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Abstract

Ectoine is widely produced by various bacteria as a natural cell protectant against environment stress, e.g., osmotic and
temperature stress. Its protective properties therefore exhibit high commercial value, especially in agriculture, medicine,
cosmetics, and biotechnology. Here, we successfully constructed an engineered Escherichia coli for the heterologous produc-
tion of ectoine. Firstly, the ectABC genes from Halomonas elongata were introduced into E. coli MG1655 to produce ectoine
without high osmolarity. Subsequently, /ysA gene was deleted to weaken the competitive L-lysine biosynthesis pathway and
ectoine bioconversion was further optimized, leading to an increase of ectoine titer by 16.85-fold. Finally, at the low cell
density of 5 ODgy/mL in Erlenmeyer flask, the concentration of extracellular ectoine was increased to 3.05 mg/mL. At the
high cell density of 15 ODg,o/mL, 12.7 g/L of ectoine was achieved in 24 h and the overall yield is 1.27 g/g glycerol and
sodium aspartate. Our study herein provides a feasible and valuable biosynthesis pathway of ectoine with a potential for
large-scale industrial production using simple and cheap feedstocks.

Introduction

(S)-2-methyl-1,4,5,6-tetrahydropyrimidine-4-carboxylic
acid, commonly known as ectoine (Fig. 1), is a cyclic amino
acid derivative of aspartate [1]. It is widely produced by
various bacteria as a protective extremolyte against envi-
ronment stress, e.g., extreme temperature, high osmolarity,
and dryness. The commercial value of ectoine is manifold,
including skin protection against aging and cell damage, skin
preservation [2], and disease treatment such as Alzheimer’s
Disease [3], atopic dermatitis [4], colitis [5], allergic rhinitis
[6], and lung inflammation [7]. Its current trading price is
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approximately $1300/kg, making ectoine a high-priced com-
modity in the world market [8].

Ectoine was first discovered in the halophilic phototrophic
bacterium Ectothiorhodospira halochloris [9]. Subsequently,
many halophilic and halotolerant bacteria from saline envi-
ronments also produced ectoine and therefore might serve
as a source for its production. However, the requirement for
high salt during culturing complicated ectoine extraction and
purification. A bioprocess technique called “bacterial milk-
ing” was developed using the halophilic bacterium Halo-
monas elongata, enabling ectoine production up to 7.4 g/L
by H. elongata DSM 142 under salt stress [10]. Ectoine pro-
duction by Halomonas salina DSM 5928 using fermentative
strategies reached 6.9 g/L [11]. However, their fermentation
periods were often too long, high salt medium accelerated
equipment corrosion, as well as ectoine titer was relatively
low. To avoid the disadvantages, heterologous expression of
the ectoine biosynthetic cluster has been pursued [5, 12-15].

In this study, we designed a microbial cell factory by
recruiting the ectoine biosynthesis gene ectABC from H.
elongate. The ectABC from H. elongata were successfully
expressed in E. coli MG1655. We further optimized ectoine
biosynthesis by deleting the competitive L-lysine meta-
bolic pathway and optimizing its whole-cell bioconversion.
Finally, the engineered stain ECT2 accumulated 12.7 g/L of
ectoine in 24 h.
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Fig. 1 Chemical structure of ectoine

Materials and Methods
Biological Materials, Bacterial Strains, and Media

Isopropyl-f-d-thiogalactoside (IPTG) and ampicillin were
purchased from TIANGEN (China). The restriction Quick-
Cut enzymes BamHI, EcoRI, DNA Ligation Kit, and Primer-
STAR Max polymerase were purchased from Takara (Takara
Bio Co., Ltd., China). Acetonitrile (HPLC grade) and ectoine
of 95% purity were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Other chemicals were commercially obtained as
analytical grade. The strain H. elongata (Marine Culture Col-
lection of China, 1A01717) was grown in Luria—Bertani (LB)
consisting of 1.0% (w/v) tryptone, 0.5% (w/v) yeast extract,
and 1% (w/v) NaCl. E. coli MG1655 was purchased from
BeiNuo (BeiNuo life science Co., Ltd., China), and plas-
mid pTrc99a was purchased from Wuhan Miaoling Biosci-
ence and Technology Co. (China) with an ampicillin coding
sequence for use as a cloning and expression vector.

