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Anthranilate derivatives have been used as flavoring and fragrant agents for a long time.
Recently, these compounds are gaining attention due to new biological functions including
antinociceptive and analgesic activities. Three anthranilate derivatives, N-methylanthranilate,
methyl anthranilate, and methyl N-methylanthranilate were synthesized using metabolically
engineered stains of Escherichia coli. NMT encoding N-methyltransferase from Ruta graveolens,
AMAT encoding anthraniloyl-coenzyme A (CoA):methanol acyltransferase from Vitis labrusca,
and pgsA encoding anthranilate coenzyme A ligase from Pseudomonas aeruginosa were cloned
and E. coli strains harboring these genes were used to synthesize the three desired compounds.
E. coli mutants (met], trpD, tyrR mutants), which provide more anthranilate and /or S-adenosyl
methionine, were used to increase the production of the synthesized compounds. MS/MS
analysis was used to determine the structure of the products. Approximately, 185.3 uM
N-methylanthranilate and 95.2 pM methyl N-methylanthranilate were synthesized. This is the
first report about the synthesis of anthranilate derivatives in E. coli.
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Introduction

Anthranilate (2-aminobenzoic acid) has long been used
for the synthesis of diverse compounds including perfumes,
pharmaceuticals, and insect repellents [1]. Biologically, it is
an intermediate of tryptophan biosynthesis [2] and alkaloids
[3].

Alkylated N-methylanthranilates have been used as
flavoring and fragrant agents [4, 5]. Methyl N-methyl-
anthranilate, a flavoring compound, was discovered from a
variety of grape and Choisya ternata Kunth; it has been used
in the cosmetic industry. Ethyl N-methylanthranilate also
has similar properties. Alkylate anthranilates such as
methyl anthranilate and ethyl anthranilate are natural
compounds that are responsible for flavor and fragrance
[6]. They are also known to be insect repellent and to have
antipathogenic effects [7, 8]. Additional biological activities
of these anthranilate derivatives have been found; Methyl
N-methylanthranilate and isopropyl N-methylanthranilate

have shown antidepressant-like activity [9]. Isopropyl N-
methylanthranilate has antinociceptive activity [5]. A recent
report speculated that methyl N-methylanthranilate has
analgesic activity [10]. Usually, alkylated N-methylanthranilates
have a methyl or ethyl group attached to anthranilate
through N-methylation and/or ester formation with a
carboxyl group.

Methyl anthranilate is one of the ingredients of Concord
grape and contributes to the flavor of wines produced from
this variety of grapes [11]. In addition, methyl anthranilate
has been used as a bird repellent for crop protection [12, 13].

Biological synthesis of these anthranilates has been
studied in some plants. N-Methylanthranilate is synthesized
from anthranilate by an enzyme anthranilate N-methyl
transferase (NMT), which uses S-adenosyl methionine
(SAM) as a methyl group donor. NMT from Ruta graveolens
has been cloned [14]. Moreover, biosynthesis of methyl
anthranilate was studied in Vitis labrusca and anthraniloyl-
coenzyme A (CoA):methanol acyltransferase (AMAT),

June 2019 | Vol.29 | No. 6



840 Leeetal

[e] o
_CH;
OH pgsA SCoA AMAT o
C AK\AMP
NH, "0, NH CH;OH CoA NH,

+ATP +PP;
Anthraniloyl-CoA

H

Anthranilate Methyl anthranilate

SAM) NMT C,H;OH )AMAT SAM) NMT
SAH CoA SAH
o [¢] (o]
CH
~LH3
@‘\QH dko/\c”3 d\o
\H NH, \H
CH3 Ethyl anthranilate CHs
N-methylanthranilate Methyl N-methylanthranilate
SAM) NMT
SAH
[¢]
dO/\CHB
PIIH
CH3

Ethyl N-methylanthranilate

Fig. 1. Scheme for the synthesis of anthranilate derivatives (N-
methyl anthranilate, methyl anthranilate, ethyl anthranilate,
methyl N-methylanthranilate, and ethyl N-methylanthranilate).

which is responsible for the formation of methyl anthranilate,
has also been cloned [15]. AMAT uses diverse alcohols as
an alkyl group donor and anthraniloyl-CoA as an alkyl
group acceptor. The attachment of coenzyme A (CoA) to
anthranilate is mediated by pgsA from Pseudomonas aeruginosa
[16]. The combination of these genes would make it possible
to synthesize various anthranilate derivates.

