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Abstract—The feasibility of 1,3-butanediol biosynthesis through the inverted cycle of fatty acid f-oxidation
in Escherichia coli cells was investigated by the rational metabolic engineering approach. CoA-dependent
aldehyde dehydrogenase MhpF and alcohol dehydrogenases FucO and YghD were used as terminal enzymes
catalyzing conversion of 3-hydroxybutyryl-CoA to 1,3-butanediol. Constitutive expression of the corre-
sponding genes in E. coli strains, which are deficient in mixed acid fermentation pathways and expressing fdad
regulon genes under control of P, ;4.a-4 pPromoter, did not lead to the synthesis of 1,3-butanediol during
anaerobic glucose utilization. Additional inactivation of fadE and ydiO genes, encoding acyl-CoA dehydro-
genases, also did not cause synthesis of the target product. Constitutive expression of ace EF-IpdA operon
genes encoding enzymes of pyruvate dehydrogenase complex led to an increase in anaerobic synthesis of
ethanol. Synthesis of 1,3-butanediol was observed with the overexpression of acetyl-CoA C-acetyltransferase
AtoB. Constitutive expression of afoB gene in a strain with a basal expression of alcohol/aldehyde dehydro-

genase leads to synthesis of 0.3 mM of 1,3-butanediol.
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INTRODUCTION

The inverted fatty acid B-oxidation cycle can serve
as biosynthetic platform for microbiological synthesis
of a wide range of industrially important high value-
added chemicals from sugars of plant biomass.
Depending on terminal enzymes, which catalyze the
final conversion of the corresponding cycle CoA-
intermediates, the final products of biosynthesis may
be carboxylic acids and their hydroxy- and keto-
derivatives, as well as mono- and dihydric alcohols. A
one-turn reversal of fatty acid 3-oxidation cycle results
in the following four-carbon compounds: 3-ketobu-
tyric acid and 3-oxobutanol (acetoacetyl-CoA deriva-
tives), 3-hydroxybutyric acid and 1,3-butanediol
(derivatives of 3-hydroxybutyryl-CoA), crotonic acid
and crotyl alcohol (derivatives of crotonyl-CoA), and
butyric acid and 1-butanol (butyryl-CoA derivatives)
(figure). A series of studies recently demonstrated suc-
cessful anaerobic biosynthesis of 3-ketobutyric [1], 3-
hydroxybutyric [1—3], crotonic [1], butyric [1—4]
acids and 1-butanol [1, 5, 6] from glucose or glycerol
resulting from the one-turn reversal of fatty acid
B-oxidation in directly engineered FEscherichia coli
strains. In most cases the synthesis products were
acids. For the synthesis of alcohols, more reduced
compounds compared with the respective acids, the
maintenance of the proper intracellular redox balance
is required. However, biological synthesis of four-car-
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bon B-functionalized nonnatural alcohols is of partic-
ular interest. For example, 1,3-butanediol, which is
currently produced at industrial scale from petroleum,
has significant market potential. Due to the high cost
of 1,3-butanediol chemical synthesis [7], this product
is now used mainly as a precursor for the synthesis of
flavorings, insecticides, macrolides, and carbapenem
beta-lactam antibiotics [8]. However, biological syn-
thesis from renewable raw materials can reduce the
price of 1,3-butanediol, allowing its use as an inexpen-
sive and highly efficient substrate for the production of
1,3-butadiene, with an annual worldwide demand of
about 10 million tons [9].

The aim of this work is to evaluate the feasibility of
anaerobic biosynthesis of 1,3-butanediol from glucose
by E. coli cells via an inverted fatty acid -oxidation
pathway.

