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Abstract

As petro-based production generates numerous environmental impacts and their associated technological concerns, bio-
based production has been well recognized these days as a modern alternative to manufacture chemical products in a
more renewable, environmentally friendly, and sustainable manner. Herein, we report the development of a microbial
bioprocess for high-level and potentially economical production of 3-hydroxyvalerate (3-HV), a valuable special chem-
ical with multiple applications in chemical, biopolymer, and pharmaceutical industries, from glycerol, which can be
cheaply and renewably refined as a byproduct from biodiesel production. We used our recently derived 3-HV-producing
Escherichia coli strains for bioreactor characterization under various culture conditions. In the parental strain, 3-HV
biosynthesis was limited by the intracellular availability of propionyl-CoA, whose formation was favored by anaerobic
conditions, which often compromised cell growth. With appropriate strain engineering, we demonstrated that 3-HV can
be effectively produced under both microaerobic (close to anaerobic) and aerobic conditions, which determine the
direction of dissimilated carbon flux toward the succinate node in the tricarboxylic acid (TCA) cycle. We first used
the AsdhA single mutant strain, in which the dissimilated carbon flux was primarily directed to the Sleeping beauty
mutase (Sbm) pathway (via the reductive TCA branch, with enhanced cell growth under microaerobic conditions,
achieving 3.08 g L' 3-HV in a fed-batch culture. In addition, we used the AsdhA-AicIR double mutant strain, in which
the dissimilated carbon flux was directed from the TCA cycle to the Sbm pathway via the deregulated glyoxylate shunt,
for cultivation under rather aerobic conditions. In addition to demonstrating effective cell growth, this strain has shown
impressive 3-HV biosynthesis (up to 10.6 g L™"), equivalent to an overall yield of 18.8% based on consumed glycerol, in
aerobic fed-batch culture. This study not only represents one of the most effective bio-based production of 3-HV from
structurally unrelated carbons to date, but also highlights the importance of integrated strain engineering and
bioprocessing strategies to enhance bio-based production.

Key points

» TCA cycle engineering was applied to enhance 3-HV biosynthesis in E. coli.

* Effects of oxygenic conditions on 3-HV in E. coli biosynthesis were investigated.

* Bioreactor characterization of 3-HV biosynthesis in E. coli was performed.
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Introduction

Mounting concerns over finite fossil fuels and their environ-
mental impacts have created growing needs to use renewable
and clean carbon sources for the production of chemical com-
pounds. An emerging technology for manufacturing of
chemicals involves the use of biological cell factories, such
as microorganisms, as biocatalysts for transformation, so
called bio-based production or biomanufacturing. While
whole-cell biocatalysts have many benefits over conventional
chemical catalysts, natural organisms often have a limited
metabolic capacity to meet the increasing demands in chemi-
cal product variety and quantity. Recent biotechnological ad-
vances in synthetic biology, genetic engineering, and metabol-
ic engineering can substantially improve bio-based production
(Yaguchi et al. 2018). To date, successful bio-based produc-
tion includes not only fine chemicals but also commodity
chemicals, such as succinate (Mao et al. 2018), lactate (Zhou
et al. 2013), lysine (Xu et al. 2014), and
polyhydroxyalkanoates (PHAs) (Kaur and Roy 2015; Luo
et al. 2014). A major issue limiting bio-based production is
the high feedstock cost; therefore, cheap renewable feedstocks
are under constant exploration. As a byproduct associated
with biodiesel production, refined glycerol can be obtained
inexpensively these days (Ciriminna et al. 2014). Moreover,
glycerol has been regarded as an effective carbon source for
microbial cultivation due to its highly reduced nature, gener-
ating approximately twice the number of reducing equivalents
upon its degradation compared with traditional fermentable
sugars (Murarka et al. 2008; Yazdani and Gonzalez 2007).
Hence, glycerol serves as a preferred feedstock for microbial
production of several chemicals, such as succinate, 1,3-
propanediol, 2,3-butanediol, and PHAs (Zhu et al. 2013).
3-Hydroxyacids are a group of fine chemicals to be used as
precursors for making a selection of antibiotics, vitamins,
pheromones, and aromatic derivatives (Fonseca et al. 2019;
Mori 1981; Nahar et al. 2009; Toshiyuki and Takeshi 1987).
Currently, most 3-hydroxyacids are still produced via chemi-
cal reactions (Noyori et al. 2004; Spengler and Albericio
2014; Ren et al. 2010) or chemical degradation of PHAs (de
Roo et al. 2002). Being more environmentally friendly and
sustainable, bio-based production has a potential to replace
these chemical processes for 3-hydroxyacid production. It is
generally conducted in two ways: i.e., (i) depolymerization of
PHASs (Anis et al. 2017; Biernacki et al. 2017) and (ii) direct
biosynthesis (Tseng et al. 2010, 2009). Among various 3-
hydroxyacids, 3-hydroxybutyrate (3-HB) is the most common
one and the monomer of polyhydroxybutyrate (PHB). In gen-
eral, 3-HB biosynthesis starts with a structural fusion of two
acetyl-CoA moieties to form acetoacetyl-CoA, followed by
subsequent reduction and CoA removal steps (Fig. 1); and
the associated key enzymes, such as acetoacetyl-CoA thiolase
(PhaA) and acetoacetyl-CoA reductase (PhaB), exist in many
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microorganisms that produce PHA (Taroncher-Oldenburg
et al. 2000).

