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Abstract Protocatechuic acid (3,4-dihydroxybenzoic acid;
PCA) serves as a building block for polymers and pharmaceu-
ticals. In this study, the biosynthetic pathway for PCA from
glucose was engineered inCorynebacterium glutamicum. The
pathway to PCA-employed elements of the chorismate path-
way by using chorismate-pyruvate lyase (CPL) and 4-
hydroxybenzoate hydroxylase (4-HBA hydroxylase). As
C. glutamicum has the potential to synthesize the aromatic
amino acid intermediate chorismate and possesses 4-HBA
hydroxylase, we focused on expressing Escherichia coli
CPL in a phenylalanine-producing strain of C. glutamicum
ATCC21420. To secrete PCA, the gene (ubiC) encoding
CPL from E. coli was expressed in C. glutamicum ATCC
21420 (strain F(UbiC)). The formation of 28.8 mg/L of

extracellular 4-HBA (36 h) and 213±29 mg/L of extracellular
PCA (80 h) was obtained by theC. glutamicum strain F(UbiC)
from glucose. The strain ATCC21420 was also found to pro-
duce extracellular PCA. PCA fermentation was performed
using C. glutamicum strain F(UbiC) in a bioreactor at the
optimized pH of 7.5. C. glutamicum F(UbiC) produced 615
±2.1 mg/L of PCA from 50 g/L of glucose after 72 h. Further,
fed-batch fermentation of PCA by C. glutamicum F(UbiC)
was performed with feedings of glucose every 24 h. The max-
imum production of PCA (1140.0±11.6 mg/L) was achieved
when 117.0 g/L of glucose was added over 96 h of fed-batch
fermentation.
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Introduction

Petroleum resources are decreasing yearly, and a sustainable
supply of chemicals, fuels, and materials is essential to
protecting the global climate and avoiding detrimental chang-
es to the environment. Biorefining represents a promising ap-
proach for producing building blocks of fuels, chemicals, and
bioplastics through microbial fermentation (Hasunuma et al.
2013). Sustainable, so-called green chemistry is desired by the
chemical industry as well (US Department of Energy 2004;
OECD 2009). Aromatic compounds serve as precursors and
scaffold chemicals for synthesizing plastics and fibers, and
most are produced using petroleum components. In order to
preserve petroleum fuels, and avoid the release of excess CO2

to the environment, β-phenyllactic acid (Fujita et al. 2013),
p-hydroxycinnamic acid (Kawai et al. 2013), and cinnamic
acid (Noda et al. 2011) are microbially synthesized as building
blocks for polymers.
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Protocatechuic acid (3,4-dihydroxybenzoic acid; PCA) is a
new building block for synthesizing polymer and plastics. The
composite polymer of PCA and aniline functions as an elec-
trode with a good electrochemical activity (Sun et al. 1998).
The isomer, 2,4-dihydroxybenzoic acid, is also composed of
core-shell polymer aerogels (Carrott et al. 2012) and carbon
aerogels containing metals (Carrott et al. 2010). A variety of
bioplastics can be synthesized from PCA, which is produced
from sugar by recombinant microorganisms. PCA is
contained in fruits and vegetables and has the potential to be
used in pharmaceuticals and functional foods. Recently, PCA
has been recognized for its biological activities that are likely
responsible for prevention of some chronic-degenerative, car-
diovascular, and neurodegenerative diseases (Masella et al.
2012). The pharmacological properties of PCA include its
antioxidant, antiaging, anticancer, and antifibrotic activities.
PCA also is known to possess antibacterial and antiviral ac-
tivities (Kakkar and Bais 2014).

PCA is synthesized by several species of Bacillus, includ-
ing Bacillus cereus, Bacillus anthracis from siderophore
(Wilson et al. 2006; Garner et al. 2004), and Bacillus
thuringiensis (Williams et al. 2012). Bacillus thuringiensis
ATCC33679 excretes PCA under iron-restricted conditions
(Williams et al. 2012; Garner et al. 2004). However, the yields
of secreted PCA from Bacillus species are not sufficient to act
as polymer building blocks or pharmaceuticals. Therefore, we
focused on producing PCA from sugar via the chorismate
pathway, which functions to synthesize aromatic amino acids,
by increasing the amount of the precursor 4-hydroxybenzoic
acid (4-HBA) via expression of the chorismate-pyruvate lyase
(CPL; EC 4.1.3.40) in an aromatic amino acid-producing
strain of Corynebacterium glutamicum (Fig. 1).

Corynebacterium glutamicum is a non-pathogenic, non-
sporulating, non-motile, Gram-positive soil bacterium belonging
to the order Actinomycetales, which includes species of
Corynebacterium, Nocardia, Rhodococci, and other related mi-
croorganisms (George 2001). C. glutamicum is an important

industrial microorganism because of its high production of glu-
tamate and amino acids, which are widely used in medicine,
animal feed, and food supplements (Leuchtenberger et al.
2005; Hermann 2003). Genetically engineered strains of
C. glutamicum are also superior for producing various kinds of
organic compounds, including succinic acid as a polymer build-
ing block (Okino et al. 2008a), L-lactic acid (Okino et al. 2005)
and D-lactic acid (Okino et al. 2008b) for poly lactic acid pro-
duction, putrescine as a component of bio-based nylon-4,6
(Schneider and Wendisch 2010), cadaverine as a component of
bio-based nylon-5,n (Tateno et al. 2009), and gamma-
aminobutyric acid as a component of bio-based nylon-4
(Takahashi et al. 2012; Okai et al. 2014).

