Appl Microbiol Biotechnol (2011) 89:989–1000
DOI 10.1007/s00253-010-2939-y

BIOTECHNOLOGICAL PRODUCTS AND PROCESS ENGINEERING

Production of tranilast [N-(3′,4′-dimethoxycinnamoyl)anthranilic acid] and its analogs in yeast
Saccharomyces cerevisiae
Aymerick Eudes & Edward E. K. Baidoo & Fan Yang &
Helcio Burd & Masood Z. Hadi & F. William Collins &
Jay D. Keasling & Dominique Loqué

Received: 7 September 2010 / Revised: 6 October 2010 / Accepted: 7 October 2010 / Published online: 24 October 2010
# Springer-Verlag (outside the USA) 2010

Abstract Biological synthesis of therapeutic drugs beneficial for human health using microbes offers an alternative
production strategy to the methods that are commonly
employed such as direct extraction from source organisms
or chemical synthesis. In this study, we evaluated the
potential for yeast (Saccharomyces cerevisiae) to be used as
a catalyst for the synthesis of tranilast and various tranilast
analogs (cinnamoyl anthranilates). Several studies have
demonstrated that these phenolic amides have antioxidant
properties and potential therapeutic benefits including
antiinflammatory, antiproliferative, and antigenotoxic
effects. The few cinnamoyl anthranilates naturally produced
in plants such as oats and carnations result from the
coupling of various hydroxycinnamoyl-CoAs to anthranilic
acid. In order to achieve the microbial production of
tranilast and several of its analogs, we engineered a yeast
strain to co-express a 4-coumarate/CoA ligase (4CL, EC
6.2.1.12) from Arabidopsis thaliana and a hydroxycinnamoyl/benzoyl-CoA/anthranilate N-hydroxycinnamoyl/benElectronic supplementary material The online version of this article
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which is available to authorized users.
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zoyltransferase (HCBT, EC 2.3.1.144) from Dianthus
caryophyllus. This modified yeast strain allowed us to
produce tranilast and 26 different cinnamoyl anthranilate
molecules within a few hours after exogenous supply of
various combinations of cinnamic acids and anthranilate
derivatives. Our data demonstrate the feasibility of rapidly
producing a wide range of defined cinnamoyl anthranilates
in yeast and underline a potential for the biological
designed synthesis of naturally and non-naturally occurring
molecules.
Keywords Cinnamoyl anthranilate . Tranilast .
Avenanthramides . Recombinant yeast . HCBT

Introduction
The worldwide drug market is large and is constantly
expanding. Medical drugs used to treat human and animal
diseases can be produced chemically or biologically. Even
if the biological production is the preferred strategy, it is
still rarely used due to the absence of known biosynthetic
pathways, the toxicity of intermediate or final products, and
poor yields or high recovery costs. Chemically produced
drugs usually require large quantities of expensive and noneco-friendly chemicals. For example, the drug tranilast
(Fig. 1a), which belongs to the group of cinnamoyl
anthranilate molecules, is manufactured only using organic
synthesis methodologies. Tranilast and some of its analogs
were recently shown to exhibit antioxidant, antigenotoxic,
and antifibrotic activities (Fagerlund et al. 2009; LeeManion et al. 2009; Zammit et al. 2009). This synthetic
drug (Rizaban, Kissei Pharmaceutical Co, Japan) is currently used in Japan and South Korea as an antihistamine to
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Fig. 1 Structure of tranilast and
related cinnamoyl anthranilates.
a Six structural analogs to
tranilast that exhibit antioxidant,
antifibrotic, antigenotoxic
effects are shown (Lee-Manion
et al. 2009; Zammit et al. 2009).
b Schematic representation of
the enzymatic reactions
catalyzed by Arabidopsis
4-coumarate/coenzyme A ligase
(4CL5) and hydroxycinnamoyl/
benzoyl-CoA/anthranilate
N-hydroxycinnamoyl/
benzoyltransferase (HCBT) for
the biosynthesis of various
cinnamoyl anthranilates. For the
biological production of
cinnamoyl anthranilates
analogous to tranilast,
recombinant yeast expressing
4CL5 and HCBT was grown in
the presence of anthranilate and
known substrates for 4CL5
(p-coumaric, caffeic, ferulic, or
sinapic acid)
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treat bronchial asthma, atopic dermatitis, allergic conjunctivitis, allergic rhinitis, and other allergic disorders (Azuma
et al. 1976; Okuda et al. 1984; Komatsu et al. 1988).
Tranilast is also used to treat hypertrophic scars, scleroderma, and other skin disease related to excessive fibrosis
because it has the capacity to inhibit the release of chemical
mediators from mast cells and macrophages and suppresses
collagen deposition (reviewed in Isaji et al. 1998). More
recently, tranilast was shown to both inhibit and increase
the expression of proinflammatory and antiinflammatory
cytokines, respectively, confirming its role in regulating
mast cell and macrophage degranulation (Prud’homme
2007; Pae et al. 2002; Sun et al. 2010). Thus, health
beneficial effects of tranilast have been assessed in vivo
against the development of several disorders associated