3-Hydroxyvalerate (3-HV) is a C5-counterpart of 3-HB
and serves as a precursor for several pharmaceutical molecules
(Huang et al. 1998). Also, 3-HV can be introduced into the
PHB polymeric chain to form a biocopolymer, poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), which is
structurally more ductile, flexible, and tougher than the PHB
homopolymer (Lau et al. 2014; Snell and Peoples 2009).
While being more bioactive and valuable than 3-HB, 3-HV
has various technological and economic challenges in biosyn-
thesis, ultimately limiting its industrial applications. Herein,
we report a bioprocess development based on engineered
E. coli strains recently derived for 3-HV production (with 3-
HB being co-produced) from glycerol (Miscevic et al. 2019).
Basically, a propanologenic (i.e., 1-propanol-producing)
E. coli strain with an activated Sleeping beauty mutase
(Sbm) operon (i.e., sbm-ygfD-ygfG-ygfH) was used as a host.
The encoding enzymes (i.e., Sbm, YgfD, YgfG, and YgfH) of
the Sbm operon are involved in a metabolic pathway for ex-
tended dissimilation of succinate to form propionyl-CoA, and
subsequently 1-propanol and propionate as fermentative me-
tabolites (Fig. 1) (Srirangan et al. 2013, 2014). Structurally, 3-
HV can be derived via a biosynthetic pathway similar to that
of 3-HB (Fig. 1) with one acetyl-CoA moiety being replaced
by propionyl-CoA. Note that the use of our propanologenic
E. coli strains (with the presence of non-native propionyl-
CoA) as the production host can eliminate a common but
expensive bioprocess requirement, i.e. supplementation of
structurally related carbons such as propionate, valerate, 3-
hydroxynitrile, and levulinate (Martin and Prather 2009), sig-
nificantly reducing the 3-HV production cost.

Based on the 3-HV biosynthetic pathway (Fig. 1), high-
level 3-HV production potentially relies on the intracellular
availability of propionyl-CoA as a key precursor. Though
the Sbm pathway was activated in our original propanologenic
E. coli strain, the intracellular propionyl-CoA level might re-
main low since the Sbm pathway is not physiologically essen-
tial, limiting the biosynthesis of propionyl-CoA-derived com-
pounds. The major objective of this study is to tackle such
metabolic limitation. As succinyl-CoA serves as a precursor
toward the Sbm pathway, the tricarboxylic acid (TCA) cycle
becomes a plausible target for metabolic manipulation.
However, since succinyl-CoA is involved in the central me-
tabolism in a complex manner and its formation can be medi-
ated through multiple pathways, manipulation of the carbon
flux around this C4-compound can be challenging. In addi-
tion, carbon flux channeling from the TCA cycle to the Sbm
pathway in E. coli appears to be highly sensitive to the oxy-
genic condition of the culture. Herein, we developed consol-
idated strain engineering (i.e., manipulation of TCA cycle)
and bioprocessing (i.e., regulation of culture aeration) strate-
gies for effective carbon flux direction and, therefore,
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Fig. 1 Schematic representation of natural and engineered pathways in
E. coli using glycerol as the carbon source. Metabolic pathways outlined:
glycerol dissimilation, central metabolism, and oxidative TCA cycle (in
black); glyoxylate shunt of TCA cycle (in dark yellow); reductive branch
of TCA cycle (in blue); Sbm pathway (in purple); 3-hydroxyacid biosyn-
thetic pathway (in green). Metabolite abbreviations: 3-HB, 3-
hydroxybutyrate; 3-HV, 3-hydroxyvalerate; DHAP, dihydroxyacetone
phosphate; PEP, phosphoenolpyruvate; (S)/(R)-3-HB-CoA, (S)/(R)-3-
hydroxybutyryl-CoA; (S)/(R)-3-HV-CoA, (S)/(R)-3-hydroxyvaleryl-
CoA. Protein abbreviations: AceA, isocitrate lyase; AceB, malate syn-
thase A; AceK, isocitrate dehydrogenase kinase/phosphatase; AckA,

enhanced 3-HV production, demonstrating potential industrial
applicability of the developed bioprocess.

Materials and methods

Bacterial strains and plasmids

Bacterial strains, plasmids, and deoxynucleic acid (DNA)

primers used in this study are listed Table 1. Genomic DNA
from bacterial cells was isolated using the Blood & Tissue

acetate kinase; AdhE, aldehyde-alcohol dehydrogenase; BktB, beta-
ketothiolase; Hbd, beta-hydroxybutyryl-CoA dehydrogenase; IcIR,
AceBAK operon repressor; IDH, isocitrate dehydrogenase; IDH-P,
isocitrate dehydrogenase-phosphate; LdhA, lactate dehydrogenase A;
PckA, phosphoenolpyruvate carboxykinase; PDH, pyruvate dehydroge-
nase; PFL, pyruvate formate-lyase; PhaA, acetoacetyl-CoA thiolase;
PhaB, acetoacetyl-CoA reductase; PK, pyruvate kinase; PPC, phospho-
enolpyruvate carboxylase; Pta, phosphotransacetylase; Sbm,
methylmalonyl-CoA mutase; SdAhABCD, succinate dehydrogenase com-
plex; TesB, acyl-CoA thioesterase II; YgfG, (R)-methyl-malonyl-CoA
carboxylase; YgfH, propionyl-CoA: succinate CoA-transferase