C. glutamicum is able to grow on PCA as a carbon source
(Merkens et al. 2005; Shen and Liu 2005). PCA is catabolized
into acetyl-CoA and succinyl-CoA through the β-ketoadipate
pathway in C. glutamicum (Fig. S1). The gene sets for PCA
catabolism (pobApcaK, pcaHGBC, pcaIJ, pcaRFDG) are con-
served in the genome sequence of C. glutamicum-type strain
ATCC13032 (Brinkrolf et al. 2006). As the gene for 4-HBA
hydroxylase (pobAcg;ncgl1032), which catalyzes the conversion
of 4-HBA to PCA, functions in C. glutamicum (Huang et al.
2008), PCA will be produced from sugar when chorismate is
sequentially converted to 4-HBA in C. glutamicum.

CPL catalyzes the pyruvate-eliminating reaction of the C3-
position of chorismate to produce 4-HB (Siebert et al. 1994)
(Fig. 1). The genes encoding CPL were cloned from
Escherichia coli (Nichols and Green 1992), Mycobacterium
tuberculosis (Stadthagen et al. 2005), Xanthomonas
campestris pv. campestris (Zhou et al. 2013b), and
Xanthomonas oryzae pv. oryzae (Zhou et al. 2013a). In
E. coli, 4-HBA is an intermediate in ubiquinone biosynthesis
and CPL UbiC catalyzes the first reaction from chorismate
(Nichols and Green 1992). Extracellular 4-HBA is formed
by an ubiC-overexpressed strain of E. coli (Siebert et al.
1994) .

Herein we show that C. glutamicum expressing ubiC from
E. coli can produce extracellular PCA from glucose. An aro-
matic amino acid-producing strain of C. glutamicum
(ATCC21420) was found to be a suitable host for PCA pro-
duction. The fermentation condition using C. glutamicum
(ATCC21420) expressing ubiCwas optimized in a bioreactor,
and fed-batch fermentation of PCA from glucose was
achieved by this strain.

Materials and methods

Microorganisms

The bacterial strains and plasmids used in this study are listed
in Table 1. Escherichia coli strains were grown in Luria–
Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract,
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Fig. 1 Production of PCA from glucose by recombinant C. glutamicum.
Enzymatic reactions catalyzed by chorismate-pyruvate lyase from E. coli
and 4-HBA hydroxylase are designed in C. glutamicum
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and 5 g/L sodium chloride) containing 50 μg/mL kanamycin
at 37 °C. A phenylalanine producing C. glutamicum strain
ATCC 21420 (Brevibacterium lactofermentum strain AJ-
3245 (Okumura et al. 1972), derived from C. glutamicum
ATCC13869) was acquired from the American Type Culture
Collection (ATCC). C. glutamicum ATCC 13032,
C. glutamicumATCC 21420, and all recombinant strains were
grown in brain–heart infusion (BHI) medium (Becton,
Dickinson and Co., Franklin Lakes, NJ, USA). For the selec-
tion of C. glutamicum transformants, BHI medium supple-
mented with 25 μg/mL kanamycin (Km) and 1.5 % agar
was used. The C. glutamicum transformants were
precultivated in 5-mL BHI medium containing 25 μg/mL
Km in a test tube for 24 h at 30 °C.

Molecular genetic procedures

The genomic sequence of C. glutamicum ATCC 13032 was
searched using the genome database of the NCBI (http://www.
ncbi.nlm.nih.gov/genome/) and the BLASTserver. All genetic
manipulations were performed using E. coli SCS110 to avoid
DNA methylations, and polymerase chain reactions (PCRs)
were conducted using KOD-plus2 DNA polymerase (Toyobo,
Osaka, Japan). C. glutamicum–E. coli shuttle vectors with the
high constitutive expression (HCE) promoter, pCH, were con-
structed as reported in our previous study (Tateno et al. 2007).
Plasmid DNAs were purified using the Viogene Mini Plus
Plasmid DNA Extraction System (Viogene-BioTek
Corporation, Taipei Hsin, Taiwan). Genomic DNA from E.
coli W3110 grown in LB medium was purified using the
Wizard Genomic DNA Purification Kit (Promega, Madison,
WI, USA). The CPL gene, ubiC (GeneBank Accession no.

X57434), from E. coli was amplified by PCR from the geno-
mic DNA of E. coliW3110 using the following primer pairs:
E c o RV - u b i C - E c o - F 1 ( 5 ′ - A AT T G ATAT C
ATGTCACACCCCGCGTTAACG-3′, EcoRV restriction site
i s u n d e r l i n e d ) a n d S a l I - u b i C - E c o - R 1 ( 5 ′ -
AATTGTCGACTTATTAGTACAACGGTGACGCCGG-3′,
SalI restriction site is underlined). The amplified DNA frag-
ment was purified from a 1.0 % agarose gel using the Wizard
SV Gel and PCR Clean-Up System (Promega) after gel elec-
trophoresis. The purified 498-bp ubiC fragment was digested
with EcoRVand SalI (New England Biolabs, MA, USA) and
was cloned into pCH to yield pCH-ubiC. DNA sequences
were determined using an ABI PRISM 3130xl Genetic
Analyzer (Life Technologies, Carlsbad, CA, USA) to confirm
the identities and functionalities of the constructs.

