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ABSTRACT: 1,2 4-butanetriol (BT) is a compound of high interest with applications in pharmaceutical and materials. In this work, we designed
a novel biosynthetic pathway for BT from glucose via a nonessential amino acid homoserine. This non-natural pathway used an engineered
phosphoserine transaminase (SerCra2w/r77w) to achieve the deamination of homoserine to 4-hydroxy-2-oxobutanoic acid (HOBA). Three
consecutive enzymes including a lactate dehydrogenase, a 4-hydroxybutyrate CoA-transferase and a bifunctional aldehyde/alcohol dehydrogenase
are used to catalyze HOBA to BT. To enhance the carbon flux to homoserine, a homoserine-producing Escherichia coli was developed by
improving the overexpression of two relevant key genes merL and /ysC (V339A). The simultaneous overexpression of the genes encoding these
enzymes for the homoserine-derived BT pathway enabled production of 19.6 mg/L BT from glucose in the homoserine-producing E. coli.
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1. Introduction

1,2,4-Butanetriol (BT) is a valuable compound with many applications in pharmaceuticals and materials field [1,2]. Among
the various applications, BT is best known as a precursor for the production of 1,2,4-butanetriol trinitrate (BTTN), which can be
used as propellant and energetic plasticizer because of its excellent characteristics [2—4]. BT is traditionally manufactured by
reducing esterified malic acid under NaBH4 under harsh conditions [5,6]. However, this process generates multiple tons of borate
salts as byproducts for the production of each ton of BT, thus causing severe environmental pollution and high production costs [7].

Microbial synthesis of BT from D-xylose or L-arabinose was first reported by Niu et al. (2003) [2]. Thereafter, a series of
genetic engineering strategies were employed to improve the production of BT from xylose in engineered Escherichia coli (E. coli)
[7-9]. A patent by Frost and Niu (2011) claimed a BT titer of 18 g/L and a yield of 0.55 mol/mol xylose in an E. coli strain with
yiaE and ycdW knockouts [7]. Bamba et al. (2019) [10] engineered Saccharomyces cerevisiae to produce 1.7 g/L. of BT from 10
g/L xylose with a molar yield of 24.5%, after the enhancement of uptaking ability of Fe to improve the activity of the rate-limiting
enzyme, D-xylonate dehydratase (XyID), and screen the optimal 2-ketoacid decarboxylase. Besides this, Wang et al. (2022) [11]
constructed a synthetic pathway for the biosynthesis of BT from D-arabinose in E. coli, achieving 2.24 g/L BT after 48 h of catalysis
under the optimized fermentation conditions.

Except for the bacterial synthesis of BT from xylose or arabinose, Abdel-Ghany et al. (2013) [3] introduced genes from
synthetic xylose pathways into Arabidopsis plants for BT production. As a proof-of-concept, the engineered plants can synthesize
20 pg of BT per gram of soil-grown plants. Efforts have also been made to directly produce BT from glucose in E. coli strain. Li et
al. (2014) [12] designed a new artificial pathway for the biosynthesis of BT from malate with 120 ng/L BT production. In this
pathway, the low efficiency of CoA-dependent reaction of the first step, malyl CoA formation from malate catalyzed by malate
thiokinase, was considered to be the bottleneck of the entire pathway.

