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Abstract

Background: Hydroxycinnamoyl anthranilates, also known as avenanthramides (avns), are a group of phenolic alka-
loids with anti-inflammatory, antioxidant, anti-itch, anti-irritant, and antiatherogenic activities. Some avenanthramides
(avn A-H and avn K) are conjugates of hydroxycinnamic acids (HC), including p-coumaric acid, caffeic acid, and ferulic
acid, and anthranilate derivatives, including anthranilate, 4-hydroxyanthranilate, and 5-hydroxyanthranilate. Avns are
primarily found in oat grain, in which they were originally designated as phytoalexins. Knowledge of the avns biosyn-
thesis pathway has now made it possible to synthesize avns through a genetic engineering strategy, which would
help to further elucidate their properties and exploit their beneficial biological activities. The aim of the present study

was to synthesize natural avns in Escherichia coli to serve as a valuable resource.

Results: We synthesized nine avns in E. coli. We first synthesized avn D from glucose in £ coli harboring tyrosine
ammonia lyase (TAL), 4-coumarate:coenzyme A ligase (4CL), anthranilate N-hydroxycinnamoyl/benzoyltransferase
(HCBT), and anthranilate synthase (trpEG). A trpD deletion mutant was used to increase the amount of anthranilate in
E. coli. After optimizing the incubation temperature and cell density, approximately 317.2 mg/L of avn D was synthe-
sized. Avn E and avn F were then synthesized from avn D, using either £. coli harboring HpaBC and SOMT9 or E. coli har-
boring HapBC alone, respectively. Avn A and avn G were synthesized by feeding 5-hydroxyanthranilate or 4-hydroxy-
anthranilate to E. coli harboring TAL, 4CL, and HCBT. Avn B, avn C, avn H, and avn K were synthesized from avn A or avn
G, using the same approach employed for the synthesis of avn E and avn F from avn D.

Conclusions: Using different HCs, nine avns were synthesized, three of which (avn D, avn E, and avn F) were syn-
thesized from glucose in E. coli. These diverse avns provide a strategy to synthesize both natural and unnatural avns,
setting a foundation for exploring the biological activities of diverse avns.
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Background

Hydroxycinnamic acid amides (HCAAs) are a group
of plant secondary metabolites [1] that are categorized
into two main types: basic and neutral. Basic amides
have primary amines such as spermine, putrescine,
and spermidine, whereas neutral amides have aromatic
amines, including tyramine, dopamine, anthranilate, and
tryptamine [2]. Therefore, the basic amides are water-
soluble, whereas the neutral amides are water-insoluble.
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Initial studies of the physiological functions of these
HCAAs revealed allelopathic, antifungal, and antiviral
activities [3—5]. Moreover, a recent study demonstrated
a role of HCAAs in plant growth and development,
responses to abiotic stress, and disease resistance [6].
HCAAs have also shown beneficial effects in humans,
including antiviral, melanogenesis, inhibitory, and anti-
cancer activities [7-9]. Among the HCAAs, avenanthra-
mides (anthranilate amides; avns) exhibit anti-genotoxic,
anti-inflammatory, anti-fibrotic, anti-itch, and anti-pro-
liferative activities [10—~14]. In addition, avns were shown
to reduce the risk of atherosclerosis [15]. Oats are a major
source of avns [16]. Although various avns and their
derivatives have also been synthesized in Saccharomyces
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cerevisiae [17, 18], there is currently no method to syn-
thesize some natural avns (avn A—H and avn K) that are
conjugates of hydroxycinnamic acids (HC) such as p-cou-
maric acid, caffeic acid, and ferulic acid and anthranilate
derivatives, including anthranilate, 4-hydroxyanthra-
nilate, and 5-hydroxyanthranilate. Therefore, the aim of
the current study was to develop a method for the clon-
ing and introduction of genes required for the biosynthe-
sis of these avns in E. coli.

To date, several HCAAs have been synthesized by
introducing the genes involved in the biosynthetic path-
way into E. coli [19-22]. In brief, primary amines are
synthesized from the amino acids lysine or arginine,
as the building blocks of HCAAs [6]. Aromatic amines
and HCs are synthesized from phenylalanine, tyrosine,
tryptophan, or intermediates of aromatic amino acid
biosynthesis. Aromatic amino acid decarboxylases decar-
boxylate aromatic amino acids, resulting in the synthesis
of corresponding amines [23]. HCs are synthesized via a
deamination reaction by phenylalanine ammonia lyase or
tyrosine ammonia lyase (TAL) and are activated by the
attachment of CoA by 4-cinnamate coenzyme A ligase
(4CL) [24]. The conjugation reaction between amines
and hydroxycinnamoyl-CoAs is mediated by N-hydrox-
ycinnamoyl/benzoyltransferase (HCBT), a member of
the BAHD acyltransferase family [25, 26], including ben-
zylalcohol O-acetyltransferase, anthocyanin O-hydrox-
ycinnamoyltransferase, HCBT, and deacetylvindoline
4-O-acetyltransferase. Diverse HCBTs have been cloned

Table 1 Structure of avenanthramides synthesized in this study
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demonstrating involvement in the synthesis of HC-
phenethylamines, HC-tyramines, HC-tryptamines, HC-
serotonins, and HC-anthranilates [27-29].