Construction of Recombinant Expression Plasmids

The published genome sequence of H. elongata provided
the ectoine biosynthetic cluster used for this study [16].
The individual ectABC gene cluster was amplified by PCR
using PrimerSTAR Max DNA polymerase from genomic
DNA of H. elongata as the template and custom synthe-
sized DNA primers containing restriction sites (Table 1).
The reaction was performed in a 50 pL reaction volume
containing 1 pL of genomic DNA, 1 pL of primer F, 1 pL
of primer R, 25 pL of PrimerSTAR Max Premix, and 22
pL of ddH,O using the following conditions: denaturation
at 98 °C for 10 s, annealing at 55 °C for 15 s, and extension
at 72 °C for 30 s followed by 30 cycles. The PCR products
of the ectABC and pTrc99a vector were digested using a
QuickCut EcoRI enzyme and QuickCut BamHI enzyme at

37 °C for 5 min. The products were then ligated into the
plasmid pTrc99a by DNA Ligation enzyme at 16 °C for 4 h
yielding pTrc99a-ectABC. The recombinant plasmids were
chemically transformed into E. coli MG1655 at 37 °C on
LB medium with ampicillin (100 pg/mL) for selection of
positive recombinants. The recombinants were confirmed
by restriction enzyme digestion at 37 °C for 30 min and
subsequently sequenced (Sangon Biotech Co. Ltd., China).

Deletion of lysA Gene

Deletion of lysA gene was performed using the A-Red
recombination system according to the previously described
method with slight modification [12]. The primers used for
gene manipulation are shown in Table 1. For lysA gene dele-
tions, the linear knockout chloramphenicol resistance gene
was prepared by PCR using plasmid pKD3 as template. The
reaction was performed in a 50 pL reaction volume contain-
ing 1 pL of plasmid pKD3, 1 pL of primer lysA-F, 1 pL of
primer lysA-R, 25 pL of PrimerSTAR Max Premix, and 22
pL of ddH,0 using the following conditions: denaturation at
98 °C for 10 s, annealing at 52 °C for 30 s, and extension at
72 °C for 30 s followed by 30 cycles. The linear gene knock-
out was electroporated into the E. coli MG1655 harboring
pkD46. Cells were selected on chloramphenicol (30 pg/mL)
plates at 37 °C for 24 h. The positive gene replacement with
the antibiotic marker was selected by PCR verification.

Protein Expression of Ectoine Enzymes

The recombinant strain E. coli MG1655 was grown at 37 °C in
LB broth with ampicillin (100 pg/mL). When the optical den-
sity of the culture at 600 nm reached 0.8, IPTG was added at a
final concentration of 0.8 mM and incubated at 37 °C for 8 h.
The cells were harvested by centrifugation (10,000xg, 3 min)
and resuspended in a 50 mM of potassium phosphate solution.
The supernatant was subjected to SDS-PAGE analysis [17].

Preparation of E. coli for Biocatalysis

The recombinant strain was grown on LB medium plates over-
night at 37 °C. The recombinant strain was cultured in 50 mL
LB medium in 250 mL Erlenmeyer flasks at 37 °C on a rotary
shaker (200 rpm) for 12 h. The seed medium was inoculated
into 1 L Erlenmeyer flasks containing 400 mL LB medium

Table 1 Primers used in this

Primer Sequence (5'-3") Cleavage site
study

ectABC-F CGGAATTCATGAACGCAACCACAGAGCC EcoRI

ectABC-R TTGGATCCGCTGCGAACAACGAAAGAG BamHI

LysA-F GGGCGTGAAACGTCTTGAGCGATTGTGTAGG

LysA-R GACGCTCCGCGGATGTAACGCACTGAGAAGC
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and grown at 37 °C until reaching an ODg, of 0.6-0.8. IPTG
was added to a final concentration of 0.1 mM, and the culture
was further incubated at 30 °C for 12 h. After fermentation,
the fermentation broth was centrifuged (4500 rpm, 10 min)
and the cells were washed twice with 0.9% NaCl solution and
resuspended in PBS buffer as the whole-cell biocatalysts.

Optimization of Ectoine Bioconversion

The whole-cell transformation was carried out in a 250-mL
flask with 30 mL of reaction PBS buffer containing resting
cells (ODgy,=5). The reaction PBS buffer (pH 6.5) included
10 g/L sodium aspartate, 10 g/LL KCl, and 10 g/L glycerol.
The reaction was performed at 40 °C and on a rotary shaker
(200 rpm) for 24 h. The reaction broth was then centrifuged
at 12,000 rpm for 1 min and the liquid fraction was passed
through a 0.45 pm filter. HPLC was used to analyze and iden-
tify the purity of ectoine. To enhance ectoine yield, various
concentrations of sodium aspartate, KCI, and glycerol, as well
as reaction temperature, time, and pH were further optimized
and investigated the effect on ectoine production.

Ectoine bioconversion was also performed under high-
density cells. The cells were washed twice with 0.9% NaCl
solution and resuspended in PBS buffer (ODgy,=15) as the
whole-cell biocatalysts. Sodium aspartate, KCI, and glycerol
were then added into the cells until 24 h and the pH was main-
tained at 6.5 by NH,OH (2 M) or HC1 (2 M) [15].

