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Abstract—The microaerobic synthesis of 3-hydroxybutyric acid by the Escherichia coli strain BOX3.1 A4
P, -atoB Py -tesB (MG1655 lacI®, AackA-pta, ApoxB, AldhA, AadhE, AfadE, PL-SD,;19-at0B, P ideal-4-
SD,;19-/adB, P -SD,,;-tesB), which was previously directly engineered for the biosynthesis of the target
compound from glucose through the reversed fatty acid B-oxidation pathway, was studied. A target product
yield of 0.12 mol/mol was achieved. Inactivation of the nonspecific YciA thioesterase gene in the strain led to
an increase in the yield of 3-hydroxybutyric acid to 0.15 mol/mol. For the optimization of biosynthesis of tar-
get product the strain MGA4 Py -fesB (MG 1655 AackA-pta, ApoxB, AldhA, AadhE, Py -SD,, ,-tes B) was engi-
neered, and the genes encoding key enzymes of fatty acid B-oxidation were overexpressed in the strain from the
plasmid pMW118m-atoB-fadB. The level of microaerobic synthesis of 3-hydroxybutyric acid by the strain
MGA4 Py -tesB (pMW118m-atoB-fadB) achieved in primary evaluation conditions reached 0.35 mol/mol.
Inactivation in the strain of the gene of nonspecific thioesterase YciA led to only minor decrease in acetate
byproduction. Further inactivation in the strain of gene encoding nonspecific thioesterase Ydil had virtually
no effect on the level of synthesis of side products. Cultivation of the constructed strain MG A4 Py -tes B AyciA
(pMW118m-atoB-fadB) in bioreactor under the controlled conditions ensured achievement of a yield of

3-hydroxybutyric acid amounting to 0.75 mol/mol.
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INTRODUCTION

The useful properties of many high value-added
industrially important and physiologically active chem-
icals are caused by the presence of chiral centers in the
corresponding molecules that determine the existence
of optical isomers of chemically identical compounds.
The production of optically pure enantiomers via stere-
oselective organic synthesis is often a challenging task
that requires the use of expensive catalysts, harsh phys-
ical conditions, and aggressive solvents. The use of con-
venient chiral synthons as a starting material greatly
simplifies the efficient synthesis of the target product.

In particular, enantiomers of 3-hydroxybutyric acid
(3-HBA) can serve as a convenient starting material for
the production of such important optically active com-
pounds as drugs, pheromones, cosmetics, fragrances,
and agrochemicals [1—4]. Normally, 3-HBA stereoiso-
mers are not secreted by known microorganisms
during the utilization of sugars. Nevertheless, their
microbiological synthesis from cheap renewable raw
materials can serve as an economically reasonable
alternative to the energy- and resource-consuming [5]
chemical method to obtain the corresponding com-
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pounds with upon the use of directly engineered,
highly efficient microbial producing strains. Indeed,
in recent years the feasibility of rational engineering of
a such biotechnologically relevant bacterium as Esch-
erichia coli for biosynthesis of both (R)- [6, 7] and
(S)-3-HBA [7, 8] from glucose has been demonstrated.

The corresponding biochemical pathway leading to
the formation of the target compound consists of a
sequential reactions that include the initial condensa-
tion of two precursor molecules, acetyl-CoA, into
acetoacetyl-CoA, the further reduction of acetoacetyl-
CoA into 3-hydroxybutyryl-CoA, and the final hydro-
lysis of the thioester bond of the latter with the forma-
tion of 3-HBA. These reactions are catalyzed by ace-
tyl-CoA C-acetyltransferase (EC 2.3.1.9), NADPH-
dependent (R)-3-hydroxyacyl-CoA dehydrogenase
(EC 1.1.1.36) or NADH-dependent (S)-3-hydroxya-
cyl-CoA dehydrogenase (EC 1.1.1.35), and thioester-
ase (EC 3.1.2.20). Thus, the main reactions for the for-
mation of the key chiral intermediate, 3-hydroxybuty-
ryl-CoA, can be considered analogous to those of
3-hydroxybutyrate biosynthesis, represented mainly in
Ralstonia species, in the case of the (R)-stereoisomer,
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and of clostridial 1-butanol biosynthesis in the case of
the (5)-stereoisomer. This rationalizes the choice of
certain heterologous enzymes used to achieve the syn-
thesis of a particular 3-HBA stereoisomer in recombi-
nant strains, (R)-3-hydroxyacyl-CoA dehydrogenase
PhaB from Ralistonia eutropha [6, 7] and (S)-3-hydroxy-
acyl-CoA dehydrogenase Hbd from Clostridium aceto-
butylicum [7, 8]. At the same time, the clostridial reac-
tions of 1-butanol biosynthesis, from the biochemical
point of view, are similar to the reversed reactions of
the fatty acid B-oxidation (FABO) cycle, a biochemi-
cal pathway present in many microorganisms. The
functional reversal of FABO was experimentally
shown in a number of studies demonstrating the pro-
duction from glucose or glycerol of various chain-length
aliphatic carboxylic acids and alcohols, through this
pathway, by recombinant FE. coli strains [9—12]. Conse-
quently, (5)-3-HBA can be synthesized by E. coli from
glucose resulting from a partial one-turn reversal of
FABO upon overexpression of a suitable thioesterase
without the necessity of using any foreign genes.

