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Introduction

Hydroxycinnamic acids are phenolic acids found in

plants, and contain a C6-C3 backbone. They are synthesized

using the phenylpropanoid pathway and include p-

coumaric acid, caffeic acid, ferulic acid, and sinapinic acid

[3]. Hydroxycinnamic acids serve as building blocks for the

biosynthesis of flavonoid, stilbene, coumarin, curcumin,

and lignin [19]. Hydroxycinnamic acids can be conjugated

with several compounds, including quinic acid or its

derivatives such as shikimic acid [6], 4-deoxyquinic acid

[17], and methyl or butyl quinate [16], hydroxyl acids

(malic acid or glucuronic acid), amino compounds (anthranilic

acid or aromatic amino acids), and sugar alcohols (glycerol

or myo-inositol) [16].

Hydroxycinnamic acid conjugates, especially chlorogenic

acid and hydroxycinnamoyl shikimates, are natural key

dietary source of phenolic compounds and are found

abundantly in coffee, fruits, and vegetables, and also serve

as antioxidants [7]. A growing number of biological

activities of hydroxycinnamate conjugates have been

described [4, 18], including the protection against side

effects of chemotherapy and prevention of cardiovascular

disease and cancer. Chlorogenic acids are regarded as

alternative antioxidants, which may be an alternative for

traditional synthetic antioxidants such as butylated

hydroxyanisole (BHA) and butylated hydroxytoluene

(BHT) [18]. 

Hydroxycinnamic acid conjugates are synthesized by

hydroxycinnamoyl transferase (HCT). The activated form

of hydroxycinnamate (hydroxycinnamoyl-coenzyme A[CoA])

is used as an acyl donor, while quinic acid or shikimic acid

is used as the acyl acceptor [8]. Hydroxycinnamic acid is

derived from phenylalanine or tyrosine, and is a substrate

of HCT. Tyrosine is converted to p-coumaric acid by

tyrosine ammonia lyase (TAL). Subsequent hydroxylation

and O-methylation lead to the formation of caffeic acid,

ferulic acid, and sinapicic acid [19]. Before conjugation

with acyl acceptors, hydroxycinnamic acids are activated

by the attachment of CoA via 4-coumarate:CoA ligase (4CL).

The pathway from tyrosine to hydroxycinnamoyl-CoA

biosynthesis is well characterized in plants [19, 20], and has
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Chlorogenic acid and hydroxylcinnamoyl shikimates are major dietary phenolics as well as

antioxidants, with recently discovered biological, activities including protection against

chemotheraphy side effects and prevention of cardiovascular disease and cancer. Certain

fruits and vegetables produce these compounds, although a microbial system can also be

utilized for synthesis of chlorogenic acid and hydroxylcinnamoyl shikimates. In this study, we

engineered Escherichia coli to produce chlorogenic acid and p-coumaroyl shikimates from

glucose. For the synthesis of chlorogenic acid, two E. coli strains were used; one strain for the

synthesis of caffeic acid from glucose and the other strain for the synthesis of chlorogenic acid

from caffeic acid and quinic acid. The final yield of chlorogenic acid using this approach was

approximately 78 mg/l. To synthesize p-coumaroyl shikimates, wild-type E. coli as well as

several mutants were tested. Mutant E. coli carrying deletions in three genes (tyrR, pheA, and

aroL) produced 236 mg/l of p-coumaroyl shikimates.
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been introduced in Escherichia coli for the synthesis of

hydroxycinnamic acids using E. coli strains that overproduce

tyrosine [9, 13, 21]. The other substrate, either quinic acid

or shikimic acid, is an intermediate in the shikimic acid

pathway, leading to the synthesis of aromatic amino acids.

Quinic acid is synthesized from a shikimate pathway

intermediate, 3-dehyroquinate, by quinate dehydrogenase

[14]. In E. coli, most of the 3-dehydroquinate is converted

into 3-dehydroshikimate, and only a limited amount of 3-

dehydroquinate is converted into quinic acid. Only small

amounts of chlorogenic acid are therefore produced from

caffeic acid in wild-type E. coli expressing HCT and 4CL

even after overexpression of quinate dehydrogenase [10].

