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for the production of cinnamaldehyde
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Abstract

Background: Plant parasitic nematodes are harmful to agricultural crops and plants, and may cause severe yield
losses. Cinnamaldehyde, a volatile, yellow liquid commonly used as a flavoring or food additive, is increasingly becom-
ing a popular natural nematicide because of its high nematicidal activity and, there is a high demand for the develop-
ment of a biological platform to produce cinnamaldehyde.

Results: We engineered Escherichia coli as an eco-friendly biological platform for the production of cinnamaldehyde.
In E. coli, cinnamaldehyde can be synthesized from intracellular .-phenylalanine, which requires the activities of three
enzymes: phenylalanine-ammonia lyase (PAL), 4-coumarate:CoA ligase (4CL), and cinnamoyl-CoA reductase (CCR).

For the efficient production of cinnamaldehyde in E. coli, we first examined the activities of enzymes from different
sources and a gene expression system for the selected enzymes was constructed. Next, the metabolic pathway for
-phenylalanine biosynthesis was engineered to increase the intracellular pool of L-phenylalanine, which is a main pre-
cursor of cinnamaldehyde. Finally, we tried to produce cinnamaldehyde with the engineered £. coli. According to this
result, cinnamaldehyde production as high as 75 mg/L could be achieved, which was about 35-fold higher compared
with that in the parental E. coliW3110 harboring a plasmid for cinnamaldehyde biosynthesis. We also confirmed that
cinnamaldehyde produced by our engineered E. coli had a nematicidal activity similar to the activity of commercial

cinnamaldehyde by nematicidal assays against Bursaphelenchus xylophilus.

Conclusion: As a potential natural pesticide, cinnamaldehyde was successfully produced in E. coli by construction
of the biosynthesis pathway and, its production titer was also significantly increased by engineering the metabolic

pathway of L-phenylalanine.
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Background

Nematodes are small organisms that belong to the phy-
lum Nematoda and can be subdivided into five cat-
egories: fungivorous (phagocytize fungi), bacterivorous
(phagocytize bacteria), corrosive (disassemble organics),
predatory (prey on small nematodes), and plant-para-
sitic nematodes (damage plants). Among them, plant-
parasitic nematodes occur naturally in many agricultural
soils of the world, causing severe economic damage [1,

*Correspondence: kjjeong@kaist.ac.kr

"Hyun Bae Bang and Yoon Hyeok Lee contributed equally to this work
! Department of Chemical and Biomolecular Engineering (BK21 Plus
Program), KAIST, 291 Daehak-ro, Yuseong-gu, Daejeon 34141, Republic
of Korea

Full list of author information is available at the end of the article

( BioMed Central

2]. Root-knot nematodes, which are classified as plant-
parasitic nematodes, are the most deleterious to agri-
cultural products, leading to annual crop yield losses of
10-27 % [3]. In particular, crops like cucumber, water-
melon, tomato, carrot, ginseng, and lettuce can be seri-
ously damaged by this nematode. Because root-knot
nematodes only gradually harm the underground roots of
plants, it is difficult to assess the damage until the entire
plant is pulled out or the crop dies [4, 5].

To prevent agricultural crop and plant damage, vari-
ous pest control systems such as the use of resistant
cultivars, and physical or chemical controls, have been
employed, but the effectiveness of these methods is lim-
ited because of restrictions by climate conditions [6, 7].
Therefore, chemical pesticides are used worldwide to
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control nematodes effectively. Nematicides are chemical
pesticides that eliminate parasitic nematodes on plants.
They can be employed with success, although currently
there are several disadvantages: (i) it is necessary to pay
particular attention to the chemical pesticide used in
many susceptible plants and crops, (ii) non-selectivity
of the pesticide may occasionally cause elimination of
other organisms in addition to nematodes, and (iii) if the
pathogen remains after treatment, the damage may be
severely exacerbated [8, 9]. To substitute for current agri-
cultural chemicals, natural pesticides, which are derived
from plants and microbes, have been researched and
developed intensively. Biological pesticides are often less
toxic and safer to plants than chemicals, and they do not
require extensive reclamation. To date, various molecules
derived from nature have been demonstrated which have
nematicidal activity [10, 11]. Among them, the specific
molecule cinnamaldehyde, which is present in cinnamon
bark oil, is attractive as a pesticide because of its potent
nematicidal activity [12, 13]. Besides being the main fla-
voring agent of cinnamon, cinnamaldehyde can be used
in a number of different applications in addition to its
use as a nematicide; it can be used for treating hepatitis
B, diabetes, dementia, and also it has anti-cancer and
anti-fungal activities [14, 15]. Cinnamaldehyde is cur-
rently obtained by chemical synthesis from benzaldehyde
and acetaldehyde or by direct extraction from cinnamon
bark oil. However, there are disadvantages with these
methods: (i) it is difficult to separate other cinnamalde-
hyde derivatives and stereoisomers during its chemical
production, and (ii) extraction requires the logging and
consumption of plants [16]. Therefore, there is an urgent
need for the development of an eco-friendly and efficient
biological system to produce cinnamaldehyde.