Indeed, E. coli MG 1655-derived strain BOX3.1 A4
P, -atoB P; -tesB, which is capable of enantioselective
(5)-3-HBA biosynthesis from glucose through the
reversed FABQO, was previously successfully engi-
neered [13]. In this strain, native AtoC and FadR-
dependent regulatory regions of the aroB and fadB
genes, which encode acetyl-CoA C-acetyltransferase
and bifunctional (.5)-3-hydroxyacyl-CoA dehydroge-
nase/enoyl-CoA hydratase (EC 1.1.1.35/EC 4.2.1.17),
were replaced by artificial regulatory elements, com-
prising the effecient ribosome binding site of the
¢10 gene from the T7 phage, as well as lambda phage
Py or P, i4ea.s [14] promoters, respectively. In addi-
tion, the main pathways of mixed acid fermentation,
which compete with reversed FABO for reduced
equivalents and key precursor metabolites, pyruvate,
and acetyl-CoA, were inactivated in the strain by dele-
tions of ackA-pta, poxB, ldhA, and adhE genes. Multi-
ple turns of the reversed FABO cycle in the strain were
prevented by the deletion of the fadE gene, which
encodes acyl-CoA dehydrogenase (EC 1.3.99.3), and
the formation of 3-HBA from the direct CoA-precur-
sor was ensured as a result of overexpression of the
thioesterase 11 gene, resB.

Nevertheless, despite the ability of the BOX3.1 A4
P, -atoB P -tesB strain to stereoselectively synthesize
(S)-3-HBA with a relatively high yield, which reaches
66% of the theoretical maximum under certain condi-
tions, the observed secretion of acetic acid by the
strain as the main by-product of glucose utilization
suggested that further metabolic engineering of the
strain or its reconstructed analogs would be beneficial
for the synthesis of the target substance.

The goal of this work is to optimize the biosynthesis
of (.5)-3-hydroxybutyric acid from glucose by recom-
binant Escherichia coli strains through the reversed
fatty acid B-oxidation pathway.
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MATERIALS AND METHODS

Reagents. Restriction enzymes, Taq DNA poly-
merase, T4 DNA ligase (Thermo Scientific, Lithuania),
Phusion high-fidelity DNA polymerase (Thermo Sci-
entific, Finland), a Gibson assembly HiFi Builder kit
and Q5 high-fidelity DNA polymerase (New England
Biolabs, United States), and a QuikChange Il Site-
Directed Mutagenesis Kit (Agilent Technologies,
United States) were used in the work. The polymerase
chain reaction (PCR) products were purified via aga-
rose gel electrophoresis and isolated with a QIAquick
Gel Extraction Kit (Qiagen, United States). The oli-
gonucleotides (Evrogen, Russia) are presented in
Table 1. Components of the culture media, salts, and
other reagents were produced by Panreac (Spain) and
Sigma (United States).

Bacterial strains, plasmids, and media. The E. coli
strain K-12 MG 1655 (VKPM B-6195), the previously
constructed E. coli strain MGA4 [15] (a derivative of
the MG 1655 strain, which lacks mixed acid fermenta-
tion pathways), and the previously constructed E. coli
strain BOX3.1 A4 P, -atoB P, -tesB [13] with altered
regulation of the expression of genes encoding the
enzymes of aerobic fatty acid B-oxidation and thioes-
terase II (which also lacks mixed acid fermentation
pathways) were used as the chassis for the construc-
tion of all strains obtained in this work. Table 2 pres-
ents the bacterial strains and plasmids used in the
work. The reach LB, SOB, SOC media and minimal
M9 medium [16] were used to cultivate the bacteria,
if necessary, they were supplemented with ampicillin
(100 pg/mL) or chloramphenicol (30 ug/mL).

Strain construction. The genes ycid and ydil were
inactivated in E. coli chromosome as described ear-
lier [17].

Linear DNA fragments for the inactivation of tar-
get genes containing a chloramphenicol resistance
marker (the cat gene) were obtained via PCR with
primer pairs P1 and P2, P3 and P4, and the pMW118-
(AartL-Cm-Aa#tR) plasmid [18] as a template. The
resulting DNA fragments were individually integrated
into the chromosome of the E. coli MG1655 strain
carrying the pKD46 helper plasmid. The correspon-
dence between the assumed and experimentally
obtained structures of the chromosomes of the
selected strains with individually inactivated genes
yciA and ydil was confirmed via PCR analysis with
pairs of locus-specific primers P5 and P6, P7, and PS.