EXPERIMENTAL CONDITIONS

Bacterial strains, plasmids, and media. The E. coli
strain K-12 MG1655 (VKPM B-6195) and the previ-
ously constructed E. coli BOX-3 A3 and BOX-3 A4
strains [6] with an altered regulation of expression of
genes encoding the aerobic fatty acid B-oxidation
enzymes and with inactivated mixed acid fermenta-
tion pathways were used as the parent strains for the
construction of all strains described in the work. The
bacterial strains and plasmids used in this study are
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Biosynthetic potential of the inverted fatty acid -oxidation cycle in E. coli. Intermediates of the one-turn reversal of fatty acid
-oxidation cycle are as follows: in the clockwise direction—acetoacetyl-CoA, 3-hydroxybutyryl-CoA, crotonyl-CoA, and
butyryl-CoA. Enzymes catalyzing reversible reactions of fatty acid B-oxidation are marked with the names of corresponding pro-
teins: AtoB—acetyl-CoA C-acetyltransferase (EC 2.3.1.9); FadA, Fadl—acetyl-CoA C-acyltransferase (EC 2.3.1.16); FadB,
FadJ—3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) / enoyl-CoA hydratase (EC 4.2.1.17); FadE, YdiO—acyl-CoA dehy-
drogenase (EC 1.3.99.3). Enzymes of anaerobic fatty acid B-oxidation pathway are given in brackets. Enzymatic activities poten-
tially catalyzing the conversion of fatty acid -oxidation CoA-intermediates into corresponding acids and alcohols are numbered:

I—thioesterases; 2—alcohol/aldehyde dehydrogenases.

listed in Table 1. The bacteria were cultivated in rich
LB, SOB, SOC, and minimal M9 media [10] with the
addition of ampicillin (100 pg/mL) or chlorampheni-
col (30 pg/mL) as needed.

Reagents. Restrictases and T4 DNA ligase (Fer-
mentas, Lithuania), Taq (Fermentas, Lithuania) and
Phusion (Finnzymes, Finland) DNA polymerases
were used. The oligonucleotides (Table 2) were pro-
vided by Syntol (Russia). The PCR products were
purified by electrophoresis in agarose gel and isolated
using a QIAquick Gel Extraction Kit from Qiagen
(USA). Components of the culture media, salts, and
other reagents were produced by Panreac (Spain) and
Sigma (USA).

Construction of strains. All chromosomal modifi-
cations were performed according to the previously
described method [11]. The construction of DNA
fragments for the replacement of the native regulatory
regions of mhpF, fucO, yqghD, and afoB genes by the
artificial genetic element P, -SD@10, which contains a
P; promoter of lambda phage and an effective ribo-
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some binding site of @10 gene from T7 phage, was per-
formed in several stages. At the first stage, DNA frag-
ments containing the Bg/Il recognition site, P; pro-
moter, the SD sequence of ¢10 gene from T7 phage,
and 36 nucleotides (complementary to the 5'-end of
coding regions of mhpF, fucO, yqghD, and atoB genes)
were obtained by PCR. These fragments were pre-
pared in two steps. Initially, a DNA fragment contain-
ing the Bg/ll recognition site, P, promoter, and a part
of the SD sequence of @10 gene from T7 phage was
obtained by PCR using primers P1 and P2 and the
genomic DNA of lambda phage as a template. Then,
the resulting PCR product served as a template in the
next PCR rounds with primer pairs P1, P3; P1, P4; P1,
P5; and P1, P6. Primers P3, P4, P5, and P6 contained
the region complementary to the 3'-end of P; pro-
moter, SD sequence of ¢10 gene from T7 phage, and
the first 36 nucleotides from reading frames of mhpF,
fucO, yghD, and atoB genes, respectively. At the same
time, the second step of DNA fragment construction
was performed. DNA fragments containing the Bg/Il
recognition site, marker of chloramphenicol resis-
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Table 1. Strains and plasmids

Object Genotype Reference

Strain
MG1655 Wild type E. coli strain (VKPM B-6195) VKPM
BOX-3 MG 1655 lacl Py idea-4~SDg190-adh E(Glu568Lys), [5]

Pirc ideal-4=SDg10-a10B, Py igear a-SDg10-fadB,

Pie-idgear-4a~SDg10-/adE
BOX-3 A3 BOX-3 AackA-pta, ApoxB, AldhA [6]
BOX-3 A4 BOX-3 AackA-pta, ApoxB, AldhA, AadhE "

BOX-3 A4 P, -mhpF P, ~fucO

BOX-3 A4, P -SD,yg-mhpF, Py -SD,o~futcO

This study

BOX-3 A4 P, -mhpF P -yghD

BOX-3 A4, P -SD, g-mhpF, P, -SDy-yghD "

BOX-3 A4 P, -mhpF Py ~fucO AfadE

BOX-3 Ad, P -SD,g-mhpF, P, -SDy,-fucO, AfadE "

BOX-3 A4 P, -mhpF P, -yqhD AfadE

BOX-3 A4, P, -SD,y g-mhpF, P -SDyy-yghD, AfadE "