In this study, we sought to engineer Escherichia coli
as a microbial cell factory for the production of cin-
namaldehyde by construction of the biosynthesis
pathway for the production of cinnamaldehyde. Based
on in vitro assays of enzyme activities, three biosyn-
thetic enzymes, phenylalanine-ammonia lyase (PAL),
4-coumarate:CoA ligase (4CL), and cinnamoyl-CoA
reductase (CCR) were cloned into gene expression con-
structs. We also manipulated metabolic pathways in E.
coli to increase the intracellular pool of L-phenylala-
nine, which is the main precursor of cinnamaldehyde.
Using our engineered E. coli strain with cinnamalde-
hyde biosynthesis system, we examined cinnamalde-
hyde production and compared it to that of the parental
E. coli strain harboring same cinnamaldehyde biosyn-
thesis system. The nematicidal activity of cinnamalde-
hyde produced by our engineered E. coli strain was also
determined against the nematode, Bursaphelenchus
xylophilus, which causes pine wilt.
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Results and discussion

Selection of enzymes for cinnamaldehyde biosynthesis
Cinnamaldehyde can be synthesized from L-phenylala-
nine and its biosynthesis requires three enzymatic reac-
tions: (i) deamination of L-phenylalanine into cinnamic
acid by phenylalanine-ammonia lyase (PAL, EC 4.3.1.24),
(ii) acid-thiol ligation of cinnamic acid to cinnamoyl-
CoA by 4-coumarate:CoA ligase (4CL, EC 6.2.1.12), and
(iii) reduction of cinnamoyl-CoA to cinnamaldehyde by
cinnamoyl-CoA reductase (CCR, EC 1.2.1.44) (Fig. 1a)
[17-20]. PAL is a ubiquitous enzyme that can be found
in many plants, fungi, and some bacteria, and it harbors
diverse activities and specificities according to the origin
of the enzyme [18, 21]. We examined two PAL enzymes,
one from the plant Arabidopsis thaliana (AtPAL) and
another from the bacterium Streptomyces maritimus
(SmPAL), for their suitability to produce cinnamic acid in
E. coli. In case of AtPAL, there are four isomers includ-
ing AtPAL1 to AtPAL4, and it was previously reported
that most of them (AtPAL1, 2, and 4) have similarly
higher activities than that of AtPAL3 to L-phenylalanine
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Fig. 1 Biosynthesis of cinnamaldehyde and in vitro assay of synthesis
enzymes. a Three enzymatic reactions (PAL, 4CL, and CCL) for the
biosynthesis of cinnamaldehyde from L-phenylalanine. b In vitro assay
of PAL from A. thaliana (AtPAL1, black) and S. maritimus (SmPAL, white)
at 30 and 37 °C. ¢ In vitro assay of 4CL and CCL at 30 and 37 °C. Two
combinations including (i) 4CL from A. thaliana (At4CL1) and CCR
from A. thaliana (AtCCR), and (i) CCL from S. coelicolor (ScCCL) and
CCR from A. thaliana (AtCCR) were mixed with cinnamic acid and cin-
namaldehyde production was analyzed. Error bars represent standard
deviation of the mean (n = 2)
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as a substrate [22], so we selected AtPAL1 as a repre-
sentative from plant source. Their kinetic constants
(K,,) were reported to be 68 and 23 pM, respectively
[22, 23]. Each His-tagged PAL enzyme was produced in
E. coli BL21(DE3) and purified following procedures as
described in “Methods” Both enzymes, AtPAL1 (78 kDa)
and SmPAL (56 kDa), were successfully purified (Addi-
tional file 1: Figure S1). Although the expression level of
AtPAL1 was not so high which band could not be seen
in the lanes 1 and 2 of SDS—PAGE, the band of AtPAL1
could be clearly seen after affinity column chromatog-
raphy in the lane 3 in which the concentrated elute was
loaded. The equivalent molarity of each purified PAL
enzyme was incubated with the same amount of L-phe-
nylalanine (as a substrate), and the production titer of
cinnamic acid was quantified by high-performance liquid
chromatography (HPLC) (Additional file 2: Figure S2). As
shown in Fig. 1b, SmPAL exhibited significantly higher
activity (21-fold at 30 °C reaction and 27-fold at 37 °C
reaction) than those of AtPALI.

We also examined two different 4CL enzymes, one
from Streptomyces coelicolor (ScCCL) and another from
A. thaliana (At4CL), for their suitability to convert cin-
namic acid to cinnamaldehyde in E. coli. In case of At4CL,
it is known that there are 14 putative isoforms (At4CL1—
At4CL14) [24, 25]. Among 14 isoforms, At4CL1-3 have
similar activities to cinnamate while rest of isoforms
do not [19]. Therefore, we selected At4CL1 as a repre-
sentative. Also, we used CCR enzyme from A. thaliana
(AtCCR1) for conversion of cinnamoyl-CoA into cinna-
maldehyde [26]. Each 4CL enzyme (At4CL1 and ScCCL
[27]) was tested in combination with CCR enzyme from
A. thaliana (AtCCR). All enzymes were successfully puri-
fied with high purity (Additional file 1: Figure S1). To
compare the enzymatic activities of At4CL1 and ScCCL,
two reactions, (i) At4CL1 with AtCCR and (ii) ScCCL
with AtCCR, were prepared and mixed with cinnamic
acid as a substrate. After incubating at 30 and 37 °C, cin-
namaldehyde titer was analyzed by HPLC. As shown in
Fig. 1c, the combination of ScCCL and AtCCR resulted
in a higher production titer of cinnamaldehyde (4.4-fold
at 30 °C reaction and 10.4-fold at 37 °C reaction) than
the combination of At4CL1 and AtCCR. Based on these
results, we constructed cinnamaldehyde biosynthesis
system in E. coli as described below using the following
enzymes: SmPAL, ScCCL, and AtCCR.