DNA Isolation Kit (Qiagen, Hilden, Germany). Standard re-
combinant DNA technologies were applied for molecular
cloning (Miller 1992). All plasmids were constructed by
Gibson enzymatic assembly (Gibson et al. 2009). Phusion
HF and 7Tag DNA polymerases were obtained from New
England Biolabs (Ipswich, MA, USA). All synthesized oligo-
nucleotides were obtained from Integrated DNA Technologies
(Coralville, IA, USA). DNA sequencing was conducted by
the Centre for Applied Genomics at the Hospital for Sick
Children (Toronto, Canada). E. coli BW25113 was the paren-
tal strain for derivation of all mutant strains in this study, and
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Table 1 E. coli strains, plasmids, and oligonucleotides used in this study
Name Description, relevant genotype or primer sequence (5’ => 3) Source
E. coli host strains
DH5«x F—, endAl, ginV44, thi-1, recAl, relAl, gyrA96, deoR, nupG ¢80d lacZAacZd Lab stock
ladlacZYA — argF) U169, hsdR17(rK-mK +), \-
BW25113 F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A\, rph-1, A(rhaD-rhaB)568, (Datsenko and Wanner 2000)
hsdR514
BWAIdhA BW25113 IdhA null mutant (Akawi et al. 2015; Srirangan et al. 2016a;
Srirangan et al. 2014)
CPC-Sbm BWAIdhA, Ptrc::sbm (i.e., with the FRT-P#re cassette replacing the 204-bp up- (Akawi et al. 2015)
stream of the Sbm operon)
P3HA31 CPC-Sbm/pTrc-PhaAB and pK- BktB-Hbd-TesB (Miscevic et al. 2019)
P3HA31AsdhA sdhA null mutant of P3HA31 (Miscevic et al. 2019)
P3HA31AicIR icIR null mutant of P3HA31 (Miscevic et al. 2019)

P3HA31AsdhAAicIR sdhA and icIR null mutant of P3HA31

Plasmids

(Miscevic et al. 2019)

pTrc99a ColE1 ori Apr Ptre (Amann et al. 1988)

pK184 p15A ori, KmR, Plac::lacZ’ (Jobling and Holmes 1990)

pTrc-PhaAB Derived from pTrc99a, P,,..:;phaAB Lab stock

pK-BktB-Hbd-TesB  Derived from pK184, Py,.::bktb:hbd:tesB Lab stock

Primers

v-1dhA GATAACGGAGATCGGGAATGATTAA; (Akawi et al. 2015)
GGTTTAAAAGCGTCGATGTCCAGTA

v-sdhA CTCTGCGTTCACCAAAGTGT; (Miscevic et al. 2019)
ACACACCTTCACGGCAGGAG

v-icIR GGTGGAATGAGATCTTGCGA; (Miscevic et al. 2019)
CCGACACGCTCAACCCAGAT

c-fit AGATTGCAGCATTACACGTCTTGAG; (Srirangan et al. 2014)
CCAGCTGCATTAATGAATCGGGCCATGGTCCATATGAATATCCTCC

c-ptre CCGATTCATTAATGCAGCTGG; (Srirangan et al. 2016b)
GGTCTGTTTCCTGTGTGAAATTGTTA

g-phaAB CCGGCTCGTATAATGTGTGGATGACTGACGTTGTCATCGTATCC; Lab stock
ATTGTTATCCGCTCACAATTTCAGCCCATATGCAGGCCGC

g-tesB ACAGGAAACAGCTATGACATGAGTCAGGCGCTAAA Lab stock
GAGCTCGAATTCGTAATCATTAATTGTGATTACGCATCAC

g-bktb CACAGGAAACAGCTATGACCATGACGCGTGAAGTGGTAGT; Lab stock
TAAACAGACCTCCCTTAAATTTAATTCAGATACGCTCGAAGATGG

g-hbd TTAAATTTAAGGGAGGTCTGTTTAATGAAAAAGGTATGTGTTATAGG; Lab stock
TAACAAAGCTGCCGCAGTTATTTTGAATAATCGTAGAAACCTTT

g-pTrc-phaAB GCGGCCTGCATATGGGCTGATGGAATTCGAGCTCGGTACC; Lab stock
ACGATGACAACGTCAGTCATGTCTGTTTCCTGTGTGAAATTGTTAT

CCG
g-pK-bktB-hbd-tesB GGTGATGCGTAATCACAATTAATGATTACGAATTCGAGCTCGG; Lab stock

TACCACTTCACGCGTCATGGTCATAGCTGTTTCCTGTGTGAA

E. coli DH5« was used as a host for molecular cloning. It
should be emphasized that the /dhA gene (encoding lactate
dehydrogenase) was previously inactivated in BW25113, gen-
erating BWAIdhA (Srirangan et al. 2014). Activation of the
genomic Sbm operon in BWAIdhA to generate
propanologenic E. coli CPC-Sbm was described previously
(Srirangan et al. 2014).

Implementation of 3-hydroxyacid-biosynthetic pathway in
propanologenic E. coli to form 3-HV-producing strains was
recently reported (Miscevic et al. 2019). Briefly, the phaAB
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operon was PCR-amplified using the primer set g-phaAB and
the genomic DNA of wild-type Cupriavidus necator ATCC
43291 as the template. The amplified operon was Gibson-
assembled (note that “assembled” is used for subsequent ap-
pearance) with the PCR-linearized pTrc99a using the primer
set g-pTrc-phaAB to generate pTrc-PhaAB. All genes inserted
into pTrc99a vector were under the control of the P,,. promot-
er. Plasmid pK-BktB-Hbd-TesB was previously constructed
in our lab by PCR-amplifying bktB from C. necator ATCC
43291, hbd from Clostridium acetobutylicum ATCC 824, and
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tesB from E. coli BW 25141 using the corresponding primer
sets (i.e., g-bktB, g-hbd, and g-tesB), followed by assembling
all three PCR-amplified fragments with the PCR-linearized
pK184 using the primer set g-pK-bktB-hbd-tesB. All genes
inserted into pK184 vector were under the control of the Py,
promoter.