Escherichia coli has been widely used to synthesize
natural compounds [17] because precursors for the synthesis
of various compounds and cofactors such as SAM, CoA,
and nucleotide sugars can be easily provided in the
medium, and manipulation of metabolic pathways is
straightforward. E. coli synthesizes anthranilate, which can
be used for the synthesis of various anthranilate derivatives
(Fig. 1). By introducing NMT, AMAT, and pgsA into E. coli
and engineering E. coli metabolic pathways, we synthesized
three anthranilate derivates.

Materials and Methods

Nucleic Acid Manipulation

Ruta graveolens and Concord grape (Vitis labrusca) were
purchased from a local market and total RNA was isolated using a
Plant Total RNA Isolation Kit (Qiagen, US). The isolated RNA was
used as template for reverse transcription-polymerase chain
reaction (RT-PCR). Anthranilate N-methyltransferase (NMT) and
anthranilate methyltransferase (AMAT) were cloned from R.
graveolens and V. labrusca, respectively. Primers were designed
based on the published nucleotide sequences (NMT, DQ884932.1;
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AMAT, AY705388). Primer sequences for NMT were 5'-ATGGAT
CCGATGGGTTCTTTATCGGAATCC-3’ as a forward primer and
5-ATGCGGCCGCCTACTTGAAGAACTCCATGA-3’ as a reverse
primer (restriction enzyme sites for BamHI at the forward primer
and NotI at the reverse primer are underlined). The PCR product
was sequenced and subcloned into the corresponding site of pET-
Duetl vector (pE-NMT). 5-AAGTCGACATGGCATCATCGTCGT
CTCC-3’ (Sall site is underlined.) and 5'-AAGCGGCCGCTTAGG
GCATGGATGTAATTAACAGC-3’ (Notl site is underlined.) were
used as forward and reverse primers for AMAT, respectively.
AMAT gene was subcloned into Sall/Notl site of pCDFduet
vector (pC-AMAT). trpEG from E. coli was cloned using PCR. 5'-
ATGGATCCCATGCAAACACAAAAACCGACT-3" and 5ATC
TCGAGTTACAGAATCGGTTGCAGCGTG-3" were used as the
forward and the reverse primers, respectively. BamHI and Xhol
site was introduced into the forward primer and the reverse
primer, respectively. The resulting PCR product was sequenced
and subcloned into the second cloning site (Bglll/Xhol) of pE-
NMT to produce pE-NMT-trpEG.

PgsA gene was cloned by PCR using genomic DNA of
Pseudomonas aeruginosa as a template. Following primers were
used; 5-ATCATATGTCCACATTGGCCAACCTGACCG-3" (Ndel
site is underlined) and 5CATCTCGAGTCAACATGCCCGTTC
CTCCGG3’ (Xhol site is underlined). The resulting PCR product
was subcloned into Ndel/Xhol site of pC-AMAT and the
resulting construct was named pC-AMAT-pgsA.

Production of Methylated Anthranilates

N-Methylanthranilate was synthesized using E. coli harboring
either pE-NMT or pE-NMT-trpEG. E. coli transformants were
grown and gene expression was induced as described in Song et
al. [18]. Cells were harvested by centrifugation and resuspended
in M9 medium containing 100 uM anthranilate, 50 pg/ml ampicillin,
and 1 mM IPTG. The reaction was carried out for 24 h. Synthesis
of N-methylanthranilate using various E. coli strains was carried
out the same as above except that anthranilate was not added.