The constructed plasmid pCH-ubiC or pCH as a control
was individually introduced into C. glutamicum ATCC
21420 and C. glutamicum ATCC 13032. The transformation
was conducted by electroporation with a 2.5-kV, 200-μF
electric pulse in a 0.2-cm cuvette using a Gene Pulser
Xcell (Bio-Rad, Richmond, CA, USA), followed by a heat
shock of 46 °C for 6 min. The cells were then incubated in
1-mL BHI medium at 30 °C for 1.5 h. C. glutamicum
transformants were selected on BHI agar plates containing
25 μg/mL of Km, and the presence of the ubiC was con-
firmed by cell-directed PCR using KOD FX. The resultant
strains, C. glutamicum ATCC21420 (pCH-ubiC), and
C. glutamicum ATCC21420 (pCH), were designed as strains
F(UbiC) and F. C. glutamicum ATCC13032 (pCH-ubiC)
was designed as C. glutamicum W(UbiC). C. glutamicum
W, pCH-harboring C. glutamicum ATCC13032, was con-
structed in our previous study.

Table 1 Bacterial strains and plasmids

Bacterial strains or plasmids Relevant characteristics Reference or source

E. coli

SCS110 rpsL (Strr) thr leu endA thi-l lacY galK galT ara tonA tsx dam dcm Stratagene
supE44Δ (lac-proAB) [F'traD36 proAB laclqZΔM15]

Novablue endA1 hsdR17 (rK- mK+) supE44 thi-1 gyrA96 relA1 lac recA1/F' Novagen
[proAB+ lac Iq Z ΔM15 Tn10(tetr)]

W3110 Wild-type

C. glutamicum

ATCC 13032 Wild-type C. glutamicum, biotin-auxotrophic, L-glutamate producing strain ATCC

W Wild-type C. glutamicum derivative harboring pCH Takahashi et al 2012

W(UbiC) Wild-type C. glutamicum derivative harboring pCH-ubiC This study

ATCC 21420 C. glutamicum, L-phenylalanine producing strain ATCC

F C. glutamicum ATCC 21420 derivative harboring pCH This study

F(UbiC) C. glutamicum ATCC 21420 derivative harboring pCH-ubiC This study

Plasmids

pCH E. coli-C. glutamicum shuttle vector with HCE promoter, Kmr Tateno et al 2007

pCH-ubiC pCH containing ubiC from E. coli W3110, Kmr This study
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Culture for production of 4-hydroxybenzoic acid
and protocatechuic acid by recombinant Corynebacterium
strains in a flask

Corynebacterium glutamicum F(UbiC) and F, C. glutamicum
W(UbiC) and W were separately cultured at 30 °C in a test
tube in 5 mL of BHI medium containing 25 μg/mL of kana-
mycin and agitated at 180 rpm for 24 h. A starter-culture
suspension (5 mL) was added to 500 mL of AY medium
containing 25 μg/mL of Km and 40 g/L of glucose in a 3-L
shaker (Sakaguchi) flask. The composition of the AYmedium
was modified by adding 2 g of yeast extract from the AR
medium (Kurusu et al. 1990). Fermentation was performed
at 30 °C with agitation at 180 rpm in a BioShaker G BR-
200 (TAITEC, Japan). Throughout the 80 h of culture, 1 mL
was collected every 24 h, centrifuged at 9000×g for 5 min at
4 °C and filtered through a Whatman Mini-UniPrep
Syr ingeless Fi l te r Device (GE Heal thcare Ltd . ,
Buckinghamshire, UK). OD600 was monitored when each
aliquot of culture was removed.

RNA extraction and qRT-PCR analysis

Corynebacterium glutamicum strains F(UbiC) and F were
separately cultured in 50 mL of AY medium supplemented
with 50 g/L glucose in 500-mL shaker flasks. Fermentation
was performed at 30 °C for 72 h with an agitation speed of
200 rpm. After every 24 h of fermentation, a 5-mL aliquot of
culture was centrifuged at 8000×g for 10 min, washed with
RNA Protect Bacteria Reagent (QIAGEN, Germany), and
then resuspended in 0.7 mL of RLT buffer (QIAGEN).
Glass beads (0.7 g per tube; 0.1 mm diameter; Yasui KIKAI,
Osaka) were added to each sample and the cells were
disrupted using a Shake Master Neo (Bio Medical Sciences,
Tokyo, Japan) by shaking three times at 1500×g for 1 min at 1-
min intervals. Following centrifugation at 9000×g for 5 min,
the supernatants from the cells of strains F(UbiC) and F were
subjected to total RNA extraction using an RNeasy Mini Kit
(QIAGEN).