Construction of cinnamaldehyde biosynthesis pathway

in E. coli

To produce cinnamaldehyde in E. coli, SmPAL, ScCCL,
and AtCCR genes were cloned into pTrc99A in the fol-
lowing order: SmPAL, ScCCL, and AtCCR (yielding
pHB-CAD) (Fig. 2a). E. coli W3110 harboring pHB-CAD
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Fig. 2 The construction of expression system, production of each
enzymes and cinnamaldehyde in E. coli. a The schematic diagram of
plasmid pHB-CAD for the expression of three synthesis genes (SmPAL,
ScCCL, and AtCCR genes) under the IPTG-inducible trc promoter (P,).
RBS means the ribosome binding site for translation and restric-
tion enzyme sites were designated. b Western blot analysis of gene
expression under two different temperature (30 and 37 °C). For the
detection of SmPAL (lanes 1-4), anti-FLAG-HRP antibody was used
and for the detection of ScCCL and AtCCR (lanes 5-8), anti-His-HRP
antibody was used. Lanes 1, 3, 5, and 7 indicate total protein fraction,
and lanes 2, 4, 6, and 8 indicates the soluble protein fractions. Lanes 1,
2, 5,and 6 indicate samples at 30 °C, and lanes 3, 4, 7, and 8 indicate
samples at 37 °C. Symbols: Closed arrowhead, SmPAL; open arrow-
head, ScCCL; solid arrow, AtCCR. € HPLC analysis of cinnamaldehyde
produced under two different temperatures. Error bars represent
standard deviation of the mean (n = 3)

was cultivated at two different temperatures (30 and
37 °C) to find the optimal temperature for cinnamalde-
hyde production. The expression of enzymes was ana-
lyzed by SDS—PAGE, followed by western blot analysis
as described in “Methods” At both temperatures, all
enzymes were expressed well and highly soluble (Fig. 2b).
Although each enzyme was expressed at a different level,
the expression of each enzyme was marginally better at
37 °C than at 30 °C. Also, analysis of cinnamaldehyde titer
produced in the culture medium using HPLC revealed
that cinnamaldehyde production titer was 4.5-fold higher
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at 37 °C than at 30 °C (Fig. 2c). We supposed that the
higher production titer of cinnamaldehyde at 37 °C was
caused by increased expression level of all biosynthetic
enzymes at 37 °C actively, even though these enzymes are
active at 30 °C [23, 27]. Hereafter, all cultivations for the
production of cinnamaldehyde were performed at 37 °C.

Strain engineering to increase the intracellular pool

of L-phenylalanine

For the biosynthesis of cinnamaldehyde, L-phenylalanine
is required as an essential precursor [17]. Therefore, to
enhance cinnamaldehyde production, it is desirable to
increase the intracellular pool of rL-phenylalanine. For
this purpose, we rationally re-designed E. coli to pro-
duce L-phenylalanine more. Using available metabolic
and regulatory information as a guide, we engineered E.
coli W3110 as follows: (i) deletion of the crr gene that
encodes EITAS™ protein related to glucose-specific phos-
phoenolpyruvate phosphotransferase system (PTS) for
moderating the substrate uptake rate, decreasing metab-
olite overflow, and precursor enrichment, (ii) deletion of
the ¢yrR gene to alleviate the tight regulation of the TyrR
regulon which contains aromatic amino acid (AAA) syn-
thesis genes, (iii) deletion of the trpE (anthranilate syn-
thase component) and tyrA [chorismate (CHA) mutase/
prephenate dehydrogenase] genes to prevent the loss of
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carbon flow into competing pathways (biosynthesis of
L-tryptophan and L-tyrosine), and (iv) deletion of the
pykA (pyruvate kinase A) gene to enrich the precursor
and balance the flux between growth and L-phenylala-
nine production (Fig. 3). Based on the above scheme,
five sequential knockout mutants of E. coli W3110 were
developed (YHPO1-YHPO5) (Table 1).

First, a glucose-specific phosphoenolpyruvate PTS was
inactivated by deletion of the crr gene in E. coli W3110
strain, yielding E. coli YHPO1. Although this disrupts
the main system for glucose internalization, YHPO1 can
still grow in defined media containing glucose as a sole
carbon source because the mannose-specific PTS and
galactose permease can continue to internalize glucose
into the cytoplasm [28, 29]. Bypassing the PTS results in
an increased pool of phosphoenolpyruvate (PEP), which
ultimately facilitates L-phenylalanine synthesis [29].
Next, we deleted the £yrR gene in YHPO1 to yield YHP02
strain. TyrR protein is a regulator of the TyrR regulon,
which contains eight genes involved in the biosynthesis
of AAA [30]. Its deletion can also increase the L-pheny-
lalanine pool by alleviating the tight regulation of genes
related with AAA synthesis. We next sequentially deleted
trpE and tyrA genes starting with YHPO2 strain, yield-
ing YHPO3 and YHPO4 strains, respectively. In the bio-
synthesis pathway of AAAs, a final branch point occurs
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Fig. 3 The schematic diagram for strain engineering to increase the pool of L-phenylalanine in £ coli W3110. The symbol “X"indicates the cor-
responding gene deletion. The red-color arrows indicate overexpression of the relevant genes (galP, glk, aroG, ydiB, arok, pheA) via plasmid (pYHP)-
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Table 1 Bacterial strains and plasmids used in this study
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Description

Reference or source

Strain
XL1-Blue
BL21(DE3)
W3110
YHPO1
YHPO2
YHPO3
YHPO4
YHPO5

Plasmid
plac15k
pTrc99A
pUC19
pET-22b
pHB-101
pHB-102
pHB-103
pHB-104
pHB-105
pHB-CA
pHB-CAD
pUC19G
pUC19B
pUCT9K
pUC19A
pTac15kG
pTlac15kGB
pTac15kGBK

pTacl5kG-
BKA

pYH
pPpc113

pPTrc99A-
mod

pGlk
pGalP
pYH-glk
pYHP
pCW611

pEcmuloxC

recAl endAT gyrA96 thi-1 hsdR17 supE44 relAT lac [F' proAB lacl’Z AM15 Tn10 (Tet')]
E. coli BF~ dcm ompT hsdS(rz myg) gal ADE3)

