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Summary

Obligate methanotrophic bacteria can utilize
methane, an inexpensive carbon feedstock, as a sole
energy and carbon substrate, thus are considered as
the only nature-provided biocatalyst for sustainable
biomanufacturing of fuels and chemicals from
methane. To address the limitation of native C1
metabolism of obligate type | methanotrophs, we
proposed a novel platform strain that can utilize
methane and multi-carbon substrates, such as glyc-
erol, simultaneously to boost growth rates and
chemical production in Methylotuvimicrobium alcali-
philum 20Z. To demonstrate the uses of this con-
cept, we reconstructed a 2,3-butanediol biosynthetic
pathway and achieved a fourfold higher titer of 2,3-
butanediol production by co-utilizing methane and
glycerol compared with that of methanotrophic
growth. In addition, we reported the creation of a
methanotrophic biocatalyst for one-step bioconver-
sion of methane to methanol in which glycerol was
used for cell growth, and methane was mainly used
for methanol production. After the deletion of genes
encoding methanol dehydrogenase (MDH), 11.6 mM
methanol was obtained after 72 h using living cells
in the absence of any chemical inhibitors of MDH
and exogenous NADH source. A further improve-
ment of this bioconversion was attained by using
resting cells with a significantly increased titre of 76
mM methanol after 3.5 h with the supply of 40 mM
formate. The work presented here provides a novel
framework for a variety of approaches in methane-
based biomanufacturing.
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Introduction

The increasing threat posed by climate change as a
result of combustion of fossil fuels has drawn much
attention to bio-based production of value-added chemi-
cals and fuels. Methane is among the most potent
greenhouse gases, with a short-term global warming
potential much greater than that of CO, (Clomburg et al.,
2017, Hwang et al., 2018). On the contrary, methane is
the main component of natural gas and biogas, and its
high availability and low cost make it a promising carbon
substrate for industrial biotechnology (Haynes and Gon-
zalez, 2014; Strong et al., 2016). Methanotrophic bacte-
ria can utilize methane as a sole carbon and energy
source, giving them the potential to serve as promising
hosts for methane sequestration and conversion to
diverse biofuels and chemical intermediates (Nguyen
et al., 2020a). Despite many attempts to employ methan-
otrophic bacteria as biocatalysts for methane bioconver-
sion, many technical challenges and limitations to our
fundamental knowledge remain to be addressed to this
important microbial group (Peyraud et al., 2011, Kalyuzh-
naya et al., 2015). Recent efforts to engineer methan-
otrophs have successfully produced some chemicals
and fuels, but only at titres and productivity levels far
below those required by industry (Nguyen et al., 2018).
Novel engineering strategies are therefore required.

In silico simulation of genome-scale metabolic models
in methanotrophs suggests that the reason for the lower
yields of target products is not only due to the low effi-
ciency of methane assimilation but also the unbalanced
reducing equivalents used in methane oxidation by
methane monooxygenase (Akberdin et al., 2018, Bordel
et al., 2019). In the other hand, although methane is the
most reduced carbon, the supply of electrons from
methane to the production of reduced products is limited
due to the electron requirements for oxygen splitting dur-
ing methane oxidation to methanol (Haynes and Gonza-
lez, 2014). Moreover, the redox-neutral conversion of
methane to formaldehyde in methanotrophs results in a
36% energy loss which causes slow growth and low cell
yield of methanotrophs on methane (Haynes and Gonza-
lez, 2014). In addition, the oxidative phosphorylation
under aerobic conditions competes reducing power pool
in the form of NADH against reduced fuels and
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chemicals biosynthesis (Bennett et al., 2018). One pos-
sible solution to overcome this issue is to introduce
methane utilizing pathway in fast-growing bacteria like
E. coli in which sugar substrate metabolism might supply
reducing power for reduced products. Even though many
efforts have been made to heterologously express
methane monooxygenase, methanol dehydrogenase,
formaldehyde dehydrogenase in a non-native host, this
approach faces engineering challenges for chemicals
production due to the difficulties in operation of a
methanotrophic  lifestyle  involving  multiple-enzyme
expression levels, gene regulation and autocatalytic
cycle constraints (West et al., 1992, Woolston et al,,
2018, Kim et al., 2019, Keller et al., 2020). To date, no
heterologous host strain can replace methanotrophic
bacteria to efficiently utilize methane as a carbon source
for cell growth and production. Therefore, it is important
to reconstruct co-metabolism of another reduced sub-
strate together with methane in methanotrophs to boost
bacterial growth and provide extra reducing power pool
to production of reduced fuels and chemicals.

