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Abstract—The work reports the construction of Escherichia coli strain MG 1655 derivatives with deleted genes
that encode fumarases (fumAC, fumB, and fumABC) via the phage lambda-mediated recombination system.
It has been demonstrated that the deletion of fumB gene had almost no effect on strain growth under aerobic
conditions, while the deletion of the fumA and fumC genes led to a 30% decrease in the growth rate under the
same conditions. When the F. coli strains with deleted fumarase genes were used to catalyze L-aspartic acid
synthesis from ammonium fumarate (1.5 M solution), it was observed that only the simultaneous loss of both
the fumA and fumC genes led to an at least 20% increase in the aspartic acid yields and a concurrent decrease
in the content of the byproduct malic acid in the reaction mixture from 40 to 1.5—2 g/L. The results obtained
in the work may be used to generate more efficient novel biocatalysts of L-aspartic acid synthesis.
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INTRODUCTION

L-aspartic acid is a key cellular metabolite involved
in the synthesis of amino acids and proteins. In living
organisms, L-aspartic acid is synthesized via the ami-
nation of organic acids. One such reaction, the amina-
tion of fumaric acid catalyzed by the enzyme named
aspartase, was taken as the basis for the industrial pro-
duction of L-aspartic acid [1]. Immobilized bacterial
cells with high aspartase activity were used as a catalyst
in this process. However, in such cells, fumaric acid
may also undergo other chemical transformations; for
example, it can be hydrated to malate in the presence
of the fumarase enzyme (Fig. 1).

L-aspartic acid is extensively used in the food and
drug industry, as well as in agriculture [2]. When
aspartic acid is produced in the course of a biocatalytic
process, malic acid produced in the course of the reac-
tion catalyzed by fumarase is a byproduct, which con-
siderably reduces the quality of the main product. One
of the means of reducing fumarase activity in the bac-
terial cells is the inactivation of the genes encoding the
enzyme. It is well known that E. coli commonly used
for L-aspartic acid production have three genes coding

Abbreviations: VKPM—Russian National Collection of Industrial
Microorganisms (GosNIIGenetika) (RNCIM); HPLC—high-
performance liquid chromatography; PCR—polymerase chain
reaction; LB medium—Luria—Bertani medium; kb—thousand
base pairs; OD—optic density.

for fumarases, namely fumA, fumB, and fumC, and
three corresponding enzymes that catalyze the trans-
formation of fumarate to malate in the tricarboxylic
acid cycle and work under aerobic, microaerophilic,
and unaerobic conditions, respectively [3].

The current work reports the construction of
derivatives of the Escherichia coli MG1655 strain
with deletions of fumAC, fumB, and fumABC genes
and the results of their use as catalysts for L-aspartic
production.

MATERIALS AND METHODS
Strains, Plasmids, and Growth Conditions

The strains and plasmids used in the work are pro-
vided in Table 1.

Nutritive media components were purchased from
BD (United States). LB broth (pH 7.2) containing the
following components was used to grow E. coli strains
(g/L): tryptone—10, yeast extract—5, and NaCl—5.
The selection of sucrose-resistant clones was per-
formed on Sula medium (pH 7.2) containing (g/L)
tryptone—12, yeast extract—6, agar—12, and
sucrose—60.

The strains were grown at 37°C with constant shak-
ing (300 rpm). When necessary, antibiotics in the fol-
lowing concentrations were added to LB broth in
which genetically marked E. coli strains were grown
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Fig. 1. Enzymatic fumaric acid transformations in E. coli cells.

(ug/mL): ampicillin—100 and chloramphenicol—10
(Sigma, Unites Stated).

The oligonucleotide primers used in this study and
synthesized by ZAO Evrogen are provided in Table 2.

DNA Techniques

Plasmid DNA isolation was performed with the
GeneJET Plasmid Miniprep Kit (Thermo Scientific,
Vilnius, Lithuania) according to the manufacturer’s
recommendations. DNA fragment extraction from
gels was performed with the GeneJET Gel Extraction
Kit (Thermo Scientific) according to the manufac-
turer’s instructions. Restriction endonucleases
(Thermo Scientific) and T4 DNA Ligase (Thermo
Scientific) were used as specified by the manufacturer
or according to [6].