Cinnamoyl anthranilates

with proinflammatory leukocyte mediators, fibrogenesis,
and tumorigenesis including atherosclerosis, restenosis after
angioplasty, arthritis, lacrimal gland chronic GVHD, inflammatory bowel disease, multiple sclerosis, adhesions,
fibrosis, and tumor angiogenesis, growth, and metastasis
(Tamai et al. 2002; Platten et al. 2005; Oshitani et al. 2007;
Chakrabarti et al. 2009; Cui et al. 2009; Guo et al. 2009;
Ogawa et al. 2010; Shiota et al. 2010; Tan et al. 2010).
Importantly, several years of clinical use have established
that tranilast is well tolerated by most patients at doses of
up to 600 mg/day for months (Konneh 1998).
Identification of new genes, biochemical characterization
of enzymes, and the combination of enzymes to generate
biological pathways is a key element of synthetic biology
for the engineering of foreign hosts that are able to
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biologically synthesize naturally and non-naturally occurring drugs. Additionally, high-yield production is usually
achieved when biosynthetic pathways are heterologously
expressed in microbes that are suitable for fermentor
production such as yeast Saccharomyces cerevisiae or
Escherichia coli. The expression of plant metabolic pathways in microbial organisms is an attractive strategy for the
production of valuable natural products that accumulate at
low concentrations, are difficult to extract, or originate from
endemic plant species (Horwitz 1994; Trantas et al. 2009).
Microbial expression systems have several advantages over
chemical synthesis or direct extraction from plant tissue, e.
g., reduced requirements for toxic chemicals and natural
resources, consistent quality, scalability, simple extraction,
and potential for higher synthesis efficiency (Chang and
Keasling 2006). Advantages of S. cerevisiae over other
microbial hosts include its food-grade status, the extensive
knowledge for large scale production, the availability of
genetic tools, and its suitability to express plant genes such
as cytochrome P450 enzymes (Trantas et al. 2009; Limem
et al. 2008). Remarkable examples of pharmaceutical
metabolites produced in recombinant yeast strains expressing plant genes include the precursor of the antimalarial
drug artemisinic acid and taxadiene (Ro et al. 2006; Engels
et al. 2008), flavonoids, stilbenoids and phenylpropanoids
(Vannelli et al. 2007; Limem et al. 2008), vitamin C
(Branduardi et al. 2007), hydrocortisone (Szczebara et al.
2003), and serotonin derivates (Park et al. 2008).
Natural cinnamoyl anthranilates are produced by the
amide condensation of anthranilate and (hydroxy)-cinnamoyl-CoA derivatives, and most of them were co-purified
from oats and carnation plants (Ponchet et al. 1988; Collins
1989). We attempted to produce cinnamoyl anthranilates in
S. cerevisiae by introducing two genes from two different
plant species (Fig. 1b). The first gene encodes the
hydroxycinnamoyl/benzoyl-CoA/anthranilate N-hydroxycinnamoyl/benzoyltransferase (HCBT), an enzyme from
Dianthus caryophyllus, which has affinity for anthranilate
and p-coumaroyl-CoA and is capable of producing N-(4′hydroxycinnamoyl)-anthranilate in vitro (Yang et al. 1997).
The second gene encodes 4-coumarate/CoA ligase five
(4CL5) from Arabidopsis thaliana, which converts various
hydroxycinnamic acids into the corresponding CoA thioesters (Hamberger and Hahlbrock 2004). This enzyme was
required since the hydroxycinnamoyl-CoA thioesters are
unstable, commercially unavailable, membrane impermeable, and not naturally produced in yeast. Additionally, in
order to reduce the degradation of the 4CL5 substrates, we
used a yeast strain lacking pad1, which encodes a phenylacrylic decarboxylase known to catalyze the decarboxylation of several hydroxycinnamic acids (Mukai et al. 2010).
Our findings show that the engineered yeast strain was able
to produce the pharmaceutical drug tranilast and a variety
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of known or uncharacterized analogs after incubation with
anthranilate, 3-hydroxyanthranilate, and various natural or
synthetic cinnamic acids.