Based on these known pathways and involved genes,
we synthesized nine avns in E. coli: avnh A-C that
use 5-hydroxy anthranilate; avn G, H, and K that use
4-hydroxy anthranilate; and avn D-F consisting of
anthranilate (Table 1). In addition, by engineering the
shikimic acid pathway through which substrates such as
anthranilate and HCs are supplied, avn D was synthesized
from glucose (Fig. 1). Avn E and avn F were then synthe-
sized from avn D by modifying the HC portion of avn D.
The Avn A series (avn A, B, and C) and avn G series (avn
G, H, and K) were synthesized by supplying 5-hydroxy-
anthranilate and 4-hydroxyanthranilate. This method
should serve as a useful resource for further research into
the properties and biological activities of avns.

Results

Production of various N-HC-anthranilates in E. coli

by feeding HCs

HC-anthranilate was synthesized from HC-CoA and
anthranilate using two genes: Os4CL, which converts HC
into corresponding HC-CoA, and HCBT, which synthe-
sizes HC-anthranilate from HC-CoA and anthranilate.
Two HCBT genes were tested: one from D. caryophyl-
lus (DcHCBT) [13] and another from A. sativa (AsH-
CBT) [30]. Both genes were subcloned into the E. coli
expression vector pCDF-Duet along with Os4CL. E. coli
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Fig. 1 Schematic pathway for the synthesis of p-coumaroyl anthranilate in Escherichia coli

harboring DcHCBT and Os4CL converted anthranilate
and p-coumaric acid into N-p-coumaroyl anthranilate,
while E. coli harboring AsHCBT and Os4CL showed
approximately 1.5% conversion of these two substrates.
Thus, DcHCBT was used for further analysis. The molec-
ular mass of the reaction product from E. coli harboring
DcHCBT was 284.2 Da in positive-ion mode, which is the
predicted molecular mass of p-coumaroyl-anthranilate
(Fig. 2). The structure of the compound was confirmed by
nuclear magnetic resonance (NMR).

Next, we synthesized additional HC-anthranilate deriv-
atives by feeding strain HA-1 (Table 2) with various HCs
and anthranilate. Twelve HCs were used for this purpose.
p-coumaric acid was found to be the best substrate, fol-
lowed by o-coumaric acid, cinnamic acid, caffeic acid,
m-coumaric acid, 3-methoxy cinnamic acid, and ferulic
acid (Table 2). The formation of HC-anthranilates was
confirmed by mass spectrometry (MS) (data not shown).
However, 4-methoxycinnamic acid, 3,4-dimethoxycin-
namic acid, 2,4-dimethoxycinnamic acid, sinapic acid,
and 3,4,5-trimethoxycinnamic acid were not converted
into the corresponding HC-anthranilate under our exper-
imental conditions. As described above, HC-anthra-
nilates were synthesized in two steps: the formation of
HC-CoA by Os4CL and conjugation of HC-CoA and
anthranilate by HCBT. 4-methoxycinnamic acid was used

for the synthesis of N-(4-methoxycinnamoyl) tyramine
[17], which is also a two-step reaction. This indicates that
the attachment of coenzyme A to 4-methoxycinnamic
acid by Os4CL was not problematic, and thus HCBT did
not conjugate 4-methoxycinnamoyl-CoA to anthranilate.
For the other substrates tested, including 3,4-dimethoxy-
cinnamic acid, 2,4-dimethoxycinnamic acid, sinapic acid,
and 3,4,5-trimethoxycinnamic, it was not clear whether
the first or second step was responsible for limiting the
reaction.