Enabling methanotrophs as a novel ‘platform strain’ for
production of fuels and chemicals in a more reduced
state by co-utilizing methane and reduced multi-carbon
substrates would not only increase growth rates, but also
provide reducing equivalents to enhance the yields of
fuels and chemicals in a more reduced state. The
reduced multi-carbon substrate should be inexpensive
and abundant in order to be economically feasible sub-
strate. In the current context, glycerol, a by-product of
biodiesel production, is a suitable candidate. As biodie-
sel production increases, crude glycerol as 10% of the
total production is generated (He et al., 2017). In fact,
the global annual production of glycerol is estimated to
reach about 4.2 million tons in 2020, and while the
demand for glycerol is predicted to be less than 3.5 mil-
lion tons (Li et al., 2018, Nomanbhay et al., 2018), this
makes crude glycerol simply industrial waste which not
only reduces market price but also causes environmental
issue. In addition to its high abundance and low cost,
high reduced level of glycerol compared with other sug-
ars can deliver more reducing equivalents for a meta-
bolic system (Durnin et al., 2009, Zhang et al., 2013).
Moreover, crude glycerol contains a significant level of
methanol (Yang et al., 2012, He et al., 2017), which can
also be utilized by methanotrophs. It would be advanta-
geous if methanotrophs could utilize crude glycerol with-
out extra purification cost. Thus, the development of
methanotrophic platform strain capable of utilizing
methane and glycerol can address issue on the limitation
of reducing power for the production of target products
in a more reduced state and provide solutions to valorize
waste materials such as waste methane gas and crude
glycerol into value-added products.
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To demonstrate the potential of this conceptual design
for methanotrophic platform strain, two distinct categories
are illustrated in this study. For the first category, we
demonstrated that efficient utilization of glycerol as the
co-substrate could provide extra reducing power for
enhancing reduced product formation. To meet this
objective, we reconstructed a mixed heterotrophic mode
in Methylotuvimicrobium alcaliphilum 20Z for co-metabo-
lism of methane and glycerol to enhance the growth rate
and productivity of 2,3-butanediol as a model compound
that requires additional NADH in the biosynthetic path-
way. For the second category, co-substrate, glycerol,
plays a growth-supporting role that results in the novel
framework for the bioconversion of methane to methanol.
In this approach, we took advantages of methane
monooxygenase machinery for alkane oxidation reaction,
not whole C1 assimilation metabolism. In this platform
strain, glycerol was utilized to sustain cell growth, while
methane was directly converted to methanol with com-
plete removal of methanol dehydrogenase (MDH) to pre-
vent further oxidation. In the conventional approach of
methane-to-methanol bioconversion, various chemical
inhibitors should be added to inhibit MDH, which also
inhibit other key enzymes for bioconversion and increase
process cost. In our engineered strain, we completely
deleted genes encoding MDH that enabled the methane-
to-methanol bioconversion without addition of any chemi-
cal inhibitor. This study proposes a promising engineer-
ing strategy for development of an efficient
methanotrophic biocatalyst for sustainable methane-
based biorefinery.

Results and discussion

Establishing the effective glycerol-utilizing strain of M.
alcaliphilum 202

Two alternative pathways have been proposed for glyc-
erol utilization in E. coli, one involving the GlpK-GlpD
route under respiratory conditions (Booth, 2005) and the
other comprising the GIpA-DhaK route under fermenta-
tive conditions (Gonzalez et al., 2008). Glycerol crosses
the cell membrane by passive diffusion or via a glycerol-
uptake facilitator such as GIpF (Voegele et al., 1993,
Maurel et al., 1994). For the respiratory pathway, glyc-
erol is phosphorylated by glycerol kinase (GIpK) to form
glycerol 3-phosphate (G3P), which is then oxidized to
dihydroxyacetone phosphate (DHAP), simultaneously
generates FADH, by membrane-bounded FAD'-depen-
dent G3P dehydrogenase (GlpD) and transfers electron
to quinone pool in electron transport chain (Booth,
2005). The GlpA-DhaK route is the preferred respiratory
pathway for glycerol utilization in terms of providing
excess reducing equivalents. Glycerol is dehydrogenated
to dihydroxyacetone, and NAD" is reduced to NADH by
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NAD"-dependent glycerol dehydrogenase (GlpA). DHA
is then phosphorylated by ATP- or PEP-dependent DHA
kinases (DhaK) to generate DHAP (Gonzalez et al.,
2008).