Materials and methods
Chemicals
Ferulic acid, p-coumaric acid, 2,5-dimethoxycinnamic acid,
2,4-dimethoxycinnamic, and caffeic acid were purchased
from TCI America (Portland, OR, USA). Cinnamic acid,
sinapic acid, o-coumaric acid, m-coumaric acid, 3-hydroxy4-methoxycinnamic acid, 3,4-dimethoxycinnamic acid,
3,4,5-trimethoxycinnamic acid, 3-methoxycinnamic acid,
4-methoxycinnamic acid, 2,3-dimethoxycinnamic acid, anthranilate, 3-hydroxyanthranilate, tranilast [N-(3′,4′-dimethoxycinnamoyl)-anthranilic acid], dithiothreitol,
phenylmethanesulfonylfluoride, and protease inhibitor
cocktail were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All chromatographic solvents were HPLC
grade and purchased from local suppliers.
Chemical synthesis of N-(4′-hydroxy-(E)-cinnamoyl)anthranilate
N-4′-(Hydroxy-(E)-cinnamoyl)-anthranilate was prepared as
described (Collins 1989). Briefly, acid 4-acetoxy-(E,Z)cinnamoyl chloride was prepared from 4-hydroxy-(E,Z)cinnamic acid by acetylation with acetic anhydride (SigmaAldrich, p-toluenesulfonic acid catalyst) and treatment of
the recrystallized (hot MeOH) 4-acetoxy-(E,Z)-cinnamic
acid with excess thionyl chloride (Sigma-Aldrich) according to the procedures of Fosdick and Starke (1940).
Removal of excess thionyl chloride by repeated rotary
evaporation and washing with acetone gave a crude acid
chloride containing no detectable free 4-acetoxy-(E,Z)cinnamic acid. The crude acid chloride was found suitable
for subsequent reactions and was used without further
purification. A solution of 135 mg (1 mmol) of anthranilic
acid was condensed with the dried residue corresponding to
(1 mmol) 4-acetoxy-(E,Z)-cinnamoyl chloride. After deacylation with mild alkali, the products were purified by
repeated chromatography on a Sephadex LH-20 resin (GE
Healthcare, Piscataway, NJ, USA) using glass columns and
a gravity-flow isocratic elution in CHCl3–cyclohexane–
MeOH–acetic acid (50:40:5:5 v/v/v/v by percentage) and
CHCl3–cyclohexane–MeOH–acetic acid (50:35:105 v/v/v/v
by percentage) to give N-4′-hydroxy-(E)-cinnamoyl-2-aminobenzoic acid (yield 235 mg (83%)) and a small amount
of the Z isomer. Crystallization of the E isomer from hot
acetone–water gave colorless rods: mp 219°C; C16H13NO4;
M•+ 283; UV (MeOH) λmax (log ε) 218 (4.30), 294 s,
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(4.25), 302 s, (4.33), 329 (4.47) nm; UV (MeOH+NaOH)
λmax (log ε) 213 (4.43), 233 s, (4.19), 306 s, (4.05), 314
(4.08), 371 (4.51) nm.
Generation of a shuttle vector for gene coexpression
in yeast
We generated a yeast shuttle vector pDRf1-GW-PHXT7, which
contains a Gateway cloning cassette (Invitrogen, Carlsbad,
CA, USA) inserted between the PMA1 promoter (PPMA1)
and the ADH1 terminator (TADH1), and carries a second yeast
expression cassette inserted into the SphI restriction site at
the 3′-end of TADH1. This cassette contains the HXT7
promoter (PHXT7) and the CYC1 terminator (TCYC1), both
separated by a multicloning site containing a NotI restriction
site (PHXT7–TCYC1). The PHXT7–TCYC1 and PPMA1–TADH1
expression cassettes are in the same orientation. To generate
a pDRf1-GW-PHXT7 coexpression vector, the yeast shuttle
vector p426 (Wieczorke et al. 1999) was first modified by
site-directed mutagenesis (Kunkel 1985) to insert two SphI
restriction sites at the 5′-end of PHXT7 and the 3′-end of
TCYC1 using the following primers 5′-CGAAATTGTTCCTACGAGCTCGCATGCTTTTGTTCCCTTTAGTGAGG-3′
a n d 5 ′ - G A C T C A C T AT A G G G C G A AT T G G CATGCGGCCGCAAATTAAAGCCTTC-3′, respectively.
This vector was further modified to insert the unique NotI
restriction site between PHXT7 and TCYC1. The multicloning
site and the sequence encoding a His-tag located between
PHXT7 and TCYC1 was replaced by site-directed mutagenesis
(Kunkel 1985) using the following primer 5′-CATAACTAATTACATGACTCGAGCGGCCGCCCGGGGGATCCACTAGA-3′. After mutagenesis, the P HXT7 –T CYC1
expression cassette was sequence-verified, digested with
SphI (Fermentas Inc., Glen Burnie, MD, USA), and inserted
into the unique SphI restriction site of pDRf1-GW located at
the TADH1 3′-end (Loqué et al. 2007).
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trogen), digested with NotI restriction enzyme (Fermentas
Inc.), gel-purified, and ligated into the pDRf1-GW-pHXT7
vector at the unique NotI restriction site located between
pHXT7 and tCYC1 of the expression cassette. A clone
showing correct orientation for the 4CL5 gene was selected,
and the resulting vector was named pDRf1-4CL5-GW.
To clone the gene encoding HCBT, a gene sequence
encoding the HCBT1 protein (O24645) without stop codon
and flanked with the attB1 (5′-end) and attB2 (3′-end)
Gateway recombination sites was synthesized and codonoptimized for yeast expression by GenScript (Piscataway,
NJ, USA). The attB1-HCBT-attB2 fragment was remobilized into the Donor plasmid vector pDONR221-f1 (Lalonde
et al. 2010) by in vitro BP recombination and transferred into
the pDRf1-4CL5-GW and pDRf1-GW-pHXT7 vectors by in
vitro LR recombination using the Gateway technology
(Invitrogen). The resulting vectors were named pDRf14CL5-HCBT1 and pDRf1-HCBT1. A pDRf1-4CL5 control
vector was also generated by in vitro LR recombination
between the pDRf1-4CL5-GW vector and an ENTRY clone
containing only a nucleotide sequence corresponding to a
PvuII restriction site (CAGCTG) between the attL recombination sites. This six-nucleotide sequence consequently
replaced both the ccdB and chloramphenicol resistance genes
of the Gateway cassette in the pDRf1-4CL5-GW vector.
pDRf1-4CL5-HCBT1, pDRf1-HCBT1, and pDRf14CL5 were transformed into the S. cerevisiae pad1
knockout (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Δpad1,
ATCC 4005833; Winzeler et al. 1999) using the lithium
acetate transformation method (Gietz and Woods 2002) and
selected on solid medium containing Yeast Nitrogen Base
(YNB) without amino acids (Difco 291940; Difco, Detroit,
MI, USA) supplemented with 3% glucose and 1× dropouturacil (CSM-ura; Sunrise Science Products, San Diego, CA,
USA).
HCBT expression analysis

Construction and expression of recombinant yeast
harboring 4CL5 and HCBT
The 4CL5 gene (At3g21230) was cloned from A. thaliana
(ecotype Columbia). Four microgram of total RNA was
isolated from mixed organs of Arabidopsis plants using the
RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) and
used to perform an RT-PCR. First strand cDNAs were
synthesized using the Transcriptor High Fidelity cDNA
Synthesis kit (Roche, Indianapolis, IN, USA) and used to
amplify the 4CL5 gene using the following oligonucleotides containing NotI restriction sites: forward, 5′GCGGCCGCATGGTGCTCCAACAACAAACGC-3′; and
r e v e r s e , 5 ′ - G C G G C C G C C T AT T TA G A G C A CATGGTTTCC-3′ (NotI sites are underlined). The PCR
product was subcloned into the pCR-Blunt vector (Invi-