The strains BOX3.1 A4 P;-atoB P;-tesB AyciA,
MGA4 P, -tesB, MGA4 P, -tesB AyciA, and MGA4
P, -tesB AyciA Aydil were obtained via the introduc-
tion of individual modifications into the chromo-
somes of the target strains by P1-dependent transduc-
tions [16]. In the case of MGA4 P, -fesB strain, a pre-
viously obtained preparation of transducing phage
carrying the corresponding genetic modification was
used [13]. The marker flanked by the atf sites of the

No.2 2021



OPTIMIZATION OF (5)-3-HYDROXYBUTYRIC ACID BIOSYNTHESIS

Table 1. Oligonucleotide primers used in the work
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No Sequence
P1 5'-catgtctacaacacataacgtccctcagggcgatctcgetcaagttagtataaaaaagetgaac-3'
P2 5'-ttactcaacaggtaaggcgcegaggttttccttcaggtgaagectgcttttttatactaagttgg-3'
P3 S'-aatgatatggaaacggaaaatcaccctggaagcactcgctcaagttagtataaaaaagetgaac-3'
P4 5'-tcacaaaatggcggtcgtcaatcgtgacgaacagetgaagectgcttttttatactaagttgg-3'
P5 5'-cgtgaaggtgtcagtgcgttc-3'
P6 5'-gtgacggtcatggtcactacage-3'
P7 5'-gatattcctgecgtagecagg-3'
P8 5'-caagttgagtagacatagcatcctcg-3'
P9 5'-ctatttcttccagaattgccatgattttttc-3'
P10 5'-gctcacgctgtaggtatctcagttc-3'
P11 5'-aatcatggcaattctggaagaaataggeggecgeeggttctgaaatttctgaaatgagetgttgacattgtgagegctcacaattat-3'
P12 S'-gcaaaggtaccctcgaggatgtcgactcectgtgtgaaattgttatccgetcacaattccacacattataattgtgagegetcacaatgtc-3'
P13 5'-gtcgacatcctcgagggtacctttgectggeggeagtageg-3'
P14 5'-cgaactgagatacctacagcgtgagcgeatgcaagagtttgtagaaacgcaaaaaggc-3'
P15 5'-gaatcaaagctgccgacaacac-3'
P16 5'-gcttggagcgaacgacctac-3'
P17 5'-attagtcgacatggctagatctaaaaattgtgtcatcgtcagtge-3'
P18 5'-attaggtacctcgagctccttaggatccattcaaccgttcaatcaccatcg-3'
P19 5'-attagtcgacatggctagatctctttacaaaggegacaccctgta-3'
P20 5'-tccatgatgatggtgatgatgagccgttttcaggtcgccaace-3'
P21 5'-attaggtacctcgagctccttaggatccatgatgatggtgatgatg-3'
P22 5'-ctggaacagcaatcagacctaaaagggcetgetge-3'
P23 5'-gcagcagceccttttaggtctgattgetgttccag-3'
P24 5'- gtttaatcgectggaagacctgecggtgcegaccattg-3'
P25 5'-caatggtcggcaccggeaggtcttccaggcgattaaac-3'

lambda phage was removed from the chromosomes of
the target strains using the pMWts-Int/Xis plasmid as
described earlier [19]. The strains were transformed
with the plasmids according to the standard procedure.

Plasmid construction. The pMWI118m plasmid, a
derivative of the low copy number pMW118 vector con-
taining the genetic construct Nofl-P,. igeai-o=SDser
Sall-Xhol-Kpnl-T,,, z-Sphl, was obtained via Gibson
assembly. The linear DNA fragments with the required
flank homology regions were obtained via PCR with
pairs of specific primers. Linearized pMW118mod vec-
tor was obtained via PCR with the pMW118 plasmid
used as a template and primers P9 and P10 comple-
mentary to its target regions. The DNA fragment con-
taining the 5'-end homology to the flanking region of
the linearized pMW118mod vector, Notl recognition
site, Py igea-2 Promoter (Oyuc_igear Pire/ Olac-igear) [141, SD
of the lacZ gene, recognition sites Sa/l, Xhol, Kpnl,
and short 3'-end region of homology with the 5'-end
region of the terminator of r#nB operon was obtained
via PCR with primers P11 and P12, which have
regions of mutual complementarity. The DNA frag-

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 57

ment containing the recognition sites Sall, Xhol,
Kpnl, the terminator of E. coli rrnB operon, the Sphl
recognition site, and a sequence homologous to the
flank region of the linearized pMW118mod vector was
obtained via PCR with primers P13 and P14 and
E. coli chromosomal DNA as a template.