BOX-3 A4 P, -mhpF P| ~fucO AydiO

BOX-3 A4, P -SD,y g-mhpF, P -SDyo-fucO, AydiO "

BOX-3 A4 P; -mhpF Py -yghD AydiO

BOX-3 Ad, P -SD,g-mhpF, P, -SDy4-yghD, AydiO "

BOX-3 A4 Py -mhpF Py ~fucO Py -aceEF | BOX-3 Ad, P -SDg-mhpF, P| -SD,y1~futcO, P\ -SD o p-ace EF-IpdA "

BOX-3 A4 Py -mhpF P -yghD P\ - aceEF| BOX-3 Ad, Py -SDjq-mhpF, Py -SDy1g-yghD, P\ -SDpop-ace EF-IpdA "

BOX-3 A4 P, -mhpF Py -fucO P} -atoB

BOX-3 A4, PL—SD(plo—mhpF, PL_SD(pIO_fuCO9 PL-SD(PIO-atOB "’

BOX-3 A4 P, -mhpF P -yqhD P, - atoB

BOX-3 A4, P -SDo-mhpF, P -SDg,19-yghD, P -SD,-atoB "

BOX-3 A3 Py -atoB

BOX-3 A3, P -SD,y,g-atoB "

Plasmid
pMWI118-(lattL-Cm-lattR) pSC101, bla, cat, hattL-cat-lhattR cassete [12]
pKD46 pINT-ts, bla, P,,,z-hgam-bet-exo [11]

pMWits-Int/Xis

pSC101-ts, bla, Pr-Axis-int, cIlts857

[13]

tance (cat gene), and 36 nucleotides homologous to
DNA regions upstream of the coding regions of mhpF,
fucO, yghD, and atoB genes were obtained by PCR
using primer pairs P7, P8; P7, P9; P7, P10; P7, P11;
and plasmid pMW118-(AattL-Cm-AattR) [12] as a
template. The resulting DNA fragments were treated
with restriction endonuclease Bg/II and ligated with
T4 DNA ligase. The ligation products were amplified
using primer pairs P3, P8; P9, P4; P5, P10; and P6,
P11. The obtained PCR products were individually
integrated into the chromosome of the FE. coli
MG1655 strain harboring the helper plasmid pKD46.
The correspondence between the desired and experi-
mentally obtained nucleotide sequences of a new reg-
ulatory element, which were introduced upstream of
the coding regions of mhpF, fucO, yghD, and atoB
genes, was confirmed by sequencing with the primer
pairs P12, P13; P14, P15; P16, P17; and P18, P19.
Similarly, the native promoter of ace EF-IpdA operon
was replaced by the P;-SDaceF regulatory element,
which contained P; promoter of lambda phage and a
ribosome binding site of aceF gene with a nucleotide
sequence close to the E. coli canonical sequence. For
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this purpose, we used primer pairs P1, P20; P1, P21;
P7, P22; and P21, P22; as well as genomic DNA from
lambda phage and plasmid pMWI118-(hattL-Cm-
AattR) as templates. The correspondence between the
desired and experimentally obtained nucleotide
sequence of a new regulatory element introduced
upstream the coding region of aceFE gene was con-
firmed by sequencing of obtained clones using primers
P23 and P24.

To inactivate fadFE and ydiO genes, linear DNA
fragments containing the chloramphenicol resistance
marker (cat gene) were obtained by PCR with primer
pairs P25 and P26, P27 and P28, and plasmid
pMW118-(AattL-Cm-AattR) as a template. The result-
ing DNA fragments were individually integrated into
the chromosome of E. coli MG1655 strain, carrying
the helper plasmid pKD46. The correspondence
between the expected and experimentally obtained
chromosome structures of selected strains with indi-
vidually inactivated fadE and ydiO genes was con-
firmed by PCR analysis with pairs of locus-specific
primers P29, P30 and P31, P32.
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Table 2. The oligonucleotide primers used in the study