For quantitative reverse transcription-PCR (qRT-PCR)
analysis, RNA-direct SYBR Green real-time PCR Master
Mix (Toyobo) was used. A 100-ng aliquot of total RNAwas
used in 10-μL reaction mixtures for the amplification of ubiC,
while 1 ng of total RNAwas used for the amplification of the
16S ribosomal RNA (rRNA) gene. Oligonucleotide primers
used for qRT-PCR analysis are shown in Table S1. Primers
ubiC-100-F and ubiC-378-R were used for the amplification
of ubiC, and primers Cg16S-F1 and Cg16S-R1 were used to
amplify the 16S rRNA gene. qRT-PCR was performed using
Stratagene Mx3000P (Agilent Technologies, CA, USA). The
cycle parameters were as follows: one cycle of 96 °C for 30 s,
61 °C for 20 min, and 95 °C for 30 s, followed by 45 cycles of
95 °C for 15 s, 55 °C for 15 s, and 74 °C for 30 s. The relative

abundance of the target messenger RNA (mRNA) was quan-
tified based on cycle threshold values. To standardize the re-
sults, the relative abundance of 16S rRNA was used as the
internal standard. The mRNA levels of ubiC at 24, 48, and
72 h post-inoculation were quantified by qRT-PCR analysis,
and are presented relative to the value obtained at 24 h of
cultivation.

Culture, preparation of subcellular fractions, and CPL
activity assay

Corynebacterium glutamicum strains FUbiC and F were sep-
arately cultured in 50 mL of AY medium containing 50 g/L
glucose and 25 μg/mL Km in 500-mL shaker flasks.
Fermentation was performed at 30 °C for 72 h with an agita-
tion speed of 200 rpm. A 10-mL aliquot of culture was re-
moved every 24 h and centrifuged at 8000×g for 10 min at
4 °C. The resulting cell pellet was washed twice with 50 mM
Tris–HCl (pH 7.5), resuspended in 0.7 mL of the same buffer,
and then 0.7 g of glass beads were added to the tube. The cells
were disrupted as described earlier, and then centrifuged at
9000×g for 5 min. The supernatants (cytoplasmic fractions)
were used for the CPL activity assay. Protein concentrations
were determined by Bradford assay (Bradford 1976) using
bovine serum albumin as the standard.

CPL activity was assayed using a coupled assay protocol as
described by Siebert et al. (Siebert et al. 1994). Pyruvate, a
product of the CPL reaction, was coupled with the NADH
oxidation in a second reaction by lactate dehydrogenase.
The reactants used in the assay were as follows: 500 μM
chorismate from Enterobacter aerogenes (Sigma-Aldrich, St.
Louis, MI, USA), 5 U/mL L-lactate dehydrogenase from
chicken heart (Oriental Yeast Co., Tokyo, Japan), 200 μM
NADH, and 200 mM NaCl in 50 mM Tris–HCl (pH 7.5). A
10-μg aliquot of each of the cytoplasmic fractions from
C. glutamicum strains F(UbiC) and F were added to 0.1 mL
of the reaction mixture. Control reaction mixtures were pre-
pared without chorismate. The reactions were performed at
37 °C for 10 min. The decrease of absorbance at 340 nm
was measured using an Envision 2104 Multiplate Reader
(PerkinElmer, Inc., Waltham, MA, USA).

Production of PCA from glucose by recombinant
C. glutamicum strains in a bioreactor

Corynebacterium glutamicum F(UbiC) and F were separately
cultured at 30 °C in a test tube in 5 mL of BHI medium
containing 25 μg/mL of Km and agitated at 180 rpm for
24 h. A starter culture suspension (4 mL) was added to
400 mL of BY medium containing Km in a 1-L baffled flask
for 24 h. The pH of the BY medium was not adjusted. Flask
cultivation was performed at 30 °C with an agitation speed of
180 rpm in a BioShaker (G-BR-200). After 24 h, 2 g of each
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of the cells was collected by centrifugation at 8000×g for
10 min using a refrigerated centrifuge (model 7780)
(Kubota, Tokyo, Japan), dissolved in 5 mL of Y medium,
and transferred to 100 mL of Y medium (2 % wet cell weight)
containing Km. PCA fermentation was performed in A 100
Ml bioreactor in a 250-mL vessel (BioJr 8 Microbio; ABLE
Corp., Tokyo, Japan). The 50 g/L of glucose was added to
the 100 mL of Y medium, and the fermentation was per-
formed at an agitation speed of 400 rpm for 72 h. The com-
position of the Y medium was 10 g peptone, 5 g yeast extract,
5 g sodium chloride, 0.2 mg biotin, and 0.2 mg thiamine, per
liter. The pH was maintained at 6.0, 7.0, and 7.5 in the medi-
um by feeding an ammonium solution, and the fermentation
was performed for 72 h. For the PCA production from glu-
cose, the aeration rate was set at 0.2 vvm, and the pH was
maintained at 7.5 during the fermentation. Throughout the
culture, 1 mL was collected every 24 h, centrifuged at
9000×g for 5 min at 4 °C, and filtered.

Analysis of PCA production and sugar consumption

The concentrations of PCA and 4-HBA in the culture super-
natants were analyzed using a Prominence high-performance
liquid chromatography system (HPLC) (Shimadzu, Kyoto,
Japan) equipped with a Cosmosil Cholester column (5 μm,
150 mm×4.6 mm I.D.; Nacalai Tesque, Kyoto, Japan). The
mobile phase (20 % methanol [v/v] containing 0.1 % formate
[v/v]) was delivered at 1.0 mL/min, and the column was main-
tained at 30 °C. PCA and 4-HBA (Wako Chemicals, Japan)
(0.1–1.0 mM) served as standards. The absorbance at 254 nm
of PCA and 4-HBA was monitored using a UV Detector
SPD20A (Shimadzu). Glucose was analyzed using a
Prominence HPLC System equipped with an SPR-Pb column
(0.5 μm, 250 mm×4.0 mm I.D., Shimadzu). Water was used
as the mobile phase and was delivered at 0.6 mL/min to the
column maintained at 80 °C. Elution of glucose was moni-
tored using an RID-10A refractometer (Shimadzu).