The codon optimized HCBT clone was synthesized without
a stop codon, therefore generating an in-frame C-terminal
tag corresponding to the PAFLYKVV peptide after translation of the attB2 site obtained after LR recombination. A
polyclonal antibody was raised against an AttB2 peptide
(DPAFLYKVVD) using rabbit as a host and purified using
an affinity column (Biogenes, Berlin, Germany). The
purified serum was named “universal antibody” since it
can be used to quantify the expression level of any protein
expressed with any Gateway destination vectors.1
For soluble protein extraction, overnight cultures from
single colonies were used to inoculate 50 mL of 2× yeast
nitrogen base medium without amino acids (Difco) supple1

Vector name derived from the Gateway manual, Invitrogen.
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mented with 6% glucose and 2× CSM-Ura (Sunrise Science
Products) at an OD600 =0.15 and incubated at 30°C until it
reached OD600 =1. Cells were centrifuged at 4,500×g for
5 min at 4°C and washed with one volume of chilled water.
The cell pellets were resuspended in 300 μL of CelLytic-Y
yeast cell lysis/extraction reagent (Sigma-Aldrich) supplemented with 10 mM dithiothreitol, 2 mM phenylmethanesulfonylfluoride, and 2% protease inhibitor cocktail (v/v,
P8215 Sigma, St. Louis, MO, USA). Approximately
200 μL of acid-washed glass beads (Sigma) was added to
the mixture, which was then vortexed ten times for 30 s and
centrifuged at 10,000×g for 5 min at 4°C to collect the
supernatant. Samples were maintained on ice between
vortexing steps. The supernatant containing soluble proteins was collected and used for immunoblotting.
Protein concentration was quantified using the Bradford
(1976) method and bovine serum albumin as a standard.
For electrophoresis, soluble protein (5 μg) was mixed with
0.2 M Tris–HCl, pH 6.5, 8% (w/v) SDS, 8% (v/v) βmercaptoethanol, 40% (v/v) glycerol, and 0.04% (w/v)
bromophenol blue and incubated at 40°C for 30 min.
Proteins were separated by SDS-PAGE using 8–16% (w/v)
polyacrylamide gradient gels (Invitrogen) and electrotransferred (100 V, 45 min) onto PVDF membranes (Thermo
Fisher Scientific, Rockford, IL, USA). Blotted membranes
were incubated 1 h in TBS-T (20 mM Tris–HCl, 150 mM
NaCl, 0.1% (v/v) Tween 20, pH 7.6) containing 2% (w/v)
non-fat milk powder and incubated overnight with the
universal antibody (1:20,000) in TBS-T containing 2% (w/
v) non-fat milk powder. Membranes were then washed in
TBS-T for 30 min and incubated for 1 h with an anti-rabbit
secondary antibody conjugated to horseradish peroxidase
(1:20,000; Sigma-Aldrich) in TBS-T containing 2% (w/v)
non-fat milk powder. Membranes were then washed in
TBS-T for 30 min, and detection was performed by
chemiluminescence using the SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher Scientific).
Production of cinnamoyl anthranilates
An overnight culture from a single colony of the pDRf14CL5-HCBT recombinant yeast grown on 2× YNB
medium without amino acids supplemented with 6%
glucose and 2× CSM-Ura was used to inoculated 15 mL
of fresh minimal medium at an OD600 =0.15 and shaken at
200 rpm in a 30°C room. When the 10-mL culture reached
an OD600 =1, all substrates were added at once to reach
final concentrations of 500 μM for anthranilate and 3hydroxyanthranilate, and 300 μM for the cinnamic acids
except for 3-methoxycinnamic acid, 4-methoxycinnamic
acid, and 2,5-dimethoxycinnamic acid, which were supplied at a final concentration of 50 μM due to their negative
effect on cell growth at higher concentrations. The cultures
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were shaken at 200 rpm in a 30°C room for 15 h for the
production of cinnamoyl anthranilates. As negative controls, yeast colonies harboring the pDRf1-HCBT1 or
pDRf1-4CL5 vectors were grown using similar conditions.
Detection of cinnamoyl anthranilates
For the detection of cinnamoyl anthranilates, an aliquot of
the culture medium was collected and cleared by centrifugation (21,000×g for 5 min at 4°C). The cleared medium
was collected, mixed with an equal volume of cold
methanol, and filtered using Amicon Ultra centrifugal
filters (3,000 Da MW cutoff regenerated cellulose membrane; Millipore, Billerica, MA, USA) prior to LC-TOF MS
analysis. For the analysis of the tranilast content in yeast
cells, the cell pellet from the 10-mL culture was washed
three times with water, resuspended in cold methanol–water
(1:1, v/v), sonicated twice for 30 s, and centrifuged at
21,000×g for 5 min at 4°C. The supernatant was collected
and filtered prior to LC-TOF MS analysis.
The separation of the cinnamoyl anthranilates was
conducted on ZIC-HILIC columns (150 or 250 mm length,
2.1 mm internal diameter, and 3.5 μm particle size; from
Merck SeQuant, and distributed via The Nest Group, Inc.,
Southborough, MA, USA) using an Agilent Technologies
1200 Series HPLC system (Agilent Technologies, Santa
Clara, CA, USA). The temperature of the sample tray was
maintained at 4°C by an Agilent FC/ALS Thermostat. The
column compartment was set to 40°C. Analytes were eluted
isocratically with a mobile phase composition of 50 mM
ammonium acetate in water and acetonitrile (2:8, v/v). A
flow rate of 0.1 mL/min was used throughout.
The HPLC system was coupled to an Agilent Technologies
6210 time-of-flight mass spectrometer (LC-TOF MS), via a 1/3
post-column split. A LAN card was used to establish the
contact between both instrument setups in order to trigger the
MS into operation upon the initiation of a run cycle from the
MassHunter workstation (Agilent Technologies). Electrospray
ionization (ESI) was conducted in the negative ion mode, and a
capillary voltage of −3,500 V was utilized. MS experiments
were carried out in full scan mode at 0.85 spectra/s and a cycle
time of 1.176 s, for the detection of [M–H]− ions. The
instrument was tuned for a range of 50–1,700 m/z. Prior to
LC-TOF MS analysis, the TOF MS was calibrated via an
ESI-L-low concentration tuning mix (Agilent Technologies).
Internal reference mass calibration was utilized throughout the
chromatographic run via an API TOF reference mass solution
kit (Agilent Technologies). Data acquisition and processing
were performed by the MassHunter software package.
Quantifications of tranilast and N-(4′-Hydroxycinnamoyl)-anthranilate released in the culture medium and
accumulated in yeast cells were made by comparison with
a standard curve prepared in methanol–water (1:1, v/v).
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Expression analysis of the HCBT enzyme in recombinant
yeast
To verify HCBT expression, we conducted immunoblotting
analysis on crude protein extracts obtained from recombinant
yeast strains harboring pDRf1-HCBT and pDRf1-4CL5HCBT, respectively. As shown in Fig. 2, a specific signal
corresponding to an approximately 53-kDa protein was
detected only in protein extracts derived from the yeast
strain harboring the HCBT gene, which is in accordance with
the predicted size of HCBT tagged with the AttB2 peptide.
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Production of N-(4′-hydroxycinnamoyl)-anthranilate
by the recombinant yeast
The HCBT enzyme was previously shown to catalyze the
condensation of coumaroyl-CoA and anthranilate to produce
N-(4′-hydroxycinnamoyl)-anthranilate in vitro (Yang et al.
1997). Yeast harboring the pDRf1-4CL5-HCBT vector was
consequently grown for 15 h in the presence of coumaric
acid (300 μM) and anthranilate (500 μM) as precursors, and
the medium was analyzed by LC-TOF MS for the detection
of the N-(4′-hydroxycinnamoyl)-anthranilate product. Negative control cultures of yeast harboring pDRf1-4CL5,
pDRf1-HCBT, or pDRf1 empty vectors were also conducted
using the same precursors. LC-TOF MS analysis of the
pDRf1-4CL5-HCBT yeast culture medium revealed a peak
which was not present in control cultures and which
corresponds to N-(4′-hydroxycinnamoyl)-anthranilate by
comparison with an authentic standard solution (Fig. 3).
The absence of N-(4′-hydroxycinnamoyl)-anthranilate in the
yeast expressing 4CL5 alone or HCBT without 4CL5
confirmed the requirement of the 4-coumarate/CoA ligase
to produce 4-hydroxycinnamoyl-CoA and showed that the
yeast strain was unable to produce cinnamoyl anthranilates
GW