The PCR fragments were purified and added to the
reaction mixture of a NEB HiFi Builder kit containing
exonuclease, high-fidelity DNA polymerase, and DNA
ligase. To select the target, covalently closed, plasmid
DNA, E. coli DH5alpha cells were transformed with the
resulting reaction mixture, and the transformants were
subsequently selected on the ampicillin-containing
medium. The correspondence between the planned
and experimentally obtained structures of the artificial
genetic element Nofl-P,.. ijeca-2-SD e~ Sall-Xhol- Kpnl-
T,.,.5-Sphl in a series of plasmids isolated from the

selected ApR transformants was confirmed via sequenc-
ing with primers P15 and P16.

The atoB and fad B genes were initially cloned in the
pUCI18 vector. For this purpose, the coding regions of
the corresponding genes were amplified via PCR with
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Table 2. Strains and plasmids

GULEVICH et al.

Object Genotype Reference
Strain
MG1655 Wild-type E. coli strain (VKPM B-6195) VKPM
DH5alpha F-, A(argF-lac) 169, ©80dlacZ58(M 15), phoAS, ginX44(AS), A", CGSC#: 14231

BOX3.1 A4 Py -atoB Py -tesB

BOX3.1 A4 P, -atoB P\ -tesB AyciA

MGA4
MGAA4 P, -tesB
MGAA4 P, -tesB AyciA

MGA4 P, -tesB AyciA Aydil

Plasmid
pMW118-(AattL-Cm-AattR)
pKD46

pMWits-Int/Xis

deoR481, rfbC1, gyrA96(NalR), recAl, endAl, thiEl, hsdR17

E. coli MG 1655 lacl?, AackA-pta, ApoxB, AldhA, AadhE, AfadE,
Py -SDpi1g-atoB, Py igeal-4=SDppisgfadB, Py -SDp;1o-tesB

E. coli MG 1655 lacl?, AackA-pta, ApoxB, AldhA, AadhE, AfadE,
Py -SD,;10-atoB, Py ideai-4=SDppijgfadB, PL-SD ;1 -tesB, AyciA
E. coli MG 1655 AackA-pta, ApoxB, AldhA, AadhE

E. coli MG1655 AackA-pta, ApoxB, AldhA, AadhE, Py -SD,,-tesB
E. coli MG 1655 AackA-pta, ApoxB, AldhA, AadhE, Py -SD,; 5
tesB, AyciA

FE. coli MG 1655 AackA-pta, ApoxB, AldhA, AadhE, PL—SDP,,,M—
tesB, AyciA, Aydil

pSCI101, bla, cat, hattL-cat-hattR
pINT-ts, bla, P,,,p-\Agam-bet-exo
pSCI101-ts, bla, Pg-Axis-int, clts857

[13]

Present work

[15]
Present work

”

[18]
[17]
[19]

pPMWI18 pSC101, bla

pMWI118m
pMWI118m-atoB-fadB

pMWI18, Nofl-P,,. iqea-2-SDjge-Sall-Xhol-Kpnl-T,,,, p-Sphl
PMWLIS, Py idgeal-2-SDjoc-atoB-fadB-T,,,

GenBank
AB005475

Present work

Present work

primer pairs P17 and P18 in the case of the afoB gene
and also with P19 and P20 and then P19 and P21 in the
case of the fadB gene using chromosomal DNA of the
E. coli MG1655 strain as a template. The primer
design assumed that, as a result of such amplification,
the coding regions of the genes would additionally
contain recognition sites of Bg/ll and BamHI at the
flanks located immediately after the start and immedi-
ately before the stop codon, respectively, as well as the
recognition sites of Sa/l at the 5'-ends and the recog-
nition sites of Xhol and Kpnl at the 3'-ends of the
amplicons. The resulting DNA fragments were subse-
quently cloned in the pUCI18 vector at Sa/l and Kpnl
sites and sequenced. The native recognition sites of
Bglll in the coding region of the fadB gene were fur-
ther eliminated as a result of two-step, site-directed
mutagenesis with the QuikChange II Site-Directed
Mutagenesis Kit (Agilent Technologies, United
States). For this, the plasmid with the cloned fadB
gene was amplified via PCR with the locus-specific
primers P22 and P23, digested with the Dpnl, and sub-
jected to a second round of PCR with primers P24 and
P25. After the transformation of E. coli DHS5alpha cells
with the resulting reaction mixture, the subsequent
selection of ApR clones, and the isolation of circular
plasmid DNA from them, the latter were sequenced,
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and a plasmid containing the correct sequence of the
fadB gene was selected. The afoB and fadB genes were
subsequently recloned from the corresponding pUC-
derived plasmids into the pMW118m-atoB-fadB plas-
mid under the control of the promoter P, igea.2 and
SD,,.7 using Aatll, Sall, and Xhol restriction sites.