F~ A~ rph-1 IN(rmD, rrE)

W3110 Acrr

W3110 Acrr AtyrR

W3110 Acrr AtyrR AtrpE

W3110 Acrr AtyrR AtrpE AtyrA

W3110 Acrr AtyrR AtrpE AtyrA ApykA

KmR, p15A origin, tac promoter, 4.0 kb
AmpR, pBR322 origin, trc promoter, 4.2 kb
Amp", pMB1 origin, lac promoter, 2.6 kb
AmpF, pBR322 origin, T7 promoter, 5.5 kb
pET-22b derivatives, Pr,—AtPAL1 (N-term 8x His-tag)
pET-22b derivatives, Pr,~At4CL1 (N-term 8x His-tag)
pET-22b derivatives, Pr;—AtCCR (N-term 8x His-tag)
PET-22b derivatives, P+,—~SmPAL (N-term 8 x His-tag)
pET-22b derivatives, Pr;,-ScCCL (N-term 8x His-tag)
pTrc99A derivatives, P, —SmPAL (C-term FLAG-tag)
pTrc99A derivatives, P, .—SmPAL (C-term FLAG-tag)-ScCCL (N-term 8x His-tag)-AtCCR (N-term 8x His-tag)
pUC19, aroG8/15
pUCT19, ydiB
pUC19, aroK
pUCT9, pheA®"dm
plac15k, Py, —aroG8/15
plac15k, P, —aroG8/15-ydiB

1

1

trc

trc

tac

plac15k, Py, —aroG8/15-ydiB-aroK
plac15k, P,,.~aroG8/15-ydiB-arok-pheA®" ™

pTac15k, P, ~aroG8/15-ydiB-aroK-pheA™ ™, Sacll region modification
pUC19, synthetic BBa_J23113 Anderson promoter (Ppc113)
pTrc99A, MCS modification (Spel, Notl)

pTrc99A-mod derivatives, Ppct13-glk-T,;,
pTrc99A-mod derivatives, Ppcl 13—ga/P—'ﬂpp
pYH derivatives, Ppc113-glk-T,,

pYH-glk derivatives, Ppc1 13—ga/P—T|pp

AmpF, \-red recombinase expression plasmid under ara-inducible BAD promoter, cre-loxP recombinase system

under lacUV5 promoter, temp sensitive origin
AmpR CmP, pUGE derivatives, lox66-cat-lox71

Stratagene'
Novagen?
CGSC no. 4474°
This study

This study

This study

This study

This study

[54]

Pharmacia*
New England biolabs®
EMD chemicals®
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
This study
Lab stock

This study
This study
This study
This study
[50]

[55]

' Stratagene cloning systems, La Jolla, CA, USA
2 Novagen, inc,, Madison, WI, USA
3 The coli genetic stock center, Yale University, USA

4 Pharmacia biotech, Uppsala, Sweden
> New England biolabs, inc., Beverly, MA, USA
6 EMD chemicals, Gibbstown, NJ, USA

wherein chorismate can be converted to L-phenylala-
nine, L-tryptophan or L-tyrosine by PheA, TrpE or TyrA
enzymes, respectively [31, 32]. The deletions of trpE and

tyrA genes can prevent the loss of carbon into compet-
ing pathways for L-tryptophan and L-tyrosine biosynthe-
sis. Finally, we deleted the pykA gene in YHPO4 to yield
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YHPO5 strain. The pykA gene encodes pyruvate kinase
A (PykA), which constitutes the second PEP-consuming
step. By deleting the pykA gene, more PEP can be used in
the shikimate pathway and consequently, more amount
of L-phenylalanine can be produced [33]. In each strain
(YHPO1-YHPO5), deletion of genes was verified by PCR
and agarose gel electrophoresis (Additional file 3: Figure
S3).

All engineered E. coli strains, including YHPO1-YHPO05
and the parental E. coli W3110, were cultivated in shak-
ing flasks containing semi-defined media, and cell growth
and L-phenylalanine production were compared. After
cultivation for 48 h, all engineered strains grew slightly
better than W3110 strain; in particular, E. coli YHPO5
strain exhibited the highest cell density (Fig. 4a). A previ-
ous study also observed that inactivation of the PTS and
Pyk isozymes increased carbon flux to biomass forma-
tion because of the effect of conserving reduced amounts
of intermediate metabolites resulting from decreased
glucose uptake and catabolism [33]. We also analyzed
the production titer of rL-phenylalanine in the culture
supernatant by HPLC. In the parental W3110 strain, the
production titer of rL-phenylalanine was 0.24 g/L, but
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Fig. 4 Comparison of final optical density (black) and L-phenylalanine
production (gray) in 48 h flask cultivation. a All five engineered E. coli
strains (YHPO1 to YHPO5) and the parental £. coliW3110 were culti-
vated and cell growth (ODg) and t-phenylalanine production titers
were compared. b £. coli YHPO5 strain harboring different plasmids
(pTac15kG series or pYHP) were cultivated and cell growth (ODg)
and t-phenylalanine production titers were compared. Error bars
represent standard deviation of the mean (n = 3)
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the titer of L-phenylalanine was gradually increased in
the engineered E. coli strains (Fig. 4a). E. coli YHPO05, in
which crr, tyrR, trpE, tyrA, and pykA genes were deleted,
exhibited the highest r-phenylalanine production titer
(0.52 g/L), which was 2.2-fold higher than that of paren-
tal E. coli W3110. Therefore, we decided to use E. coli
YHPOS5 strain for further engineering.