M. alcaliphilum 20Z is an obligate methanotrophic bac-
terium that is naturally unable to utilize multi-carbon sub-
strates (Akberdin et al., 2018). The strain also does not
possess a pathway for glycerol utilization or a glycerol
repressor (GIpR). In fact, the wild-type strain was cul-
tured on 0.1% (v/v) glycerol as a sole carbon source;
however, no growth was observed (Fig. S1). To enable
a synthetic glycerol-utilizing pathway in M. alcaliphilum
20Z, a glycerol transporter (GlpF), together with both
GlpK-GIpD and GlpA-DhaK routes, has been separately
constructed into a pAWP89 backbone vector under con-
trol of a Py promoter (Fig. 1). In both pathways, cata-
bolic flux of glycerol is expected to be incorporated into
central metabolism at the DHAP node and then bifur-
cated towards the ribulose monophosphate and

Methane,,

tricarboxylic acid cycles via the gluconeogenic and gly-
colytic fluxes as a result of fructose-bisphosphate aldo-
lase (FbaA) and triosephosphate isomerase (Tpi)
activity, respectively (Fig. 1). The results showed that M.
alcaliphilum 20Z strain harbouring a GlpA-DhaK route
did not grow on glycerol. This may be due to the fact
that the GIpA-DhaK route is functionally active in E. coli
under anaerobic conditions; thus, the GlpA-DhaK route
may be inactive under aerobic conditions associated with
cultivation of M. alcaliphilum 20Z. Although glycerol can
be utilized under both aerobic and anaerobic conditions,
the process of co-utilizing glycerol with methane to
enhance growth rates and productivity needs to be car-
ried out under aerobic conditions because of methane
oxidation, and the fermentative pathway is not suitable
for methanotrophs in this context. Unlike the GIpA-DhaK
route, growth of the engineered strain (20Z_FKD) with
GlpK-GIpD routes was observed in 0.1% (v/v) glycerol,
with a relatively low optical cell density (ODggoo) of 0.3
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Fig. 1. Metabolic engineering strategy of 2,3-BDO production by co-utilization of methane and glycerol using engineered M. alcaliphilum 20Z.
Two pathways are proposed for glycerol utilization in methanotrophs, involving the GlpK-GlpD route and the GlpA-DhaK route. Glycerol crosses
the cell membrane by passive diffusion or via a glycerol-uptake facilitator (GIpF). In cells, glycerol is incorporated into central metabolism as
dihydroxyacetone phosphate (DHAP), a metabolite that can participate in both gluconeogenic and glycolytic processes. Both pathways were
constructed in a pAWP89 vector under control of the Py, promoter. For 2,3-BDO production, three-gene cluster budABC encoding acetolactate
decarboxylase (BudA), acetolactate synthase (BudB) and acetoin reductase (BudC) were integrated into the chromosome of M. alcaliphilum
20Z under control of Py, promoter. Ru5P: ribulose 5-phosphate, H6P: hexulose 6-phosphate, F6P: fructose 6-phosphate, KDPG: 2-keto-3-
deoxy 6-phosphogluconate, F1,6BP: fructose 1,6-bisphosphate, DHAP: dihydroxyacetone phosphate, G3P: glyceraldehyde 3-phosphate, PEP:
phosphoenolpyruvate, OAA: oxaloacetic acid, G3P (convert from glycerol): glycerol 3-phosphate, DHA: dihydroxyacetone. ICM: intracytoplasmic

membrane.
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after 40 h (Fig. S1). Previously, the poor growth on glyc-
erol of some bacteria was also reported, and it was sug-
gested that this glycerol utilization pathway might be
toxic for cells due to unbalanced redox power (Kang
et al., 2014), allosteric inhibition (Applebee et al., 2011,
Zhan et al.,, 2018) or intermediate toxicity (Rittmann
et al.,, 2008). In E. coli, the glpFK operon is tightly con-
trolled by the Glp repressor, which is not present in M.
alcaliphilum 20Z, and expression of two-gene cluster
glpFK may not be the main reason for poor growth on
glycerol in this engineered strain (Weissenborn et al.,
1992). It has been inferred that conversion of G3P to
DHAP is a rate-limiting step because of unfunctional
expression of a recombinant, membrane-binding
enzyme, FAD"-dependent GIpD, in an ultrastructure
membrane system of methanotrophs due to saturation of
the capacity of the Sec-translocon in native strain
(Zhang et al., 2015). It has been reported that accumula-
tion of G3P inhibits cell growth under high activity of
glycerol kinase, a cytoplasmic enzyme (Applebee et al.,
2011). In addition, DHAP was excluded because this is
a branch point in central metabolism of methanotrophs,
and cells have mechanisms that convert further DHAP.
Therefore, to improve carbon flux for biomass synthesis,
generate reducing equivalents, especially NADH, and
enhance oxidation of G3P to DHAP, it was necessary to
express another alternatively soluble enzyme. We found
a version of NAD'-dependent G3P dehydrogenase
(GpsA) that is encoded by gpsA gene from M. alcaliphi-
lum 20Z (MEALZ_0434). This gene was co-overex-
pressed with three genes gIpFKD, resulting in the
20Z_FKDA strain, which exhibited a higher growth rate
on glycerol than in 20Z_FKD, reaching a final ODggo Of
1.4 and consuming ~ 1 g 1= glycerol (Fig. 2A). In sum-
mary, overexpression of gpsA gene along with gipFKD
enabled sustainable growth of M. alcaliphilum 20Z on
glycerol. Although enzyme activity of GpsA has not been
assayed in M. alcaliphilum 20Z, the existence of an
orthologous gene in E. coli, as shown by experimental
evidence at the protein level, indicated that G3P can be
converted into DHAP and generate NADH simultane-
ously (Rho and Choi, 2018).