Homoserine, a C4 intermediate for the biosynthesis of threonine and methionine in E. coli, has been used as a precursor for
producing 1,3-propanediol (1,3-PDO), acrylate, 3-hydroxypropionate and 2,4-dihydroxybutyrate (DHB) in genetically modified
microorganisms [13—17]. The biosynthesis pathway of homoserine consists of four enzymatic steps from oxaloacetate (OAA) and
is strictly regulated by methionine, threonine, and lysine [18-22]. Aspartokinase (AK) isozymes are the key enzymes involved in
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this pathway. AK I (homoserine dehydrogenase I, ThrA, encoded by thrA) and AK II (homoserine dehydrogenase II, MetL, encoded
by metL) are bifunctional enzymes (Figure 1). Both of them catalyze the second step and the final step in the biosynthesis of
homoserine from OAA. AK III, which only catalyzes the second step, is encoded by lysC and sensitive to lysine. In E. coli, the
expression of MetL is repressed by methionine and the activity of ThrA is strongly feedback-inhibited by threonine [23,34].
Recently, the substrate specificity of a phosphoserine aminotransferase (SerC) from E. coli was successfully altered from
phosphoserine to homoserine. The engineered SerC can dramatically improve the production of 1,3-PDO in a homoserine-derived
pathway in E. coli [17], making homoserine an appealing precursor for the biosynthesis of BT. The non-natural 4-hydroxy-2-
oxobutanoic acid (HOBA), which is from the deamination of homoserine, differs from BT by only one terminal carboxyl group and
one carbonyl group. Hence the conversion of HOBA to BT requires reduction of these two functional groups to hydroxy groups.
The carbonyl group of HOBA can be reduced to a hydroxy group by lactate dehydrogenase A (LdhA) from Lactococcus lactis by
structure-based enzyme engineering [15]. Studies carried out by Walther et al. (2018) [15] revealed that LdhAqgsc accepted HOBA
and the natural substrate pyruvate with almost equal specificity, thus supporting an efficient conversion of HOBA to 2.4-
dihydroxybutarate (DHB). The carboxyl group of DHB to be reduced to a hydroxy group needs three enzymatic reactions, which
are sequentially catalyzed by 4-hydroxybutyrate CoA-transferase AbfT-2 from Porphyromonas gingivalis and the bifunctional
aldehyde/alcohol dehydrogenase AdhE2 from Clostridium acetobutylicum. The non-natural DHB serves as a key intermediate in
the biosynthetic BT pathway via malate. Studies showed that the recombinant E. coli expressing AbfT2 and AdhE2 could achieve
55 mg/L BT production after 24 h post-induction cultivation with the addition of 100 mM DHB, confirming the functionality of
pathway from DHB to BT catalyzed by AbfT2 and AdhE2 [12]. Herein, BT production from glucose via extension of the
homoserine pathway is enabled by the introduction of a five-step pathway composed of SerCrarw/r77w, LdhAqssc, AbfT2 and AdhE2.
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Figure 1. A new biosynthetic pathway for BT production from glucose via homoserine. Nonnative synthetic reactions are shown in red, natural
homoserine pathway reactions are shown in green and other natural reactions are shown in black. Overexpressed enzymes for the homoserine
pathway are shown in bold black. Red cross means blockage of the corresponding reaction. Major genes and the enzymes encoded: serC:
phosphoserine aminotransferase; /dhA: lactate dehydrogenase; abfT-2: 4-hydroxybutyrate CoA-transferase; adhE2: aldehyde/alcohol dehydrogenase;
lysC: Aspartate kinase III; mefL: Aspartate kinase II/homoserine dehydrogenase II.

In this work, a new biosynthesis pathway for BT production from glucose via homoserine was proposed and verified in E. coli
(Figure 1). The key module of the BT biosynthesis pathway involves five consecutive enzymatic reactions. To test this novel BT
pathway, a strain capable of significantly accumulating intracellular homoserine was constructed.

2. Materials and Methods

2.1. Strains and Plasmids Construction

Strains and plasmids that were constructed and used in this study are listed in Table 1. The wild-type genes asd and aspC were
amplified from E. coli MG1655 by PCR and inserted into plasmid pTrc-aroEDB, generating plasmid pAsdPc. The genes hom
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(R441A) [25], IysC (V339A) [26] and mefL, lysC (V339A) were obtained by PCR and inserted into the plasmids pAsdPc and
pZS24IBB, respectively. As a result, the plasmids pDPHL and pMely were obtained. The plasmids pDPHL and pMely were
integrated into the host E. coli HOMO002 to generate the recombinant HOM002/pDPHL and HOMO002/pMely respectively.

Table 1. Strains and plasmids used in this study.

