CL-pCHS),

each of which controls the expression of Os4CL and

PeCHS, respectively. The second construct (operon type)

has Os4CL and PeCHS genes under the control of one T7

Fig. 1. Biosynthesis pathway for pinocembrin. 

PAL, phenylalanine ammonium lyase; 4CL, 4-coumarate CoA ligase; CHS, chalcone synthase; accABCD, acetyl-CoA carboxylase.
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promoter (pC-pPeCHS- pOs4CL). In order to make this

construct, PeCHS was amplified with the following primers:

5’-ATGATTCGATGGCACCGTCGATTGAGGA-3’ (forward,

EcoRI site is underlined) and 5’-ATTCTAGATCATGAG

TAAATTGTTTGTTCTACTG-3’ (reverse, XbaI site is underlined).

Os4CL was amplified with the following primers: 5’-

ATACTAGTaggaggattacaaaATGGATCCGA-3’ (forward,

lower case indicates ribosome-binding site and SpeI site is

underlined) and 5’-ATGCGGCCGCTTAGCTGCTTTTGG

GCGC-3’; reverse, NotI site is underlined.). After the

PeCHS PCR product was digested with XbaI and the Os4CL

PCR product was digested with SpeI, the resulting

fragments were ligated. PCR was performed with Os4CL

forward and PeCHS reverse primers. The resulting PCR

product was digested with EcoRI/NotI and subcloned into

the corresponding site of pCDFDuet. Strain B-Pin2, which

contained the operon type construct produced more

pinocembrin (approximately 58 mg/l) than strain B-Pin1

(approximately 46 mg/l) (Fig. 3). These results suggested

that the coordinated expression control of 4CL and CHS by

one T7 promoter is better than the independent expression

of 4CL and CHS by two T7 promoters. AtPAL was also

subcloned into the second cloning site of pC-p PeCHS-

Os4CL. A previous study [7] showed that the pinocembrin

production was better when all three PAL, 4CL, and CHS

genes were controlled by three independent T7 promoters.

It was claimed that more proteins were expressed when the

three genes were independently controlled by T7 promoter

Table 1. Plasmids and strains used in the present study.

Plasmids / E. coli strains Relevant properties or genetic marker
Source or 

reference

Plasmids

pACYCDuet P15A ori, Cmr Novagen

pCDFDuet CloDE13 ori, Strr Novagen

pETDuet f1 ori, Ampr Novagen

pA-AtPAL pACYCDuet harboring PAL from Arabidopsis thaliana This study

pC-pOs4CL-pPeCHS pCDFDuet harboring 4CL from Oryza sativa and CHS from Populus euramericana. 

Each gene is controlled by an independent T7 promoter.

This study

pC-pPeCHS Os4CL pCDFDuet harboring CHS from Populus euramericana and 4CL from Oryza sativa. 

Both genes are controlled by one T7 promoter.

This study

pC-pAtPAL- pPeCHS- Os4CL pCDFDuet harboring AtPAL, 4CL from Oryza sativa, and CHS from Populus euramericana. This study

pE-pPeCHS- Os4CL pETDuet harboring 4CL from Oryza sativa and CHS from Populus euramericana. 

Both genes are controlled by one T7 promoter.

This study

pA-accABCD pACYCDuet harboring accA, accB, accC, and accD from Photorhabdus luminescens This study

Strains

BL21 (DE3) F- ompT hsdSB(rB
- mB

-) gal dcm lon (DE3) Novagen

B-Pin1 BL21 harboring pA-AtPAL and pC-pOs4CL-pPeCHS This study

B-Pin2 BL21 harboring pA-AtPAL and pC-pPeCHS Os4CL This study

B-Pin3 BL21 harboring pA-accABCD and pC-AtPAL-pOs4CL-PeCHS This study

B-Pin4 BL21 harboring pA-accABCD, pC-AtPAL-pOs4CL-PeCHS, and pE-Os4CL-PeCHS This study

Fig. 2. HPLC analysis of pinocembrin produced by Escherichia

coli strain B-Pin1. 

P is pincembrin, whose structure was determined by NMR.
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than when all three genes were controlled by one promoter.

However, this contradicted our observation in the present

study. We believe that the order of genes is one of the

critical factors that influences the yield of the final product.

The gene order in the previous study [7] was PAL, 4CL, and

CHS. With such an order, the upstream products such as

cinnamic acid and cinnamoyl-CoA would accumulate

because expression of PAL and/or 4CL is greater than

that of CHS. However, CHS was located in front of 4CL in

our pseudo-operon construct. Therefore, less reaction

intermediates were likely to be accumulated and, as a

result, this construct had better productivity. The importance

of gene order for the final yield was also observed in

resveratrol biosynthesis [16]. The operon construct with

proper order of genes resulted in an enhanced final yield of

resveratrol [16].