Mass spectrometry

Corynebacterium glutamicum F(UbiC) was cultured in AY
medium containing 50 g/L of glucose and 25 μg/ml of kana-
mycin for 3 days (80 h) at 30 °C in a test tube agitated at
180 rpm. Aromatic compounds in the supernatant were sepa-
rated using the HPLC system described above. The peak frac-
tion (0.5 mL) eluting at 6.4 min from the Cosmosil Cholester
column was collected in a tube, dried using a CentriVap
Concentrator (Labconco Corporation, Kansas City, MO,
USA), and dissolved in 100 μL of Milli-Q water.

Dihydroxybenzoic acids were analyzed using a liquid chro-
matography–triple quadrupole mass spectrometry (LC-QqQ-
MS) system (LC, 1260 Infinity; MS, Agilent Technologies
6460 Triple Quad LC/MS; Agilent Technologies) controlled

with MassHunter Data Collection software version 04.01
(Agilent Technologies). The aromatic compounds from the
supernatant were analyzed using an LC 1260 Infinity
System equipped with a Cosmosil Cholester column (5 μm,
100 mm×2 mm I.D., Nacalai Tesque). The column was equil-
ibrated with 20 %methanol (v/v) containing 0.1 % formate (v/
v) delivered at 0.3 mL/min at 30 °C. PCA (3,4-DHBA); 2,3-
dihydroxybenzoic acid (2,3-DHBA); 2,4-dihydroxybenzoic
acid (2,4-DHBA); and 2,5-dihydroxybenzoic acid (2,5-
DHBA) (1 μL, 10 μM each) served as standards. Mass spec-
trometry was performed using a 6460 Triple Quad LC/MS set
to negative-ion scan mode at a capillary voltage of 4000 V.
The temperature of the electrospray ionization gas was
350 °C, and the nebulizer gas flowed at 10 L/min at 50 psi.
Other conditions were as follows: fragmentor voltage 120 V;
sheath gas 400 °C; sheath-gas flow rate 12 L/min; and nozzle
voltage 1000 V. The total ion chromatogram was monitored
throughout the analysis. The peak areas were determined
using MassHunter Qualitative Analysis version B.05.00
(Agilent Technologies).

Fed-batch production of PCA from glucose
by C. glutamicum strains

To increase secreted PCA from glucose, fed-batch cultivation
of C. glutamicum F(UbiC) was performed for 120 h).
C. glutamicum F(UbiC) and C. glutamicum F were cultivated
in BY medium in a flask for 24 h, collected by centrifugation,
and harvested in the bioreactor (MiniJar8 microbio). The cells
(wet wt 2 g) were collected and transferred to 80 mL of Y
medium in 250-mL vessels. The fermentation was started with
an agitation speed of 400 rpm at 30 °C by adding 50 g/L of
glucose. The aeration speed in the bioreactors was set at
0.2 vvm, and the pH of the medium was maintained at pH
7.5 throughout the fermentation. The initial concentration of
glucose was 50 g/L, and an extra 25 g/L of glucose was fed to
each reactor at 24, 48, and 72 h of cultivation. Extracellular
PCA and glucose were assayed as described above.

Results

Expression of the ubiC gene in C. glutamicum

The pathway for producing PCA from sugar inC. glutamicum
was designed as shown in Fig. 1. The BLAST search showed
that the CPL gene, the first enzyme involved in synthesizing
PCA from chorismate, was not conserved in C. glutamicum.
On the other hand, the gene set required for PCA catabolism
(pobApcaK;_ncgl1032-1031, pcaHGBC; ncgl2315-2305,
pcaIJ; ncgl2307-23066, pcaRFDG;_ncgl2308-2311) is con-
served in C. glutamicum ATCC13032. PCA is converted into
acetyl-CoA and succinyl-CoA through the β-ketoadipate
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pathway in C. glutamicum (Fig. S1) (Brinkrolf et al. 2006).
Therefore, the 4-HBA hydroxylase (pobAcg; ncgl 1032) was
chosen as the second enzyme to produce PCA from
chorismate (Fig. 1). Because CPL catalyzes the reaction from
chorismate to PCA (Fig. 1), we focused on high-expressing
E. coli ubiC in C. glutamicum to produce secreted PCA from
glucose. A phenylalanine-producing C. glutamicum, strain
ATCC 21420, was used as a host for expression of CPL.
The ubiC gene amplified from the genomic DNA of E. coli
W3110 was inserted into pCH under the control of the HCE
promoter to yield pCH-ubiC. pCH-ubiC was individually in-
troduced into C. glutamicumATCC21420 and C. glutamicum
ATCC 13032, and the resultant recombinant strain was desig-
nated C. glutamicum F(UbiC) and C. glutamicum W(UbiC),
respectively. As a control, pCH was introduced into
C. glutamicum ATCC 21420 to generate C. glutamicum F.
C. glutamicum W; C. glutamicum ATCC13032 harboring
pCH was also used as a control.