Gene knockouts were introduced into E. coli recipient
strains by P1 phage transduction (Miller 1992) using the ap-
propriate Keio Collection strains (The Coli Genetic Stock
Center, Yale University, New Haven, CT, USA) as donors
(Baba et al. 2006). To eliminate the co-transduced FRT-Kn®-
FRT cassette, the transductants were transformed with pCP20
(Cherepanov and Wackernagel 1995), a temperature-sensitive
plasmid expressing a flippase (Flp) recombinase. Upon Flp-
mediated excision of the Kn® cassette, a single Flp recognition
site (FRT “scar site”) was generated. Plasmid pCP20 was then
cured by growing cells at 42 °C. The genotypes of derived
knockout strains were confirmed by colony polymerase chain
reaction (PCR) using the appropriate verification primer sets
listed in Table 1.

Media and bacterial cell cultivation

All medium components were obtained from Sigma-
Aldrich Co. (St Louis, MO, USA) except glucose, yeast
extract, and tryptone which were obtained from BD
Diagnostic Systems (Franklin Lakes, NJ, USA). The me-
dia were supplemented with antibiotics as required:
25 pug mL™' kanamycin and 50 pg mL™' ampicillin.
E. coli strains, stored as glycerol stocks at —80 °C, were
streaked on lysogeny broth (LB) agar plates with appro-
priate antibiotics and incubated at 37 °C for 14-16 h.
Single colonies were picked from LB plates to inoculate
30-mL super broth (SB) medium (32 g L' tryptone,
20 g L yeast extract, and 5 g L' NaCl) with appropriate
antibiotics in 125-mL conical flasks. Overnight cultures
were shaken at 37 °C and 280 rpm in a rotary shaker
(New Brunswick Scientific, NJ, USA) and used as seed
cultures to inoculate 220 mL SB media at 1% (v/v) with
appropriate antibiotics in 1-L conical flasks. This second
seed culture was shaken at 37 °C and 280 rpm for 14—
16 h. Cells were then harvested by centrifugation at
9000%xg and 20 °C for 10 min and resuspended in
50 mL fresh LB media. The suspended culture was used
to inoculate a 1-L stirred tank bioreactor (containing two
Rushton radial flow disks as impellers) (CelliGen 115,
Eppendorf AG, Hamburg, Germany) at 30 °C and
430 rpm. The semi-defined production medium in the
batch bioreactor contained 30 g L™' glycerol, 0.23 g L'
K,HPO,, 0.51 g L™' NH,CI, 49.8 mg L' MgCl,,
48.1 mg L' K,S04, 1.52 mg L™ FeSO,, 0.055 mg L'
CaCl,, 2.93 g L' NaCl, 0.72 g L ™! tricine, 10 g L ™" yeast
extract, 10 mM NaHCO;, 0.2 uM cyanocobalamin

(vitamin Bj,) and 1000th dilution (i.e., 1 mL L™') trace
elements (2.86 g L' H;BOs, 1.81 g L' MnCl,+4H,0,
0.222 g L' ZnSO4+7H,0, 0.39 g L™ Na,MoO,4+2H,0,
79 ug L' CuSO4+5H,0, 49.4 pg L' Co(NO5),*6H,0)
(Neidhardt et al. 1974), appropriate antibiotics, and sup-
plemented with 0.1 mM isopropyl (3-D-1-thiogalactopy-
ranoside (IPTG). For fed-batch cultivation, the production
strain was first cultivated in a batch mode, as described
above, followed by three feeding phases, in each of which
~15 g L™ glycerol was supplemented for extended culti-
vation until complete glycerol dissimilation. Microaerobic
and semiaerobic conditions were maintained by purging
air into the headspace and bulk culture, respectively, at
0.1 vvm, designated as aeration level I (AL-I) and AL-
II. Aerobic conditions were maintained by sparging air
into the bulk culture at 1 vvm (AL-III) or 2-4 vvm (AL-
IV). The pH of the production culture was maintained at
7.0£0.1 with 30% (v/v) NH4OH and 15% (v/v) H3POy.

Analysis

Culture samples were appropriately diluted with 0.15 M saline
solution for measuring cell density in ODg using a spectro-
photometer (DU520, Beckman Coulter, Fullerton, CA). Cell-
free medium was prepared by centrifugation of the culture
sample at 9000xg for 5 min, followed by filter sterilization
using a 0.2-pm syringe filter. Extracellular metabolites and
glycerol were quantified using high-performance liquid chro-
matography (HPLC) (LC-10AT, Shimadzu, Kyoto, Japan)
with a refractive index detector (RID; RID-10A, Shimadzu,
Kyoto, Japan) and a chromatographic column (Aminex HPX-
87H, Bio-Rad Laboratories, CA, USA). The HPLC column
temperature was maintained at 35 °C, and the mobile phase
was 5 mM H,SO, (pH 2) running at 0.6 mL min'. The RID
signal was acquired and processed by a data processing unit
(Clarity Lite, DataApex, Prague, Czech Republic).

Results
Effects of oxygenic conditions on 3-HV biosynthesis

The propanologenic E. coli with an activated Sbm operon, i.e.,
CPC-Sbm, was used as a host, and a double plasmid system
was employed to express key enzymes in the 3-HV biosyn-
thetic pathway (Fig. 1), including (1) PhaA (encoded by
phaA) and BktB (encoded by bktB) for hetero-fusion of
propionyl-CoA and acetyl-CoA moieties to 3-ketovaerlyl-
CoA, (2) Hbd (encoded by /bd) and PhaB (encoded by
phaB) for reduction of 3-ketovaleryl-CoA to 3-
hydroxyvaleryl-CoA (3-HV-CoA), and (3) TesB (encoded
by fesB) for conversion of 3-HV-CoA to 3-HV. The resulting
engineered strain P3HA31 was used as the control strain for
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bioreactor cultivation for 3-HV production. Note that these
enzymes also have the activity toward their C4 counterpart
species in all steps of the engineered pathway (Fig. 1),
resulting in the co-production of 3-HB and 3-HV. Several
major metabolic pathways are involved for 3-HV biosynthesis
in E. coli, including those for glycerol dissimilation, TCA
cycle, Sbm fermentation, and 3-hydroxyacid biosynthesis
(Fig. 1). These metabolic pathways, along with cell growth,
can be sensitive to cultivation conditions in different levels.
Specifically, the oxygenic condition could critically affect di-
rection of the dissimilated carbon flux from the TCA cycle to
the Sbm pathway for 3-HV biosynthesis. To investigate such
oxygenic effects, batch cultivation of the control strain
P3HA31 in a bioreactor was subject to three levels of aeration,
i.e., AL-I, AL-II, and AL-1II (from low to high).