The intracellular level of malonyl-CoA is critical for

the production of pinocembrin, because pinocembrin is

synthesized from three molecules of malonyl-CoA and one

molecule of cinnamoyl-CoA. To increase the malonyl-CoA

levels in E. coli, four genes (accA, accB, accC, and accD) from

Photorhabus luminescens (pA-accABCD) were overexpressed.

These four genes encode carboxyltransferase α, biotin carboxyl

carrier protein, biotin carboxylase, and carboxyltransferase

β, respectively, and these subunits comprise acetyl-CoA

carboxylase (ACC). A previous study showed that

overproduction of these four genes increased the production

of flavonoids from phenylpropanoic acids such as cinnamic

acid, p-coumaric acid, and caffeic acid [13]. The accA, accB,

accC, and accD genes were cloned using PCR with genomic

DNA of P. luminescens as a template. accA, which was

amplified with 5’-ATGGATCCGATGAGTCTGAATTTT

CTTGAA-3’ (forward primer, BamHI site underlined) and

5’-CATGTCGACTCAGCAATAACCATATTGCAT-3’ (reverse

primer, SalI site underlined), was subcloned into the

BamHI/SalI site of pACYC-Duet (Novagen). The resulting

plasmid (pA-accA) was digested with NdeI/XhoI and the

accBC, which was amplified with 5’-CGCATATGG

ATATTCGTAAGATAAAAAAAC-3’ (forward primer, NdeI

site underlined) and 5’-CATCTCGAGTTAAGTTTCCTG

TAACCCCAG-3’ (reverse primer, XhoI site underlined),

was introduced into the NdeI/XhoI site of pA-accA to

obtain the resulting construct pA-accABC. Finally, accD

was amplified with 5’-ATGGATCCGATGAGCTGGATT

GAAAAAATT-3’ (forward primer, BamHI site underlined)

and 5’-CATGCGGCCGCTCAGGCATCTTCTTTATTG-3’

(reverse primer, NotI site underlined) and cloned into the

BamHI/NotI site of pACYCDuet (pC-accD). pA-accD was

amplified with a primer containing the XhoI site and T7

promoter as a forward primer and the reverse primer of

accD. The resulting PCR primer was subcloned into the

SalI/NotI site of pA-accABC to form pA-accABCD. pA-

accABCD and pC-pPeCHS-Os4CL-pAtPAL were transformed

into E. coli BL21 (DE3) (B-Pin3 in Table 1). B-Pin3 produced

approximately 82 mg/l pinocembrin (Fig. 3), which was

more than that produced by B-Pin2 (58 mg/l), indicating

that overproduction of malonyl-CoA increased the

production of pinocembrin. 

Although B-Pin3 produced more pinocembrin than the

other strains, we detected cinnamic acid in the reaction

mixture (data not shown). This observation suggests that

Os4CL and CHS encode enzymes for rate-limiting steps in

the biosynthesis of pinocembrin from p-cinnamic acid.

Therefore, introducing more Os4CL and PeCHS into B-Pin3

would increase the production of pinocembrin. In order to

test this hypothesis, additional copies of Os4CL and PeCHS

were introduced into B-Pin3 and the resulting transformant

(B-Pin4) was examined for the production of pinocembrin.

As expected, B-Pin4 produced approximately 18% more

pinocembrin (97 mg/l) than B-Pin3 (82 mg/l).

The production of pinocembrin using B-Pin4 was

monitored for 36 h. It was noted that the production of

pinocembrin continued to increase until 12 h and then

remained stable for the next 24 h. The production of

pinocembrin was approximately 97 mg/l at 12 h (Fig. 4).

Two studies have reported the production of pinocembrin

from glucose [17, 27]. In one study, acc from Corynebacterium

glutamicum was overexpressed along with PAL, 4CL, CHS,

and chalcone isomerase (CHI). After supplement of 3 mM

phenylalanine in minimal media, the final yield was

60 mg/l [17]. The other study reported the overexpression

of genes involved in phenylalanine biosynthesis (aroF and

pheA) and genes for malonyl-CoA assimilation (matB

Fig. 3. Production of pinocembrin by different Escherichia coli

strains.
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encoding malonyl-CoA synthetase, and matC encoding

malonate transporter), along with PAL, 4CL, CHS, and CHI.

The final yield was 40 mg/l [27]. The final yield of

pinocembrin in both previous studies was much less than

that in the current study. Therefore, the proper modulation

of the target genes and the supply of the co-substrate are

important factors to increase the final yield of pinocembrin.
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