Designation Sequence
P1 5'-tgcgac-agatct-ctcacctaccaaacaatgecc-3'
P2 5'-atgtatatctccttc-acggccaatgcettegttte-3'
P3 5'-gccagaaccgataatggcgactttacgcttactcat-atgtatatctccttc-acggecaatg-3'
P4 5'-tgccgtttcgttcagaatcattctgttagecatcat-atgtatatctccttc-acggecaatg-3'
P5 5'-aatgcgggttgggetgtgcagattaaagttgttcat-atgtatatctccttc-acggecaatg-3'
P6 5'-agtacgtaccgcactgacgatgacacaatttttcat-atgtatatctccttc-acggccaatg-3'
P7 5'-ctagta-agatct-tgaagcctgcttttttatactaagttgg-3'
P8 5'-cacccttcctatactgagegcacaataaaaaatcat-cgctcaagttagtataaaaaagetgaac-3'
P9 5'-attgaagagtaatttcgtaaagcaacaaggagaagg-cgctcaagttagtataaaaaagctgaac-3'
P10 5'-ttaattcccctgeatcgeccgeattettgecgeatc-cgetcaagttagtataaaaaagetgaac-3'
P11 5'-ttctgacggeaccectacaaacagaaggaatataaa-cgetcaagttagtataaaaaagctgaac-3'
P12 5'-ccgtctgetcattgttctge-3'
P13 5'-gtaccaatgttgccagaaccg-3'
P14 5'-gacgaccctggcgattacg-3'
P15 5'-gcattgcaccagcgttttatc-3'
P16 5'-ggtaatgacgttcctgatgatc-3'
P17 5'-caataccgccaaattccag-3'

P18 5'-catgggctactgcatcactg-3'

P19 5'-caggtcgatggcgctggt-3'

P20 5'-tattcttttacctctta-acggccaatgettcgtttc-3'

P21 5'-gatcggatccacgtcatttgggaaacgttctgacat-tattcttttacctctta-acggecaatg-3'
P22 5'-aaaactcaacgttattagatagataaggaataaccc-cgctcaagttagtataaaaaagetgaac-3'
P23 5'-gcaactaaacgtagaacctgtc-3'

P24 5'-tgagcacgctcaacaccttc-3'

P25 5'-agtggtcagacctcctacaagtaaggggcttttcgt-cgctcaagttagtataaaaaagetgaac-3'
P26 5'-ttacgcggcttcaactttccgeactttctccggeaa-tgaagectgettttttatactaagttgg-3'
P27 5'-tttaactgaagaacaagaactgctgetggecagtat-cgctcaagttagtataaaaaagetgaac-3'
P28 5'-ttatttgttctgatagtctttcaggatctgecgacc-tgaagectgcttttttatactaagttgg-3'

P29 5'-gaagtacgggcaggtgctatg-3'

P30 5'-ggtaaaacggtgttgttcgeg-3'

P31 5'-gaagcggctcattaacaggag-3'
P32 5'-tcaacggcgtatgacggaag-3'

Target recombinant strains were obtained by intro-
ducing individual modifications into chromosomes of
BOX-3 A3 and BOX-3 A4 strains by sequential P1-
dependent transductions [10]. Removal of the marker
flanked by atf sites of lambda phage from chromo-
somes of strains was performed using plasmid pM Wts-
Int/Xis, as described previously [13].

Strain cultivation for 1,3-butanediol biosynthesis.
Cells of recombinant strains were grown overnight at
37°C in M9 medium containing 2 g/L of glucose.
5 mL of the overnight cultures was diluted 10 times
with 45 mL of M9 medium containing 10 g/L of glu-
cose, 10 mM of ZnSO,, and 10 mM of FeSO,. The
cultures were grown in 750 mL flasks on a rotary
shaker (250 rpm) for 6 h at 37°C. To induce the
expression of genes encoding enzymes of aerobic fatty
acid B-oxidation pathway, isopropyl-f-D-thiogalac-
toside (IPTG) was added into culture medium of
BOX-3 strain and its derivatives after 3 h of incubation
to a final concentration of 1 mM. The obtained cell
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suspensions were centrifuged for 15 min at 2000 g and
4°C. The pellets were resuspended in 15 mL of M9
medium containing 10 g/L of glucose, 10 mM of
ZnSO, and 10 mM FeSO,. Expression of genes under
the control of P,,,_j4cq1.4 Promoter was induced by addi-
tion of IPTG (1 mM) to the culture medium. The
obtained cell cultures were incubated for 24 hours in
15 mL screw cap tubes at 37°C on a rotary shaker
(150 rpm). All experiments were performed in tripli-
cate. The variations among the experimental results
were less than 10%.