Strain cultivation. Recombinant strains were grown
overnight in M9 medium containing 2 g/L glucose at
37°C. For primary microaerobic cultivation, 5 mL of
the resulting overnight cultures were diluted ten
times by the addition of 45 mL of M9 medium con-
taining 10 g/L glucose and 10 g/L yeast extract. The
resulting cultures were incubated in 750-mL flasks
closed with nonventilated caps on a rotary shaker at
250 rpm for 8 h at 37°C. The oxygen saturation of the
medium was assessed in control flasks with the corre-
sponding cultures upon incubation in the presence of
resazurin. To induce the expression of genes under the
control of Lacl-dependent promoters P, ij...» and
Pc-idgears» isopropyl-p-D-thiogalactoside (IPTG) was
added to the culture medium to a final concentration
of 1.0 mM 3 h after the start of incubation. When
strains containing pMW118-derived plasmids were
grown, 100 pg/mL ampicillin (Sintez, Russia) was
added to the media.
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Controlled microaerobic cultivation was carried
out in a bioreactor as described earlier [13]. A com-
bined medium containing (g/L): tryptone, 10; yeast
extract, 5.0; Na,HPO, 12H,0, 15.1; KH,PO,, 3.0;
NH,CI, 1.0; NaCl, 0.5; CaCl,2H,0, 0.015;
MgSO,7H,0, 0.5 and 5 mg/L thiamine was used.
The aerobic phase of biomass accumulation was car-
ried out for 7 h at 37°C and 850 rpm with an air flow
of 0.5 L/min. The expression of genes under the con-
trol of Lacl-dependent promoters was induced after
3 h of incubation. The microaerobic productive phase
was initiated by the addition to the medium of glucose
to a concentration of 25 g/L, a change in stirrer speed
to 250 rpm, and a reduction of air flow to 0.1 L/min.

The cell suspensions collected for analysis were cen-
trifuged at 10000 g for 10 min. In the obtained superna-
tants, the concentrations of secreted metabolites and
residual glucose were determined. All experiments were
performed at least in triplicate.

Analytical methods. The concentrations of organic
acids in culture liquids freed from the biomass by cen-
trifugation were determined via high-performance lig-
uid chromatography (HPLC) with a Waters HPLC
system (United States). The Rezex ROA-Organic Acid
H+ (8%) ion-exclusion column (Phenomenex,
United States) with detection at a wavelength of
210 nm was used. An aqueous solution of sulfuric acid
(2.5 mM) with a flow rate of 0.5 mL/min was used as
the mobile phase. To measure the glucose concentra-
tion, the system was equipped with a Waters 2414
refractive index detector and the Spherisorb-NH?2 col-
umn (Waters, United States). The mobile phase was
an acetonitrile/water mixture (volume ratio 75/25) at
a flow rate of 1.0 mL/min.

The identification and quantification of 3-HBA in
the culture liquids was performed by chromatography-
mass spectrometry according to previously developed
procedures [13]. An Agilent 6890N gas chromato-
graph equipped with a 7683B autosampler and an Agi-
lent 5975 mass selective detector and a DB-5MS cap-
illary column (Agilent, United States) with a length of
30 m, an inner diameter of 0.25 mm, and a film thick-
ness of 0.25 um was used. Helium with a flow rate of
1.0 mL/min was used as the carrier gas. A 1-uL sample
was injected into the evaporator in a split injection
mode of 1 : 50. The evaporator temperature was
230°C. The following temperature program of the col-
umn oven was used: initial isotherm of 1 min at 60°C;
subsequent gradient to 120°C at a rate of 3°C/min and
then to 220°C at a rate of 20°C/min; final isotherm of
1 min at 220°C. Electron ionization (electron impact,
70 eV) was used in mass-selective detector mode with
control of specified ions (117.10 m/z, 131.10 m/z,
147.10 m/z, 191.10 m/z). The ion-source temperature
was set at 230°C. Sample preparation included
extraction of the analyte from the culture liquid, evap-
oration of the extracts in a stream of nitrogen, and
derivatization to obtain trimethylsilyl derivatives. The

APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vol. 57

165

obtained data were processed with the Agilent MSD
ChemStation Software. Library data (retention index
and mass spectrum) were used to identify the target
analyte. Quantitative analysis was performed with the
appropriate standard.

The enantiomeric form of 3-HBA synthesized by
the strains was determined via chiral gas chromatogra-
phy with a flame ionization detector with an Agilent
CP-Chirasil-Dex CB column (25 m length, 0.25 mm
inner diameter, 0.25 um film thickness). Preliminary
derivatization of the analyte was carried out to obtain
3-acetoxybutyric acid methyl ester. Acetylated deriva-
tives of commercially available acetylated methyl
esters of (R)- and (S5)-3-HBA (Sigma-Aldrich, United
States) were used as standards. A Shimadzu GC-2010
gas chromatograph (Japan) equipped with an AOC-
5000 autosampler was used. Helium at a flow rate of
1.0 mL/min was used as the carrier gas. The split injec-
tion mode was used (1 : 20, sample volume 1 uL). The
injector temperature was 200°C, the column oven
temperature was 110°C, and the detector temperature
was 250°C. The data were processed with the GCsolu-
tion software (Shimadzu, Japan).