Thus, to accumulate 3-dehydroquinate, 3-dehydroquinate

dehydratase (AroD), an enzyme that catalyzes the

conversion of 3-dehydroquinate into 3-dehydroshikimate,

was deleted [10], blocking the synthesis of aromatic amino

acids, including tyrosine, phenylalanine, and tryptophan.

It makes it impossible to synthesize p-coumaric acid and

eventually caffeic acid in the aroD deletion mutant. However,

shikimic acid is synthesized from 3-dehydroshikimic acid

and is phosphorylated by either AroK (shikimate kinase I)

or AroL (shikimate kinase II) in E. coli [5]. Mutation of

either aroK or aroL therefore does not prevent the shikimate

pathway, and mutants with a deletion in either aroK or aroL

can synthesize tyrosine, a precursor for p-coumaric acid.

Previously, 450 mg/l of chlorogenic acid and 235 mg/l of

p-coumaroyl shikimates were synthesized from caffeic acid

and p-coumaric acid, respectively, using engineered E. coli

[10]. In this study, we attempted to synthesize hydroxycinnamic

acid conjugates (chlorogenic acid and p-coumaroyl shikimates)

from glucose in E. coli. However, the two substrates for

HCT are synthesized using the shikimate pathway. Since

an aroD deletion has to be made to supply quinic acid, the

chlorogenic acid biosynthesis from glucose was not

possible. In this mutant, the synthesis of tyrosine, which is

a precursor of caffeic acid, was blocked. In order to

circumvent this problem, two different E. coli strains were

used; one strain to synthesize caffeic acid from glucose,

and the other strain to synthesize chlorogenic acid from

caffeic acid. Using this approach, 78 mg/l of chlorogenic

acid was successfully synthesized from glucose. Using a

single mutant that accumulates shikimic acid but does not

block tyrosine biosynthesis, we synthesized p-coumaroyl

shikimates from glucose in E. coli. Using combination of

mutations in various genes, including aroL, aroK, and pheA

in E. coli, up to 236 mg/l of p-coumaroyl shikimates could

be produced.

Materials and Methods

E. coli Strains and Plasmids

For the synthesis of caffeic acid, three genes (aroG (2-dehydro-3-

deoxyphosphoheptonate aldolase, AM946981.2), tyrA (chorismate

mutase/prephenate dehydrogenase, AM946981.2), and SeTAL

(tyrosine amino lyase, DQ357071.1)) were cloned as described

previously [11]. These three genes were subcloned into pAYCDuet

vector (Novagen). Each gene contained an independent T7

promoter and ribosome binding site. The resulting construct was

named pA-aroG-SeTAL-tyrA (Table 1). The HpaBC gene (Z29081) was

cloned from E. coli using genomic DNA as template. Primers were

as the following; 5’-ATGAATTCGATGAAACCAGAAGATTTC

CGC-3’ used as the forward primer and 5’-CATGCGGCCGCT

TAAATCGCAGCTTCCATT-3’ as the reverse primer. EcoRI and

NotI sites (underlined) were inserted into the forward and the

reverse primer, respectively. The resulting PCR product was

sequenced, digested with EcoRI/NotI and subcloned into the

corresponding sites in the pETDuet-1 vector. The resulting

construct was named pE-HpaBC. The E. coli strain for caffeic acid

synthesis was B-TP [11], which contained deletions in both the

tyrR and pheA genes in E. coli BL21(DE3). Strain B-TP was

transformed with pA-aroG-SeTAL-tyrA and pE-HpaBC. The

resulting transformant, B-TP-CA2, was used for the production of

caffeic acid from glucose.

Constructs for the synthesis of chlorogenic acid from caffeic

acid were as previously described [11]. Both hydroxycinnamoyl-

CoA quinate transferase from Nicotiana tobacco (NtHQT) and 4-

coumarate:CoA ligase from Oryza sativa (Os4CL) were subcloned

into pCDFDuet-1 (pC-HQT-Os4CL in Table 1). ydiB, encoding

quinate dehydrogenase from E. coli, was subcloned into the

pETDuet-1 vector (pE-EcydiB in Table 1). B-aroD, in which the

aroD gene was deleted in E. coli BL21(DE3), was used [11]. pC-

NtHQT-Os4CL and pE-EcydiB were transformed into B-aroD (B-

102 in Table 1). 