The aeration level had major physiological and meta-
bolic effects on P3HA31 (Fig. 2). Under AL-I, glycerol
consumption and cell growth were significantly retarded
with only 15.8 g L' glycerol being dissimilated after
39 h and the maximal cell density reaching only 8.0
ODggpg. On the other hand, glycerol dissimilation was
rather effective and complete under both AL-II and AL-
III, with the final cell density reaching 17.6 and 18.4
ODgqp, respectively. The enhanced cell growth appeared
to be in line with 3-HB production, i.e.,, 1.68 g Lt
(18.7% yield) under AL-I, 4.92 g L' (26.1% yield) un-
der AL-II, and 5.21 ¢ L' (28.1% yield) under AL-IIL.
However, the time profiles of acetate formation, which
could potentially reflect cell physiology, were different
under these three aeration conditions. There was a signif-
icant acetate accumulation toward the end of P3HA31
cultivation under AL-I, suggesting a potential carbon spill
at the acetyl-CoA node upon the growth arrest, whereas
the secreted acetate was subsequently dissimilated for
P3HA31 cultivation under AL-II. However, acetate accu-
mulation reappeared for P3HA31 cultivation under AL-IIT
even though there was no growth arrest. On the other
hand, it appears that the level of Sbm fermentation was
highly dependent on the oxygenic condition as the pro-
duction of 3-HV and odd-chain metabolites (i.e., 1-
propanol, propionate, and 3-HV) in P3HA31 increased
with a reduced oxygen availability. Note that trace
amounts of 1-propanol and succinate were even present
under AL-I. While the 3-HV titers were rather similar for
P3HA31 cultivations under AL-I and AL-II, the 3-HV
yield of the cultivation under AL-I was 2.3-fold that un-
der AL-IL. In addition, the yield of odd-chain metabolites
was 28.4% and 7.92% under AL-I and AL-II, respective-
ly. Interestingly, no 3-HV or any odd-chain metabolite
was detected under AL-III, implying that the Sbm path-
way activity was minimal in P3HA31 under aerobic con-
ditions. The results suggest that, although the Sbm fer-
mentation was favored by anaerobiosis, the associated
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poor glycerol dissimilation and cell growth could limit
the overall cultivation performance for 3-HV production.

Strain engineering for 3-HV biosynthesis
under microaerobic conditions

To alleviate ineffective glycerol dissimilation and cell growth
in P3HA31 under AL-I, we derived a single-knockout mutant
P3HA31AsdhA in which the oxidative TCA cycle was
inactivated (Fig. 3), achieving faster glycerol consumption
(31.2 g L™" glycerol dissimilated in 36 h) and higher cell
density (12.2 ODggp). With these physiological improve-
ments, P3HA31AsdhA produced nearly 2-fold 3-HV titer with
an overall 3-HV yield comparable to P3HA31 under AL-L
Interestingly, cultivation of P3HA31AsdhA under AL-III led
to seriously defective carbon dissimilation (consuming only
6.24 g L ™! glycerol after 23 h cultivation), cell growth (final
cell density of 7.61 ODg(), and metabolite production (no 3-
HYV and other odd-chain metabolites). The secreted acetate in
P3HA31AsdhA under AL-III accounted for 87% of dissimi-
lated glycerol, which is more than 5-fold that in P3HA31
under the same aeration condition, implying a serious carbon
spill associated with the stressful cell physiology. These re-
sults suggest that the dissimilated carbon flux was directed
from the TCA cycle to the Sbm pathway for 3-HV biosynthe-
sis via the reductive TCA branch under microaerobic condi-
tions, and such carbon flux channeling became more effective
upon inactivating the oxidative TCA cycle.

We further explored the 3-HV biosynthetic capacity in
P3HA31AsdhA under AL-I by extending the existing batch
culture with three pulse glycerol feedings (i.e., feeding 1-3),
each at 15 g L' (Fig. 4). While there was no cell growth
during the three feeding phases, cells continued to consume
glycerol to form various metabolites. The 3-HV and odd-chain
yields (i.e., combined yields of 3-HV, propionate, and 1-
propanol) remained relatively constant (around 5-7%),
whereas the 3-HB yield continuously increased (from 10.4
to 31.5%) throughout the entire fed-batch cultivation, achiev-
ing final titers of 3.08 g L™' 3-HVand 7.19 g L' 3-HB. Note
that, in addition to a significant carbon spill in terms of acetate
accumulation (15.0 g L), there was an uncommon and rela-
tively high-level formation of succinate and malate (up to 3.22
and 7.5 g L', respectively) during the three feeding phases.