Analytical methods. The organic acid concentra-
tions were determined by HPLC on an ion-exclusion
column (7.8 x 300 mm, 8 um) Rezex ROA-Organic
Acid H+ (8%) (Phenomenex, USA) with detection at
210 nm using Waters HPLC system (Waters, USA).
Sulfuric acid (2.5 mM) was used as a mobile phase at a
flow rate of 0.5 mL/min. Identification and quantita-
tive analysis of alcohols in culture media were per-
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formed by gas chromatography with FID and MSD
detection, as described previously [5, 6].

RESULTS AND DISCUSSION

It was previously shown that directly engineered
E. coli BOX-3 strain and its derivatives are able to syn-
thesize 1-butanol as the end product of glucose fer-
mentation resulting from the one-turn reversal of fatty
acid B-oxidation pathway. It was found that the effi-
ciency of the target alcohol formation from butyryl-
CoA, an intermediate of fatty acid p-oxidation,
depends on the nature of alcohol/aldehyde dehydro-
genases, which catalyze the terminal steps of corre-
sponding CoA derivative reduction [6]. In particular,
the F. coli BOX-3 A4 strain, deficient in the mixed acid
fermentation pathways and lacking the activity of the
main  alcohol/aldehyde dehydrogenase AdhE
(EC1.1.1.1/1.2.1.3), was not able to synthesize
1-butanol and accumulated only little ethanol upon
dramatically decreased anaerobic glucose utilization.
This strain lost the ability to ferment glucose due to
insufficiency of the basal activity of alternative alco-
hol/aldehyde dehydrogenases for efficient alcohol
biosynthesis and glycolytic NADH reoxidation.
Therefore, the BOX-3 A4 strain was chosen as a chasis
for studying the feasibility of anaerobic 1,3-butanediol
biosynthesis from glucose through the inverted fatty
acid B-oxidation pathway. It was supposed that the
strain would restore the ability to reoxidate glycolyti-
cally formed reducing equivalents and gain the capac-
ity to produce 1,3-butanediol upon constitutive
expression of alternative alcohol/aldehyde dehydroge-
nase genes.

CoA-dependent aldehyde dehydrogenase MhpF
(EC 1.2.1.10) was selected as an enzyme catalyzing the
reduction of 3-hydroxybutyryl-CoA into 3-hydroxy
butyraldehyde. This choice was caused by the fact that
the enzyme is able to use four-carbon compounds,
such as butyryl-CoA as substrates [1]. To catalyze the
terminal stage of the 3-hydroxybutyraldehyde reduc-
tion to 1,3-butanediol, L-1,2-propanediol oxi-
doreductase FucO (EC 1.1.1.77) and aldehyde reduc-
tase YqhD (EC 1.1.1.2), which forms 1,3-propanediol
[14], were selected due to their ability to form diols as
reaction products.

The constitutive expression of gene pairs mhpF,
JucO, or mhpF, yghD in the parent BOX-3 A4 strain was
ensured resulting from replacement of the native regu-
latory regions of the corresponding genes by the artifi-
cial genetic element P; -SD@10 containing P; promoter
of lambda phage and the efficient ribosome binding site
of @10 gene from T7 phage.

The resulting BOX-3 A4 P-mhpF P-fucO and
BOX-3 A4 P, -mhpF P -yqhD strains restored anaero-
bic glucose consumption, synthesizing significant
quantities of ethanol as the end product of fermenta-
tion (Table 3). However, upon IPTG induction of
expression of genes encoding enzymes of fatty acid
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B-oxidation cycle, which are under the control of
Lacl-dependent promoter, these strains did not syn-
thesize 1,3-butanediol, while the level of ethanol syn-
thesis remained unchanged. The absence of
1,3-butanediol among fermentation products formed
by BOX-3 A4 P,-mhpF P,-fucO and BOX-3 A4
P -mhpF P, -yghD strains in the presence of inducer
(IPTG) could be explained by the activity of the intact
acyl-CoA dehydrogenases (EC 1.3.99.3) FadE and
YdiO, which are able to channel the key precursor
metabolite (3-hydroxybutyryl-CoA) towards further
reactions of inverted fatty acid B-oxidation. Indeed,
the multifunctional protein FadB, which is responsi-
ble for the formation of 3-hydroxybutyryl-CoA from
acetoacetyl-CoA, possess not only 3-hydroxyacyl-
CoA dehydrogenase (EC 1.1.1.35) activity, but also
enoyl-CoA hydratase (EC 4.2.1.17) activity, which is
responsible for the interconversion of 3-hydroxybu-
tyryl-CoA and crotonyl-CoA. The presence of acyl-
CoA dehydrogenase activity in the cells can shift the
equilibrium of the latter reaction toward the formation
of crotonyl-CoA through the involvement of the cor-
responding product in subsequent butyryl-CoA for-
mation. While the native regulatory region of ydiO in
the parent BOX-3 A4 strain has not been modified,
expression of the fadFE gene in the strain is controlled
by artificial genetic element Py geq.4-SDg and
induced by IPTG. Although the contribution of the
respective enzymes in functional reversal of the fatty
acid B-oxidation cycle in E. coli has previously been
shown to be insignificant [2, 3], ydiO and fadFE were
inactivated in BOX-3 A4 P-mhpF P, -fucO and
BOX-3 A4 P, -mhpF P -yqhD strains. However, these
modifications did not affect the distribution of the
fermentation end products synthesized by strains
(Table 3).