For the synthesis of p-coumaroyl shikimates from p-coumaric

acid and shikimate, hydroxycinnamate-CoA shikimate transferase

(NtHST) and Os4CL were subcloned into pCDFDuet-1 (pC-

NtHST-Os4CL in Table 1). E. coli strains, B-aroK and B-aroL,

which contain a deletion in shikimate kinase I (aroK) and II (aroL),

respectively, were as previously described [11]. E. coli triple

mutants, B-TPL and B-TPK, were constructed using the Quick and

Easy Conditional Knockout Kit (Gene Bridges, Heidelberg,

Germany) according to the manufacturer’s protocol (Table 1).

Each strain (BL21(DE3), B-aroL, B-aroK, B-TPL, and B-TPK) was

transformed with pA-aroG-SeTAL-tyrA and pC-NtHST-Os4CL

and the transformant was named B-CS, B-aroL-CS, B-aroK-CS, B-

TPL-CS, or B-TPK-CS (Table 1).

Production of Caffeic Acid, Chlorogenic Acid, and p-Coumaroyl

Shikimates

For comparison of the caffeic acid production, strains B-CA1, B-
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CA2, B-TP-CA1, and B-TP-CA2 (Table 1) were grown in LB

containing 50 µg/ml ampicillin and 50 µg/ml chloramphenicol at

37oC for 18 h. Then 500 µl of preculture was inoculated into 50 ml

of LB containing the same antibiotics and grown for 6 h. Cells

were harvested and the cell concentration was adjusted to OD600 =

1 with M9 medium containing 2% glucose, 50 µg/ml ampicillin,

50 µg/ml chloramphenicol, and 1 mM IPTG. Cells were then

cultured for 12 h at 30oC. The production of caffeic acid from each

culture was analyzed using high-performance liquid chromatography

(HPLC, Varian).

For the production of chlorogenic acid, strain B-TP-CA2 was

grown as described above. After cultivation for 10 h, cells were

removed by centrifugation, and the supernatant containing caffeic

acid was used for resuspension of strain B-102. Strain B-102 was

grown in LB containing 50 µg/ml ampicillin and 50 µg/ml

chloramphenicol at 37oC, overnight and then inoculated in 50 ml

of LB containing 50 µg/ml ampicillin and 50 µg/ml chloramphenicol.

After the OD600 reached 0.8, IPTG was added to the final

concentration of 1 mM. The mixture was grown at 18oC for 48 h

with shaking at 180 rpm. Cells were then harvested, resuspended

with culture filtrate from strain B-TP-CA2, and incubated at 30oC.

Chlorogenic acid production was periodically monitored. The

reaction was stopped by boiling for 5 min and the product was

centrifuged for 15 min at 13,000 ×g to remove the cell debris. The

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

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

Plasmids

pACYCDuet P15A ori, Cmr Novagen

pCDFDuet CDF ori, Strr Novagen

pETDuet f1 ori, Ampr Novagen

pGEX 5X-2 pBR322 ori, Ampr GE Healthcare

pA-SeTAL pACYCDuet carrying TAL from Saccharothrix espanaensis [11]

pA-aroG-SeTAL-tyrA pACYCDuet carrying TAL from S. espanaensis, aroG and tyrA from E. coli [11]

pE-HpaBC pEDuet carring HpaBC from E. coli This study

pA-NtHQT-Os4CL pACYCDuet carrying NtHQT from N. tobacco and 4CL from O. sativa [10]

pE-EcydiB pEtDuet carrying ydiB from E. coli [10]

pC-NtHST-Os4CL pCDFDuet carrying NtHST from N. tobacco and 4CL from O. sativa [10]

Strains

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

-) gal dcm lon (DE3) Novagen

B-TP BL21(DE3) ∆tyrR::FRT- ∆PheA::FRT-kanR-FRT [11]

B-CA1 BL21 (DE3) carrying pA-SeTAL and pE-HpaBC This study

B-CA2 BL21 (DE3) carrying pA-aroG-SeTAL-tyrA and pE-HpaBC This study

B-TP-CA1 B-TP carrying pA-SeTAL and pE-HpaBC This study

B-TP-CA2 B-TP carrying pA-aroG-SeTAL-tyrA and pE-HpaBC This study

BaroD BL21(DE3) ∆aroD::FRT-kanR-FRT [10]