Synthesis of anv D, E, and F in E. coli

Among the HCs tested as described above, p-coumaric
acid, caffeic acid, and ferulic acid were further syn-
thesized from glucose using E. coli [31]. In addition,
anthranilate is an intermediate on aromatic amino acids
(tryptophan, tyrosine, and phenylalanine). Thus, we
attempted to synthesize p-coumaroyl anthranilate (avn
D), caffeoyl anthranilate (avn F), and feruloyl anthranilate
(avn E). We first synthesized avn D without supplying
p-coumaric acid and anthranilate. Tyrosine can be used
as the substrate for the production of p-coumaric acid,
and TAL converts tyrosine into p-coumaric acid. Anthra-
nilate is an intermediate of tryptophan (Fig. 1). There-
fore, E. coli cells were transformed with TAL (pA-SeTAL)
and pC-Os4CL-HCBT, and the resulting transformant
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Fig. 2 HPLC analysis of the product from E. coli harboring BcHCBT. Inset is the molecular mass of the reaction product (A). P1, reaction product; S1,
standard anthranilate; S2, p-coumaric acid

Table 2 Conversion of HC and anthranilate into the corresponding N-HC-anthranilate, using strain HA-1

Substrate Structure HC-anthranilate? (relative conversion rate %)
p-Coumaric acid 100
HO O
\
OH
o-Coumaric acid OH 445427
G_\_(O
OH
Cinnamic acid 29.1+36
O
\
OH
Caffeic acid 185428
HO O
\
HO OH
m-Coumaric acid 150412
0]
A\
HO OH
3-Methoxycinnamic acid 123+23
O
\
H;CO OH
Ferulic acid 64+08
HO O
\
H;CO OH

@ E. coli strain HA-1 was used. Anthranilate and each HC (0.5 mM) was fed and the reaction was carried out at 30 °C for 3 h. The relative conversion rate was calculated
by measuring the remaining amount of HC and the product. The best HC was considered as 100. The experiment was carried out in triplicate and the standard

deviation was calculated
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HA-2 was used to examine the synthesis of p-coumaroyl
anthranilate. However, HA-2 did not synthesize any
detectable avn D during the production of p-coumaric
acid (Fig. 3). It was assumed that the endogenous con-
centrations of the two substrates, p-coumaric acid and
anthranilate, were not sufficiently high for the synthe-
sis of p-coumaroyl anthranilate. Therefore, three genes,
aroG (2-dehydro-3-deoxyphosphoheptonate aldolase),
tyrA (chorismate mutase/prephenate dehydrogenase),
and trpEG (anthranilate synthase), were overexpressed
to increase the intracellular levels of anthranilate and
tyrosine. AroG affects anthranilate and tyrosine synthe-
sis because it is the first enzyme in the shikimate path-
way [32]. TyrA catalyzes the synthesis of tyrosine from
chorismite [32], while TrpEG catalyzes the synthesis of
anthranilate from chorismite [33]. We tested the feed-
back-free version of aroG (aroG™ and tyrAﬂ”), both of
which are known to increase the intracellular concentra-
tion of tyrosine [34]. Using this combination of genes, we
prepared four more E. coli strains (HA3-6), and the pro-
duction of avn D was examined in all five E. coli strains
(HA-2, HA-3, HA-4, HA-5, and HA-6). HA-3, in which
trpEG was overexpressed, produced avn D, while HA-2,
in which trpEG was not overexpressed, did not produce
any detectable avn D. This indicates that the overexpres-
sion of trpEG increased the production of anthranilate,
which was used to produce avn D. Overexpression of
aroG and tyrA along with trpEG (strain HA-4) resulted
in 74.9 mg/L avn D, which was much higher than that
produced by strain HA-3 (21.4 mg/L) (Fig. 3). Therefore,
engineering the pathway for tyrosine and anthranilate
increased avn D production. However, the strain over-
expressing the feedback-free version of aroG and tyrA
(HA-5; 34.2 mg/L) did not produce more avn D than
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strain HA-4. In addition, overexpression of ppsA and
tktA (HA-6, 25.0 mg/L), both of which increase phospho-
enolpyruvate and erythrose 4-phosphate for the substrate
AroG, did not increase avn D production. However,
in the strains HA-5 and HS-6, unreacted tyrosine and
p-coumaric acid were observed (Fig. 3a, b). These results
indicate that the metabolic balance between p-coumaric
acid and anthranilate is important for obtaining higher
final yields.

Based on these results, we next optimized the gene
combination for the production of avn D. For this pur-
pose, we used an E. coli double mutant (BtyrR-trpD),
in which tyrR and trpD were deleted to produce strain
HA-7. tyrR encodes a transcriptional regulator that
regulates the first step of the shikimate pathway and is
activated by tyrosine binding [32], and trpD encodes
anthranilate phosphoribosyl transferase that catalyzes
the conversion of anthranilate to N-(5-phosphoribosyl)
anthranilate [33]. Therefore, deletion of trpD increases
anthranilate accumulation. Accordingly, it was expected
that the tyrR/trpD double mutant would increase tyros-
ine and anthranilate synthesis to ultimately increase
avn D production. Indeed, strain HA-7 synthesized
170.8 mg/L of avn D.