T

kDa

Rf1

pD

B
-HC

Rf1

pD

-4

Rf1

pD

5CL

1

2

3

4

5

6

7

8

9

10 11 12 13 14 15 16 17 18

Time (min)

Fig. 3 Detection of N-(4′-hydroxycinnamoyl)-anthranilate from the
recombinant yeast culture medium. ESI-MS spectra were obtained
after LC-TOF MS analysis of a the culture medium of recombinant
yeast incubated with anthranilate and coumaric acid and b an
authentic N-(4′-hydroxycinnamoyl)-anthranilate solution

without the HCBT gene. Using these non-optimized culture
conditions, the N-(4′-hydroxycinnamoyl)-anthranilate content in the culture medium was estimated to be 14.5 mg/L,
which corresponds to a concentration of 51 μM and a
conversion yield of 17% based on the starting concentration
of coumaric acid. Additionally, the N-(4′-hydroxycinnamoyl)-anthranilate content inside yeast cells accounted for
approximately 1.5% of that of the medium (data not shown).
Evaluation of the recombinant yeast strain
for the production of tranilast analogs
and N-(hydroxycinnamoyl)-hydroxyanthranilates
using known 4CL5 natural substrates

BT

HC

5CL
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Rf1

pD
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Fig. 2 Expression analysis of HCBT. Recombinant yeast cells grown
to an OD600 = 1 were harvested by centrifugation for protein
extraction, and 5 μg of soluble protein was analyzed using
immunoblotting techniques. For protein extracts obtained from cells
harboring the pDRf1-4CL5-HCBT or pDRf1-HCBT vectors, recombinant tagged HCBT was detected around 53 kDa using the universal
antibody and according to the position of known markers. Protein
extracts from yeast cells harboring the pDRf1-4CL5-GW or pDRf1
empty vectors were also analyzed as negative controls

The tranilast drug corresponds to N-(3′,4′-dimethoxycinnamoyl)-anthranilic acid for which one group of analogs
feature various substitutions on the cinnamoyl moiety. For
the production of such tranilast analogs, three known 4CL5
substrates (ferulic acid, sinapic acid, and caffeic acid) and
anthranilate were supplied independently as precursors to
the culture medium of recombinant yeast. This approach
allowed the biological production of three different tranilast
analogs, namely N-(3′-methoxy-4′-hydroxycinnamoyl)anthranilic acid, N-(3′,5′-dimethoxy-4′-hydroxycinnamoyl)-anthranilic acid, and N-(3′,4′-dihydroxycinnamoyl)anthranilic acid, respectively (Table 1).
Furthermore, in an independent experiment, we supplied 3hydroxyanthranilate in combination with p-coumaric, ferulic,
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Table 1 Characteristics of the N-(hydroxycinnamoyl)-anthranilates produced in yeast and their identification based on dominant ion masses in
ESI-MS spectra (Fig. S1)
Precursors

Compound name

Formula

Theoretical
mass
[M–H]−

Measured
mass
[M–H]−

Mass
accuracya
(ppm)

Retention
time
(min)