Name Description Sources
Plasmids

pZAX pZA-SerCra2w-r77w)-PDC-YqhD [17]
pTrc-aroEDB pTrc99A derivative carrying aroE, aroD and aroB this study
pAsdPc pTrc99A derivative carrying asd and aspC this study
pDHPL pTrc99A derivative carrying asd, aspC, lysC, and hom this study
pZS241BB pZS24MCS derivative this study
pMely pZS24MCS derivative carrying metL and lysC this study
pZA-SLAA pZA-SerCrazwr77w-LdhAgssc-AbfT2-AdhE2 this study
pDPHL-SLAA pDPHL-SerCra2w/r77w-LdhAqssc-AbfT2-AdhE2 this study
Strains

HOMO002 E. coliMG1655 AthrB [13]
HOMO002/pDPHL HOMO002 harboring pDPHL this study
HOMO002/pMely HOMO02 harboring pMely this study
HOMO003 E. coli MG1655 AthrB Aldh AadhE this study
HOMO003/pMely HOMO003 harboring pMely this study
HOMO03/(pMely+pZA-SLAA) HOMO003 harboring pMely and pZA-SLAA this study
HOMO03/(pMely+pDPHL-SLAA) HOMO03 harboring pMely and pDPHL-SLAA this study

The gene serC(R42W-R77W) was amplified from the plasmid pZAX, IdhA(Q85C) was codon optimized and chemically
synthesized, abfT2 was obtained from Porphyromonas gingivalis and AdhE2 was obtained from C. acetobutylicum. All four genes
were sequentially assembled into the plasmids pDPHL and pZA, resulting in pDPHL-SerCraow/r77w-LdhAqgssc-AbfT2-AdhE2
(referred as pDPHL-SLAA) and pZA-SerCrarwr77w-LdhAgssc-AbfT2-AdhE2 (referred as pZA-SLAA) respectively. E. coli
MG1655 AthrB Aldh AadhE (referred as HOMO003) was obtained by deleting the genes /dh and adhE from the genome of HOMO002
using a CRISPR/Cas9 system [26]. The plasmids pZA-SLAA and pDPHL-SLAA were introduced into the host HOM003/pMely
to generate the recombinant strains HOMO003/(pMely + pZA-SLAA) and HOM003/(pMely + pDPHL-SLAA) respectively.

2.2. Cultivation Conditions

For batch fermentation in bioreactor, the seed culture and the fermentation medium were modified from literature [25,27]. 60 g/L
initial glucose was used and 1 g/L threonine was added in the fermentation medium. The seed culture was inoculated into a bioreactor
filled with 2 L of fermentation medium with an initial ODggo of 0.1. The pH was adjusted to 7.4 with 25% NH4OH and 3 M of H3PO4
during fermentation. When the ODgg reached about 0.6, 0.2 mM IPTG was added.

The production of BT was performed in a modified M9 minimal medium containing 20 g/L glucose, 6.78 g/L Na,HPO4, 3.0
g/L KH,POs4, 0.5 g/l NaCl, 1.0 g/L NH4Cl, 1 mM MgSOs, 0.1 mM CaCl,, 10 mM NaHCOs, 10 pg/mL thiamine, 1 g/L L-threonine
and 100 mM MOPS [12]. The MOPS was used to improve the buffering capacity. Microaerobic conditions were established by
flushing capped anaerobic bottles with nitrogen for at least 5 min and then piercing the septum with a 23G needle (Becton-
Dickenson). The needle allows a small amount of air to enter the bottle [28].

Fermentations performed in DASGIP bioreactors used a differently modified M9 minimal medium containing 6.78 g/L Na,HPOs,
3.0 g/L KH,POy4, 0.5 g/L NaCl, 1 mM MgSOy4, 0.1 mM CaCl,, 2.0 g/L. NH4Cl, 1.0 g/L. (NH4)>SOs, supplemented with 20 g/L. glucose
and 1 g/L L-threonine [28]. The pH was kept at 7.0 using 2 M NH4OH (aerobic phase) or Na,COs (microaerobic phase). When the
ODyoo reached 10 during aerobic phase, 0.2 mM IPTG was added in the culture. After 1 h post-induction, the airflow rate was set to
0.02 vvm for microaerobic conditions, and 10 mM NaHCO; was added. The agitation rate was set at 700 rpm. Glucose concentration
in the culture was kept between 0.5 and 5.0 g/L.