B-102 BaroD carrying pA-NtHQT-Os4CL and pE-EcydiB [10]

BaroK BL21(DE3) ∆aroK::FRT-kanR-FRT [10]

BaroL BL21(DE3) ∆aroL::FRT-kanR-FRT [10]

B-TPL BL21(DE3) ∆tyrR::FRT- ∆PheA::FRT-∆aroL::FRTkanR-FRT This study

B-TPK BL21(DE3) ∆tyrR::FRT- ∆PheA::FRT-∆aroK::FRTkanR-FRT This study

B-CS BL21(DE3) harboring pA-aroG-SeTAL-tyrA and pC-NtHST-Os4CL This study

B-aroL-CS B-aroL harboring pA-aroG-SeTAL-tyrA and pC-NtHST-Os4CL This study

B-aroK-CS B-aroK harboring pA-aroG-SeTAL-tyrA and pC-NtHST-Os4CL This study

B-TPL-CS B-TPL harboring pA-aroG-SeTAL-tyrA and pC-NtHST-Os4CL This study

B-TPK-CS B-TPK harboring pA-aroG-SeTAL-tyrA and pC-NtHST-Os4CL This study
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Fig. 1. Schemas of the biosynthesis of caffeic acid, chlorogenic acod, and p-coumaroyl-shikimates using E. coli.

(A) Illustration of the biosynthesis of chlorogenic acid using two engineered Escherichia coli strains. The first E. coli strain was engineered to

synthesize caffeic acid and the second strain to synthesize chlorogenic acid. (B) Synthesis of p-coumaroyl-shikimates from glucose using

engineered E. coli.
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supernatant was analyzed using HPLC.

For the production of p-coumaroyl shikimates, an overnight

culture of E. coli strain B-CS, B-aroL-CS, B-aroK-CS, B-TPL-CS, or

B-TPK-CS was inoculated in LB containing 50 µg/ml spectinimycin

and 50 µg/ml chloramphenicol, and grown until the OD600 reached

1. The cells were harvested, resuspended in M9 containing 2%

glucose, 50 µg/ml spectinimycin, 50 µg/ml chloramphenicol, and

1 mM IPTG, and incubated at 30oC for 48 h with shaking at

180 rpm. The reaction product was extracted with two volume of

ethylacetate. The supernatant was dried and dissolved with

dimethylsulfoxide (DMSO).

Analysis of metabolites was performed using HPLC as described

previously [11]. The mean and standard error of the mean were

calculated from triplicate experiments. An analysis of variance

(ANOVA) was carried out with Tukey’s test of the pairwise

comparisons of the experimental strains with a significance level of

p = 0.01, using Excel 2010 (Microsoft Corp., Redmond, WA, USA).

Results and Discussion

Production of Chlorogenic Acid from Glucose in E. coli

Chlorogenic acid is a conjugate of caffeic acid and quinic

acid. Two E. coli strains were used to produce chlorogenic

acid; one E. coli strain synthesized caffeic acid from

glucose, and the other strain was designed to synthesize

chlorogenic acid using caffeic acid synthesized by the first

E. coli strain (Fig. 1A). Using B-CA1, which contains two

genes, TAL and HpaBC (Fig. 1A), the production of caffeic

acid was examined. As shown in Fig. 2A-3, a new peak at

5.3 min was observed with the same HPLC retention time

as caffeic acid. In addition, MS/MS data showed a similar

fragmentation pattern between the reaction product and

caffeic acid. We also detected p-coumaric acid (a peak at

6.5 min in Fig. 2A-3). However, E. coli harboring empty

vectors did not make any product (Fig. 2A).

Both aroG and tyrA were overexpressed to increase the

production of tyrosine, as it serves as a precursor of caffeic

acid. AroG utilizes phosphoenolpyruvate and erythrose 4-

phosphate as substrates to produce 3-deoxy-D-arabino-

heptulosonate 7-phosphate, the first molecule in the

shikimate pathway. Overexpression of tyrA leads to the

increased production of 4-hydroxyphenylpyruvate, a

precursor of tyrosine. Strain B-CA2 expressing aroG and

tyrA produced approximately 39 mg/l, whereas strain

B-CA1 produced approximately 16 mg/l, indicating that

the amount of tyrosine is important for the production of

caffeic acid. We also used an E. coli mutant strain B-TP

Fig. 1. Continued.
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(Table 1), in which two genes, tyrR and pheA, were deleted.