Plasmid-based overexpression system to increase the
intracellular pool of L-phenylalanine

Starting with E. coli YHPO5 strain, production of L-phe-
nylalanine was further improved by plasmid-based gene
overexpression. The feedback inhibition in the L-phe-
nylalanine synthesis pathway by shikimate and L-phe-
nylalanine was reduced by overexpressing isozymes
or introducing mutations in enzymes involved in the
shikimate pathway as follows: (i) overexpression of the
3-deoxy-D-arabinoheptulosonate 7-phosphate (DAHP)
synthase gene which is encoded in aroG with engineer-
ing (AroG8/15), (ii) overexpression of the ydiB and aroK
genes which encode shikimate dehydrogenase and shiki-
mate kinase for enhancing the carbon flow into the shi-
kimate pathway, (iii) overexpression of the pheA gene
encoding CHA mutase/prephenate dehydratase with
engineering for improvement of substrate binding affinity
(PheA™® ™) and (iv) overexpression of the galP (galac-
tose permease) and glk (glucokinase) genes to facilitate
glucose uptake (Additional file 4: Figure S4).

First, to alleviate feedback inhibition, the plasmid
pTacl5kG was constructed, which contained the engi-
neered aroG8/15 gene. AroG is the major enzyme
involved in the synthesis of DAHP, but AroG is com-
pletely inhibited by L-phenylalanine (as low as 0.1 mM)
[32, 34]. It is known that the introduction of two muta-
tions (D146N and A202T) resulted in resistance to
feedback inhibition without affecting its high spe-
cific activity (AroG8/15) [35], so we overexpressed
this mutant AroG8/15 enzyme. Next, two plasmids
(pTac15kGB and pTac15kGBK) were constructed to over-
express ydiB and aroK genes along with aroG8/15 gene,
respectively. Metabolic flux to the shikimate pathway can
be enhanced when shikimate dehydrogenase (YdiB) and
shikimate kinase (AroK) are overexpressed [36, 37]. Also,
pTac15kGBKA plasmid was subsequently constructed
to overexpress pheA gene which encodes chorismate
mutase/prephenate dehydratase with mutations. In this
construct, we amplified only the first 300 amino acids of
wild-type PheA (PheA™), which excludes the regulatory
domain; therefore, PheA™ is weakly influenced by feed-
back inhibition. In addition, because PheA™" has a higher
K,, value than wild-type PheA, reflecting its decreased
binding affinity to the substrate [38], we introduced two
mutations (E159A and E232A) in PheA™ to enhance its
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substrate-binding affinity, yielding PheA™" 4™ [39]. Lastly,
pYHP plasmid was constructed to overexpress galP and
glk genes additionally, which encode galactose permease
and glucokinase, respectively. Both enzymes facilitate
glucose uptake [40].

After the construction of five plasmids, including
pTacl5kG, pTacl5kGB, pTacl5kGBK, pTacl5kGBKA,
and pYHP (Table 1), each plasmid was transformed into
E. coli YHPO5. After cultivation for 48 h in shaking flasks
containing semi-defined media, cell growth and the pro-
duction titer of L-phenylalanine were analyzed. All cells
grew well, and particularly E. coli YHPO5 harboring pYHP
grew to a marginally higher cell density (ODg,, = 9.76)
than the others (Fig. 4b). We also analyzed the produc-
tion titer of L-phenylalanine in the culture supernatant by
HPLC. Overexpression of the aroG8/15 gene (pTac15kG)
resulted in a significant increase in L-phenylalanine pro-
duction (2.25 g/L) compared with YHPO5 harboring no
plasmid (0.52 g/L) (Fig. 4b). Subsequent overexpression
of other genes resulted in a serial increase in the produc-
tion titer of L-phenylalanine and, E. coli YHPO5 harboring
pYHP exhibited the highest L-phenylalanine produc-
tion titer (3.91 g/L) (Fig. 4b). The effect of pYHP plasmid
resulted in a significant increase in L-phenylalanine pro-
duction as high as 16.4-fold [comparison between W3110
(no plasmid) and YHPO5 (pYHP)] and 7.5-fold [compari-
son between YHPO5 (no plasmid) and YHPO5 (pYHP)],
respectively. In the cultivation of E. coli YHPO5 harboring
pYHP, L-phenylalanine yield on glucose and productivity
were 0.270 g/g and 0.082 g/L/h, respectively (Additional
file 5: Figure S5). Thus, in the engineered E. coli YHP05
harboring pYHP, the pool of L-phenylalanine was signifi-
cantly improved. Liu et al. previously reported the pro-
duction of L-phenylalanine in E. coli as high as 47 g/L
[41]. However, that record could be achieved in the fed-
batch cultivation (15 L scale) and they employed the co-
expression of L-phenylalanine transporter (YddG) for
the efficient production of L-phenylalanine into culture
medium. In our work, we did not introduce the YddG
because the ultimate goal of our work was not a produc-
tion of L-phenylalanine but production of cinnamalde-
hyde. Although the titer of L-phenylalanine achieved
in our work was not the high record, we thought it was
enough high for the production of cinnamaldehyde.
Therefore, we decided to use this engineered strain for
the production of cinnamaldehyde.