Given that glycerol as an abundant, cheap substrate,
it is significant to screen strains which can grow on the
maximum glycerol concentration to enhance cell growth.
To define allowing elimination for growth and effective
metabolism on glycerol, the 20Z_FKDA strain was cul-
tured on medium containing glycerol concentrations of
0.5% (v/v) and 1% (v/v), but the growth rate was even
lower than that on the 0.1% (v/v) glycerol concentration
and resulted in dead phase earlier than usual (Fig. 2B).
It is inferred that glycerol could significantly influence on
the osmotic potential and inhibit growth (Szymanowska-
Powatowska, 2015). To overcome this issue and adapt
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to increased glycerol concentrations, we deployed adap-
tive laboratory evolution for the 20Z_FKDA strain. After
50 cycles of sub-culturing for adaptive laboratory evolu-
tion, the 20Z_FKDA strain could grow on 1% (v/v) glyc-
erol and achieved a significantly higher growth rate
compared with cells grown on 0.1% (v/v) glycerol after
60 h (Fig. 2C and D).

Improvement of 2,3-BDO production by enabling the
growth of M. alcaliphilum 20Z on mixed substrate of
glycerol and methane

Because of the limited growth rates and low product
yields of methanotrophs on methane compared with
other host strains, commercial production of value-added
compounds is restricted in methanotrophs. In addition to
a systematic approach to improving carbon flux towards
target products, co-utilization of alternative, inexpensive
substrates represents a feasible strategy to achieve high
productivity or yield of desired products. Given its avail-
ability, low prices and a high degree of reduction, glyc-
erol is an ideal feedstock to enhance carbon flux in
building blocks as well as reducing equivalents for
enhancing titre or productivity of value-added chemical
production by methanotrophs.

2,3-BDO is a bulk platform chemical with a variety of
applications in the chemical, plastic, pharmaceutical,
cosmetic and food industries (do Carmo Dias et al.,
2018; Yang and Zhang, 2018). Our previous work
demonstrated a systematic engineering approach for
2,3-BDO production in a triple-mutant strain of M. alcali-
philum 20Z by expressing acetolactate decarboxylase
(BudA), acetolactate synthase (BudB), and acetoin
reductase (BudC) from K. pneumoniae in a plasmid-
based expression system which produced 68.8 mg |- of
2,3-BDO from methane in batch culture (Nguyen et al.,
2018). We also found that NADH supply is a key limiting
step of 2,3-BDO production in engineered M. alcaliphi-
lum 20Z (Nguyen et al., 2018). It is inferred that the
unbalanced reducing equivalents used in methane oxida-
tion by methane monooxygenase cause the low produc-
tivity of compounds that requires additional NADH in the
biosynthetic pathway (Akberdin et al., 2018, Bordel
et al.,, 2019). Utilizing co-substrates that provide extra
reducing power would therefore be a feasible strategy to
compensate the deficiency of reducing power in the
biosynthetic pathway to achieve high productivity or yield
of reduced compounds like 2,3-BDO, lactate, ethanol
and alanine (Durnin et al., 2009, Li et al., 2018). Theo-
retically, 20Z_FKDA strain generates excess NADH by
activity of NAD" glycerol-3 phosphate dehydrogenase
(GpsA), while the last step of 2,3-BDO biosynthesis
requires NADH as a cofactor for conversion of acetoin to
2,3-BDO. The coupling of these reactions can self-

© 2021 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd., Microbial

Biotechnology, 14, 2552—-2565



2556 H.T.Q.Leetal

(a) 1.6

12 4

08

0.4

Bacterial growth (ODeoo)

0 - T T T T
96

Time (h)

120 144

©

Adaptive Laboratory Evolution

NN N

Af\ 1§

Fig. 2. Glycerol utilization of M. alcaliphilum 20Z.

Glycerol concentration (g/L)

—_
2]
—
=
J

=8—20Z_FKDA - 1% (v/v) glycerol
—8—207_FKDA - 0.5% (v/v) glycerol
=o—20Z FKDA - 0.1% (v/v) glycerol

Bacterial growth (ODsoo)

0 T T T T \
0 24 48 72 96 120 144
Time (h)
(D) 101
=—ALE - 0.1% (v/v) glycerol
—8— ALE - 1% (viv) glycerol
g4 =—@—ALE -50% (v/v) methanc

=®= ALE - 1% (viv) methanol
—8=WT_20Z - 50% (v/v) methane

Bacterial growth (ODsoo)

A. Growth rate of glycerol-utilizing strain 20Z_FKDA and glycerol consumption.

B. Effect of glycerol concentrations on growth of the 20Z_FKDA strain.

C and D. Effect of adaptive laboratory evolution on the growth rate of 20Z_FKDA at higher concentration of glycerol. More than 50 repetitions
of sub-culturing for adaptive laboratory evolution were carried out with gradually increased glycerol concentration until reaching 1% (v/v)
~ 10 g I”". Data represent mean and standard derivation (SD) of two independent experimental replicates.

balance intracellular NADH/NAD" ratio which affects the
yield of 2,3-BDO.