To analyze the formation of extracellular PCA,
C. glutamicum strains F(UbiC), F, W(UbiC), and W was cul-
tured aerobically in AYmedium containing 40 g/L of glucose.
HPLC analysis showed the formation of PCA in
C. glutamicum F(UbiC) and F after 24 h. The PCA standard
and the culture supernatant peak eluted at 6.4 min.

To verify the expression of ubiC in C. glutamicum strain
F(UbiC), qRT-PCR analysis was performed. C. glutamicum
strains F(UbiC) and F were separately cultured in 50 mL of
AY medium containing 50 g/L glucose for 72 h at 30 °C. The
levels of ubiC mRNA expression were quantified at 24, 48,
and 72 h post-inoculation. ubiC expression was observed in
C. glutamicum F(UbiC) cells throughout the 3-day cultivation
period (Fig. S2). The levels of ubiC expression by F(UbiC)
were 3.7- and 11.6-fold higher at 48 and 72 h, respectively,
than that at 24 h post-inoculation. No ubiC expression was
observed in C. glutamicum F at any point during the cultiva-
tion (Fig. S2).

To examine the expression of CPL in C. glutamicum
F(UbiC), the CPL activity of C. glutamicum strains F(UbiC)
and F was monitored during the fermentation using AY me-
dium containing 50 g/L glucose (Fig. S3). CPL activity was
detected from the intracellular fractions of C. glutamicum
F(UbiC) from 24 to 72 h post-inoculation. No CPL activity
was detected for strain F (Fig. S3). The maximum CPL activ-
ity (10.81±0.18 nmol/mg/min) of strain F(UbiC) was ob-
served after 48 h of cultivation. CPL activity was observed
upon overexpression of ubiC in C. glutamicum F(UbiC).

4-Hydroxybenzoic acid production by recombinant
C. glutamicum strains

To verify the expression of ubiC, C. glutamicum F(UbiC) and
C. glutamicum W(UbiC) were separately cultured for 80 h
using 0.5 L of AY medium containing 40 g/L of glucose in a

3-L shaker flask. At the same time, C. glutamicum F and
C. glutamicum W served as controls (Fig. 2a, b). The forma-
tion of 4-HBA was observed in the culture supernatant of
C. glutamicum F(UbiC), and 28.8 mg/L of 4-HBA was pro-
duced as indicated by the peak at 36 h of cultivation (Fig. 2a).
At the same time, a small amount of 4-HBA (16.3 mg/L) was
observed in the culture supernatant of C. glutamicum
W(UbiC) at 12 h of cultivation (Fig. 2b). The growth of the
ubiC-expressing C. glutamicum F and W strains were similar
compared with their control strains (Fig. 2a, b). Thus, ubiC
was successfully expressed in C. glutamicum strains.
C. glutamicumATCC21420 was the preferred host for expres-
sion of CPL (ubiC).

Protocatechuic acid production from glucose by recombinant
C. glutamicum strains

PCA concentrations were monitored using CPL-expressing
C. glutamicum strains and their control strains cultured in
0.5 L of AY medium containing 40 g/L of glucose (Fig. 3),
over the same time course as for 4-HBA (Fig. 2).
C. glutamicum F(UbiC), C. glutamicum F, C. glutamicum
W(UbiC) and C. glutamicum W were separately cultured in
0.5 L of AY medium containing 40 g/L of glucose, and the
concentrations of extracellular PCA were monitored (Fig. 3).
The formation of PCA was observed in the supernatant of
recombinant C. glutamicum strains F(UbiC) and F.
C. glutamicum strains F(UbiC) and F produced 213±29 and
114 mg/L of extracellular PCA after 80 h of cultivation, re-
spectively (Fig. 3). The formation of a small amount of PCA
was observed in the culture supernatant of C. glutamicum
W(UbiC) (Fig. 3). C. glutamicum strain F(UbiC) successfully
produced extracellular PCA, and strain F also exhibited for-
mation of PCA.

Mass spectrometric verification of PCA synthesis
by C. glutamicum F(UbiC)

To verify the synthesis of PCA byC. glutamicum F(UbiC), the
dihydroxybenzoic acid fractions from the 3 days (80 h) culture
supernatant were isolated and analyzed using LC-QqQ-MS in
the negative ionization mode. Total ion chromatograms and
the MS/MS product ion spectra are shown in Fig. 4a–e, f–g,
respectively. The peak supernatant fraction (Fig. 4a) and the
PCA (3,4-DHBA) standard (Fig. 4b) eluted at 2.79 min with-
out overlapping the 2,3-DHBA (Fig. 4c); 2,4-DHBA
(Fig. 4d); or 2,5-DHBA (Fig. 4e) peaks. For MS/MS analysis,
the fragmentor voltage was set to 120 V to monitor the parent
and fragment ions of the dihydroxybenzoic acids. The product
obtained from the culture supernatant eluting at 2.79 min was
the deprotonated parent ion [M-H]− (m/z 153.0) of PCA (mo-
lecular weight, 154.02) (Fig. 4f). The product ion of [M-H]−

(m/z 109.0) for PCA was also detected (Fig. 4f). The mass
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spectra of the culture supernatant peak (Fig. 4f) and the PCA
standard (Fig. 4g) were identical. Thus, PCAwas selectively
produced by C. glutamicum F(UbiC).