Methyl anthranilate was synthesized using E. coli harboring pC-
AMAT-pgsA. After harvesting cells, they were resuspended using
M9 medium containing 100 uM anthranilate, 5% alcohol (methanol,
ethanol, isopropanol, or butanol), 50 pg/ml spectinomycin, and
1 mM IPTG. Culture filtrate was extracted with ethyl acetate and
the organic layer was dried and dissolved in DMSO. The dissolved
sample was analyzed using high-performance liquid chromato-
graphy (HPLC) [19]. N-Methylanthranilate was detected at
250 nm. Methyl anthranilate, ethyl anthranilate, and methyl N-
methylanthranilate were detected at 354 nm. Standard deviation
and mean were calculated based on triplicate experiments. The
structure of N-methylanthranilate was determined using nuclear
magnetic resonance spectroscopy (NMR) [20]; 'H NMR (400 MHz,
DMSO-dé6): 8 7.77 (dd, ] =7.9,1.5 Hz, 1H), 7.37 (td, ] = 7.8, 1.6 Hz,
1H), 6.67 (d, ] = 8.4 Hz, 1H), 6.54 (t, ] = 7.4 Hz, 1H), 2.83 (s, 3H).
MS/MS analysis was carried out as previously described [21].
Mass spectra were acquired in the positive ionization mode.



Synthesis of anthranilate from glucose was carried out as
described previously [18]. For the synthesis of alkyl anthranilate,
alcohol was provided at the final concentration of 5% (v/v). And,
the cells were grown at 30°C at 180 rpm for 24 h.

Results and Discussion

Synthesis of N-Methylanthranilate

N-methylanthranilate is synthesized from anthranilate
in a reaction catalyzed by NMT. To synthesize N-
methylanthranilate, E. coli strain B1 was fed with anthranilate
and the culture filtrate was analyzed. As shown in Fig. 2,
the reaction product had the same retention time as N-
methylanthranilate. The structure of this reaction product
was analyzed by NMR and it was confirmed to be N-
methylanthranilate.

Anthranilate is an intermediate for the synthesis of
tryptophan; however, it is also a substrate for NMT. The
production of N-methylanthranilate can be increased by
engineering anthranilate production. We examined the
production of N-methylanthranilate from glucose. As
expected, the strain Bl synthesized approximately 1.6 mg/1
N-methylanthranilate without feeding anthranilate. In
order to increase the production, we next overexpressed
trpEG gene encoding anthranilate synthase that catalyzes

Table 1. Plasmids and strains used in the present study.
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Fig. 2. Synthesis of N-methylanthranilate using E. coli harboring
NMT.

A, anthranilate standard; B, N-methylanthranilate standard; C, the
reaction product from E. coli harboring NMT.

the conversion of chorismate to anthranilate. The resulting
strain B2 produced 16.6 mg/1 N-methylanthranilate. Then,
we used E. coli tyrR and trpD double mutant (B-DR in
Table 1). TyrR is a negative regulator of transcription
and its deletion resulted in the activation of the first step
of shikimate pathway [22]. TrpD encodes anthranilate

Plasmids or E. coli strains Relevant properties or genetic markers Source
Plasmids
pETDuet f1 ori, Amp" Novagen
pE-NMT pETduet + NMT from Ruta graveolens
pE-trpEG pETduet + trpEG from Escherichia coli This study
pE-trpEG-NMT pETduet + trpEG from Escherichia coli + NMT from R. graveolens This study
pC-AMAT-pgsA pCDFduet+ AMAT from Vitis labrusca + pgsA from Pseudomonas aeruginosa This study
Strains
BL21 (DE3) F ompT hsdSy(ry my) gal dem lon (DE3)
B-DR BL21(DE3) AtrpD/AtyrR This study
B-DRM BL21(DE3) AtrpD/AtyrR/AMet] This study
Bl BL21 (DE3) harboring pE-NMT This study
B2 BL21 (DE3) harboring pE-trpEG-NMT This study
B3 BL21 (DE3) harboring pE-trpEG and pC-AMAT-pgqsA This study
B4 BL21 (DE3) harboring pC-AMAT-pgsA This study
B-DR1 B-DR harboring pE-trpEG-NMT This study
B-DRM1 B-DRM harboring pE-trpEG-NMT This study
B-MMA1 E. coli BL21 harboring pE-trpEG-NMT and pC-AMAT-pgsA This study
B-MMA2 E. coli B-DR harboring pE-trpEG-NMT and pC-AMAT-pgsA This study
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Fig. 3. Synthesis of N-methylanthranilate from glucose using
various E. coli strains.