2.3. Analytical Methods

Cell growth was monitored by measuring the optical density at 600 nm (ODggo) using a spectrophotometer. For determining
the correlation between the cell dry weight (CDW) and ODsgo, 2 mL of sample were pipetted into a pre-dried EP tube in triplicates,
then centrifuged at 13,000 rpm for 5 min, and the supernatant was discarded. The cells were washed with 9% NaCl once and
collected by centrifugation, then dried at 80 °C for more than 24 h after carefully removing the wash solution. The weight of each
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tube containing the dried cells was measured with an analytical balance. The correlation coefficient of CDW was defined as gram
per liter per ODgoo (g/L/ ODsoo).

For the measurement of homoserine concentration in the culture broth, filtered samples were used for analysis in an Ultimate
3000 HPLC (Dionex/Thermo Fisher) with a FLD 3100 detector and a Kinetex® 2.6 pm C18 100 A, LC Column of 100 x 4.6 mm,
Ea (Phenomenex). The derivatizing reagent (AccQ-Fluor Reagent Kit) was from Waters. Eluents included Eluent A of 140 mM
Na-Acetate, 0.1% ACN, pH 4.95, Eluent B of 40% Milli-Q H>0O, 60% ACN, and Eluent C of 95% ACN. The running program was
set as follows: flow rate 1 mL/min, column oven temperature kept at 45 °C, injection volume 10 pL, and a different gradient
concentration of Eluent A, Eluent B and Eluent C over time.

The products DHB and BT in culture broth samples were derivatized bytrimethylsilylation and quantitatively analyzed with
GC, using a modified procedure adapted from literature [28,29]. 100 pL filtered samples were dried down in a speedvac concentrator
(Martin Christ , RVC 2-25 CD-plus) for approximately 1 h at ambient temperature. Then 20 uL. 10 mM cyclohexanol solution (as
an internal standard) in dimethylformamide was added. Further, 100 pL N,O-bis(trimethylsilyl)trifluoro-acetimide (BSTFA) with
1% trimethylchlorosilane, was added, and the mixture was incubated at 70 °C for 30 min. The derivatized samples were centrifuged
at 13,000 rpm for 5 min and then injected into GC. A Rtx-5SIL MS capillary column (Restek, 30 m % 0.25 mm ID X 0.25 pm film
thickness) was used.

2.4. Fast Sampling and Analysis

Samples for the measurement of the concentrations of intracellular metabolites were taken from the reactor (Bioengineering
AG, working volume 2 L) with a rapid sampling unit (RSU). With this RSU, the automatic fast sampling and on-filter quenching
can be finished within 6 seconds as reported previously by da Luz et al. (2014) [30]. The preparations of mixed solution and wash
solution and the extraction of the intracellular metabolites were described in Chen (2016) [25].

The calculation of the intracellular concentration of a particular metabolite (C;) was performed with the following equation:

C: =N/F ()

N (mmol) is the total absolute amount of the given metabolite in the total extracted cells and F (liter) is the estimated total
intracellular volume of the extracted cells. F is calculated on the basis of the dry weight of the extracted cells multiplied by the ratio
of their volume to cellular dry weight. For E. coli, the ratio of cell volume to cellular dry weight is taken as 0.0023 liter per gram
[31]. The correlation relating the dry cell weight to the optical density at 600 nm (ODego) for the homoserine-producing strain
HOMO02/pDPHL was determined as 0.366 + 0.008 g/L/ODgoo [25].

2.5. Thermodynamic Analysis of the BT Pathway

According to the group contribution method, some thermodynamic properties of the structures within the compounds are
similar in different molecules [32]. Thus, the molecular structure of a given compound can be decomposed into a set of smaller
substructures. Then the contributions from each of the substructures (or groups) are summed up to estimate the standard Gibbs free
energy of formation (A¢G"") of the compound. Similarly, the standard Gibbs free energy of reaction (ApG"") is estimated by summing
the contribution of each structural group created or destroyed during the reaction. The contribution values used here are from
Jankowski et al. (2008) [32].