Construction of the accessory pICA plasmid for the
subsequent generation of deletion mutants. The pICA

Table 1. Bacterial plasmids and strains used in this work

plasmid is a derivative of the pUC19 plasmid vector. It
contains the car gene, which controls resistance to
chloramphenicol, obtained from the pMW118-AattL-
CmR-AattR plasmid and the sacB gene, which encodes
the levansucrase enzyme, from the chromosomal
DNA of Bacillus subtilis 168 (VKPM B1727). The
plasmid construction outline is provided in Fig. 2.

The 5.8 kb pICA plasmid (Fig. 3) was used for the
generation of deletion mutants.

Construction of the E. coli strain MG1655 deletion
mutants. A The red-mediated recombination [5] tech-
nique with modifications [7] was exploited to obtain the
deletion mutants of the E. coli MG 1655 strain (Fig. 4).

This technique is based on homologous recombi-
nation, which takes place between the chromosome
and a linear DNA fragment introduced into the cell
mediated by the bacteriophage lambda Red system.
The linear DNA introduced into the cell has short
regions of homology (50 bp) with the chromosomal

Plasmid and strain

Brief description

Source

1

2

3

pPMWI118
pMWe-attL-Cm-attR-TrrnB
pUC4K

pUCI9

pKD46
pICA
E. coli XL1

E. coliTG1

B. subtilis 168

E. coli MG 1655

E. coli D30

E. coli D34 AiclR

E. coli D39

E. coli D51 AfumB

E. coli D45 AfumAC
E. coli D76 AfumABC

4.2 kb (AmpR)
5.5 kb (AmpR Cat®)
3.9 kb (AmpR Kan®)

2.7 kb (AmpR)

6.3 kb (AmpR Ts)
5.8 kb (AmpR CatR sacBS), cassette donor

recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac
[FproAB laclqZAM15 Tn10 (Tetr)]

supE thi-1 A(lac-proAB) A(mcrB-hsdSM)5(rk-mk-)
[F' traD36 proAB lacl4Z AM15]

VKPM B1727

F~ A~ ilvG- rfb-50 rph-1

E. coli MG 1655 AiclR::cat-sacB

E. coli MG 1655 AiclR

E. coli MG 1655 AiclR AfumB::cat-sacB

E. coli MG 1655 AiclR AfumB

E. coli MG 1655 AiclR AfumA-fumC::cat-sacB

E. coli MG 1655 AiclR AfumB AfumA-fumC::cat-sacB

Nippon Gene, Tokyo Japan
[4]

GE Healthcare, Amersham,
England

Thermo Scientific, Vilnius,
Lithuania

[5]
This work
VKPM

This work
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Table 2. Oligonucleotide primers used in this work
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Primer Primer sequence 5' — 3' Used for
1 2 3

sacBSforw | cgtctagatttttaacccatcacatatacc pICA construction

sacBSrev gggtcgacaaaaggttaggaatacggttag As above

iclr-1 Caataaaaatgaaaatgatttccacgatacagaaaaaag agactgtcatgcagg gttttcccagtcacga |iclR locus elimination

iclr-2 Agaatattgcctctgecegecagaaaaagtcagege attccaccgtacgatgttgtgtggaattgtgage | As above

iclr-3 Aaaagagactgtcatggtcgcacccattcccgegaaacge Marker elimination
from icIR locus

iclr-4 Cctctgeccgecagaaaaagtcagegceattccacegtacg gegtttcgegggaatggg As above

fumB-1 Ggcacgccattttcgaataacaaatacagagttacaggetg gaagctatgcagggttttcccagtcacga | fumB elimination

fumB-2 Gecatgctgecaggegetgggecgaagaggttacttagtge agttcgegeaatgttgtgtggaattgtgage | As above