This strain was transformed with pA-SeTAL and pE-

HpaBC or pA-aroG-SeTAL-tyrA and pE-HpaBC. The resulting

strains were named B-TP-CA1 and B-TP-CA2, respectively

(Table 1). B-TP-CA1 produced 32 mg/l of caffeic acid and

B-TP-CA2 produced 54 mg/l (Fig. 2B). Therefore, strain

B-TP-CA2 was chosen as the optimal strain for the

production of caffeic acid and used for further studies. We

also monitored the production of caffeic acid in strain B-

TP-CA for 30 h. A maximal production of 341 mg/l of

caffeic acid was achieved at 24 h growth, with a decrease in

production observed after 24 h (Fig. 2C).

Fig. 2. Analysis of the caffeic acid produced by different engineered strains of E. coli.

(A) Analysis of Escherichia coli strain B-CA1 caffeic acid production using HPLC. 1, Culture of E. coli harboring empty vectors; 2, standard caffeic

acid. (Inset is the MS/MS profile of caffeic acid.); 3, culture of strain B-CA1. (Inset is the MS/MS profile of the reaction product.) The MS analysis

was done in negative electrospray ionization (ESI-) mode. (B) Production of caffeic acid in various E. coli strains. 1, Strain B-CA1; 2, strain B-TP-

CA1; 3, strain B-CA2; 4, strain B-TP-CA2. (C) Production of caffeic acid using strain B-TP-CA2.
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Two E. coli strains were employed to produce chlorogenic

acid. The first strain, B-TP-CA2, was used for the production

of caffeic acid. To determine the optimal concentration of

caffeic acid on the production of chlorogenic acid, we

harvested B-TP-CA2 culture filtrate at 6, 9, and 12 h. The

caffeic acid concentration was 30 mg/l at 6 h, 48 mg/l at

9 h, and 54 mg/l at 12 h. Strain B-102 (Table 1), which was

used for the production of chlorogenic acid from caffeic

acid, was resuspended with each culture filtrate and the

resulting mixture was cultured for 24 h. Caffeic acid was

fully converted to chlorogenic acid in B-102 resuspended

with 6 h culture filtrate. In the culture with B-102 resuspended

with 9 or 12 h culture filtrate, caffeic acid was still present

but more chlorogenic acid was produced in B-102 cultivated

with 9 h culture filtrate. The higher concentration of caffeic

acid likely inhibited the production of chlorogenic acid. B-

TP-CA2 with 9 h culture filtrate was used to produce

chlorogenic acid with B-102 as it is likely that unknown

metabolite(s) from the culture filtrate of B-TP-CA2 would

influence the production of chlorogenic acid and the

concentration of the metabolites would increase as cells

grow. At 9 h, approximately 54 mg/l caffeic acid was

synthesized. The culture filtrate was used to resuspend

B-102 to an OD600 of 3. Strain B-102, in which aroD was

deleted, accumulated higher levels of quinic acid and/or

dehydroquinic acid and was used to produce chlorogenic

acid from caffeic acid [10]. The cells were cultured and

the production of chlorogenic acid was monitored. The

chlorogenic acid synthesis rapidly increased until 33 h and

reached a maximal at 45 h, at which approximately 78 mg/l

of chlorogenic acid was produced (Fig. 3). 

Production of p-Coumaroyl Shikimates from Glucose Using

E. coli

Next, we synthesized p-coumaroyl shikimates from

glucose using E. coli. Shikimic acid and p-coumaric acid are

needed to synthesize p-coumaroyl shikimates (Fig. 1B).

Therefore, modulation of the quantities of p-coumaric acid

and shikimic acid in E. coli is necessary. The amount of

shikimate in E. coli was increased by deletion of either aroL

or aroK, both of which encode enzymes catalyzing the

conversion of shikimate to shikimate 3-phosphate [2, 12].