(a) Caffeic acid/anthranilate

N-(3′,4′-Dihydroxycinnamoyl)-anthranilic
acid
N-(3′-Methoxy-4′-hydroxycinnamoyl)anthranilic acid
N-(3′,5′-Dimethoxy-4′-hydroxycinnamoyl)anthranilic acid
N-(4′-Hydroxycinnamoyl)-3hydroxyanthranilic acid
N-(3′,4′-Dihydroxycinnamoyl)-3hydroxyanthranilic acid
N-(3′-Methoxy-4′-hydroxycinnamoyl)-3hydroxyanthranilic acid
N-(3′,5′-Dimethoxy-4′hydroxycinnamoyl)-3-hydroxyanthranilic acid

C16H13NO5

298.072096

298.0725

−1.4

7.02

C17H15NO5

312.087746

312.08791

−0.5

6.39

C18H17NO6

342.098311

342.09841

−0.3

6.41

C16H13NO5

298.072096

298.0721

0.0

6.43

C16H13NO6

314.067011

314.06703

−0.1

7.20

C17H15NO6

328.082661

328.08289

−0.7

6.22

C18H17NO7

358.093225

358.0939

−1.9

6.22

(b) Ferulic acid/anthranilate
(c) Sinapic acid/anthranilate
(d) p-Coumaric acid/3hydroxyanthranilate
(e) Caffeic acid/3hydroxyanthranilate
(f) Ferulic acid/3hydroxyanthranilate
(g) Sinapic acid/3hydroxyanthranilate
a

Mass accuracy ¼ ½ðtheoretical mass  measured massÞ=ðtheoretical massÞ  1:106

sinapic, or caffeic acid to the medium of different recombinant yeast cultures since HCBT was also shown to use this
anthranilate derivate as a substrate (Yang et al. 1997). Four
new N-(hydroxycinnamoyl)-3-hydroxyanthranilates were
detected in the media after 15 h of incubation of the
recombinant yeast in presence of these precursors (Table 1).
LC-TOF MS analysis of the culture medium from each
feeding experiment showed unique peaks that were not
present in yeast control cultures harboring a pDRf1-4CL5
vector and fed with the same precursors (Fig. S1). The
masses were determined for each extracted ion chromatographic peak and compared with the theoretical masses of
the predicted compounds that were expected to be produced
based on the nature of the precursors used. In all cases, the
measured masses agree with the expected theoretical masses
within less than 3 ppm mass error. The compounds exhibited
exact mass measurements with high mass accuracies, and as
a result, the identity of each hydroxycinnamoyl anthranilate
was confirmed with a high degree of confidence. Additionally, the seven new molecules produced had similar retention
times ranging from 6.22 to 7.20 min (Table 1).
Production of tranilast and additional analogs using various
cinnamic acids as precursors
Tranilast corresponds to the 4′-methoxylated form of N-(3′methoxy-4′-hydroxycinnamoyl)-anthranilic acid, which is
produced by our recombinant yeast strain when grown in
presence of ferulic acid (3-methoxy-4-hydroxycinnamic acid)
and anthranilic acid (Figs. 1a and S1). Therefore, in order to
synthesize tranilast biologically, we fed the yeast strain with
3,4-dimethoxycinnamic acid and tested the potential for the
heterologously expressed genes encoding 4CL5 and HCBT

to produce and utilize 3,4-dimethoxycinnamoyl-CoA, respectively. The extracted ion chromatograms obtained after LCTOF MS analysis of both a synthetic tranilast solution and
the culture medium collected after feeding the recombinant
yeast with anthranilate and 3,4-dimethoxycinnamic acid
clearly confirmed tranilast production by the recombinant
yeast (Fig. 4). Using these non-optimized culture conditions,
the tranilast content in the medium was estimated to be
670 μg/L, which corresponds to a concentration of 2.05 μM

(a)

326.10322 [M-H]-

Rt = 6.15 min

325.12494 327.10651
328.11437

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Time (min)

(b)

326.10378 [M-H]-

327.10667
328.10910

Rt = 6.16 min

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28

Time (min)

Fig. 4 Detection of tranilast in the recombinant yeast culture medium.
ESI-MS spectra were obtained after LC-TOF MS analysis of a the
culture medium of recombinant yeast incubated with anthranilate and
3,4-dimethoxycinnamic acid and b an authentic tranilast solution
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and a conversion yield of 0.67% based on the starting
concentration of 3,4-dimethoxycinnamic acid. The tranilast
content inside the yeast cells accounts for approximately
3.5% of the quantity found in the medium (data not shown).
This result demonstrates that 4CL5 is able to convert the
unnatural substrate 3,4-dimethoxycinnamic acid into 3,4dimethoxycinnamoyl-CoA, the latter being subsequently
conjugated to anthranilate by HCBT to form tranilast.
In order to further explore the diversity of tranilast analogs
that could potentially be biologically produced with the
recombinant yeast strain harboring 4CL5 and HCBT, a large
variety of cinnamic acids derivatives were co-fed individually
with anthranilate or 3-hydroxyanthranilate. These included
cinnamic acid, isoferulic acid, o-coumaric acid, m-coumaric

acid, and the 4-methoxy-, 3-methoxy-, 2,3-dimethoxy-, 2,5dimethoxy-, 2,4-dimethoxy-, 3,4,5-trimethoxy-cinnamic acid
derivates. We postulated that the corresponding cinnamoylCoA thioesters potentially produced by 4CL5 could be used
as substrates by HCBT. This approach successfully led to the
production of 18 additional cinnamoyl anthranilates that
could be accurately identified from the culture medium using
LC-TOF MS (Table 2, Fig. S2).