fumB-3 Cgcggcacgcecattttcgaataacaaatacagagttacagg ctggaagctcctcttcg Marker elimination
from fumB locus

fumB-4 Ggccagggggatcacctggcageatgctgecaggegetg ggccgaagaggagettccage As above

fumAC-1 Aacacccgcccagagcataaccaaaccaggcagtaagtg agagaacaatgcagggttttcccagtcacga | fumA—fumC elimination

fumAC-2 | Attccacggcetgceac ctgtatgttgcagattaacgecceggce tttcatactatgttgtgtggaattgtgage As above

autoiclr-5 | cgataactctggatcatggtg Verification of the presence
of icIR gene

iclr-6 aaagaactacgaggaatacgag As above

fumB-5 ctacggttattacatcctgc Verification of the presence
of fumB gene

fumB-6 tggtgagttcgcaaatcaggg As above

fumAC-5 |gacaatgtgcagcaccg Verification of the presence
of fumA—fumC genes

fumAC-6 |ctggacggattttccatacc As above

sacB-1 gctgaacaaaactggcecttg Verification of the presence
of sacB gene

cat-1 ggtacattgagcaactgac Verification of the presence
of cat gene

RT-fumA-1 | ggatgtagtgagcgaagtat Detection of fumA gene
transcription

RT-fumA-2 | gcgatgtggaactggaaaa As above

RT-fumB-1 | ggtgagcgacaaacgagtgga Detection of fumB gene
transcription

RT-fumB-2 | aggcgaagcggtgaaagttga As above

RT-fumC-1 | cgtgaggcaggctgtattcg Detection of fumC gene
transcription

RT-fumC-2 | taacgctggggcaggagattt As above

RT-aspA-1 |agtccactaacgacgectac Detection of aspA gene
transcription

RT-aspA-2 |cgcagttggttaatcgeatcta As above

RNApoly-1 | tccgetctgetaactgectta Detection of the RNA poly-
merase gene transcription

RNApoly-2 | gctcaacctcggtacgetgta As above
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Bglll (17)
bl / auL PCR using B. subtilis 168 PCR using B. subtilis 168
a using B. subtilis using B. subtilis
T PA2 promoter T7 as a template as a template
cat and sacBS forw and sacBS forw
pMWI118 pUCI19 and sacBS pUCI19 and sacBS
211bp  PMW-attL-Cm-attR- 2686 bp rev primers = 2018 bp 2686 bp rev primers = 2018 bp
TrrnB jt attR.
5556 bp Xbal (1651
fall/ al (1651) /Xbal/Sall Pael
4215 bp /Xbal/Sall = 2018 bp = 2686 bp
x\_,, = 2680 bp
repA
/Bgll1/Xbal/
Pfu = 1638 bp . .
Blue Ec1 13611 (405) PS 1 (440)
la f bla Ve f
A
pPMWI18- P pUCI9- pUCI9-

sacB13

att-Cm-11 sacl2 sacB
5853 bp 4688 bp rep 4694 bp
P rep (pMB1) (PMBI)
attL sacB

_/
Xhel (3596)
S @attR /
pUC4C
cat promoter Lac 3914 b promoter Lac
Pst] (2442) p
/Nhel/FastAP/|  /Ec/13611/Psil/Pfu = 2035 bp | Pstl=1240bp
Pfu = 5857 bp
LigT4 x XL1-Blue
bla
bl - Pst] (440)
t; repA
kan
AL~ pITA rep pIKA
7890 bp (PMB1) 5934 bp —— Psr1 (1680)

@\ attR
cat N Cfr421 (2153)
sacB promoter Lac
sacB

/Cfr421/Pstl = 1590 bp \Nhel (3596)
/Cfrd21/Pstl = 4220 bp ‘

LigT'4 x XL1-Blue

_— cat
blaf
pICA

5811 bp

rep (pMBl) ucB

//*

promoter Lac

Fig. 2. pICA plasmid construction outline. bla—Ampicillin resistance gene; cat—chloramphenicol acetyltransferase gene (chlor-
amphenicol resistance); kan—kanamycin resistance genes; attL and attR—phage lambda integration sites; rep(pMB1)—plasmid

replication origin; sacB—levan sucrase gene (sucrose sensitivity).
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bla

pICA
5811 bp

rep (pMB1)—

sacB

/l‘

promoter Lac

Fig. 3. pICA plasmid map. bla—Ampicillin resistance gene;
cat—chloramphenicol resistance gene; rep(pMB1)—plas-
mid replication origin; sacB—levan sucrase gene (sucrose
sensitivity).