Effect of pH on the production of PCA by C. glutamicum
F(UbiC)

To examine the effect of pH on the production of PCA, fer-
mentation was performed from glucose by recombinant
C. glutamicum using bioreactors. C. glutamicum F(UbiC)
was cultured in a flask using BHI medium for 24 h, and the
cells were collected and transferred to 100mL of Ymedium in
the bioreactor. The fermentation was started with an agitation

speed of 400 rpm at 30 °C by adding 50 g/L of glucose. The
aeration speed was set at 0.2 vvm, and the pH of the medium
was adjusted to 6.0, 7.0, and 7.5 by adding aqueous ammoni-
um during the fermentation.C. glutamicum F(UbiC) produced
224.3±34.6, 422.4±23.1, and 470.9±3.7 mg/L of PCA at pH
6.0, 7.0, and 7.5 after 48 h of fermentation. C. glutamicum
F(UbiC) showed maximum productivity of PCA and maxi-
mum glucose consumption at pH 7.5 (Fig. 5).

PCA production from glucose by recombinant C. glutamicum
strains

For the production of PCA from glucose, fermentation was
performed using C. glutamicum F(UbiC) and C. glutamicum
F at the optimum pH of 7.5 in the bioreactors (Fig. 6a).
C. glutamicum F(UbiC) consumed 55.7±0.08 g/L of glucose,
and produced 615.6±2.1 mg/L of extracellular PCA after 72 h
of cultivation. The maximum volumetric productivity of PCA
from glucose by C. glutamicum F(UbiC) reached 360.53±
18.7 mg/L/day (24 h). The yield of PCA from glucose by
C. glutamicum F(UbiC) reached 2.35 % mol/mol-glucose af-
ter 24 h. C. glutamicum F consumed 53.8±0.13 g/L of glu-
cose, and produced 241.4±7.1 mg/L of PCA after 72 h
(Fig. 6a). The growth of the two strains was not significantly
different. The formation of extracellular 4-HBAwas observed
in C. glutamicum F(UbiC) with a peak at 28 h (Fig. 6b).

Fed-batch production of PCA from glucose by C. glutamicum
F(UbiC) and F

To increase the secreted PCA from glucose, the fed-batch
cultivation of C. glutamicum F(UbiC) and C. glutamicum F
was performed for 120 h (Fig. 7). The initial concentration
of glucose was set at 50 g/L, and an extra 25 g/L of glucose
was added to each reactor at 24, 48, and 72 h of cultivation
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the same time
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(Fig. 7). C. glutamicum F(UbiC) produced 1140.0±
11.6 mg/L of extracellular PCA after 96 h using fed-
batch cultivation (Fig. 7). The total glucose consumed by
C. glutamicum F(UbiC) was 117.0 g/L for 96 h, and the
molar yield of PCA from glucose was 1.50 % mol/mol.
The maximum volumetric productivity of PCA by
C. glutamicum F(UbiC) was 551.9 mg/L/day after 24 h of
cult ivat ion. Finally, the productivi ty of PCA by
C. glutamicum F(UbiC) reached 1168.1±27.4 mg/L after
120 h (Fig. 7). C. glutamicum F produced 466.1±18.6 mg/
L of PCA after 120 h (Fig. 7). The total glucose consumed
by C. glutamicum F was 115.4 g/L over 120 h, and the
molar yield of PCA from glucose was 0.46 % mol/mol
(120 h) under this fed-batch condition.

Discussion

Extracellular PCAwas successfully produced from glucose by
a recombinant C. glutamicum strain F(UbiC) expressing ubiC
derived from E. coliW3110. C. glutamicum F(UbiC) success-
fully produced 615.6 mg/L of extracellular PCA from glucose
after 3 days of cultivation (Fig. 6), and 1140.0 mg/L of PCA
after 4 days of fed-batch cultivation (Fig. 7). This is the first
report, to our knowledge, of the production of extracellular
PCA from glucose by C. glutamicum expressing CPL. PCA
is excreted by the siderophore bacterium B. thuringiensis
(Williams et al. 2012) or B. anthracis strain Sterne (Garner
et al. 2004) under iron-restricted conditions. A total of 160 μg
of PCA/ culture OD unit was excreted by B. anthracis strain

a
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e

f

g

Fig. 4 Chromatographic analysis
of PCA produced by
C. glutamicum F(UbiC) and the
dihydroxybenzoic acid standards
(a–e). Total ion chromatograms of
dihydroxybenzoic acids produced
by C. glutamicum F(UbiC) (a);
3,4-DHBA(PCA) (b); 2,3-DHBA
(c); 2,4-DHBA (d); and 2,5-
DHBA (e). Standard
chromatograms were generated
by injecting 2 μL of each
dihydroxy acid (10 μL). Mass
spectrometric analysis of PCA
produced by C. glutamicum
F(UbiC) (f, 2.79 min peak of A)
and the 3,4-dihydroxybenzoic
acid standard (g, 2.79 min peak of
B) are shown
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Sterne (Garner et al. 2004), In Bacillus, PCA is formed from
3-dehydroshikimate (3-DHS) in the aromatic biosynthesis
pathway, and the 3-dehydroshikimate dehydratase (3-
DHSD) gene (asbF) was cloned from B. thuringiensis
ATCC33679 (Williams et al. 2012). Recently, PCAwas pro-
duced as a precursor of cis, cis-muconic acid by a recombinant
strain of Saccharomyces cerevisiae. The pathway converting
3-DHS to shikimate was blocked, and codon-optimized 3-
DSHD from B. thuringiensis was introduced into
S. cerevisiae, yielding 0.14 g/L of PCA after 120 h of reaction
(Weber et al. 2012). However, the yields of secreted PCA from
these organisms were not enough as a starter to synthesize
polymer building block or pharmaceuticals.