Discussion
We investigated the potential for yeast to produce various
cinnamoyl anthranilates. Using an engineered yeast strain,

Table 2 Characteristics of the second series of cinnamoyl anthranilates produced in yeast and their identification based on dominant ion masses
in ESI-MS spectra (Fig. S2)
Precursors

Compound name

Formula

Theoretical
mass
[M–H]−

Measured
mass
[M–H]−

Mass
accuracya
(ppm)

Retention
time
(min)

(a) Cinnamic acid/anthranilate
(b) o-Coumaric acid/anthranilate

N-(Cinnamoyl)-anthranilic acid
N-(2′-Hydroxycinnamoyl)anthranilic acid
N-(3′-Hydroxycinnamoyl)anthranilic acid
N-(3′-Methoxycinnamoyl)anthranilic acid
N-(4′-Methoxycinnamoyl)anthranilic acid
N-(2′,3′-Dimethoxycinnamoyl)anthranilic acid
N-(2′,4′-Dimethoxycinnamoyl)anthranilic acid
N-(2′,5′-Dimethoxycinnamoyl)anthranilic acid
N-(3′-Hydroxy-4′methoxycinnamoyl)anthranilic acid
N-(3′,4′,5′-Trimethoxycinnamoyl)anthranilic acid
N-(Cinnamoyl)-3hydroxyanthranilic acid
N-(2′-Hydroxycinnamoyl)-3hydroxyanthranilic acid
N-(3′-Hydroxycinnamoyl)-3hydroxyanthranilic acid
N-(3′-Methoxycinnamoyl)-3hydroxyanthranilic acid
N-(3′,4′-Dimethoxycinnamoyl)-3hydroxyanthranilic acid
N-(2′,3′-Dimethoxycinnamoyl)-3hydroxyanthranilic acid
N-(2′,5′-Dimethoxycinnamoyl)-3hydroxyanthranilic acid
N-(3′,4′,5′-Trimethoxycinnamoyl)3-hydroxyanthranilic acid

C16H13NO4
C16H13NO4

282.077181
282.077181

282.07747
282.07755

−1.02
−1.31

4.70b
4.63b

C16H13NO4

282.077181

282.07782

−2.27

4.54b

C17H15NO4

296.092832

296.09287

−0.13

5.92

C17H15NO4

296.092832

296.09299

−0.53

4.34b

C18H17NO5

326.103396

326.10344

−0.13

5.88

C18H17NO5

326.103396

326.10341

−0.04

5.77

C18H17NO5

326.103396

326.10339

0.02

5.92

C17H15NO5

312.087746

312.08713

2.0

6.37

C19H19NO6

356.113961

356.11406

−0.3

6.02

C16H13NO4

282.077181

282.07725

−0.24

4.61b

C16H13NO5

298.072096

298.07235

−0.85

4.96b

C16H13NO5

298.072096

298.07219

−0.32

4.49b

C17H15NO5

312.087746

312.08799

−0.78

5.87

C18H17NO6

342.098311

342.09843

−0.3

5.95

C18H17NO6

342.098311

342.09831

0.0

5.92

C18H17NO6

342.098311

342.09833

−0.06

5.86

C19H19NO7

372.108876

372.10836

1.4

5.79

(c) m-Coumaric acid/anthranilate
(d) 3-Methoxycinnamic acid/
anthranilate
(e) 4-Methoxycinnamic acid/
anthranilate
(f) 2,3-Dimethoxycinnamic
acid/anthranilate
(g) 2,4-Dimethoxycinnamic
acid/anthranilate
(h) 2,5-Dimethoxycinnamic
acid/anthranilate
(i) 3-Hydroxy-4-methoxycinnamic
acid/anthranilate
(j) 3,4,5-Trimethoxycinnamic
acid/anthranilate
(k) Cinnamic acid/3hydroxyanthranilate
(l) o-Coumaric acid/
3-hydroxyanthranilate
(m) m-Coumaric acid/
3-hydroxyanthranilate
(n) 3-Methoxycinnamic acid/
3-hydroxyanthranilate
(o) 3,4-Dimethoxycinnamic acid/
3-hydroxyanthranilate
(p) 2,3-Dimethoxycinnamic acid/3hydroxyanthranilate
(q) 2,5-Dimethoxycinnamic acid
/3-hydroxyanthranilate
(r) 3,4,5-Trimethoxycinnamic acid/
3-hydroxyanthranilate
a

Mass accuracy ¼ ½ðtheoretical mass  measured massÞ=ðtheoretical massÞ  1:106

b

A 150-mm long column was used for the resolution of these compounds
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never been reported before, although it is well known that
some 4CL in plants can accept these other substrates
(Knobloch and Hahlbrock 1975; Funk and Brodelius 1990).
After verifying that HCBT is active on p-coumaroyl-CoA
and anthranilate in yeast (Fig. 3), we further showed its
capacity to couple anthranilate and 3-hydroxyanthranilate
to a broader range of cinnamoyl-CoA thioesters (Table 2,
Fig. S2). Our data confirm earlier reports showing that