DNA and in the presence of the pKID46 plasmid (pro-
vides the cell with the Redof3d recombination pro-
teins). It is able to integrate into the chromosome in
two subsequent recombination steps, thus substituting
the target gene.

The deletion variants were constructed in two
steps:

(1) The gene targeted for deletion was substituted
by a DNA fragment containing car—sacB genes (see
Fig. 4a). The fragment containing cat and sacB genes
was generated by PCR with the pICA plasmid as a
template and primers homologous to the flanks (see

E. coli chromosome

Table 2). The DNA cat—sacB fragment was trans-
formed into E. coli MG 1655 (pKD46) cells by electro-
poration. Clones with successful integration of the
fragment into the chromosome were selected on LB
agar plates by resistance to chloramphenicol. The
presence of the integrated fragment was verified by
PCR with primers indicated in Table 2.

(2) The second step was carried out in those cases
when it was necessary to delete the car—sacB fragment
from the constructed chromosome (see Fig. 4b). The
fragment containing the cat—sacB cassette was then
substituted within the chromosome for a linear DNA
fragment containing sequences homologous to the
genome regions flanking the gene being deleted. The
fragment was generated by PCR with primers that
were partly homologous to each other (see Table 2).
The purified DNA fragment was transformed into
E. coli MG 1655 cells containing the pKID46 plasmid
by electroporation. Clones with the insertion were
selected on Sula agar containing sucrose. The pres-
ence of the integrated fragment was verified by
sequencing in the CEQS8000 automated sequencing
device (Beckman Coulter) available in the Center for
Collective Use of the GosNIIGenetika State Research
Institute of Genetics and Selection of Industrial
Microorganisms.

Aspartase Activity Test

Cells demonstrating aspartase activity were pel-
leted by centrifugation and 1.0 M ammonium fuma-
rate solution was added to the resulting pellet. The

[ fragment

PCR fragment
(a) to be integrated
into the chromosome

Marker integration

. Ut 4%
into the chromosome

E. coli chromosome
[ fragment containing
a marker

PCR fragment

sacB cat

sacB cat

(b) to be integrated
into the chromosome

— Chromosome insertion

Wz

Fig. 4. Deletion mutant construction outline. a—First step, b—second step; sac B—levan sucrase gene (sucrose sensitivity); car—

chloramphenicol resistance gene.
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Fig. 5. Growth of strains with deleted fumarase genes.

mixture was incubated at 37°C for 45 min. Then, 9 mL
of 1.5 M ammonium fumarate solution was mixed
with 1 mL of the cell suspension, and the mixture was
incubated at 37°C for 60 min. At the same time, the
control samples were prepared by mixing 1 mL of the
cell suspension with 9 mL of distilled water. The aspar-
tic acid content in the samples was determined spec-
trophotometrically by absorption at 510 nm. A unit of
activity was defined as the amount of enzyme that cat-
alyzed the formation of one umol of aspartic acid in
one minute at 37°C.

After the transformation, the probe samples were
centrifuged, and the resulting supernatants were 40-fold
diluted and analyzed by HPLC.

HPLC Determination of the Organic Acid Content

The analysis was performed with the Alliance
HPLC System (United States) (Separations Module
Waters 2695 and Photodiode Array Detector Water
2996) and YMC-Triart C18 columns (5 um, 12 nm,
250 X 4.6 mm). The mixture was 20-fold diluted with
water and centrifuged at 30000 g for 5 min. An 0.9 mL ali-
quot of the resulting solution was transferred into a new
tube and analyzed by HPLC under the following condi-
tions: eluent—0.1% H;PO,, flow rate—1.0 mL/min, col-
umn temperature—30°C, A—210 nm, and time of analy-
sis—20 min. Data recording and processing was per-
formed with the Empower Pro software.