Strain engineering for 3-HV biosynthesis
under aerobic conditions

While it is desirable to cultivate E. coli acrobically for effec-
tive carbon utilization and cell growth, 3-HV biosynthesis was
retarded in P3HA31 under AL-III likely due to insufficient
carbon diversion from succinate/succinyl-CoA node, leading
to shortage of propionyl-CoA. Hence, we explored metabolic
direction of dissimilated carbon flux from the TCA cycle to
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Fig. 2 Physiological effects of varying aeration levels on 3-HV produc-
tion in P3HA31. Time profiles of a cell growth (ODgq0), b glycerol
consumption and metabolite production, and ¢ percentage of 3-HB/3-
HV/odd-chain metabolites theoretical yield based on consumed glycerol.
AL-I, aeration level I; AL-II, aeration level II; and AL-III, aeration level
II1. Error bars represent + SD from the mean of two replicates. “Measured

the Sbm pathway via the glyoxylate shunt, which is metabol-
ically active under aerobic conditions upon consumption of
acetate/fatty acids (Cheng et al. 2013). To do this, we mutated
icIR (encoding a repressor regulating the glyoxylate shunt) to
derive P3HA31Aic/R with a deregulated glyoxylate shunt
(Fig. 5). Compared with the control strain P3HA31,
P3HA31AicIR had slightly improved glycerol dissimilation and
cell growth under AL-III with the production of various metabo-
lites, including 4.44 g L' 3-HB, 0.61 g L' 3-HV, and 0.89 g ™"
propionate. In addition, the yield of odd-chain metabolites was
approximately 7%, suggesting that the glyoxylate shunt was func-
tional to supply succinate/succinyl-CoA as the precursor into the
Sbm pathway. Interestingly, much more dissimilated carbon flux
could be directed from the TCA cycle to the Sbm pathway upon
combining the two mutations in the double mutant
P3HA31AsdhAAiclR, significantly enhancing the production of
3-HV (1.83 g L") and propionate (6.52 g L") under AL-IIL. Note
that the yield of odd-chain metabolites for PZHA31AsdhAAicIR
was approximately 5-fold that for PZHA31Aic/R. Also, there was
hardly any carbon spill in terms of acetate secretion, implying
effective carbon utilization and minimal physiological stress upon
aerobic cultivation of P3HA31AsdhAAicIR. Compared with

cell density (ODgq0) throughout cultivation period using spectrophotom-
eter, time 0 h cell density (i.e., at the induction of IPTG) was in the range
of 1.5-2.0. "Defined as the percentage of the 3-HB/3-HV/odd-chain me-
tabolites theoretical yield based on the consumed glycerol. Odd-chain
metabolites include 3-HV, propionate, and 1-propanol. NA, not
applicable

P3HA31AiclR, the increased 3-HV production occurred simulta-
neously with the reduced 3-HB production for
P3HA31AsdhAAiclR under AL-III, suggesting that the significant
carbon flux direction was associated with not only the operational
glyoxylate shunt but also disrupted oxidative TCA cycle.

Fed-batch cultivation for high-level 3-HV production
under aerobic conditions

To explore the full capacity of P3HA31AsdhAAicIR for 3-HV
production, we conducted fed-batch cultivation under AL-III
(Fig. 6). Basically, there was no further cell growth and most
cells remained viable and metabolically active in all the three
feeding phases. In the feeding 1 phase, the additional glycerol
was effectively utilized for metabolite production with the
overall yields for 3-HB, 3-HV, and odd-chain metabolites
reaching 56.7%, 23.3%, and 45.5%, respectively.
Interestingly, the sum of 3-HB and odd-chain metabolite
yields achieved ~ 100%, suggesting that metabolite produc-
tion was extremely effective with no carbon spill. The subse-
quent feeding 2 and 3 phases displayed a steady decrease in 3-
HYV (as well as 3-HB and propionate) production, reflected by
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Fig. 3 Disruption of sdhA in P3HA31 for 3-HV production under AL-I
and AL-III. Time profiles of a cell growth (ODgq), b glycerol consump-
tion and metabolite production, and ¢ percentage of 3-HB/3-HV/odd-
chain metabolites theoretical yield based on consumed glycerol. Error
bars represent + SD from the mean of two replicates. “Measured cell

monotonically decreasing 3-HV (and 3-HB and odd-chain
metabolite) yields. The decreasing capacity for metabolite
production occurred simultaneously with persistent acetate
secretion, which started at the end of feeding 1 and reached
ahigh level of 12.3 g L™" at the end of feeding 3. Such drastic
carbon spill suggested that cells experienced deteriorated
physiology, limiting the overall cultivation performance.
Nevertheless, the final 3-HV, 3-HB, and propionate titers of
the fed-batch cultivation under AL-III reached 7.3 g L
113 gL', and 11.9 g L', respectively. To reduce acetate
secretion, we conducted another similar fed-batch cultivation
by increasing the air flowrate into the bulk culture to 2 vvm
during the initial batch stage and then to 4 vvm during the
three feeding phases (AL-IV) (Fig. 7). The initial batch stages
for the two fed-batch cultures under AL-III and AL-IV be-
haved similarly in cell growth and metabolite production.
However, as opposed to the AL-III fed-batch culture, cell
density further increased in the feeding 1 phase under a higher
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density (ODgqg) throughout cultivation period using spectrophotometer,
time 0 h cell density (i.e., at the induction of IPTG) was in the range of
1.5-2.0. ®Defined as the percentage of the 3-HB/3-HV/odd-chain metab-
olites theoretical yield based on the consumed glycerol. Odd-chain me-
tabolites include 3-HV, propionate, and 1-propanol. NA, not applicable

aeration rate of AL-IV. The glycerol dissimilation rate during
the three feeding phases also increased under AL-IV, reducing
the overall cultivation time from 118 to 98 h. Most important-
ly, the production of key metabolites significantly improved
with a much reduced carbon spill. The most effective metab-
olite production period occurred in the feeding 2 phase, with
the overall yields for 3-HB, 3-HV, and odd-chain metabolites
reaching 43.4%, 36.5%, and 54.7%, respectively. Note that
the sum of 3-HB and odd-chain metabolite yields also
achieved ~ 100%. Compared with the AL-IIT fed-batch cul-
ture, the onset of acetate secretion of the AL-IV fed-batch
culture was delayed to the early feeding 2 phase and acetate
reached a lower level of 8.1 g L™ at the end of feeding 3. The
final 3-HV, 3-HB, and propionate titers of the AL-IV fed-
batch culture reached high levels of 10.6 g L', 11.3 g L™,
and 12.7 g L equivalent to overall yields of 18.8%, 22.8%,
and 18.1%, respectively. To the best of our knowledge, the
current report represents the most effective bio-based
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production of 3-HV to date using structurally unrelated carbon
sources.