we demonstrated the feasibility of synthesizing biologically
as many as 27 molecules, including the pharmaceutical
drug tranilast (Fig. 5). The diversity of cinnamoyl anthranilates produced in this study reflects the broad substrate
affinity of 4CL5 from Arabidopsis. The conversion of
cinnamic acid, isoferulic acid, 4-methoxy-, 3-methoxy-,
3,4-dimethoxy-, 2,3-dimethoxy-, 2,5-dimethoxy-, 2,4-dimethoxy-, and 3,4,5-trimethoxycinnamic acids by 4CL5 has
Fig. 5 Structures of the 27
cinnamoyl anthranilates
produced in recombinant yeast
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HCBT has affinity for p-coumaroyl-CoA and cinnamoylCoA in vitro, as well as for 3-hydroxyanthranilate albeit
that the conversion rate was 20% of that of anthranilate
(Yang et al. 1997; Reinhard and Matern 1989).
p-Cinnamoyl-anthranilate, caffeoyl-anthranilate, and
feruloyl-anthranilate produced in this study are oat-specific
natural products named avenanthramide D, E, and F, respectively (Collins and Mullin 1988). In this work, we also report
on newly characterized cinnamoyl-3-hydroxyanthranilates that
are closely related to the cinnamoyl-5-hydroxyanthranilate
avenanthramides found in oats (Collins 1989). Avenanthramides are present at low concentrations in oat groats (2.5–
42 mg/kg) and are difficult to purify individually (Bratt et al.
2003). Radical-scavenging activity has been recently shown
for a wide range of avenanthramides in vitro, as well as
antioxidant and antigenotoxic activities (Fagerlund et al.
2009; Lee-Manion et al. 2009). For example, caffeoyl-5hydroxyanthranilate (avn C) is capable of attenuating reactive
oxygen species production in tissues of exercised rats and
enhances activities of antioxidative enzymes (Ji et al. 2003).
Furthermore, similar to tranilast, avenanthramides are known
to exert various antiinflammatory and antiproliferative processes, which have the potential to contribute to beneficial
physiological effects (Liu et al. 2004; Nie et al. 2006; Sur et
al. 2008). For example, avn C was shown to have
antiproliferative effects on inflammation processes that contribute to atherosclerosis and restenosis after angioplasty (Guo
et al. 2008). Interestingly, it was recently shown that pcoumaroyl-3-hydroxyanthranilate and caffeoyl-3hydroxyanthranilate had antioxidant activities similar to those
of their corresponding cinnamoyl-5-hydroxyanthranilate
derivatives (Moglia et al. 2010). These results suggest that
the cinnamoyl-3-hydroxyanthranilates biologically produced
with 4CL-HCBT recombinant yeast could have similar health
benefits as cinnamoyl-5-hydroxyanthranilate. Notably, we
were unable to produce any hydroxycinnamoyl-5hydroxyanthranilates when our 4CL5-HCBT yeast strain
was grown in the presence of 5-hydroxyanthranilate and pcoumaric acid, caffeic acid, ferulic acid, or sinapic acids (data
not shown). This result suggests that either HCBT does not
use 5-hydroxyanthranilate as a substrate or that the substrate is
not transported into the yeast cells. Replacement of HCBT
with the oat-derived HHT1 in our engineered yeast strain
could potentially lead to the synthesis of hydroxycinnamoyl5-hydroxyanthranilates since the HHT1 enzyme was shown to
use feruloyl-CoA and 5-hydroxyanthranilate as substrates for
the production of feruloyl-5-hydroxyanthranilate (Yang et al.
2004). Finally, dihydroavenanthramide D (DHAvD), a synthetic hydrogenated analog of p-hydroxycinnamoyl-anthranilate, was found to reduce histamine-related skin disorders
such as itching, redness, and wheal. DHAvD is used as an
active ingredient in cosmetic products and was also demonstrated to block the development of type 1 diabetes in
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cytokine-treated mice (Heuschkel et al. 2008, 2009; Lv et al.
2009). Consequently, all three structurally related
hydroxycinnamoyl-anthranilates (i.e. m-, o-, and p- substituted) produced in this study could share similar health benefits,
or alternatively, be used as direct precursors for chemical
hydrogenation (Schmaus et al. 2006).
Our system allows the selective production of tranilast
analogs, including 24 molecules that have never been
identified from natural sources so far. Structural variability
of cinnamoyl anthranilates is of particular interest to screen
for derivatives with improved biological activity (Zammit
et al. 2009). In this respect, additional molecules can
potentially be biologically produced using the same
strategy because the HCBT enzyme is known to accept
other substrates such as benzoyl-CoA and salicyloyl-CoA
(Yang et al. 1997); a plant 4CL enzyme active on benzoic
acid was recently isolated and characterized in Arabidopsis
(Kliebenstein et al. 2007).
The tranilast production presented in this study using
yeast as a catalyst could be further optimized in various
ways, in particular for the endogenous synthesis of
anthranilate and 3,4-dimethoxycinnamic acid. Endogenous
overproduction of anthranilate could be achieved directly
from the conversion of glucose as recently demonstrated for
an engineered strain of E. coli (Balderas-Hernández et al.
2009). Endogenous production of p-coumaric acid from
phenylalanine can be accomplished in yeast by expressing
plant phenylalanine-ammonia lyase, cinnamic acid 4hydroxylase, and cytochrome P450 reductase genes
(Vannelli et al. 2007; Trantas et al. 2009). Furthermore,
expression of the Arabidopsis p-coumaric acid 3hydroxylase (CYP98A3) gene in yeast allows the conversion of p-coumaric acid into caffeic acid (Nair et al. 2002).
Caffeic acid represents a possible precursor for the
production of 3,4-dimethoxycinnamic acid via two methoxylation reactions, which could be catalyzed by the bacterial
O-methyltransferases SafC (Nelson et al. 2007). Alternatively, coexpression of one of the well-characterized plant
caffeic acid 3-O-methyltransferases with ferulic acid 4-Omethyltransferase could lead to the production of 3,4dimethoxycinnamic acid from caffeic acid. Highly active
ferulic acid 4-O-methyltransferase has not been discovered
yet; however, recent work based on site-directed mutagenesis allowed successful design of 4-O-methyltransferases
with defined substrate specificities (Bhuiya and Liu 2010).
Finally, optimizing 4CL activity for the conversion of 3,4dimethyoxycinnamic acid should be considered to improve
the biological synthesis of tranilast. The identification of
residues involved in such activity already offers a potential
for the engineering of 4CL enzymes (Lindermayr et al.
2003). All molecules produced by the recombinant yeast
could be identified from the culture medium. This accumulation suggests the presence of an export mechanism
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potentially involving non-specific transporters. Identifying
and over-expressing such transporters could further increase
export of cinnamoyl anthranilates from yeast cells and
would prevent any potential intracellular toxicity. A specific
transporter could be also isolated from oats since cinnamoyl
anthranilates typically accumulate in the oat cell wall
(Okazaki et al. 2004).
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