To determine whether glycerol does indeed enhance
the reducing power pool in cells, 20Z_FKDA strain was
separately cultured on 50% (v/v) methane, 0.1% (v/v)
glycerol, and co-substrates including 50% (v/v) methane
and 0.1% (v/v) glycerol to quantify cellular concentrations
of NADH, NAD® and NADH/NAD™ ratio. To avoid the
measurement difference of intracellular concentrations of
NADH and NAD" due to the different cell densities, sam-
ples were collected at mid-log phase with the same opti-
cal density. The results showed that cytoplasmic NADH

concentration on co-substrates utilization was 0.21 mM
which was significantly higher than that of sole methane
utilization of 0.17 mM (Fig. 3A). Similarly, NADH/NAD"
ratio significantly increased from 0.59 to 0.93 on methane
and co-substrates utilization, respectively (Fig. 3B). More-
over, a higher concentration of NAD" was observed on
sole methane utilization (Fig. 3A). Obviously, these
results demonstrated that utilization of glycerol could gen-
erate extra cytoplasmic NADH and therefore provide
more reducing power for 2,3 BDO production.

Although plasmid-based heterologous expression was
promising, the metabolic burden and genetic instability of
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the plasmid precluded industrial applications (Rugbjerg
et al., 2018; Rugbjerg and Sommer, 2019). Therefore,
chromosomal integration of heterologous metabolic path-
ways is optimal for industrially relevant fermentation
(Rugbjerg et al., 2018; Rugbjerg and Sommer, 2019).
Moreover, because 20Z_FKDA already harboured an
IncP-based broad-host-range plasmid for expression of
glpF, glpK, glpD, and gpsA genes, we integrated a 2,3-
BDO biosynthesis pathway including three-gene cluster
budABC into the chromosome of M. alcaliphilum 20Z to
circumvent such problems (Fig. 1). The chromosomal
integration was conducted to replace the glgA7 loci. The
2,3-BDO gene cluster from K. pneumoniae under control
of the Py, promoter were amplified from pBudK.p and
subsequently ligated into a pCM351-glgA1 vector, gener-
ating pCM351-budABC. The pCM351-budABC vector
was transformed into M. alcaliphilum 20Z via electropo-
ration, and production of 2,3-BDO was monitored in flask
cultures. The resulting strain produced 17.6 mg I”! 2,3-
BDO in shake flasks after 144 h using methane as a
sole carbon source (Fig. 4B). Likewise, 46 mg 1= 2,3-
BDO was accumulated when glycerol was used as a
sole carbon source. Interestingly, there was a dramatic
increase in growth rate of 20Z_FKDA_budABC with
mixed substrates, compared to that with a single sub-
strate (Fig. 4A). The doubling time of 20Z_FKDA_bu-
dABC strain with mixed substrates was 13 h (specific
growth rate = 0.052 h™), which is twofold faster than that
of the 20Z_FKDA_budABC strain cultured solely on
methane, 28 h (specific growth rate = 0.024 h™') and
1.2-fold faster than that of the 20Z_FKDA_budABC

strain cultured solely on glycerol, 16 h (specific growth
rate = 0.043 h'1). In agreement with this observation, 68
mg |- 2,3-BDO was produced when 20Z_FKDA_bu-
dABC strain cultured on methane plus glycerol after
144 h with 90 mg methane and 2.5 g glycerol were con-
currently consumed for co-utilization (Fig. 4C).