Ectoine Analysis

Ectoine production was measured according to a previously
described method with slight modification [18]. Briefly, the
cells were centrifuged at 4500 rpm for 10 min and then sub-
jected to ultrasonic extraction in 8% lysozyme for 6 min. The
resulting extracellular of ectoine solutions was analyzed and
purified by HPLC (Agilent Technologies, 1260, USA) on Ulti-
mate Polar RP-C18 column (250 x4.6 mm, 5 pm particle size,
Welch, China). Chromatograhy was carried out isocratically
at a flow rate of 1 mL/min with 100% purified water. NMR
experiments were conducted using a Bruker Ultrashield 500
NMR spectrometer with D,O as the solvent (referenced to
residual D,0 at §y; 4.80) at 25 °C. LC-MS was acquired using
a Waters 2695 HPLC coupled to a Thermo LCQ TM Deca
XP plus ion trap mass spectrometer in the negative ionization.

Results and Discussion

Heterologous Expression of Ectoine Biosynthesis
Genes in E. coliMG1655

The biosynthesis of ectoine proceeds in three steps. Initially,
precursor L-aspartate-f-semialdehyde (ASA) is converted

@ Springer

to the diamine 1-2,4-diaminobutyrate (DABA) by 1-2,4-di-
aminobutyrate transaminase (EctB). DABA is next acety-
lated by catalysis with 2,4-diaminobutyrate acetyltransferase
(EctA) to generate N-acetyl-2,4-diaminobutyrate (ADABA).
Finally, ectoine synthase (EctC) catalyzes the final ring-clos-
ing reaction [12].

In this study, the ectABC genes from H. elongata were
amplified from genomic DNA and cloned into the vector
pTrc99a. Subsequently, the recombinant plasmids pTrc99a-
ectABC were successfully constructed in E. coli MG1655
to obtain engineered strain E. coli ECT1. The transformants
harboring recombinant plasmids were induced with IPTG,
and SDS-PAGE electrophoresis of lysates of induced cells
revealed proteins with molecular masses closely correspond-
ing to the predicted sizes of EctA, EctB, and EctC (Fig. 2).
Molecular masses of EctA, EctB, and EctC were predicted
to be 21.2 kDa, 41.8 kDa, and 15.2 kDa [16].

Elimination of I-lysine Synthesis Pathway

In E. coli, L-aspartate-f-semialdehyde is the precursor for
both L-lysine synthesis and ectoine synthesis [12]. Thus, an
adequate supply of L-aspartate-#-semialdehyde precursor
for ectoine biosynthesis was expectedly obtained following
the elimination of L-lysine synthesis pathway [1]. Here, we
knocked out lysA of E. coli ECT1 to increase the supply of
L-aspartate-f-semialdehyde for ectoine biosynthesis, estab-
lishing the engineered strain E. coli ECT2 (AlysA). The
strains E. coli ECT1 and E. coli ECT2 were cultured in LB
medium for 12 h individually. Finally, the extracellular ectoine
titer of strain ECT1 was 178 mg/L, while the ectoine titer of
strain ECT2 was 380 mg/L. Compared with ECT1, extracel-
lular ectoine titer of ECT2 (AlysA) increased by 134%.
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Fig.2 SDS-PAGE analysis of ectABC expressed in E. coli MG1655.
M protein molecular markers. 1 the supernatant of cell extracts from
E. coli MG1655. 2 the supernatant of cell extracts from the recombi-
nant strain E. coli ECT1
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Optimization of Ectoine Transformation Conditions

To determine the optimal conditions of ectoine biosyn-
thesis by E. coli ECT2, we further investigated some key
factors affecting ectoine biosynthesis. Sodium aspartate
is a key starting substrate for synthesis of L-aspartate-f-
semialdehyde, with glycerol providing both energy and
substrate for the production of an acetyl group. KCl has pre-
viously been reported to improve the activity and stability
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Fig. 3 Effect of ectoine bioconversion conditions on ectoine produc-
tion in E. coli ECT2. The bar charts show the effects of varying. a
Effects of sodium aspartate on the biosynthesis of ectoine. b Effects
of KClI on the biosynthesis of ectoine. ¢ Effects of glycerol on the bio-

of ectB [15]. Thus, Sodium aspartate, glycerol, and KCI as
important nutrient factors are firstly investigated for ectoine
production in whole-cell biocatalytic experiment. Further-
more, temperature, pH, and fermentation time are also
assessed. The effects of sodium aspartate, KCl, and glycerol
on ectoine production are shown in Fig. 3a—c. The optimal
concentration of sodium aspartate is 10 g/L. and 2.3 mg/mL
of ectoine is detected at this concentration. Under higher
concentrations of sodium aspartate (20-80 g/L), ectoine
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Fig.4 Time profiles of ectoine production and substrate concentra-
tion during high-density cells