3. Results and Discussion
3.1. Growth and Glucose Consumption of Recombinant E. coli HOM002/pDPHL

To investigate the extra- and intracellular homoserine accumulation of the strain HOM002/pDPHL, a batch fermentation with
60 g/L glucose was carried out in bioreactor. As shown in Figure 2, the strain kept growing for about 1 h after adding IPTG into
the medium, and then stopped growing for 4-5 h to adapt the carbon flux redirections. Then the growth was recovered and turned
into an exponential growth phase with a specific growth rate 0.173 h™! from 10 to 15 h (Figure 3).
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Figure 2. Glucose consumption, growth and CO2 production of the recombinant E. coli HOMO002/pDPHL during a batch fermentation in
bioreactor. The initial glucose concentration was 60 g/L. The samples taken for quantifying intracellular metabolites were marked with arrows
(gray), their corresponding fermentation time is listed as follows: #9 (13 h), #12 (15.5 h), #15 (27.2 h).

The off-gas analysis showed that the production of CO, dropped sharply at 17.4 h and then kept decreasing till the end of
fermentation. However, the glucose consumption rate was not significantly reduced. The maximal ODggo achieved in this cultivation
was 16.4 £ 0.23 at 36 h during the stationary phase. The decline phase started at about 40 h with a negative growth rate (Figure 3).
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Figure 3. The growth rate of E. coli HOM002/pDPHL cultivated in bioreactor.

3.2. The Extra- and Intracellular Concentrations of Homoserine

The strain HOMO002/pDPHL cannot synthesize threonine due to the defective threonine biosynthetic pathway. Therefore, 1
g/L of threonine was added into the initial medium. From 13 to 15.5 h (#9 to #12 in Figure 2), the biomass (ODggo) was increased
from 5.03 + 0.12 to 7.93 + 0.03, whereas the intra- and extracellular concentration of threonine was dramatically decreased from
95.55+7.83 to 37.11 + 3.46 mM and 4.09 = 0.09 to 2.14 £ 0.05 mM, respectively. After 17.4 h, the shortage of threonine became
a factor in limiting the cell growth and caused the change of CO,. As for homoserine from 15.5 to 24 h, the extracellular homoserine
was significantly increased (from 1.29 + 0.06 to 12.56 £+ 0.24 mM) by about 10 times. After that, it kept increasing almost till the
end of the fermentation. Finally, about 2.8 g/L extracellular homoserine was obtained with a glucose conversion rate of 4.7% (g/g).
And the overall productivity of extracellular homoserine was only about 0.037 g/L/h. It was also found that homoserine was quickly
and significantly accumulated in the cell, even though the extracellular concentration of homoserine was very low before 15.5 h.
As shown in Figure 4, the intracellular concentrations of homoserine are much higher than the corresponding extracellular ones.

The ratio of intracellular to extracellular concentrations varied from 9.5 to 44.5, suggesting insufficiency of permease which is
responsible for transferring homoserine out of the cell [33-35].
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Figure 4. Comparison of the intra- and extracellular concentrations of homoserine. Homoserine was produced in the strain of HOM002/pDPHL.

3.3. Comparison of Two Constructed Homoserine-producing Strains

Considering that the simultaneous overexpression of four proteins from the plasmid pDPHL may represent a huge metabolic
burden for cells and limit the performance of heterologous BT pathway in E. coli, another plasmid pMely with only the genes of
lysC and metL. was constructed. Both AK III (LysC) and homoserine dehydrogenase (MetL) are crucial in the homoserine
biosynthesis pathway. Enhancing the reactions catalyzed by LysC and MetL was speculated to efficiently improve the production
of homoserine. To this end, comparison of HOMO002/pDPHL and HOMO002/pMely was carried out at different pH values in batch
fermentations.

As illustrated in Figure 5, glucose was consumed faster for both strains at pH 7.4. At the same level of pH, HOMO002/pMely
performed better than HOMO0O02/pDPHL, since it grew faster and reached much higher ODggo. The expression of four genes which
were all equipped with a strong rbs and controlled by a strong promoter trc or tac in the plasmid pDPHL may result in a substantial
metabolic burden on cells and limit its growth. As a result, HOM002/pMely exhibited a higher production of homoserine, as shown
in Figure 5, making it a more potent host strain for the biosynthesis of BT. In addition, the genes /dhA and adhE encoding lactate
dehydrogenase and aldehyde/alcohol dehydrogenase, respectively, were removed from the E. coli genome to increase NADH
supplementation and decrease byproducts formation under oxygen-limited conditions. The resulting host HOM002/pMely AadhE
AldhA was named as HOM003/pMely.
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Figure 5. Comparison of HOM002/pDPHL and HOMO002/pMely at different pH values. (A) concentration of glucose in culture medium; (B)

ODso0; (C) concentration of homoserine in culture medium. Error bars represent standard deviations of the measurements performed in triplicate.