The incubation temperature and initial cell density
were optimized using this strain. HA-7 was grown at 18,
25, and 30 °C, and the highest production of avn D was
observed in cells grown at 25 °C (272.2 mg/L). The yields
at 18 and 30 °C were approximately 9.2 and 174.9 mg/L,
respectively. The optimal initial cell density was also
examined. The cell density was adjusted to ODgy,=0.5,
1, 1.5, 2, and 3, and avn D production was examined at
25 °C. The yield of avn D decreased from 307.8 mg/L
at ODg);=0.5-197.3 mg/L at ODg,,=1.0, 109.7 mg/L
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Fig. 3 Effect of constructs on the production of avn D in £. coli. a Production of p-coumaric acid, anthranilate and avn D in different strains. b




Lee et al. Microb Cell Fact (2018) 17:46

at ODgy=1.5, 66.2 mg/L at ODgy,=2.0, and 35.8 at
ODg,=3.0. Using the optimized incubation temperature
and cell density of strain HA-7, the production of p-cou-
maroyl anthranilate was monitored for 36 h. Production
of avn D was observed at 3 h and continued to increase
until 30 h, at which time the production of avn D was
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Fig. 4 Production of avn D using strain HA-7

Table 3 Plasmids and strains used in the present study
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maximized. The yield of avn D at 30 h was 317.4 mg/L
(Fig. 4).

Next, we synthesized avn F. One additional gene,
HpaBC, which was reported to convert p-coumaric acid
into caffeic acid [31] (Additional file 1), was introduced
into HA-7 (strain HA-Hpa in Table 3). The resulting
strain did not synthesize detectable levels of avn F, but
anthranilate and caffeic acid were found in the culture
filtrate. A similar phenomenon was previously observed
for the synthesis of hydroxysalidroside, in which the
introduction of one additional gene in the stepwise syn-
thesis interfered with the whole reaction, resulting in
no product formation [35]. Another possible explana-
tion is that HCBT used caffeic acid less effectively than
p-coumaric acid (Table 3), while the attachment of CoA
into either p-coumaric acid or caffeic by 4CL was similar
[36]. HpaBC is known to convert tyrosine into L-DOPA
(3,4-dihydroxyphenyl-L-alanine) [37], which might
inhibit the 4CL or HCBT used in this study. Therefore,
we used another approach to synthesize avn F by exam-
ining whether the strain HA-Hpa could synthesize avn
F from avn D, and then both strains HA-Hpa and HA-S
would convert avn D into avn F and then avn E. HpaBC

Plasmids or E. coli strain

Relevant properties or genetic marker

Source or reference

Plasmids
pACYCDuet P15A ori, Cm' Novagen
pCDFDuet CloDE13 ori, Strf Novagen
pETDuet f1 ori, Amp’ Novagen
pC-Os4CL-HCBT
pE-trpEG
pA-SeTAL PACYCDuet carrying TAL from Saccharothrix espanaensis [42]
pA-aroG-SeTAL-tyrA pACYCDuet carrying TAL from S. espanaensis, aroG and tyrA from E. coli [42]
pA-aroGP"-SeTAL-tyrA®! PACYCDuet carrying TAL from S. espanaensis, aroG™, and tyrA®" from E. coli [42]
pA-aroGP-ppsA-tktA-SeTAL-tyrA™"  pACYCDuet carrying TAL from S. espanaensis, aroG™", and ppsA, tktA, and tyrA® from E. coli  [42]
pG-HpaBC pGEX 5X-3 carring HpaBC from E. coli [30]
pG-SOMT9 pGEX 5X-3 carring SOMT9 from soybean [38]
Strains
BL21 (DE3) F~ ompT hsdSg (rg mg) gal dcm lon (DE3) Novagen
BtyrR-trpD BL21 (DE3) AtyrR/AtrpD This study
HA-1 BL21 harboring pC-Os4CL-HCBT
HA-2 BL21 harboring pC-Os4CL-HCBT, pA-SeTAL, and pETDuet This study
HA-3 BL21 harboring pC-Os4CL-HCBT, pA-SeTAL, and pE-trpEG This study
HA-4 BL21 harboring pC-Os4CL-HCBT, pA-aroG-SeTAL-tyrA, and pE-trpEG This study
HA-5 BL21 harboring pC-Os4CL-HCBT, pA-aroG™-SeTAL-tyrA™, and pE-trpEG This study
HA-6 BL21 harboring pC-Os4CL-HCBT, pA-aroG™"-ppsA-tktA-SeTAL-tyrA™, and pE-trpEG This study
HA-7 BtyrR-trpD harboring pC-Os4CL-HCBT, pA-aroG-SeTAL-tyrA, and pE-trpEG This study
HA-8 BL21 harboring pC-Os4CL-HCBT, and pA-aroG-SeTAL-tyrA This study
HA-Hpa BL21 harboring pG-HpaaBC This study
HA-S BL21 harboring pG-SOMT9 This study
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was used for the synthesis of caffeic acid from p-cou-
maric acid [31] and SOMT9 was used for the methylation
of phenolic compounds having vicinal hydroxy groups
[38]. As shown in Fig. 5¢, HA-Hpa synthesized a new
product and its molecular mass corresponded to that of
avn F (Additional file 2). To synthesize avn E from avn D,
two E. coli transformants (HA-Hpa and HA-S) were fed
with avn D and the culture filtrate was analyzed using
high-performance liquid chromatography (HPLC). As
shown in Fig. 5e, we observed the production of both avn
F and avn E, but strain HA-S did not produce any prod-
uct when fed with avn D (Fig. 5d). This indicated that avn
D was converted into avn F by HA-Hpa and then avn F
was converted by HA-S.