RESULTS AND DISCUSSION

The biosynthesis of 3-HBA from two molecules of
acetyl-CoA through the reversed FABO requires the
consumption of one reduced NADH equivalent. Gly-
colytic utilization of glucose leads to the formation of
two pyruvate molecules and is accompanied by the
generation of two NADH. The anaerobic conversion
of pyruvate to acetyl-CoA by pyruvate formate lyase
(EC 2.3.1.54) do not lead to the formation of NADH,
while the action of pyruvate dehydrogenase
(EC 1.2.4.1/2.3.1.12/1.8.1.4) under aeration is coupled
with the formation of an additional NADH molecule
per each formed acetyl-CoA. Consequently, in E. coli
strains lacking the fermentation ability, the level of
anaerobic NADH formation will exceed that required
for efficient 3-HBA biosynthesis. In addition, it is
known that E. coli cells with inactivated pfa, IdhA, and
adhFE genes are incapable of anaerobic growth [20]. As
a result, glycolysis in strains constructed to produce
3-HBA will be suppressed during anaerobiosis, not
only by the increased intracellular NADH pool but
also by the excessive generation of ATP [21]. Con-
versely, the intracellular availability of NADH, which
is required for the 3-HBA biosynthesis, would be lim-
ited in the presence of oxygen by the action of the
respiratory electron-transport chain. Thus, neither
completely anaerobic nor aerobic conditions can be
considered optimal for 3-HBA biosynthesis from glu-
cose via reversed FABO by the previously constructed
BOX3.1 A4 P, -atoB P, -tesB strain.

Indeed, during the primary characterization, the
BOX3.1 A4 P, -atoB P; -tesB strain did not synthesize
significant amounts of 3-HBA from glucose aerobi-
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Table 3. Concentrations and molar yields of metabolites secreted by the engineered strains during microaerobic glucose

utilization*®

Pyruvate Acetate Malate Succinate 3-HBA

Train IPTG E E E E E

= |3 = | = 3| = |3 > 3

g = g = = = g = = g
BOX3.1 A4 P -atoB — [232£1.6{0.57(192%£12|047|0.9+0.1 |0.02{1.1+0.1[0.03| 2.9+0.2|0.07
P -tesB + [20.6£1.3/0.49(20.4£1.3{0.49|0.9%0.1{0.02{0.9+0.1|0.02| 49%£0.3]0.12
BOX3.1 A4 P -atoB — |244%+1.7]0.60[16.0%+1.0{0.39| 1.0£0.1 [0.02|1.0+0.1]|0.02| 3.5%£0.2|0.09
Py -tesB AyciA + [21.6£1.5|0.51|16.8%+1.2]040|09+0.1[0.02{0.9+0.1[0.02| 6.1+0.4]|0.15
MGA4 P, -tesB — | 6.7+04]0.16|18.7%£13|044| 1.0£0.1 |0.02]1.3+0.1[0.03|13.9+0.8|0.32
(PMWI118m-atoB-fadB) | + | 4.6x£0.3|0.11 |17.6+1.1 [0.41 | 0.8+0.1 |0.02|1.4+0.2{0.03|149£0.9]0.35
MGA4 P, -tesB AyciA — | 85+0.6{0.19|13.6209|0.31| 1.0£0.1 |0.02]1.3+0.1[0.03|15.6+1.0|0.36
(PMW118m-atoB-fadB) | + | 6.5+£0.5/0.15|12.1+0.7[0.27|0.9+0.1 |0.02|1.2+0.1]0.03| 17.0£ 1.2 | 0.38
MGA4 Py -tesB AyciA — | 81£0.6{0.18|142%£1.0|0.32]0.9+0.1 0.02{1.3+0.1[0.03|15.3+0.9|0.35
(Agg/KNIISm—atoB—fadB) + [ 63+0.4]0.15(124%£0.8]0.28| 1.0£0.1 {0.02]1.0+0.1{0.02|16.9+ 1.1 |0.38

* Standard deviations for three independent experiments are given.