Discussion

Several physiological and metabolic factors can potentially
affect 3-HV production, including cell growth (and glycerol
dissimilation), intracellular abundance of propionyl-CoA as a
key precursor, and metabolic activity of the hydroxyacid bio-
synthetic pathway. Our results suggest that the first two, but
not the third one, were highly sensitive to the oxygenic con-
dition of the culture. While the Sbm fermentation was favored
by anaerobiosis, reflected by a higher odd-chain yield for
P3HA31 under AL-I than that under AL-II or AL-III, the
low oxygenic level retarded cell growth, resulting in a high

carbon spill. The acetate accumulation could also limit carbon
flux toward the reductive TCA branch at the PEP node
(Fig. 1), which was identified as the major route for dissimi-
lated carbon being directed toward the Sbm pathway
(Srirangan et al. 2016b). The two issues of retarded cell
growth and high acetate secretion were simultaneously re-
solved upon marginally increasing the oxygenic level through
cultivation of P3HA31 under AL-II. However, the resolution
was at the expense of a reduced propionyl-CoA level,
reflected by significantly lower 3-HV and odd-chain yields
for the AL-II culture, compared with the AL-I culture.
Further increasing the oxygenic level upon cultivation of
P3HA31 under AL-III abolished the production of 3-HV and
other odd-chain metabolites though cell growth was effective,
implying that more dissimilated carbon flux upon glycolysis
was directed toward the acetyl-CoA node rather than the PEP
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for 3-HV production under AL-III conditions. Time profiles of a cell
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based on consumed glycerol. Error bars represent + SD from the mean of

node into the reductive TCA branch. Consistently, acetate
accumulated more under AL-III potentially due to an in-
creased level of acetyl-CoA. On the other hand, the metabolic
activity of 3-hydroxyacid biosynthetic pathway was minimal-
ly affected by the oxygenic condition as the sums of the over-
all 3-HV and 3-HB yields were approximately the same for the
three P3HA31 cultures, i.e., 27.0%, 29.5%, and 28.1% for
AL-L, AL-II, and AL-III, respectively (Fig. 2), suggesting that
3-hydroxyacids can be effectively produced under both aero-
bic and anaerobic conditions.

As succinate (and, therefore, succinyl-CoA) is a key pre-
cursor predating the Sbm pathway, the level of the Sbm fer-
mentation can depend on the supply of succinate. Intracellular
formation of succinate can be achieved via three oxygen-
dependent pathways, i.e., (i) reductive TCA branch (i.e., re-
verse TCA cycle), (ii) oxidative TCA cycle, and (iii)
glyoxylate shunt (Cheng et al. 2013). Normally, succinate
accumulates as an end-product of mixed acid fermentation
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two replicates. *Measured cell density (ODgg) throughout cultivation
period using spectrophotometer, time 0 h cell density (i.e., at the induction
of IPTG) was in the range of 1.5-2.0. ®Defined as the percentage of the 3-
HB/3-HV/odd-chain metabolites theoretical yield based on the consumed
glycerol. Odd-chain metabolites include 3-HV and propionate

in E. coli via the reductive TCA branch which is activated
under anaerobic conditions (Cheng et al. 2013; Thakker
et al. 2012). Although the reductive TCA branch can poten-
tially yield high-level succinate, its metabolic activity for bio-
synthesis is often limited by the availability of reducing equiv-
alents (i.e., NADH) (Skorokhodova et al. 2015). Under aero-
bic conditions, succinate is normally used up as an intermedi-
ate of the oxidative TCA cycle without accumulation, except
for the conditions of oxidative stress and/or acetate/fatty-acid
consumption under which succinate can be aerobically de-
rived via an operational glyoxylate shunt (Cheng et al. 2013;
Thakker et al. 2012). Glyoxylate shunt can provide
anaplerotic reactions and bypass the CO,-producing steps in
the oxidative TCA cycle, thereby conserving carbon atoms for
the cell (Gottschalk 1986; Kornberg and Madsen 1957).
Given that succinate is involved in the central metabolism,
manipulation of carbon flux around this C4-dicarboxylate
can be challenging due to high oxygen sensitivity for its
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production. Therefore, proper operation of the TCA cycle can
effectively direct dissimilated carbon flux toward the Sbm
pathway to form propionyl-CoA.

By inactivating the oxidative TCA cycle in P3HA31AsdhA
under microaerobic conditions, more dissimilated carbon flux
could be channeled to the Sbm pathway via the reductive TCA
branch to form propionyl-CoA. While cell growth and 3-HV
biosynthesis under microaerobic conditions were enhanced
compared with the control strain P3HA31, significant carbon
spill still existed in P3HA31AsdhA particularly during fed-
batch cultivation. Such unfavorable culture conditions even
resulted in uncommon and significant accumulation of TCA
metabolites of malate and succinate, potentially associated
with reduced enzyme activities of FumB and SucCD in the
reductive TCA branch and, consequently, limited the carbon
flux channeling to the Sbm pathway.