Thus, avn F was ultimately synthesized in two steps.
Avn D, which was synthesized using strain HA-7, was
fed to HA-Hpa at the final concentration of 1121.5 uM
(3174 mg/L). This resulted in the production of
1083.2 uM avn F (324.1 mg/L), giving a conversion rate
of approximately 96.5%. Avn E was also synthesized
in a stepwise manner. Two E. coli transformants (HA-
Hpa and HA-S) were mixed with the supernatant of
HA-7, which contained avn D. By feeding 1121.5 pM
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(317.4 mg/L) avn D, 772.4 uM avn F (242.0 mg/L) and
165.4 pM (49.5 mg/L) avn E was synthesized. Approxi-
mately 182.9 uM (51.8 mg/L) avn D was not converted to
any product and remained in the medium.

Synthesis of avn A, B, C, G, H, and K

Avn A, B, and C are conjugates of 5-hydroxyanthranilate
rather than anthranilate with p-coumaric acid, ferulic
acid, and caffeic acid, respectively, while avn G, H, and
K use 4-hydroxyanthranilate. The gene for the synthe-
sis of 5-hydroxyanthranilate or 4-hydroxyanthranilate
from anthranilate is currently unknown. Therefore, we
tested whether E. coli strain HA-1 could synthesize avn
A and avn G from p-coumaric acid and 5-hydroxyan-
thranilate or 4-hydroxyanthranilate, respectively. Both
avn A and avn G were synthesized from strain HA-1 sup-
plied with p-coumaric acid and 5-hydroxyanthranilate or
4-hydroxyanthranilate, respectively. We also tested other
HCs, including caffeic acid and ferulic acid, and found
that p-coumaric acid served as a substrate, but only small
amounts of products were synthesized when caffeic acid
and ferulic acid were used. Therefore, we synthesized avn
B and avn C from avn A and avn G and synthesized avn
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Fig. 5 Synthesis of avn F and avn E from avn D. a avn D standard indicated as S. b Bioconversion of avn D using E. coli harboring an empty vector
(pGEX5X-3). € Bioconversion of avn D using HA-Hpa. d Bioconversion of avn D using HA-S. e Bioconversion of avn D using both HA-Hpa and HA-S
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H from avn G (see below). Caffeic acid and ferulic acid
were not effective for conjugation, even to anthranilate.
The other HCs used to test the production of HC-anthra-
nilates did not conjugate to either 5-hydroxyanthranilate
or 4-hydroxyanthranilate.

We synthesized avn A and avn G by feeding only
5-hydroxyanthranilate or 4-hydroxyanthranilate using
strain HA-8 (Table 3). As shown in Fig. 6, two new
products were synthesized with molecular masses cor-
responding with those of avn A and avn G, respectively
(Additional file 2). In addition, the structures of these
two products were determined by NMR: 234.1 uM
(70.1 mg/L) avn A was synthesized using this strain from
500 uM 5-hydroxyanthranilate, and 299.6 uM (89.6 mg/L)
avn G was synthesized from 500 pM 4-hydroxyanthra-
nilate. These results indicated that HA-8 produced the
highest levels of avn D, followed by avn G and avn A.

Next, we tested whether avn B and avn C were syn-
thesized from avn A while avn H and avn K were syn-
thesized from avn G. The strain HA-Hpa was used to
successfully synthesize avn C from avn A and to synthe-
size avn K from avn G (Fig. 7a, b; Additional file 2). In
addition, 31.1 pM avn C was synthesized from 100 pM
avn A using HA-Hpa, while 73.3 uM avn K was synthe-
sized from 100 uM avn G. We also synthesized avn B and
avn H from avn A and avn G, respectively, using HA-Hpa
and HA-S (Fig. 7b, d; Additional file 2). The synthesis
of 5.4 uM avn B and 27.0 uM avn C was observed from
100 uM avn A. Finally, 9.2 uM avn H and 60.0 uM avn K
were synthesized from 100 uM avn G.