cally, and the production of the target substance
during anaerobiosis was rather low [13]. In this work,
the biosynthetic potential of the strain was initially
assessed under microaerobic cultivation. Under the
respective conditions, the strain, depending on the
induction of the fadB gene expression under the con-
trol of the Lacl-dependent promoter, synthesized
from glucose 2.9—4.9 mM 3-HBA with a molar yield
0f 0.07—0.12 mol/mol (Table 3). At the same time, the
strain secreted the most of the consumed glucose in
the form of pyruvic and acetic acids. The formation of
3-HBA by the strain observed in the absence of
induced fadB expression, could be explained by a cer-
tain leakage of the P, i4ca.4 promoter [14], while the
secretion of pyruvic and acetic acids, which was littly
dependent of the induction of 3-HBA synthesis, could
be caused by a number of reasons. First of all, the lack
of available intracellular NADH in the strain could
lead to an increased secretion of these precursors in
3-HBA synthesis. However, the accumulation of sig-
nificant amounts of succinate and malate by the strain
indicated that the cultivation conditions were suffi-
ciently anoxic for the formation of the corresponding
dicarboxylates as a result of the functioning of the
reductive branch of the tricarboxylic acid cycle,
which is usually active under anaerobic conditions.
An increased level of acetate synthesis by the strain,
with relatively low 3-HBA formation, could be a con-
sequence of both the insufficient activity of FABO
enzymes overexpressed in the strain and the result of
the activity of nonspecific thioesterases other than the
directly overexpressed thioesterase 11 (TesB). Indeed,
E. coli cells naturally possess at least eight thioesterases
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capable of hydrolyzing the thioester bond of CoA-
derivatives to form the corresponding carboxylates.
Among them, YciA, YbgC, and Ydil thioesterases
demonstrate a fairly broad substrate specificity for acyl
derivatives of coenzyme A [10, 22, 23], while YciA
shows maximum activity towards acetyl-CoA [10].

Thus, yciA gene was firstly inactivated to evaluate
the efficiency of potential approaches to improve the
3-HBA synthesis in the BOX3.1 A4 Py -atoB P; -tesB
strain. As a result of this modification, the 3-HBA yield
and the level of the synthesis of the target compound by
the derivative strain BOX3.1 A4 Py -atoB Py -tesB AyciA
increased by almost 20%, while the yield and the level
of acetate synthesis decreased by the same value
(Table 3). However, the level of pyruvate secretion by
the strain was unchanged, and acetate remained the
main product secreted by the strain during glucose uti-
lization. This fact indicated that namely the intracellu-
lar level of proteins catalyzing the FABO reactions
apparently limited the production of 3-HBA by the
constructed strain. Although the P; promoter of the
lambda phage, which controls the expression of the
atoB gene of acetyl-CoA C-acetyltransferase in the
strain, is one of the strongest for E. coli and the P,,._;z,014
promoter located before the gene of 3-hydroxyacyl-
CoA dehydrogenase (fadB) is slightly inferior to it in
strength [14], the chromosomal expression of single
copies of the corresponding genes obviously could not
ensure the enforced reversal of FABO in the strain and
promote increased synthesis of the target compound.

To verify this hypothesis, afoB and fad B genes were
cloned in the expression vector pMW118m-afoB-fadB
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under the control of the P,.._;;..» promoter and were
initially expressed in a specially constructed MG A4
P, -tesB strain. Besides expression level of the corre-
sponding genes encoding FABO enzymes, the respec-
tive MG A4 P, -fesB (pMWI118m-afoB-fadB) strain
was nearly isogenic to the BOX3.1 A4 P, -atoB P, -tesB
strain. The differences consisted in the absence of the
lacI® mutation in the MG A4 strain and the presence
of the intact fadE gene. However, without the fatty
acids in the medium, the expression of fad-regulon
genes, including fadF, is repressed in E. coli by the
FadR transcriptional regulator, and the activity of the
corresponding enzymes is absent in the cell [24]. Also,
the leakage of the P, 4.4« DPromoter observed in

LaclQ strain BOX3.1 A4 P,-afoB P, -tesB did not
allow to expect strict repression of similar in charac-
teristics P, igca.» Promoter [14] upon its location
within the plasmid.

Indeed, during microaerobic glucose utilization, the
strain MG A4 P| -tesB (pMW118m-atoB-fadB) secreted
similar amounts of metabolites regardless of the pres-
ence of IPTG in the medium (Table 3). At the same
time, the amount of 3-HBA synthesized by the strain
MG A4 Py -tesB (pMW118m-atoB-fadB) and the yield
of target compound increased by almost three times,
up to 14.9 mM and 0.35 mol/mol, as compared with
the corresponding parameters demonstrated by the
BOX3.1 A4 P;-atoB P;-tesB strain upon induction
(4.9 mM and 0.12 mol/mol). The 3-HBA synthesis by
the strain rose primarily at the expense of a sharp
decrease in pyruvate secretion, while the level of ace-
tate formation decreased slightly. Thus, the increase in
3-HBA formation by the strain MG A4 P,-tesB
(pMWI118m-atoB-fadB) was the result of an intensifi-
cation of the carbon flux through acetyl-CoA and the
subsequent reactions of reversed FABO consuming
the respective precursor. This was caused by the
increased synthesis of the AtoB and FadB in the cell,
which was achieved resulting from the plasmid expres-
sion of the respective genes. Nevertheless, the yield of
3-HBA synthesized by the strain MG A4 P;-fesB
(pMW118m-aftoB-fadB) was far from the theoretical
maximum, 1 mol/mol, and acetate secretion remained
notable.