Quantitative Analysis of Gene Expression

Quantitative real-time PCR was exploited to mea-
sure the transcription levels for the fumA, fumB, fumC,
and aspA genes. RNA was isolated with the RNeasy
Mini Kit (Qiagen) according to the manufacturer’s
recommendations. Reverse transcription was per-
formed with the MMLV RT kit (Evrogen, Russia)
according to the manufacturer’s recommendations.
Real-time PCR was carried out in an Applied Biosys-
tems 7500 Fast thermal cycler with the qPCRmix-HS
SYBR + LowROX PCR mix (Evrogen). The primers

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 53
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used for the assessment of gene transcription are listed
in Table 2.

RESULTS AND DISCUSSION

Generation of E. coli Strains
with Deleted Fumarase Genes

E. coli cells contain three genes controlling the syn-
thesis of fumarases. Two of them, fumA and fumC, are
located within a single chromosome locus and form a
linkage group, and the third gene, fumB, is located in
another locus [8]. To construct E. coli strains with the
deletion of fumarase genes, we utilized an approach
based on lambda Red-mediated recombination (see
the Materials and Methods section). The departure
strain for the generation of deletion mutants was the
E. coli D34AicIR variant in which the deletion of the
icIR repressor gene led to the activation of the glyoxyl-
ate shunt pathway (the strain was obtained in this
work). It is known [9, 10] that activation of the glyox-
ylate pathway is essential when mutants with the com-
plete deletion of fumarase genes have to be generated.
Mutants of three different types were obtained: those
with the deletion of the fumB gene, those with the
deletion of both fumA and fumC genes (AfumAC with
both deletions in the same locus), and a mutant in
which all three fumarase genes, fumB, fumA, and
JumC, are deleted (AfumABC). Among these mutants,
E.coli strains D45AfumAC and E. coli D39 were gener-
ated via substitution of the fumAC and fumB genes for
the cat—sacB cassette in accordance with the scheme
described above (see Fig. 4). To obtain the strain in
which all three fumarase genes are deleted (E. coli
D76AfumABC), we used the FE. coli D51 AfumB strain,
which lost the fumB gene and in which the fumAC
genes were subsequently substituted for the car—sacB
cassette. The chromosome structure in each mutant
was verified by PCR and sequencing of the corre-
sponding locus.

Figure 5 shows the growth curves for the generated
E. coli strains with deleted fumarase genes grown in
flasks under aerobic conditions. The bacteria were
cultured in LB broth at 37°C with constant shaking.
The optical density of the bacterial culture was mea-
sured at 600 nm. It can be seen that the strain with the
deletion of the fumB gene (FE. coli D51AfumB) shows
almost the same growth rate as the parental strain,
which is in good accordance with the previously
obtained results indicating that the fumarase encoded
by fumB is largely inactive under aerobic conditions
[11]. However, simultaneous deletion of the fumA and
JumC genes (E. coli D45AfumAC) reduced the growth
rate (no less than a 30% reduction) as compared to the
original strain. The loss of all three fumarase genes
(E. coli D76AfumABC) led to a significant (twofold or
more) suppression of the mutant growth rate as com-
pared to that of the original strain. It should be noted
here that the differences in the growth rates between

No.9 2017
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the mutants became observable only after 3—4 h of
incubation, which is apparently due to the accumula-
tion of metabolites in the cells which inhibit their
growth.

Transcriptional Analysis of the Strains
with Deleted Fumarase Genes

The transcription levels of the genes encoding
aspartase (aspA) and fumarases in the obtained strains
were studied by real-time PCR. It was found that tran-
scription levels of the fumarase genes in the obtained
deletion mutants varied insignificantly. In the FE. coli
strain BSIAfumB, we observed enhanced transcrip-
tion of the fumA and fumC genes (by 50—70%), while
we registered a slight decrease in the fumB gene tran-
scription level in the strain with the deletion of the
JumA and fumC genes (E. coli D45AfumAC) (Fig. 6).