Corynebacterium glutamicum can catabolize a wide range
of aromatic compounds, including 4HBA, and PCA (Shen
and Liu 2005). PCA is also used to supplement minimal me-
dium to improve iron uptake (Liebl et al. 1989) and accelerate
growth of C. glutamicum when used as a co-substrate with
glucose (Unthan et al. 2014). In C. glutamicum, PCA is as-
similated in the β-ketoadipate pathway, leading to the tricar-
boxylic acid cycle intermediates acetyl-CoA and succinyl-
CoA. As 4-HB hydroxylase (PobAcg) catalyzes the conver-
sion reaction of 4HBA to PCA, and is functionally involved in
4HBA assimilation (Huang et al. 2008), the route from
chorismate to PCAwas designed by heterologous expression
of CPL in C. glutamicum. Notably, C. glutamicum ATCC
21420 was found to produce extracellular PCA (Fig. 3).
C. glutamicum F produced 241.2 mg/L of extracellular PCA
in the medium after 72 h of flask cultivation (Fig. 5). It was
suggested that strain F has another PCA producing enzyme
because extracellular 4HBAwas not produced during the fer-
mentation (Fig. 6b). By overexpressing ubiC of E. coli for the

production of PCA in C. glutamicum strain F, extracellular
PCAwas increased (Fig. 6). Currently, we are attempting the
whole genome sequencing of strain ATCC 21420 to identify
the synthetic pathway of PCA.

The aromatic amino acid intermediate chorismate is syn-
thesized via the shikimate pathway in microorganisms and
plants (Bentley 1990). The aromatic amino acid-producing
strain of C. glutamicumwas supposed to possess an improved
flux of chorismate in the shikimate pathway. C. glutamicum
ATCC 21420, which is resistant to the phenylalanine analog
beta-amino-beta-phenylpropionic acid, produces 2.3 g/L of
phenylalanine (Okumura et al. 1972). As shown in Fig. 2b,
C. glutamicum F(UbiC) produced extracellular 4-HBA
(28 mg/L), while C. glutamicum W(UbiC) produced only a
small amount of 4-HBA (Fig. 2a). This suggested that the
internal level of chorismate was higher in C. glutamicum
strain F than in strain W. C. glutamicum F(UbiC). A total of
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213 mg/L of extracellular PCA was obtained from strain F
after 80 h of cultivation, while W(UbiC) only formed a small
amount of PCA (Fig. 3). Thus, C. glutamicum strain ATCC
21420 is a suitable host for the expression of CPL to produce
PCA. In the bioreactor, C. glutamicum F(UbiC) produced a
maximum yield of PCA at pH 7.5 (Fig. 5), which is the opti-
mum condition for E. coli CPL. Under the optimized condi-
tions,C. glutamicum F(UbiC) produced 1168.1±11.6 mg/L of
PCA after 5 days of fed-batch cultivation using glucose
(Fig. 7). To our knowledge, this is the highest yield for the
production of PCA from glucose. The advantage of producing
PCA using C. glutamicum ATCC21420 expressing CPL is
that it involves the direct fermentation of PCA from cheap
sugar. As PCA serves as a building block for synthesizing
functional polymers, the method for producing PCA from
sugar will make the downstream synthesis of polymers very
cost effective.

PCA also has the potential to be used in pharmaceuticals
and functional foods. PCA may be involved in the control
of oxidative stress and inflammation. The antioxidant and
anti-inflammatory activities of PCA were analyzed in vitro
and in vivo (Semaming et al. 2015). PCA has both
antiapoptotic and proapoptotic effects on cells, characteris-
tics which are likely responsible for its roles in human
disease prevention (Masella et al. 2012). PCA also has anti-
bacterial and antiviral activities (Kakkar and Bais 2014). As
C. glutamicum is recognized as a generally regarded as safe
(GRAS) microorganism, a system for producing PCA using
engineered C. glutamicum can also be applied to the

production of PCA as a component of functional foods and
pharmaceuticals.

Corynebacterium glutamicum has the ability to utilize the
lignin degradation product ferulic acid and vanillin as carbon
sources (Merkens et al. 2005). However, as the parent strain of
C. glutamicum cannot utilize cellulosic substrates, we devel-
oped an expression system to produce an endoglucanase in
C. glutamicum (Tsuchidate et al. 2011), which we plan to test
for its ability to produce PCA from the abundant material
lignocellulose. In the future, a system for producing PCA from
various types of biomass including lignocellulose should be
applicable as a way to synthesize building blocks for polymers
and pharmaceuticals.

In conclusion, we expressed CPL from E. coli in an aro-
matic amino acid-producing strain (ATCC21420) of
C. glutamicum. The recombinant C. glutamicum strain ex-
pressing UbiC successfully produced extracellular PCA from
glucose. The CPL expression system using C. glutamicum
should prove useful for producing PCA as a building block
of plastics and also as a component of pharmaceuticals.
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