To increase the supply of p-coumaric acid, increased

cellular tyrosine was necessary. Previous studies showed

that deletion of both tryR and pheA led to increased

tyrosine [15]. Therefore, we tested four mutants (BaroL,

Fig. 3. Production of chlorogenic acid using two E. coli strains.

Strain B-TP-CA2 was used for the production of caffeic acid for 9 h

and strain B-102 was then used to produce chlorogenic acid.

Fig. 4. Production of p-coumaroyl shikimates by engineered

E. coli strains.

(A) Production of p-coumaroyl shikimates using different E. coli strains.

(B) Production of p-coumaroyl shikimates using B-TPL-CS. Product 1, 5-

p-coumaroyl shikimate; product 2, 3,4-di-p-coumaroyl shikimate;

product 3, 3,5-di-p-coumaroyl shikimate; and product 4, 4,5-di-p-

coumaroyl shikimate.
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BaroK, B-TPL, and B-TPK in Table 1) for the production of

p-coumaroyl shikimates. After incubation for 48 h, p-

coumaroyl shikimates production was measured. Our

previous study showed that the four reaction products

were 5-p-coumaroyl shikimate (P1), 3,4-di-p-coumaroyl

shikimate (P2), 3,5-di-p-coumaroyl shikimate (P3), and 4,4-

di-p-coumaroyl shikimate (P4) [10]. B-aroL-CS produced

204.7 mg/l p-coumaroyl shikimates, which was greater

than that by BaroK-CS (194.7 mg/l). B-TPL-CS produced

236.0 mg/l and B-TPK-CS produced 221.3 mg/l (Fig. 4A).

Thus, strain B-TPL was the most effective among the tested

strains for the production of p-coumaroyl shikimates. 

Using B-TPL-CS, the production of p-coumaroyl shikimates

was monitored for 48 h. Di-p-coumaroyl shikimates (3,4-di-

p-coumaroyl shikimate, 3,5-di-p-coumaroyl shikimate, and

4,4-di-p-coumaroyl shikimate) were rapidly produced

whereas mono-p-coumaroyl shikimate was not observed

until 9 h of incubation. After 9 h, production of di-p-

coumaroyl shikimates was almost to saturation and

production slowed. However, mono-p-coumaroyl shikimate

production continued to increase until 33 h. The final yield

of p-coumaroyl shikimates was approximately 236 mg/l at

48 h (Fig. 4B), but after 48 h, total synthesized p-coumaroyl

shikimates decreased slightly. 

We successfully synthesized chlorogenic acid and p-

coumaroyl shikimates from glucose in engineered E. coli.

This is the first report that shows the biological synthesis of

chlorogenic acid and p-coumaroyl shikimates from glucose.

The price of glucose is much cheaper than that of

hydroxycinnamic acids such as caffeic acid and p-coumaric

acid. Therefore, it had advantages to the previous study, in

which chlorogenic acid and p-coumaroyl shikimates were

synthesized from hydroxycinnamic acids [10]. The final

yield of chlorogenic acid was approximately 78 mg/l,

which was much less than that produced by feeding caffeic

acid (450 mg/l) [10]. The low yield is likely due to the fact

that two E. coli strains were used, and the higher

concentration of caffeic acid produced by the first E. coli

strain may have inhibited the production of chlorogenic

acid. However, the yield of p-coumaroyl shikimate was

comparable with that produced by feeding p-coumaric

acid, due to the further catalyzation of AroK or AorL.

Deletion of either aroK or aroL did not affect the production

of tyrosine, which is a precursor of p-coumaric acid.

Additionally, engineering of the shikimic acid pathway

increased the tyrosine supply for the synthesis of p-

coumaric acid.

The yield of chlorogenic acid synthesized from glucose

was lower than from caffeic acid; however, this yield is still

important because the price of caffeic acid is higher than

that of glucose. Other groups have also reported the

production of caffeic acid in E. coli [9, 13, 21]. The yield in

each study ranged from 50-150 mg/l, which is much less

than that observed in this study (341 mg/l). The difference

in tyrosine levels in each E. coli strain used in each study

may be associated with the final yield of caffeic acid,

although the highest tyrosine production did not give the

highest yield of caffeic acid. Therefore, a metabolic balance

between tyrosine biosynthesis and caffeic acid is crucial for

a greater production of caffeic acid. 
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