At the same time, the transcription level of the
aspartase gene strongly depended on the genetic struc-
ture of the strain. The minimum transcription level of
the aspA gene was detected in the strain with the dele-
tion of the fumAC genes, while the maximum tran-
scription level (four times higher that in the original
strain) was found in the strain in which all three fuma-
rase genes were absent.

The aspartase activity (Wmol/min) in the four stud-
ied strains was as follows: WT—3.0, AfumAC—5.7,
AfumB—3.7, and AfumABC—4.5, respectively. It is
evident that the level of aspartase activity in the strain
doesn’t correlate with the corresponding aspA gene
transcription level, which can be apparently accounted
for by the role of posttranslational modifications in the
active enzyme formation [12].

Synthesis of Aspartic Acid in the Presence
of the Generated Strains with Deleted Fumarase Genes

The obtained mutants with deleted fumarase genes
were used as biocatalysts for aspartic acid synthesis
from ammonium fumarate (1.5 M solution). To this
end, the biomass of cells of each strain was obtained by
growing them in LB broth at 37°C with constant shak-
ing (300 rpm) for 16 h. Cell suspensions of each strain
(ODgyy = 0.3) were activated, treated with ethyl ace-
tate, mixed with 1.5 M ammonium fumarate solution,
and incubated at 37°C with shaking for 22 h. The con-
tents of L-aspartic, fumaric, and malic acids in the

RQ
4.5

4.0,
2.0

1.5
||*|%| L oL

1.0+ 7
0.5 i % ﬂ
. /
L |
WT AumAC  AfumB AfumABC

fumA B fumC [] aspA fumB

==

T

Fig. 6. Transcription levels for the fumA, fumB, fumC, and
aspA genes in the E. coli fumarase gene deletion mutants.
RQ—relative quantification.

reaction mixture were determined by HPLC. The
original E. coli strain MG1655 was used as a control.
The averaged results of the analysis are provided in
Table 3.

The data in Table 3 indicates that the maximum
accumulation of L-aspartic acid (193.29 mg/mL) is
achieved when cells with deleted fumA and fumC genes
are used as a catalyst. In this case, we also observed the
lowest contents of fumarate (5 mg/mL), substrate,
and the byproduct malic acid (2 mg/mL) in the reac-
tion mixture. In the control experiment, the reaction
mixture contained 150 mg/mL of L-aspartic acid,
12.97 mg/mL of fumaric acid, and 37.98 mg/mL of
malic acid. The E. coli D76 AfumABC biocatalysts with
the deletion of all three fumarase genes showed charac-
teristics similar to those of the AfumAC strain. At the
same time, the E. coli D51AfumB catalyst showed
almost no difference in the malic acid content in the
reaction mixture as compared to the original strain.

Therefore, the use of the biomass of the E. coli cells
as catalysts, both those with deleted fumAC genes and
those missing all three genes encoding fumarases
(fumABC), allows at least a 15-fold decrease in the
byproduct content (malic acid) in the reaction mixture
and approximately a 20% increase in the efficiency of
ammonium fumarate conversion to L-aspartic acid.

The results indicate that the use of strains with
deletions of fumarase genes as biocatalysts for the

Table 3. Reaction mixture composition upon the transformation of ammonium fumarate into aspartic acid in the presence

of different biocatalysts

Product (acid)

Acid content in the reaction mixture in the presence of biocatalysts, mg/mL

E. coli MG1655

E. coli D45AfumAC

E. coli D51AfumB

E. coli DT6AfumABC

L-aspartic 150.5 193.29 133.57 182.4
Malic 37.98 2.16 40.74 1.29
Fumaric 12.97 5.07 23.35 12.84
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commercial production of L-aspartic acid is quite
promising.
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