Discussion

In the present study, we successfully used E. coli to syn-
thesize avns found in nature, mainly in oats [27]. As the
synthesis of 4-hydroxyanthranilate and 5-hydroxyanthra-
nilate in plants has not been reported, we used commer-
cial 4-hydroxyanthranilate and 5-hydroxyanthranilate
to synthesize six avns (avn A, B, C, G, H, and K). Our
results showed that a combination of organic and bio-
logical synthesis could extend the repertoire of chemicals
synthesized.

The key enzyme that increases the final yield of avns in
E. coli is likely HCBT. HCBT uses anthranilates as acyl
acceptors cloned from oat and carnation [13, 30], both of
which are major natural sources of avns [27, 39]. How-
ever, both these clones showed low activity toward HCs
such as caffeic acid, ferulic acid, and hydroxyanthra-
nilates. Oats contain four HCBT genes [30]. Thus, further
examination of each HCBT gene from oats can reveal
new genes that can be employed to produce diverse avns.

An additional hydroxyl group in anthranilate influ-
enced the conversion of these hydroxyanthranilates into
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the corresponding avns. HCBT showed the highest yield
of avn D, which was derived from anthranilate and p-cou-
maric acid. HCBT used 5-hydroxyanthranilate more
effectively than it used 4-hydroxyanthranilate. HpaBC
and SOMT9 showed the highest conversion of avn D into
avn F and avn E. Formation of avn C and avn D from avn
A using HA-Hpa and HA-S was better than that of avn K
and avn H from avn G. This difference may be related to
the different transport rate of the substrate, degradation
rate, and/or substrate preference of the enzymes (HCBT,
HpaBC, and SOMT?9).

Two possible in vivo biosynthesis routes for avns are
predicted. The first route is the synthesis of all substrates,
including HCs and hydroxyanthranilates, and conjuga-
tion of these synthesized compound to make diverse
avns [40, 41]. The second is the synthesis of basic struc-
tures such as avnD and their modified forms produced
by hydroxylation and methylation. HCs are synthesized
before they undergo the conjugation reaction. Although
the specific route used during the in vivo biosynthesis
of avns is unknown, we adopted the second route in this
study because of the low conversion rate of HCBT.

Avn derivatives have also been synthesized in yeast
[29]. However, this study used unnatural substrates such
as halogenated anthranilate, halogenated cinnamates, and
benzoic acid derivatives along with diverse synthesized
derivatives. By contrast, in the present study we focused
on the synthesis of avns found in nature. Avns isolated
from oats, known as phytoalexins [21], have shown good
health benefits, including anti-inflammatory, anti-prolif-
erative, vasodilation, anti-itch, and cytoprotection effects
(reviewed by Meydani [27]). Since natural and unnatural
avns can both be synthesized using microbial systems,
the present strategy opens the door for the exploration of
more biological activities using these compounds.
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Conclusions

Avns are natural compounds mainly found in oats and
show diverse biological activities. In this study, we cloned
the genes necessary for the synthesis of avns and intro-
duced these genes into E. coli to synthesize nine avns.
In addition, we engineered E. coli to provide more sub-
strates for the synthesis of avns. Using this approach,
317.2 mg/L avn D, 49.5 mg/L avn E, and 242.0 mg/L avn
F were synthesized from glucose. Avn A, avn G, and their
derivatives were also synthesized by feeding of hydroxy-
anthranilate and stepwise modification of avn A and avn
G. The avns synthesized in this study can be used to fur-
ther explore the biological activities of diverse avns.

Methods

Constructs and E. coli strains

Os4CL was previously cloned in our lab [36] and then
subcloned into the EcoRI/Notl sites of the pCDFDuetl
vector (pC-Os4CL). Hydroxycinnamoyl/benzoyl-
CoA:anthranilate HCBT from Dianthus caryophyllus for

the synthesis of p-coumaroyl anthranilate was cloned by pol-
ymerase chain reaction (PCR). cDNA was isolated from the
leaves of D. caryophyllus. PCR was carried out using 5'-AA
GAATTCAATGAGTATCCAAATCAAGCAA-3"  (EcoRI
site is underlined) as a forward primer and 5-AAGCGGCC
GCTTAGAAGTCGTAGAAGTACTT-3' (Notl site is
underlined) as a reverse primer. The resulting PCR prod-
uct was subcloned into the EcoRI/Notl sites of pC-Os4CL
and the vector was designated as pC-Os4CL-HCBT.
HCBT from Avena sativa (AsHCBT; GenBank accession
number AB076982) was cloned by reverse transcription-
PCR using ¢cDNA synthesized from RNA isolated from
2-week-old whole plants as a template. Two primers,
5'-AAGAATTCAATGAAGATCACGGTGCGG-3' (EcoRI
site is underlined) and 5'-AAGCGGCCGCTCAGAAGTC
GAAGATCATCTTCC-3' (Notl site is underlined),
were used, and the PCR product was subcloned into the
EcoRI/Notl sites of pCDF-Duet.
trpEG from E. coli was
with genomic DNA as a

amplified by PCR
template, using
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5-ATGGATCCCATGCAAACACAAAAACCGACT-3/
(BamHI site is underlined) as a forward primer and
5-ATCTCGAGTTACAGAATCGGTTGCAGCGTG-3'
(Xhol site is underlined) as a reverse primer. The result-
ing PCR product was subcloned into the BamHI/Xhol
sites of pET-Duetl (Novagen, Madison, W1, USA) and
named pE-trpEG.