Another factor limiting the production of
1,3-butanediol by constructed strains could be defi-
ciency of the reducing equivalents required for the
synthesis of the target substance. Indeed, two NADH
molecules are required to form one ethanol molecule
from acetyl-CoA, while two molecules of acetyl-CoA
and three reducing equivalents are needed to form one
1,3-butanediol molecule. Glycolysis generates two
moles of NADH per mole of consumed substrate, and
under anaerobic conditions it is the only source of
reducing equivalents in E. coli cells. Depending on the
aeration conditions, oxidation of glycolytically formed
pyruvic acid to acetyl-CoA in E. coli cells is catalyzed
by either pyruvate dehydrogenase multyenzyme com-
plex (EC 1.2.4.1./2.3.1.12/1.8.1.4) or pyruvate for-
mate lyase (EC 2.3.1.54). Pyruvate formate lyase con-
verts pyruvate to acetyl-CoA without NADH forma-
tion, while pyruvate dehydrogenase is known to
generate additional NADH per synthesized acetyl-
CoA molecule. Under anaerobic conditions, the con-
version of pyruvate to acetyl-CoA in E. coli is cata-
lyzed by pyruvate formate lyase, while the expression
of pyruvate dehydrogenase complex (aceEF-IpdA)
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genes is repressed during anaerobiosis [15]. Thus,
anaerobic utilization of glucose molecule in BOX-3 A4
Py -mhpF P;-fucO and BOX-3 A4 P, -mhpF Py -yghD
strains led to the formation of two acetyl-CoA mole-
cules with concomitant generation of two NADH
molecules and did not meet the requirements for
redox balanced 1,3-butanediol biosynthesis.

Anaerobic expression of genes encoding the com-
ponents of pyruvate dehydrogenase complex supplies
the synthesis of acetyl-CoA derivatives with additional
reducing power [16—18]. At the same time, anaerobic
formation of acetyl-CoA exclusively by pyruvate
dehydrogenase would lead to the formation of NADH
in amounts excessive for the synthesis of 1,3-butane-
diol. Therefore, constitutive expression of ace EF-IpdA
operon genes providing both aerobic and anaerobic
activity of pyruvate dehydrogenase complex was
ensured in BOX-3 A4 P, -mhpF P|-fucO and BOX-3
A4 P -mhpF P, -yghD strains with intact pyruvate for-
mate lyase. During anaerobic glucose utilization, irre-
spective of the presence of a specific inducer in the
medium, the modified BOX-3 A4 P,-mhpF P, -fucO
Pi-aceEF and BOX-3 A4 P;-mhpF P;-yghD
P;-aceEF strains formed similar profiles of the fer-
mentation end products, which differed from those of
the parental strains (Table 3). As shown in Table 3,
constitutive expression of ace EF-IpdA operon resulted
in a significant increase in amounts of ethanol and
succinic acid synthesized by the strains. The increased
production of succinic acid by the strains was probably
caused by the activation of the glyoxylate shunt
resulted from intensified acetyl-CoA synthesis [17,
19]. The high level of ethanol synthesis, which does
not depend on the presence of IPTG in the medium,
and the absence of 1,3-butanediol among the fermen-
tation products, can be explained by the properties of
enzymes that catalyze the conversion of acetyl-CoA to
acetaldehyde and acetoacetyl-CoA. Indeed, the Km
value of aldehyde dehydrogenase to acetyl-CoA is
about 0.01 mM, and the specific activity of the enzyme
is 14.1 pumol/min/mg, whereas the corresponding val-
ues for acetyl-CoA  acetyltransferase  AtoB
(EC2.3.1.9) are 0.47 mM and 1078 pmol/min/mg,
respectively [20]. Since P, promoter, which controls
mhpF gene expression in the constructed strains, is
much stronger than P, 4.4, Which controls afoB
gene expression, such catalytic properties of the
respective enzymes could favor acetyl-CoA reduction
to acetaldehyde rather than its involvement in ace-
toacetyl-CoA formation.