phosphoribosyl transferase, which converts anthranilate into
N-(5’-phosphoribosyl)-anthranilate [1]. The strain B-DR1
synthesized 18.4 mg/1 N-methylanthranilate. Furthermore,
we engineered the strain for the production of methyl
group donor. SAM serves as a methyl group donor. Met] is
a repressor of SAM synthesis and it inhibits the production
of SAM using a feedback mechanism [23]. Therefore, we
made Met] deletion mutant in order to make more SAM
available for the synthesis of N-methylanthranilate. (Table 1).
The resultant triple mutant strain (B-DRMI1, Table 1)
produced approximately 29.1 mg/1 N-methylanthranilate
(Fig. 3). We detected unreacted anthranilate in all the E. coli
strain. Although both anthranilate and SAM are critical for
N-methylanthranilate production, conversion of anthranilate
into N-methylanthranilate was slower than the synthesis of
anthranilate.

Synthesis of Alkyl Anthranilate

We tested the synthesis of alkyl anthranilates such as
methyl anthranilate and ethyl anthranilate. This reaction is
catalyzed by two enzymes. Anthranilate is converted into
anthraniloyl-CoA by anthranilate-CoA ligase and then it is
converted into alkyl anthranilate by AMAT. Which alkyl
group is attached to anthranilate depends on the alcohol
used. In order to supply more anthranilate, trpEG was
overexpressed in E. coli. Three genes (trpEG, pqsA, and
AMAT) were introduced into E. coli and the transformants
(B3) were grown in the presence of 2% of methanol,
ethanol, propanol, isopropanol, or butanol. B3 fed with
methanol, ethanol, or isopropanol showed a new peak in
HPLC, which had a different retention time than that of
anthranilate. Reaction products from methanol and ethanol

J. Microbiol. Biotechnol.

1000 -

soo A S1
600 - A/_
400
200 -
o~ 0 A
2 04 B S2
E 300 1 e
= 2004
© 100
e ot
® 1 C P1
o 150
o 1001 i
B 50
< 0 A A
D P2
300 —
200
1004
0 e
T e —

— T
0 2 4 6 8 10 12 14 16 18 20
Time (min)

Fig. 4. Production of methyl anthranilate and ethyl
anthranilate using E. coli strain B3.

A, methyl anthranilate standard (S1); B, ethyl anthranilate standard
(S2); C, reaction product (P1) after feeding methanol; D, reaction
product (P2) after feeding ethanol. mAU: milli absorption unit.

had the same HPLC retention time as that of the standards
methyl anthranilate and ethyl anthranilate, respectively
(Fig. 4). The molecular masses of the products from the
reactions involving methanol and ethanol were 152.0698
and 166.0854 Da, respectively (Figs. S1 and S3). These
agreed with the predicted molecular masses of methyl
anthranilate and ethyl anthranilate, respectively. Furthermore,
the two compounds synthesized when methanol or ethanol
were fed showed the MS/MS fragmentation patterns
matching with methyl anthranilate or ethyl anthranilate,
respectively (Figs. S1 and S3). These results indicated that
the strain B3 synthesized methyl anthranilate and ethyl
anthranilate. Ethanol was the best substrate followed by
methanol and isopropanol. Only a small amount of
isopropanol reacted with anthranilate (data not shown).
This result was in contrast with the enzymatic reaction
result [15], in which isopropanol was the best followed by
ethanol and methanol. This might be due to the different
permeability of each alcohol into E. coli. Isopropanol was
less permeable than the other two alcohols, which limited
the supply of isopropanol for the synthesis of the isopropyl
anthranilate.