titer shows a dose-dependent reduction, with the minimum
of 0.41 mg/mL. The maximum ectoine production reaches
2.6 mg/mL with the addition of KCI under the concentra-
tion of 10 g/L. The maximal ectoine titer of 2.4 mg/mL is
obtained under 10 g/L of glycerol. A pH=6.5 was deter-
mined to be optimal, with 2.4 mg/mL of ectoine produc-
tion (Fig. 3d). As for culture time, we observed an optimal
2.4 mg/mL of ectoine at 24 h (Fig. 3e). The effect of tem-
perature is investigated between 25 and 45 °C (Fig. 3f). The

results show that the highest titer is achieved at 40 °C. In
conclusion, the optimal ectoine transformation conditions in
Erlenmeyer flask are determined as follows: 10 g/L sodium
aspartate, 10 g/L KCl, and 10 g/L glycerol, pH 6.5, 24 h,
40 °C.

Production of Ectoine with High-Density Cells
from the Engineered Strain E. coli ECT2

Ectoine bioconversion is also investigated with higher-den-
sity cells (ODg, = 15). When the reaction proceeds for 20 h,
the sodium asparate and glycerol are all consumed. After a
reaction time of 24 h, the ectoine titer reaches 12.7 g/L in
the medium (Fig. 4). Compared with flask reactions with
low-density cells (ODgy,=5), the ectoine bioconversion is
obviously improved in the high-density cells (ODg,,=15).

Identification of Ectoine from the Engineered Strain
E. coli ECT2

The ectoine was determined by HPLC, MS, and NMR.
HPLC is used to identify the retention time of ectoine
(tg=3.7 min, Fig. 5). The molecular formula\ is determined
to C¢H,,N,O, using HRESIMS (m/z [141.0674]7) (Fig. 6).
"H NMR (500 MHz, D,0) 6y: 4.05 (t, J=5.5 Hz, 1H), 3.43
(dt, J=13.6, 5.3 Hz, 1H), 3.30-3.23 (m, 1H), 2.21 (s, 3H),
and 2.17-2.04 (m, 2H) (Fig. 7).

Fig.5 HPLC chromatograms of
standard ectoine (a) and extracts A
(b) of the engineered strain E. et
coli ECT2 800 4
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Conclusions an efficient biocatalysis method [21, 22]. Hence, heterolo-

Whole-cell biocatalysis has numerous advantages for the
production of commercially used organic compounds,
including being environmentally friendly, low production
costs, and time efficiency. A good example is L-methionine,
which has attracted attention for its nutritional, pharmaceuti-
cal, and clinical applications. While chemical synthesis of
methionine requires more hazardous and volatile chemicals
and produces a racemate [19], the engineered strain E. coli
is constructed and successfully used to produce L-methio-
nine [20]. Ectoine can be also chemically synthesized, but
stereoselectivity is a great obstacle and the process lacks

gous expression represents a desirable strategy for ectoine
production. A report established that 25.1 g/L of ectoine is
synthesized by E. coli with glucose as a carbon source after
30 h fermentation [12]; the overall titer is 0.11 g/g of glu-
cose. Chen et al. [23] showed that ectoine biosynthesis by
H. salina BCRC17875 under salt stress can reach 13.96 g/LL
with yeast extract and NH,SO, as carbon and nitrogen
sources at 44 h of cultivation; the overall yield is 0.17 g/g
of yeast extract. In our experiment, transgenic E. coli can
efficiently synthesize and excrete 12.7 g/L of ectoine into
the extracellular medium with glycerol and sodium aspar-
tate as carbon sources at 24 h; the overall yield is 1.27 g/g
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of glycerol and sodium aspartate. The results demonstrated
that our engineered strain exhibited more productivity or less
cost using glycerol and sodium aspartate as bioconversion
feedstocks. This study further demonstrates the promise and
utility of whole-cell biocatalysis for commercial production
of organic compounds.

In agreement with previous study of Ning et al. [12],
we find that eliminating the L-lysine synthesis pathway is
a key step in maximizing ectoine production. This single
modification raised production in our strain E. coli ECT2 by
134%. This result suggests that modification of other meta-
bolic branches might also benefit ectoine synthesis, but this
remains to be investigated. The system presented here rep-
resents a simple method for the efficient production of high-
purity ectoine using whole-cell biocatalysis. Strain ECT2
produced 12.7 g/L of ectoine by whole-cell biocatalysis pro-
duction system, which is sufficient for commercial produc-
tion. Further large fermentor experiments using high cell den-
sities (ODg(,=50) are warranted to test the true commercial
potential of this whole-cell biocatalysis production system.
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