pA-SeTAL, pA-aroG-SeTAL-tyrA, pA-aroG™-SeTAL-
tyrA™®", and pA-aroG™-ppsA-tktA-SeTAL-tyrA™" were
cloned as reported previously [42].

HpaBC and SOMT9 were cloned as reported previously
[31, 38]. The mutant E. coli strain BtyrR-trpD was pro-
duced using the Quick and Easy Conditional Knockout
Kit (Gene Bridges, Heidelberg, Germany), as described
by Kim et al. [42]. The plasmids and the strains used in
this study are listed in Table 3.

Synthesis of HC-anthranilate

HCs and anthranilates were purchased from Sigma-
Aldrich (St. Louis, MO, USA). HC-anthranilate was
synthesized using E. coli harboring pC-Os4CL-HCBT.
Proteins were induced at 18 °C for 24 h. E. coli was
harvested and resuspended at ODg,=3.0 in M9
medium containing 2% glucose, 0.5 mM anthranilate,
0.5 mM HC for the synthesis of HC-anthranilate,
100 pg/mL antibiotic(s), and 1 mM isopropyl B-D-1-
thiogalactopyranoside. Twelve HC derivatives (p-cou-
maric acid, m-coumaric acid, o-coumaric acid, caffeic
acid, ferulic acid, cinnamic acid, 3-methoxycinnamic
acid, 4-methoxycinnamic acid, 3,4-dimethoxycinnamic
acid, 2,4-dimethoxycinnamic acid, sinapic acid, and
3,4,5-trimethoxycinnamic acid) were tested in this study.
The culture was incubated at 30 °C for 3 h and extracted
with ethyl acetate. After drying the aqueous layer and
dissolving this layer in dimethyl sulfoxide, the product
was analyzed by HPLC. The mean and standard deviation
were calculated from triplicate experiments. The purified
p-coumaroyl anthranilate was used as a standard for the
quantification of all the synthesized avns. For the quan-
tification of anthranilate, p-coumaric acid, and tyrosine,
these compound were used as the standard.

Metabolites were analyzed using a Thermo Ultimate
3000 HPLC system (Thermo Fisher Scientific, Waltham,
MA, USA) equipped with a photo diode array detector
and C18 reversed-phase column (4.60 x 250 mm, 3.5-um
particle size; Varian, Palo Alto, CA, USA). The mobile
phase consisted of 0.1% formic acid in water and ace-
tonitrile. The program was as follows: 20% acetonitrile
at 0 min, 60% acetonitrile at 8 min, 90% acetonitrile at
12 min, 90% acetonitrile at 15 min, 20% acetonitrile at
15.1 min, and 20% at 20 min. The flow rate was 1 min/
mL, and ultraviolet detection was performed at 270 and
320 nm.
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MS was carried out using matrix-assisted laser desorp-
tion/ionization time-of-flight (MALDI-TOF) MS. Sam-
ples in MeOH were analyzed by MALDI-TOF MS, using
gold nanoparticles as a matrix. An equal volume mixture
(1 pL) of the sample and matrix was pipetted onto a stain-
less steel 384-well target plate (Bruker Daltonics, Bill-
erica, MA, USA), dried in air at room temperature, and
analyzed directly by MS using an Autoflex III MALDI-
TOF mass spectrometer (Bruker Daltonics) equipped
with a smart beam laser as an ionization source. All spec-
tra were acquired at a —19-kV accelerating voltage and
100-Hz repetition rate for an average of ~500 shots. The
mass spectra are provided in Additional file 2.