Synthesis of Methyl N-Methylanthranilate
Next, we synthesized methyl N-methylanthranilate.
Synthesis of methyl N-methylanthranilate can be achieved
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Fig. 5. Synthesis of methyl N-methylanthranilate in E. coli.
A, standard methyl anthranilate; B, standard methyl N-

methylanthranilate; C, the reaction product from B, MMA1; D, the
reaction product from B, MMA2. mAU: milli absorption unit.

by two routes; the choice depends on the compound first
synthesized, N-methylanthranilate or methyl anthranilate.
Two constructs, pE-trpEG-NMT and pC-AMAT-pqsA were
transformed into E. coli BL21 (B-MMA1) and B-DR (B-
MMA?2). The synthesis of methyl N-methylanthranilate
was examined in each transformant after feeding methanol.
Both transformants
compound that had the same HPLC retention time as that
of methyl N-methylanthranilate (Fig. 5). The molecular

successfully synthesized a new

mass of the synthesized compound was 166.0854 Da, which
corresponds with that of methyl N-methylanthranilate.
Also, the MS/MS fragmentation pattern of the synthesized
compound matched with that of methyl N-methylanthranilate
(Fig. S2). Taken together, methyl N-methylanthranilate was
successfully synthesized in both the E.coli strains.
Moreover, when ethanol was fed to these strains, ethyl N-
methylanthranilate was synthesized (Fig. 54).

Notably, B-MMA1 synthesized more methyl N-
methylanthranilate than B-MMA2. B-MMA?2 accumulated
unreacted products such as N-methylanthranilate and
methyl anthranilate. B-MMA?2 produced more anthranilate,
which could be a substrate for either NMT or AMAT. The
conversion to N-methylanthranilate was faster than that to
methyl anthranilate as shown in Fig. 5D. It was likely
that methyl anthranilate was not converted into methyl
N-methylanthranilate and inhibited the conversion of
N-methylanthranilate into methyl N-methylanthranilate.
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In order to test this, methyl anthranilate was fed to E. coli
cells harboring pE-NMT. We found that only 10% of
methyl anthranilate was converted into methyl N-methyl
anthranilate (data not shown). On the other hand, when
N-methylanthranilate along with methanol was fed to E. coli
harboring pC-AMAT-pqsA, most of the N-methylanthranilate
was converted into methyl N-methylanthranilate. These
results indicated that the strain B-MMA1 synthesized more
methyl N-methylanthranilate; less synthesis of anthranilate
in the strain B-MMALl led to the conversion of the
synthesized anthranilate into N-methylanthranilate or methyl
anthranilate, and then these were converted to methyl
N-methylanthranilate, although some methyl anthranilate
still remained.

We determined the optimal concentration of alcohol
(methanol or ethanol) to maximize the synthesis of methyl
N-methylanthranilate and ethyl N-methylanthranilate. We
fed 1%, 3%, 5%, 8%, or 10% alcohol along with N-methyl
anthranilate to E. coli strain B4. The synthesis of alkyl N-
methylanthranilate increased until 5% alcohol was added.
At the concentrations higher than 8 %, the synthesis of
alkyl N-methylanthranilate decreased. This might be due
to the toxic effects of alcohol on E. coli.

To increase the synthesis of methyl N-methylanthranilate,
we divided the whole synthesis pathway into two steps; we
synthesized N-methylanthranilate using B-DRM1 (Table 1)
in the first step and then the filtrate of this culture
along with methanol was fed to E. coli strain B4 in the
second step to synthesize methyl N-methylanthranilate
from N-methylanthranilate. Approximately 29.1 mg/1 N-
methylanthranilate (approximately 192.6 uM) was synthesized
using B-DRML1. The resulting supernatant was mixed with
E.coli BL21 harboring pC-AMAT-pgsA along with 5%
methanol or ethanol. All the N-methylanthranilate was
converted into the corresponding alkyl N-methylanthranilate;
however, approximately 95.2 pM methyl N-methylanthranilate
could be detected because methyl N-methylanthranilate is
volatile.

We successfully synthesized anthranilate derivatives (N-
methylanthranilate, methyl anthranilate, ethyl anthranilate,
methyl N-methylanthranilate, and ethyl N-methylanthranilate)
using engineered E. coli strains. Methyl (ethyl) anthranilate
and methyl (ethyl) N-methylanthranilate were volatile and
the estimated final yields of these compounds were
somewhat lower than their actual yields. This is the first
report of the synthesis of these anthranilate derivatives in
E. coli and opens a way to synthesize flavoring compounds
using engineered E. coli strains.
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