Under aerobic conditions such as AL-III, the control strain
P3HA31 primarily operated the oxidative TCA cycle for res-
piration. Thus, inactivating the TCA oxidative cycle in
P3HA31AsdhA under AL-III significantly retarded cell
growth with limited glycerol dissimilation and metabolite pro-
duction. Substantial inhibition of the TCA cycle under a high
oxygen exposure was previously observed upon disruption of
the succinate dehydrogenase complex in E. coli, resulting in
reduced supply of NADH to the aerobic respiratory chain, and
thus diminished cell growth/metabolic activity (Guest 1981;
Steinsiek et al. 2011). Glyoxylate shunt could serve as an
alternative route to drive the TCA cycle under aerobic condi-
tions (Negre et al. 1992; Sunnarborg et al. 1990), and dereg-
ulation of the glyoxylate shunt via the ic/R mutation in
P3HA31 could potentially enhance the metabolic activity of
this pathway, resulting in not only vigorous cell growth but
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also metabolite biosynthesis. Note that the final 3-HB and 3-
HYV titers for PZHA31Aic/R went up to 4.44 and 0.61 g L,
respectively, equivalent to 26.3% and 3.2% yields, suggesting
that 3-hydroxyacid biosynthesis was quite active under AL-
II. The production of propionate and 3-HV, though with a
decent overall odd-chain yield of 6.9%, suggested that the
Sbm pathway was active in P3HA31Aic/R under AL-IIL. In
comparison to higher odd-chain yields obtained under more
anaerobic conditions, the relatively low odd-chain yield for
P3HA31AicIR under AL-III was primarily associated with
the active TCA oxidative cycle, which caused a carbon flux
diversion at the succinate node. Importantly, the flux diversion
could be prevented with enhanced production of the odd-
chain metabolites by simultancous knockout of sdhA and
icIR in P3HA31. Up to 6.52 g L' propionate and 1.83 g L™!
3-HV, equivalent to an overall odd-chain yield at 35.0%, were
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produced in P3HA31AsdhAAiclR under AL-III, suggesting
that more dissimilated carbon flux was successfully directed
from the TCA cycle to the Sbm pathway. Such carbon flux
channeling hardly occurred when the oxidative TCA branch
was functional, resulting in no production of odd-chain me-
tabolites in the control strain P3HA31 under AL-III. The se-
verely retarded glycerol dissimilation and cell growth for
P3HA31AsdhA could be complemented by the ic/R mutation,
suggesting that both the oxidative TCA cycle and glyoxylate
shunt contributed to active TCA operation for sustained cell
growth under AL-IIL. Our results also suggested that the dis-
similated carbon flux was directed from the TCA cycle to the
Sbm pathway via glyoxylate shunt and reductive TCA branch
rather than oxidative TCA branch. Furthermore, the sum of 3-
HB and 3-HV yields was somewhat lower in
P3HA31AsdhAAiclR (21.3%) than P3HA31Aic/R (29.5%),
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and such reduction was primarily associated with an effective
propionate production in P3HA31AsdhAAic/R than reduced
3-hydroxyacid biosynthesis. Finally, it is noteworthy that the
secreted acetate could be dissimilated in P3HA31Aic/R to-
ward the end of batch cultivation and acetate was not even
secreted in P3HA31AsdhAAiclR, suggesting that the en-
hanced glyoxylate shunt with a disrupted oxidative TCA cycle
could facilitate not only acetyl-CoA utilization, thereby reduc-
ing carbon spill, but also carbon direction from the TCA cycle
to the Sbm pathway for biosynthesis of odd-chain metabolites.
As the Sbm fermentation still occurred under AL-III for
P3HA31AsdhAAiclR, the lack of 3-HV production in the
control strain P3HA31 under AL-III was primarily associated
with the shortage of succinate precursor and inactive
glyoxylate shunt for the carbon flux direction.

Using the engineered strain P3HA31AsdhAAiclR, we
further demonstrated its high capacity for producing both
3-HV and 3-HB through fed-batch cultivation under aero-
bic conditions of AL-III and AL-IV. In particular, during
certain feeding stages, such as feeding 1 under AL-III and
feeding 2 under AL-IV, metabolite production was ex-
tremely effective with no carbon spill, and a total 3-
hydroxyacid yield of ~80% was achieved. It is worth
highlighting that the metabolite-producing capacity was
actively maintained throughout most of the three feeding
phases of both fed-batch cultures. Nevertheless, 3-
hydroxyacid production was limited by carbon spill to-
ward acetogenesis particularly during the feeding 2 and
3 phases in the AL-III fed-batch culture, resulting in
high-level acetate secretion. Such carbon spill was shown
to be associated with oxygen limitation since increasing
the aeration rate in the AL-IV fed-batch culture could
significantly reduce acetate secretion with enhanced 3-
HYV production. It was previously reported that increasing
the culture aerobicity can potentially enable cells to recy-
cle accumulated acetyl-CoA (thereby reduce acetate for-
mation) for biosynthesis through enhanced glyoxylate
shunt, which involves acetyl-CoA as a co-substrate and
is typically active under aerobic conditions (Ahn et al.
2016; Renilla et al. 2012). Nevertheless, complete elimi-
nation of acetate during aerobic growth of E. coli can be a
rather difficult task due to physiological challenges of
overflow metabolism (data not shown).

In summary, our results suggest that the Sbm pathway can
be metabolically active under both anaerobic and aerobic con-
ditions for 3-HV to be produced. In addition, the production of
3-HV (and other odd-chain metabolites derived from propio-
nyl-CoA) can be critically limited by the level of the dissim-
ilated carbon flux directed from the TCA cycle to the Sbm
pathway, and such carbon flux direction can be enhanced by
manipulation of key TCA genes (i.e., sdhA and ic/R) in the 3-
HV-producing cell and proper control of the oxygenic condi-
tion in the bacterial culture.
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