Cinnamaldehyde production in the engineered E. coli

Using the engineered E. coli YHPO5 harboring pYHP,
we first examined the production of cinnamic acid. For
this experiment, the plasmid pHB-CA, which contains
SmPAL gene under IPTG-inducible tr¢ promoter was
constructed (Table 1). E. coli YHPO5 harboring both
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pHB-CA and pYHP was cultivated in flasks for 48 h and
the production titer of cinnamic acid was analyzed. E. coli
YHPO5 and E. coli W3110 harboring pHB-CA (without
pYHP) were also examined as controls. Growth patterns
of all cells were similar (Fig. 5a) and, E. coli W3110 and
YHPO5 harboring pHB-CA produced 79 and 108 mg/L of
cinnamic acid, respectively (Fig. 5b). E. coli YHPO5 har-
boring both pHB-CA and pYHP exhibited significantly
improved production titer (287 mg/L), which was 3.6-
fold and 2.7-fold higher than those of E. coli W3110 and
YHPO5 harboring pHB-CA, respectively (Fig. 5b). To the
best of our knowledge, this production titer was also 1.5-
fold higher than the highest level (186 mg/L) reported in
E. coli [42, 43]. This result clearly indicates that the ele-
vating the amount of L-phenylalanine in the engineered
E. coli strain positively contributes to increase cinnamic
acid production.

As a main goal, we examined cinnamaldehyde pro-
duction in the engineered E. coli YHPO5 strain, which
was transformed with pHB-CAD and pYHP. Also, E. coli
YHPO5 and E. coli W3110 harboring pHB-CAD (without
pYHP) were examined as controls. The growth of cell was
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similar (Fig. 6a), and three cinnamaldehyde biosynthetic
enzymes were well expressed in all examined cells (Addi-
tional file 6: Figure S6). After flask cultivation for 48 h,
culture supernatants were collected and the production
titers of cinnamaldehyde were determined by HPLC. E.
coli W3110 (pHB-CAD) and E. coli YHPO5 (pHB-CAD)
exhibited cinnamaldehyde production titer as high as
2.18 and 6.3 mg/L, respectively (Fig. 6b). On the con-
trary, E. coli YHPO5 (pHB-CAD and pYHP) exhibited sig-
nificantly higher production titer (75 mg/L), which was
35-fold higher than that of E. coli W3110 (pHB-CAD).

Nematicidal activity of cinnamaldehyde produced

by engineered E. coli

To evaluate the nematicidal activity of cinnamaldehyde
produced in culture medium, nematodes, B. xylophilus,
were treated with cinnamaldehyde following procedures
as described in “Methods” [12]. The culture superna-
tant of E. coli YHPO5 harboring pYHP and pHB-CAD
was diluted until the final concentration of cinnamalde-
hyde was 60 mg/L, and nematodes were treated with the
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Fig.6 Cell growth and cinnamaldehyde production in flask cultiva-
tion. a Time profiles of cell growths (ODg). Symbols: Closed circle,

E. coliW3110 (pHB-CAD); open circle, E. coli YHPO5 (pHB-CAD); closed
square, E. coli YHPO5 (pHB-CAD and pYHP). b Production titer of cin-
namaldehyde in each strain. Error bars represent standard deviation of
the mean (n = 3)
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diluted culture supernatant. After 1 and 4 h, only 26 %
and below 18 % of nematodes survived, respectively
(Fig. 7). As a positive control, nematodes were treated
with commercially available and purified cinnamalde-
hyde at an equivalent concentration (60 mg/L). After 4 h,
nearly all nematodes (95 %) were killed. These results
indicated that the nematicidal activities were similar
between commercially purchased cinnamaldehyde and
produced one in this study. As a negative control, the
culture supernatant of E. coli W3110 was also tested and

as expected, nearly all nematodes survived (>92 %) after
4 h.

Conclusions

As a potential natural pesticide, the demand for cin-
namaldehyde is increasing, and thus the development
of an eco-friendly biological system for the industrial
production of cinnamaldehyde to replace traditional
chemical synthesis processes has become increasingly
important [16]. In this study, we constructed the cin-
namaldehyde biosynthesis pathway in E. coli strain,
which can potentially be used as an eco-friendly pro-
duction platform. Although each enzyme (PAL, 4CL,
and CCR) in the cinnamaldehyde biosynthesis pathway
has been well-studied in the aspects of their enzymatic
properties [19, 22-27], there is still no report about the
combination of all three enzymes for biological pro-
duction of cinnamaldehyde from glucose. To the best
of our knowledge, this is the first report that cinnamal-
dehyde was biologically synthesized in E. coli. By intro-
ducing enzymes for cinnamaldehyde biosynthesis and
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metabolically engineering of E. coli for the increased
production of the main precursor L-phenylalanine,
engineered strain E. coli YHPO5 harboring pHB-CAD
and pYHP produced cinnamaldehyde at titer as high as
75 mg/L, which represented a 35-fold improvement in
titer compared to that of the wild-type strain. Through
extensive engineering of metabolic pathways to increase
the intracellular r-phenylalanine pool, we achieved
the production of L-phenylalanine at titer as high as
3.91 g/L with a high glucose yield of 0.270 g/g [41, 44].
In addition, through further optimization of culture
conditions on an industrial scale, we suggest that our
engineered strain may be useful for the industrial-scale
production of L-phenylalanine. Our general strategy for
engineering E. coli can be adopted to engineer strains
for the production of other amino acids (particularly
AAAs). Although we succeeded to produce cinnamal-
dehyde using E. coli strains in flask cultivations, the
production titer (75 mg/L) was not sufficient to war-
rant their commercialization, which require improve-
ments to achieve gram-scale titer. Therefore, fed-batch
cultivation conditions in a lab-scale have to be selected
and the study of culture optimization including media
compositions and feeding strategies, etc. will be our
next work [45, 46]. In addition, the low conversion rate
of cinnamaldehyde from L-phenylalanine may be attrib-
uted to the relatively poor activities of the biosynthetic
enzymes: SmPAL, ScCCL, or AtCCR. Further engineer-
ing of the activities of each enzyme or the development
of protein scaffolds for the modular control of pathway
flux [47, 48] may aid in improving enzymatic reactions
and achieving much higher production titer.