To compensate the imbalance in levels of mAp Fand
atoB gene expression in BOX-3 A4 P, -mhpF P, -fucO
and BOX-3 A4 P, -mhpF P, -yqhD strains, the artificial
regulatory element P igea-4~SDg1o upstream atoB
gene was replaced by a regulatory element P, -SD@10.
1,3-Butanediol was found in the culture medium of
the modified BOX-3 A4 P, -mhpF P,-fucO P, -atoB
and BOX-3 A4 P,-mhpF P, -yqhD P|-atoB strains,
while ethanol synthesis was slightly decreased
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(Table 3). At the same time, ethanol remained the
main product formed by the strains during fermenta-
tion. Thus, it can be concluded that aldehyde dehy-
drogenase activity in the strains predominated over
that of acetyl-CoA C-acetyltransferase despite the
enhancement of atoB gene expression.

In the previously constructed BOX-3 A3 strain, the
main CoA-dependent alcohol/aldehyde dehydroge-
nase of E. coli — AdhE was not inactivated. Mean-
while, the adhFE gene in the strain is located under the
control of the regulatory element P, geq-4-SDy 19, and
the activity of the corresponding enzyme was reduced
due to the directed introduction of a point mutation
G — A into 1702 position of the gene coding region
leading to Glu568Lys substitution in the protein prod-
uct [6]. Thus, the ability of the BOX-3 A3 strain to syn-
thesize 1,3-butanediol was studied upon enhancement
of ato B gene expression. During anaerobic glucose uti-
lization in the presence of the inducer, the BOX-3 A3
P;-atoB strain formed a metabolite profile similar to
those of strains BOX-3 A4 P, -mhpF P, -fucO P, -atoB
and BOX-3 A4 P -mhpF P -yghD P;-atoB, except
that 1,3-butanediol was not found among the products
of fermentation (Table 3). In the absence of the
inducer, the BOX-3 A3 P, -aroB strain synthesized
more 1,3-butanediol compared with BOX-3
A4 P -mhpF P, -fucO P -atoB and BOX-3
A4 P -mhpF P, -yghD P, -atoB strains; while ethanol
formation by the strain was significantly decreased
(Table 3). It can be assumed that the high substrate
specificity of alcohol/aldehyde dehydrogenase AdhE
prevented its effective use of 3-hydroxybutyryl-CoA as
a substrate, thereby promoting ethanol synthesis upon
induction of adhE gene expression and, accordingly,
contributing to the decrease in availability of acetyl-
CoA for acetoacetyl-CoA and 3-hydroxybutyryl-CoA
formation. In the absence of induction, basal tran-
scription from P, j4.a.4 Promoter could provide cells
with activity of intact 3-hydroxyacyl-CoA dehydroge-
nase FadB, but not mutant AJhEF>8K activity. There-
fore, the residual ethanol biosynthesis by the BOX-3
A3 Py -atoB strain in the absence of inducer could have
resulted from the basal activity of alternative alco-
hol/aldehyde dehydrogenases, not excluding MhpF,
FucO, and YghD. The significantly decreased activity
of these alcohol/aldehyde dehydrogenases, compared
with overexpressed acetyl-CoA C-acetyltransferase
AtoB activity, allowed the strain to synthesize
increased amounts of 1,3-butanediol.

The results of the current study indicated that effi-
cient and balanced biosynthesis of 1,3-butanediol
requires precise intracellular coordination of the activi-
ties of acetyl-CoA C-acetyltransferase, 3-hydroxyacyl-
CoA dehydrogenase and alcohol/aldehyde dehydroge-
nases, the key enzymes responsible for the conversion of
acetyl-CoA to the target product. As shown previously,
such coordination can be attained as a result of fine tun-
ing of the expression levels of the corresponding genes
[12, 21]. The revealed ability of E. coli to synthesize
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1,3-butanediol resulting from partial inversion of the
native fatty acid B-oxidation cycle allows further tar-
geted and rational engineering of the efficient microbial
strains producing this nonnatural compound.
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