It should be noted that the 2,3-BDO production when
the 2,3-BDO biosynthesis gene cluster was integrated
into the genome was much lower compared to a plas-
mid-based system (Nguyen et al., 2018), probably due
to the lower copy number of the gene of interest on
chromosome compared to the case of a multi-copy
broad-host-range plasmid (Mustakhimov et al., 2016).
Likewise, the transcriptional levels of three genes budA,
budB, and budC via plasmid-based expression might be
quantitatively higher than that of genome-integrated
expression. To assess this assumption, the transcrip-
tional analysis of budA, budB and budC was conducted
to determine the effect of heterologous protein expres-
sion manners. The results showed that the transcrip-
tional level of three genes budA, budB, and budC via
plasmid-based expression was higher than that of gen-
ome-integrated expression with statistical significance
(P < 0.05) (Fig. 5). Therefore, the development of other
replicable plasmids in M. alcaliphilum 20Z is required to
facilitate the metabolic engineering in this particular
strain. Moreover, some systematic approaches including
RBS optimization as well as gene knockout might be
useful for further improvement of 2,3-BDO titre (Nguyen
et al., 2018). By using a similar approach, glycerol also
was co-utilized with carbon dioxide in an obligate
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photoautotrophic cyanobacterium to enhance 2,3-BDO
production, the engineered strain of Synechococcus
elongatus PCC 7942 produced 761 mg 2,3-BDO/L, a
290% increase over the control strain under continuous
light conditions (Kanno and Atsumi, 2017). Although our
titres and productivity levels of 2,3-BDO are still far
below those required by industry, the results demon-
strated a proof of concept for utilizing glycerol as a co-
substrate to enhance the titre of not only 2,3-BDO, but
other industrial chemicals in a methanotroph-based
biorefinery.

Development of one-step biocatalyst for direct
conversion of methane to methanol

Methane-to-methanol conversion has received research
attention due to the demand for sustainable technologies
of gas-to-liquid conversion. Recently, the ‘methanol
economy’ has become a promising alternative solution to
fossil fuels because it is suitable for use in the current
transportation fuel infrastructure, has a greater energy
density, and burns with fewer toxic by-products. Due to
the high bond energies of the C-H bond in methane
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Fig. 5. Comparison of real-time qPCR analysis of budA, budB, and
budC gene expression via plasmid-based expression and genomic-
integrated expression in M. alcaliphilum 20Z. This bar graph repre-

sents the fold changes of gene expression quantified by normaliza-
tion to the RNA polymerase sigma factor rpoD (*P < 0.05, plasmid-
based expression versus genome-integrated expression groups by

Student’s t test). Data represent mean and standard derivation (SD)
of three independent experimental replicates.

among organic substrates, the development of efficient
catalysts for direct conversion of methane to methanol
remains one of the most challenging tasks in catalytic
chemistry (Kamachi and Okura, 2018). Enzyme-
catalyzed oxidation of methane to methanol has several
advantages over thermochemical oxidation reactions,
including higher selectivity, improved process efficiency
and safer, milder reaction conditions and energy sav-
ings, all leading to associated economic benefits (Hwang
et al., 2018).

Conversion of methane to methanol using methan-
otrophs has been considered as an efficient model for
methane liquefaction compared with traditional methods
(Hwang et al., 2018). To date, whole-cell biocatalysts
are a preferred option for bioconversion of methane to
methanol due to the relatively low cost of this method.
In brief, these bioconversions involve culturing cells on
methane during the growth phase and supplying suit-
able bioconversion inhibitors for MDH. It is clear that
accumulation of methanol cannot be achieved by wild-
type methanotrophs because methanol is an intermedi-
ate metabolite in methane metabolism. To prevent oxi-
dation of methanol, MDH inhibitors are absolutely
needed such as phosphate, ethylenediaminetetraacetic
acid, cyclopropanol, and high concentrations of NaCl
(Hwang et al., 2014, Sirajuddin et al., 2014, Miyaji
et al, 2019). Despite being the currently preferred
option, whole-cell biocatalysts suffer from several dis-
advantages, including difficulties at high cell densities,
biphasic growth processes for cell growth, and
methane conversion by the addition of chemical MDH
inhibitors that can also inhibit other key enzymes. On
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the other hand, whole-cell bioconversions require sup-
plemental exogenous NADH to enhance MMO activity
(Haynes and Gonzalez, 2014; Hwang et al., 2014),
reducing its cost-effectiveness at commercial scales
(Weckbecker et al., 2010, Uppada et al.,, 2014). An
endogenous regeneration system of reduced nicoti-
namide cofactors is therefore crucial. Theoretically, uti-
lization of co-substrates including glycerol and
methane can circumvent this issue. To be more pre-
cise, glycerol metabolism in our engineered strain can
generate reducing equivalents in terms of NADH and
FADH,, which deposit their electrons to quinone pool
via complex | of electron transport chain or mem-
brane-bound FAD"-dependent G3P dehydrogenase and
subsequently used to activate particulate methane
monooxygenase (pMMO) (Fig. 6).

Our engineered methanotroph strain possessed
broader metabolic capacities with the expanded sub-
strate spectrum from C1 (methane) to C3 (glycerol) com-
pounds, which endowed a possibility of removing
methanol dehydrogenase that is essential enzyme of C1
metabolism in methanotrophs (Fig. 6). In which, glycerol
was utilized to sustain cell growth and provide reducing
equivalents for pMMO activity, while methane or ethane
was directly converted to methanol or ethanol without
further oxidation. In M. alcaliphilum 20Z, methanol oxida-
tion is catalyzed by the periplasmic pyrroloquinoline qui-
none-linked methanol dehydrogenase including calcium-
dependent MDH and lanthanum-dependent MDH
(Vuilleumier et al., 2012). Genes encoding calcium-de-
pendent MDH, mxaFl, and the lanthanum-dependent
MDH, xoxF from M. alcaliphilum 20Z were completely
knocked out (Fig. S3), resulting in the 20Z_M2 strain. As
we expected, the 20Z_M2 strain no longer grew on C1
substrates (Fig. S2), indicating complete deletion of
methanol dehydrogenase.