Methods

Bacterial strains and plasmids

Detailed information about E. coli strains and plasmids
used in this study are described in Table 1. E. coli XL1-
Blue was used for gene cloning and plasmid maintenance.
E. coli BL21(DE3) was used for protein expression and
purification. E. coli W3110 strain was used as the primary
host for the production of cinnamaldehyde. The pTrc99A
vector was used for the expression of cinnamaldehyde
biosynthetic genes, and the pTacl5k vector was used for
the expression of L-phenylalanine biosynthetic genes. All
DNA plasmid manipulations, including restriction enzyme
digestions, ligations, and transformations, were performed
following standard protocols [49]. All restriction enzymes
were purchased from Enzynomics™ (Daejeon, Republic of
Korea). Polymerase chain reactions (PCR) were performed
using a C1000™ Thermal Cycler (Bio-Rad, Richmond,
CA, USA) with PrimeStar HS polymerase (Takara Bio,
Shiga, Japan). Detailed procedures for the construction
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of plasmids are described in Additional file 7, Additional
file 8: Table S1, and Additional file 9: Table S2.

Strain construction

In E. coli W3110 strain, crr, tyrR, trpE, tyrA, and pykA
genes were deleted using a rapid one-step inactivation
method [50]. The integrated knockout system vector
(pCW611) was used to disrupt the desired genes in the
chromosomal DNA of E. coli W3110, and the chloram-
phenicol-resistance gene (Cm®) was used for selection.
Chromosomal gene deletions were performed sequen-
tially, and the genotypes of deletion mutants (YHPO1 to
YHPO5) are described in Table 1. Detailed procedures
for gene knockout are provided in Additional file 10 and
Additional file 8: Table S1 .

Cultivation condition
E. coli cells were grown in Luria—Bertani (LB) liquid
medium (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L
NaCl) or on LB agar plates (LB containing 1.5 % (w/v)
agar). When necessary, the following concentrations of
antibiotics were added to the medium to maintain plas-
mids: 100 pg/mL ampicillin (Amp) and 40 pug/mL kana-
mycin (Kan). Flask cultivation for the production of
L-phenylalanine was performed using modified fermenta-
tion medium previously [51-53]. The composition of the
fermentation medium is: 20 g/L glucose, 3 g/L KH,PO,,
5 g/L (NH,),SO, 1 g/L NaCl, 1.5 g/L sodium citrate,
0.015 g/L CaCl,-2H,0, 3 g/L MgSO,-7H,0, 0.01125 g/L
FeSO,-7H,0, 0.075 g/L Thiamine-HCI, 0.3 g/L L-tyros-
ine (L-Tyr), 0.03 g/L L-tryptophan (L-Trp), 3 g/L yeast
extract, and 1.5 mL/L trace element solution (TES) at
pH 6.8. TES is composed of 2.0 g/L Al,(SO,);-18H,0,
0.75 g/L CoSO,7H,0, 2.5 g/L CuSO,5H,0, 0.5 g/L
H;BO,, 14.64 g/L MnSO,H,0, 3 g/L Na,MoO,-2H,0,
2.5 g/L NiSO,-6H,0, 15 g/L ZnSO,-7H,O and 10 mL/L
HCI. 12 g/L CaCO; was added as a neutralizing agent to
adjust the pH of the medium. For the production of cin-
namic acid and cinnamaldehyde, LB medium was used.
Inoculation was performed in LB medium contain-
ing 2 % (w/v) glucose at 37 °C with shaking at 200 rpm.
After overnight cultivation, 2.5 mL of cells were trans-
ferred to 250 mL Erlenmeyer flasks containing 50 mL
of medium (5 % (v/v) inoculation). When cell density
reached an ODg,, of mid-exponential phase, isopropyl-
B-D-thiogalactopyranoside (IPTG; Sigma-Aldrich, St.
Louis, MO, USA) was added to a final concentration of
0.1 mM to induce gene expression. Whenever sampling
was required, cells were harvested by centrifugation at
13,000 rpm for 10 min at 4 °C, and the pellet and super-
natant were separately stored at —20 °C until further
analysis.
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Enzyme purification and analysis

After cultivation of E. coli BL21(DE3) harboring the
pHB-I series (pHB-101-pHB-105), cells were harvested by
centrifugation at 6000 rpm for 10 min at 4 °C. Harvested
cells were re-suspended in Talon® equilibration buffer
(50 mM Na;PO,, 300 mM NaCl, pH 7.0), and disrupted
by sonication (VCX 750, Sonics & Materials. Inc., New-
town, CT, USA) while chilled on ice at 50 % pulse and
20 % amplitude for 30 min. Cell lysates were centrifuged
at 10,000 rpm for 10 min at 4 °C, and the soluble fractions
were collected from the supernatant and filtered using
0.45 pm filters. Soluble fractions were mixed with Talon
metal-affinity resin (Clontech, Mountain View, CA, USA)
in poly-prep chromatography columns (Bio-Rad). After
the binding of each enzyme, which was tagged with poly-
histidine, the resin was washed with 10 mL of wash buffer
(equilibration buffer containing 15 mM imidazole), and
enzymes were eluted using 3 mL of elution buffer (equili-
bration buffer containing 150 mM imidazole).