The structure of the reaction product was deter-
mined by NMR spectroscopy. The reaction product was
extracted with two volumes of ethyl acetate. The organic
layer was evaporated and the resulting residue was dis-
solved in methanol. Anv D was purified by thin-layer
chromatography (silica 254F, Merck, Kenilworth, NJ,
USA) using chloroform and methanol (22:3) as solvents.
The spot containing avn D was collected and extracted
with ethyl acetate, and the purity of the product was
examined by running HPLC. Two other avns (avn A and
avn G) were purified using HPLC. NMR data were as fol-
lows: p-coumaroyl anthranilate: avn D. "H NMR (Aceton-
d6, 400 MHz): § 6.63 (1H, d, /=15.6 Hz, H-8’), 6.91 (2H,
d, J=8.6 Hz, H-3'/5'), 7.16 (1H, ddd, /=1.0, 7.3, 8.0 Hz,
H-5), 7.60 (2H, d, J=8.6 Hz, H-2'/6'), 7.62 (1H, m, H-4),
7.66 (1H, d, /=15.6 Hz, H-7'), 8.15 (1H, dd, /=125,
8.0 Hz, H-6), 8.90 (1H, dd, J=1.0, 8.5 Hz, H-3). Avn A 'H
NMR (400 MHz, MeOD-d,) § ppm: 6.50 (d, /=15.6 Hz,
H-2), 6.81 (d, /=8.6 Hz, H-6), 7.48 (d, J=8.4 Hz, H-5),
6.90 (dd, /=8.6, 2.8 Hz, H-5'), 7.51 (d, J=2.9 Hz, H-3'),
7.54 (d, J=15.3 Hz, H-3), 8.43 (d, /=8.7 Hz, H-6'). Avn G
'H NMR (400 MHz, MeOD-d,) 8 ppm: 6.52 (dd, /=8.6,
2.8 Hz, H-4/), 6.52 (d, J=15.6 Hz, H-2), 6.82 (d, /= 8.6 Hz,
H-6), 7.49 (d, J=8.6 Hz, H-5), 7.59 (d, J=15.7 Hz, H-3),
7.96 (d, J=8.7 Hz, H-3/), 8.21 (d, /=2.5 Hz, H-6¢’). The
spectra are shown in Additional file 3.

Synthesis of p-coumaroyl anthranilate and caffeoyl
anthranilate

Overnight cultures of E. coli HA strains (Table 3) were
inoculated into 9 mL of fresh Luria—Bertani medium
containing appropriate antibiotics and then cultured
to an ODy, of 1. The cells were harvested by centrifu-
gation and the cell density was adjusted to ODgy =1
with 10 mL of M9 medium containing 2% glucose, 1%
yeast extract, antibiotics, and 1 mM isopropyl p-p-1-
thiogalactopyranoside (YM9 medium) in a 100-mL
flask. Cells were grown at 30 °C with shaking for 36 h.
To analyze product formation, cell growth was moni-
tored by determining the absorbance 600 nm. Culture
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supernatants were collected, extracted twice with an
equal volume of ethyl acetate, and then dried under
vacuum. The dried samples were dissolved in dimethyl
sulfoxide and analyzed by HPLC on a Varian HPLC sys-
tem equipped with a photodiode array detector and C18
reverse-phase column (4.60 x 250 mm; 3.5 um particle
size; Agilent Technologies, Santa Clara, CA, USA).

To monitor the production of p-coumaroyl anthra-
nilate, strain HA-7 was grown and the cell concentration
was adjusted to ODg;,=0.5 with YM9 medium followed
by incubation at 25 °C. The culture was harvested and
analyzed as described above. The mean and standard
deviation were calculated from triplicate experiments.

The product was quantified using p-coumaroyl
anthranilate as a standard. To synthesize avn A and
avn G by feeding of only 5-hydroxyanthranilate and
4-hydroxyanthranilate, respectively, strain HA-8 was
grown as described above. The reaction was carried out
after feeding of 0.5 mM of 4-hydroxyanthranilate or
5-hydroxyanthranilate.

Caffeoyl-anthranilate (avn F) was synthesized in a
stepwise manner. p-Coumaroyl anthranilate was syn-
thesized using strain HA-7 as described above. E. coli
harboring HpaBC was grown as described above and
harvested by centrifugation. The cells were resuspended
with the supernatant from HA-7 at a final cell density of
ODgy,=3.0. To synthesize avn E, two E. coli strains (E.
coli harboring HpaBC and E. coli harboring SOMT9)
were resuspended with the culture supernatant of HA-7
at a cell density of ODg, = 3.0. The resulting mixture was
incubated at 30 °C for 30 h with shaking at 180 rpm and
analyzed by HPLC after ethyl acetate extraction. To syn-
thesize avn C using E. coli harboring HpaBC and to syn-
thesize avn B using E. coli harboring HpaBC and E. coli
harboring SOMTY, the initial cell density was ODgy,=3.0
and 100 uM of avn A was used. Avn K and avn H were
synthesized from avn G by the same method as described
for synthesizing avn C and avn B from avn A.

Additional files

Additional file 1. Bioconversion of p-coumaric acid and caffeic acid.

Additional file 2. Mass spectra of avn A (a), avn G (b), avn D (c), avn B (d),
avn H (e), avn E (f), avn C (g), avn K (h), and avn F (i).

Additional file 3. Proton NMR spectra of avn A (a), avn D (b), and avn G
().
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