We successfully carried out one-step conversion of
methane to methanol using the 20Z_M2 strain without
the addition of any chemical inhibitor of MDH and exoge-
nous NADH. The 20Z_M2 was cultured on medium con-
taining glycerol for 24 h, and methane was introduced to
the headspace at a concentration of 50 % (v/v). As a
result, methanol was accumulated to a concentration of
11.6 mM after 3 days with a vyield of 0.484 ¢
methanol g~' methane (Fig. 7A, Table S2). The metha-
nol production obtained here was higher than methanol
production achieved from whole-cell M. alcaliphilum 20Z
biocatalyst which showed the titre was only 0.022 mM
(Patel et al., 2016).

Even though we successfully demonstrated that bio-
conversion of methane to methanol using microbial cell
factory system without the addition of any chemical
inhibitor of MDH and reducing power-generating
sources such as formate, the vyield of this
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Fig. 6. One-step biological conversion of methane to methanol. To accumulate methanol without using inhibitors, mxaF and xoxF genes of a
glycerol-utilizing strain of M. alcaliphilum 20Z were knocked out to prevent expression of methanol dehydrogenase. To support growth of the
mutant strain, glycerol is used as a co-substrate with methane and plays a main role in cell growth, and methane is directly converted to metha-
nol by pMMO. In addition, glycerol metabolism is proposed to provide reducing equivalents in terms of NADH and FADH,, which deposit their
electrons to quinone pool via other membrane components such as the complex /NADH dehydrogenase (NDH-I) or FAD*-dependent G3P
dehydrogenase and are subsequently used to activate particulate methane monooxygenase (pMMO). UQ: Ubiquinone, UQH,: Ubiquinol, ICM:
intracytoplasmic membrane. Gk: glycerol kinase, FAD-Gpdh: FAD" dependent glycerol 3-phosphate dehydrogenase, NAD-Gpdh: NAD" depen-
dent glycerol 3-phosphate dehydrogenase, Mdh: Methanol dehydrogenase, DHAP: dihydroxyacetone phosphate, G3P: glycerol 3-phosphate.
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Fig. 7. (A) Conversion of methane to methanol using living cells of 20Z_M2 strain cultured in a shake flask. Cells were cultured on glycerol for
24 h; the headspace of the shake flask was refreshed with 50% (v/v) methane every 24 h for 72 h.

B. Conversion of methane to methanol using resting cells of 20Z_M2 strain. The reactions were carried out using 2.29 g DCW I~" (ODggo: 6.8)
resting cell with 30% (v/v) methane in the presence of 40 mM formate, buffer pH 7. Data represent mean and standard derivation (SD) of two
independent experimental replicates.
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bioconversion was rather lower than expected. In gen-
eral, it is difficult to gain theoretical yield due to sev-
eral reasons. Firstly, it should be considered that
methane-to-methanol conversion also requires NADH
as a second substrate while reducing power generated
from glycerol metabolism is not only used for methane
conversion but also for making ATP via electron trans-
port chain to maintain cell metabolism. Even though
methane is captured into cell cytoplasm, but it does
not mean that 100% percentage of methane is trapped
by methane monooxygenase and converted into
methanol due to deficiency of reducing power as well
as the distribution of MMO units on intracytoplasmic
membrane system in case of cell growth on glycerol.
Therefore, supply of reducing equivalents-generating
sources is useful to enhance activity of MMO (Hwang
et al, 2015, Oh et al.,, 2019). Secondly, it might be
due to methanol excretion rate constraint as well as
non-specific oxidation of produced methanol by certain
alcohol dehydrogenases which can convert methanol
to downstream products, although the catalytic effi-
ciency is low compared to methanol dehydrogenase.
Therefore, reaction systems mimicking ideal conditions
such as the cell-free system in the absence of other
enzymes that degrade the product need to be devel-
oped to enhance the yield of products.