3.4. Construction of a Nonnative Biosynthetic BT Pathway from Homoserine in E. coli

The thermodynamic feasibility of the proposed BT pathway was analyzed using the group contribution method [32]. The
calculated total standard Gibbs free energy change of the five reactions for BT production from homoserine is —16.6 kcal/mol,
suggesting that the designed BT pathway is thermodynamically feasible (Figure 6). However, the reactions of homoserine
conversion to 4-hydroxy-2-oxobutanoate and 2,4-dihydroxybutyrl-CoA conversion to 2,4-dihydroxybutyraldehyde have zero to
positive standard Gibbs free energy of reaction (A.G"), indicating that a push-and-pull strategy is necessary for these reactions to
proceed in the desired direction and with adequate fluxes.
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Figure 6. Calculated values of the standard Gibbs free energy of formation (AfG’°) of compound, the standard Gibbs free energy of each reaction
(ArG’°) and the overall reaction (Aoverall reactionG'®) 0f the proposed metabolic pathway from homoserine to BT.

Considering the necessity of the pMely plasmid in the host strain HOMO002/pMely, to facilitate the construction and to keep
plasmid stability during cultivation, the entire BT pathway was constructed in one plasmid. The pZA and pDPHL plasmids, which
are compatible with pMely in E. coli, were used. The gene of LdhAqssc was codon- optimized and the GIn85Cys point mutation
was used, which showed an increased activity towards 4-hydroxy-2-oxobutanoate and a decreased activity towards the natural
substrate pyruvate [35]. Finally, the resulting plasmids pZA-SLAA and pDPHL-SLAA were obtained (see Table 1).

3.5. Production of BT from Glucose

To verify the capability of the homoserine-derived pathway for BT production in vivo, two recombinant strains
HOMO003/(pMely+pZA-SLAA) and HOMO003/(pMely+pDPHL-SLAA) were investigated using glucose as the sole carbon source
respectively. The strain HOMO003/pMely harboring no any BT biosynthetic pathway was used as the control strain. However, there
was no detectable BT produced in batch fermentations with these strains, when they were cultivated in anaerobic bottles containing
modified M9 medium. The enzymatic reactions catalyzed by AbfT2 and AdhE2 in the downstream pathway from DHB to BT, were
supposed to be the rate-limiting steps in the BT pathway. The enzyme AbfT2 exhibited 4-hydroxybutyryl-CoA transferase activity
when implemented as part of a pathway to produce 1,4-butanediol [28], but its activity towards the non-natural intermediate DHB
is rarely reported. The enzyme AdhE2 from C. acetobutylicum is oxygen sensitive and contains a highly conserved iron-binding
site. The anaerobic environment may severely affect the activity of AdhE2.

To better validate the feasibility of the BT biosynthetic pathway, we studied the recombinant strains in fed-batch fermentation
(see Figure 7). Fermentations were performed with 1 L initial culture volume using modified M9 minimal medium supplemented
with 20 g/L glucose. More specific operations referred to the fermentation are as described in Yim et al. (2011) [28]. According to
the pathway proposed, three molecules of NADH and one molecule of ATP are required for the synthesis of one molecule of BT
from homoserine. The supply of the reducing equivalents should be fulfilled by glycolysis and the oxidative TCA cycle. However,
under completely anaerobic conditions, the carbon flux through the TCA cycle will be blocked [36]. Therefore, on considering the
constraints of AdhE2 oxygen-sensitivity and oxygen requirement for a functional TCA cycle, microaerobic fermentation was used
for the synthesis of BT.