Deletion of the gene encoding the main nonspe-
cific thioesterase YciA, however, did not lead to a pro-
nounced decrease in acetate secretion by the corre-
sponding derivative strain MGA4 P, -tesB AyciA
(PMW118m-atoB-fadB) (Table 3). It can be assumed
that other nonspecific thioesterases were responsible for
the hydrolysis of the acetyl-CoA thioester bond with the
formation of acetate in the MGA4 P,-tesB AyciA
(pPMW118m-atoB-fadB). Ydil, first of all, can be consid-
ered such a thioesterase. It has a noticeably lower activity
(0.036 ug/mg/min) towards acetyl-CoA than YciA
(0.222 pg/mg/min), but comparable with that of TesB
overexpressed in the strain (0.030 ug/mg/min) [10].
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Therefore, the ydil gene was inactivated in the strain
MGA4 P, -tesB AyciA (pbMW118m-atoB-fadB). During
microaerobic glucose utilization, the resulting strain
MGA4 P;-tesB AyciA Aydil (pMWI118m-atoB-fadB)
synthesized, regardless of the presence of IPTG in the
medium, amounts of 3-HBA and acetate similar to
those of the parent strain MGA4 P;-fesB AyciA
(pPMWI118m-atoB-fadB) (Table 3). Thus, the acetate
secretion by the strain MGA4 P, -fesB AyciA Aydil
(pMW118m-atoB-fadB) was apparently caused by the
side activity of overexpressed thioesterase I1.

It is known that anaerobic utilization of fatty acids
by E. coli cells via the FABO is impossible without the
presence of an external electron acceptor in the
medium [25]. Thus, despite the absence of direct evi-
dence, it can be assumed that the activity of FABO
enzymes, which require the participation of
NADH/NAD+ cofactors, may, in some extent, be
repressed by the high intracellular NADH pool. For
this reason, maintenance of the optimal intracellular
redox balance is obviously the key requirement for the
efficient synthesis of target products through the
reversed FABO. Upon the microaerobic cultivation in
flasks, saturation of the medium with oxygen cannot be
maintained at a constant level and, as noted above, the
final conditions achieved during the incubation of the
strains were nearly anaerobic. It was previously shown
that the optimal conditions for 3-HBA biosynthesis
from glucose by the BOX3.1 A4 P, -atoB P, -tesB strain
were achieved upon conducting the productive phase
in a bioreactor with maintenance of constant oxygen
saturation of the medium at a relatively low level [13];
therefore, the biosynthetic characteristics of the strain
MGA4 P;-tesB AyciA (pMWI118m-atoB-fadB) were
evaluated during the growth and 3-HBA biosynthesis
in the bioreactor as described in Materials and Meth-
ods section.

In the bioreactor, the strain MGA4 Py -tesB AyciA
(pPMWI118m-atoB-fadB) synthesized to the end of
incubation ~104 mM 3-HBA from glucose with a
yield of 0.75 mol/mol (Fig. 1) and an enantiomeric
excess of (S)-stereoisomer reaching > 99.5%. The
strain secreted acetate to a final level of ~51.8 mM with
a yield of ~0.38 mol/mol, while accumulating a rela-
tively low pyruvate. Under similar conditions, the
BOX3.1 A4 P, -afoB P, -tesB synthesized 3-HBA from
glucose with a yield of 0.66 mol/mol and acetate by-
production markedly higher than that of the strain
MGA4 P -tesB AyciA (pMW118m-atoB-fadB) [13].

CONCLUSIONS

Thus, the production of 3-HBA from glucose by
directly engineered E. coli was optimized resulting from
the reconstruction of the producing strain in combina-
tion with the biosynthesis of the target substance under
the conditions favoring its efficient formation.
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mM
120

100 |-

60 h

Fig. 1. Concentrations of metabolites (mM) secreted by the strain MGA4 P| -tesB AyciA (pMW118m-atoB-fadB) during
microaerobic utilization of glucose in a bioreactor in the presence of IPTG: pyruvate (/), acetate (2), and 3-HBA (3).

At the same time, the results of the study indi-
cated that the biosynthetic characteristics of the
obtained 3-HBA producing strain can be further
improved by precise coordination in the cell of the
activities of key enzymes responsible for the conver-
sion of acetyl-CoA into the target product. Such coor-
dination can be ensured as a result of fine tuning of the
expression level of the corresponding genes. In addi-
tion, optimization of the cultivation conditions of the
producing strain aimed to the achievement of a favor-
able intracellular redox balance can also contribute to
the achievement of an increased level of glucose con-
version to 3-HBA.
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