Protein samples were analyzed using 12 % (w/v) SDS—
polyacrylamide gel electrophoresis (SDS—PAGE). After
gel electrophoresis, gels were stained with Coomassie
brilliant blue (50 % (v/v) methanol, 10 % (v/v) acetic acid,
and 1 g/L Coomassie brilliant blue R-250) for 30 min and
destained using destaining solution (10 % (v/v) methanol
and 10 % (v/v) acetic acid). For western blot analysis, elec-
trophoresed protein samples were transferred to polyvinyl
difluoride (PVDF; Roche, Basel, Switzerland) membranes
using Bio-Rad Trans-blot SD (Bio-Rad) at 70 mA per gel
for 90 min. After blocking with 5 % (w/v) skim milk solu-
tion in Tris-buffered saline containing Tween-20 (TBS-T;
10 mM Tris, 150 mM NacCl and 0.05 % (v/v) Tween-20,
pH 8.0), membranes were incubated with a horserad-
ish peroxidase (HRP)-conjugated anti-histidine antibody
or an anti-FLAG antibody (Sigma—Aldrich) dissolved
in TBS-T with 5 % (w/v) skim milk. Each step was per-
formed for 1 h at room temperature. After washing with
TBS-T four times, ECL western blotting detection reagent
(Bionote, Hwaseong, Republic of Korea) was added and
signals were detected on X-ray films.

Quantification of enzyme activity

To test the enzymatic activity of PAL enzymes, enzymes
were mixed with 0.2 mM L-phenylalanine and 250 pmol
of PAL from A. thaliana or S. maritimus in 1 mL of
100 mM Tris—HCI (pH 7.5) and incubated at 30 and
37 °C for 1 h [23]. To test the enzymatic activity of 4CL
and CCR, 500 pmol of AtCCR and 500 pmol of At4CL1
(or ScCCL) were mixed with 2.5 mM ATP, 2.5 mM
MgCl,, 0.2 uM CoA, 0.1 mM NADPH, and 0.2 mM trans-
cinnamic acid in 1 mL of 100 mM Tris—HCI (pH 7.5)
and incubated at 30 and 37 °C for 1 h [27]. In the reac-
tion by At4CL1 (or ScCCL), CoA consumed by At4CL1
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(or ScCCL) can be regenerated by AtCCR in the next
step (Fig. 1a), so a smaller amount of CoA (0.2 uM) was
used than the substrate (cinnamic acid). Both cinnamic
acid and cinnamaldehyde in the reaction were quantified
using reverse-phase high-performance liquid chromatog-
raphy (HPLC) (Additional file 2: Figure S2).

Analytical procedures

Cell growth was determined by measuring the optical den-
sity at 600 nm (ODy,) with a spectrophotometer (Optizen
POP; Mecasys, Daejeon, Republic of Korea). The concen-
tration of glucose was determined by a glucose analyzer
(YSI 2700 SELECT " Biochemistry Analyzer; YSI Life Sci-
ences, Yellow Springs, OH, USA). Cinnamic acid and cin-
namaldehyde were quantified using a HPLC (LC-20AD,
CTO-20A, SPD-20A; Shimadzu, Kyoto, Japan) equipped
with a Zorbax Eclipse AAA column (4.6 x 150 mm
3.5-Micron; Agilent, Santa Clara, CA, USA). Samples were
sterile filtered using 0.22 um PVDF syringe filters (Futecs
Co., Ltd., Daejeon, Republic of Korea). Samples were sepa-
rated using a binary nonlinear gradient with mobile phase
A [0.1 % (v/v) trifluoroacetic acid (TFA)] and mobile phase
B (acetonitrile). The column temperature was maintained
at 40 °C and the flow rate was 1 mL/min. Elution conditions
were as follows: (i) equilibrate with 10 % B for 1 min, (ii)
run gradient from 10 to 70 % B for 19 min, (iii) run gradi-
ent from 70 to 10 % B for 5 min, and (iv) clean with 10 %
B for 3 min. Samples were detected using a UV detector
(280 nm). The analysis of L-phenylalanine was performed
under nearly identical conditions used for cinnamic acid
and cinnamaldehyde analysis except that elution condi-
tions were different. Elutions were performed as follows: (i)
equilibrate with 10 % B for 6 min, (ii) run gradient from 10
to 70 % B for 4 min, (iii) maintain flow at 70 % B for 7 min,
(iv) run gradient from 70 to 10 % B for 3 min, and (v) wash
with 10 % B for 5 min. Samples were detected using a UV
detector (220 nm). The standard curves for phenylalanine
(0.1-1 g/L), trans-cinnamic acid (5-200 mg/L), and cin-
namaldehyde (1-150 mg/L) were determined using similar
procedures. L-phenylalanine, frans-cinnamic acid, and cin-
namaldehyde were purchased from Sigma—Aldrich.

Bioassays of nematicidal activity

To evaluate the nematicidal activity of cinnamalde-
hyde produced by E. coli, direct contact bioassays were
performed [12]. Briefly, nematodes were suspended in
distilled water at a density of 5000 nematodes/mL, and
15 pL of the suspension (about 75 nematodes) was mixed
with 60 pL of the following solutions: culture medium
(negative control), commercial cinnamaldehyde dissolved
in 10 % (v/v) acetonitrile (positive control), and cinna-
maldehyde produced by E. coli prepared in this study.
After 4 h of treating nematodes with the solutions, the
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number of nematodes that remained alive was counted
using a microscope. If nematodes were stretched and
non-motile, they were scored as dead.
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