DHB concentration in the cultures was detected to be 745 + 10.8 mg/L and 625.1 + 8.1 mg/L after 54 h fermentations for the
strains HOMO003/(pMely+pZA-SLAA) and HOMO003/(pMely+pDPHL-SLAA), respectively (see Figure 8). As expected, there was
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no detectable BT production in the control strain HOM/pMely. The production of BT in strains HOM003/(pMely+pDPHL-SLAA)
and HOMO003/(pMely+pZA-SLAA) reached 19.6 + 5.9 mg/L and 8.9 + 0.4 mg/L in the fed-batch fermentations, respectively (See
Figure 9).
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Figure 7. Fermentation profile of the strains HOM003/(pMely+pZA-SLAA) and HOMO003/(pMely+pDPHL-SLAA) for BT production.
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Figure 8. GC analysis of DHB in the samples from fed-batch fermentation. (A) recombinant strain HOMO003/(pMely+pZA-SLAA); (B)
recombinant strain HOMO0O03/(pMely+pDPHL-SLAA); The retention time of DHB is 11.50 min; Peaks marked blue are for DHB standard, the
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Figure 9. GC analysis of BT in the samples from fed-batch fermentations. (A) recombinant strain HOMO003/pMely; (B) recombinant strain
HOMO03/(pMely+pDPHL-SLAA); (C) recombinant strain HOMO003/(pMely+pZA-SLAA); The retention time of BT is 11.00 min; Peaks marked

blue are for BT standard, the red ones are from samples.

The poor overexpression of LdhAgssc in the cells and its low affinity towards HOBA may limit the production of DHB.
Recently, a more efficient malate dehydrogenase from E. coli to pull down the pathway in DHB production was reported by Frazdo
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et al. (2018) [37]. The employment of this engineered malate dehydrogenase instead of LdhAqssc could result in higher DHB titer,
which would help to increase the concentration of the key intermediate DHB and be beneficial to achieve a higher BT production.
AdhE2 is an oxygen-sensitive and is the only enzyme reported so far to have the ability to catalyze 2,4-dihydroxybutyrl-CoA to
2,4-dihydroxybutyraldehyde, followed by its subsequent reduction to BT. AdhE2 was firstly used in the 1,4-butanediol biosynthesis
pathway in E. coli [28] and then employed in the BT pathway by Li et al. (2014) [12] with a very poor performance.

There’re three enzymatic reactions consuming NADH in the BT pathway. Low NADH/NAD" ratio may limit the production
of BT. Considering the requirement of NADH in the BT pathway, the conditions of microaerobic fermentation should be optimized
to ensure the availability of sufficient NADH to drive the BT pathway. An alternative choice is the introduction of heterologous
formate dehydrogenase (fdh) to recycle NAD" to NADH by catalyzing formate to CO, and keep redox rebalance [38,39]. On the
other hand, re-engineering of the relevant enzymes in the BT pathway and optimization of the conditions for fed-batch fermentations
are alternative ways to achieve a higher BT production.

4. Conclusions

In this work, recombinant E. coli strains HOM002/pDPHL and HOMO002/pMely capable of producing homoserine from
glucose with a high efficiency were engineered by enhancing the homoserine biosynthetic pathway from oxaloacetic acid (OAA).
The results showed that HOMO002/pMely is more capable of accumulating homoserine. By using this homoserine-producing strain,
we explored the feasibility of a synthetic pathway enabling BT biosynthesis from glucose via homoserine under microaerobic
conditions by flushing with air at a rate of 0.02 vvm. This pathway was evaluated to be thermodynamically feasible as the standard
Gibbs free energy for the overall reaction was estimated to be -16.6 kcal/mol. Considering that the expression of four genes under
a strong promoter in multiple copy may result in a substantial metabolic burden on the cells, both medium-copy number plasmid
pZA and pDPHL with different promoters were tried. The resulting strains HOMOO03/(pMely+pDPHL-SLAA) and
HOMO03/(pMely+pZA-SLAA) were able to produce 19.6 + 5.9 and 8.9 + 0.4 mg/L, respectively. The result is much higher than
that of BT pathway from malate reported in literature (120 ng/L). This study shows the validity of a novel BT biosynthetic pathway
from glucose via homoserine.
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