To overcome drawbacks from using living cells as a
biocatalyst, we also designed a whole-cell biocatalyst to
convert methane to methanol using non-growing resus-
pended cells or resting cells of 20Z_M2 strain. This
approach could support facilitating product separation or
preventing secondary reactions or undesired metabolites
during cell growth, which could affect the bioconversion
(Jackson et al.,, 2019). To do this, mutant cells were
firstly cultured on glycerol to gain high optical density,
and then, resting cells were used as a biocatalyst. Since
glycerol is only used for cell growth phase not for bio-
transformation phase, this might cause the lack of NADH
source for bioconversion of methane to methanol. To
overcome this issue, 40 mM sodium formate was added
to replenish NADH. Reaction process was carried out in
20 ml serum bottles with 30% (v/v) methane in the head-
space. As a result, conversion yield was enhanced up to
79% with 76 mM methanol accumulated during 3.5 h
(Fig. 7B). Obviously, the use of resting cells may be a
good alternative to gain higher bioconversion yield which
is limited by living cells. Therefore, the optimization of
some factors such as additional reducing power source,
increased optical density or downstream processing
might help to further enhance bioconversion yield of
methane to methanol using living cells for fermentative
process.

In summary, we demonstrated a novel framework for
direct conversion of methane to methanol in the absence
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of inhibitors and exogenous NADH. We expect this strat-
egy to be applied for conversion of other alkanes that
correspond to primary alcohols using methanotrophic
biocatalyst.

Experimental procedures
Bacterial strains and growth conditions

The strains and plasmids used in this study are pre-
sented in Table 1. Methylotuvimicrobium (previously
Methylomicrobium) alcaliphilum 20Z wild type and its
engineered strains were cultured in 50 ml of nitrate min-
eral salts medium in a 500 mL baffled flask sealed with
a screw cap at 30°C and 230 rpm. Methane was supplied
to a final concentration of 50% (v/v) by gas substitution
using a gas-tight syringe, and the headspace was
refreshed daily. In addition, 1% (v/v) methanol also was
used as carbon and energy sources for culture of M. alca-
liphilum 20Z. Because crude glycerol contains methanol
as an impurity (Yang et al., 2012, He et al., 2017), which
is naturally utilized by M. alcaliphilum 20Z, we decided to
use pure glycerol in this study to demonstrate this strain
can efficiently utilize glycerol as a carbon and energy
sources with a ranges of 0.1%, 0.5%, and 1% (v/v) for
culture of engineered strains. The optical density of cell
cultures was measured with a Beckman spectrophotome-
ter using 1.5 ml cuvettes and a 1 cm path length. Kana-
mycin, gentamicin and zeocin were used to select both
M. alcaliphilum 20Z and Escherichia coli strains contain-
ing recombinant plasmids, with a final concentration of 50
pg mi~*, 10 pg mi~" and 30 ug mi~", respectively.

Materials and tools for genetic modifications

All plasmids in this study were constructed using Gib-
son assembly. The primers and procedures used to
construct expression vectors can be found in Table S1.
These plasmids were transformed into M. alcaliphilum
20Z by electroporation as previously described (Nguyen
et al., 2018). Genomic DNA of E. coli and M. alcaliphi-
lum 20Z was isolated by a Wizard Genomic DNA Purifi-
cation Kit (Promega, Madison, WI, USA). A Gibson
assembly master mix was purchased from NEB
(Hitchin, UK). Polymerase chain reaction (PCR) used
Lamp Pfu polymerase (BioFACT, Daejeon, South
Korea). A PCR purification kit and a gel extraction kit
were supplied by Geneall (South Korea). Oligonu-
cleotides and DNA sequencing were synthesized and
performed by Macrogen (South Korea). Plasmid vector
pAWP89 was linearized by inverse PCR using
pAWP89-For/pAWP89-Rev. The genes glpF, glpK,
glpD, glpA and dhaK were amplified via PCR using the
genomic DNA of E. coli W3110, and gpsA was ampli-
fied using genomic DNA from M. alcaliphilum 20Z.
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Table 1. Strains and plasmids used in this study.

Characteristic (s) Relevant features References
Strain
E. coli DH5a Cloning host Invitrogen
M. alcaliphilum 202 Wild type, used as host strain DMSz
20Z_FKD M. alcaliphilum 20Z harbouring pAWP89-FKD plasmid This study
20Z_KD M. alcaliphilum 20Z harbouring pAWP89-KD plasmid This study
20Z_FKDA M. alcaliphilum 20Z harbouring pAWP89-FKDA plasmid This study
20Z_FAK M. alcaliphilum 20Z harbouring pAWP89-FAK plasmid This study
20Z_FKDA_budABC 20Z_FKDA with three-gene cluster budABC integration This study
20Z_M2 20Z_FKDA with deletion of mxaF and xoxF genes This study
Plasmid
pAWP89 Expression vector, Py, Km? Puri et al. (2015)
pCM351 Deletion/integration vector, Gm" Marx and Lidstrom, (2002)
pAWP89_KD pAWP89 derivative carrying the glpK, and gipD genes from This study
E. coli str. K-12 substr. W3110
pAWP89_FKD pAWPB89 derivative carrying the glpK, and glpD genes from This study
E. coli str. K-12 substr. W3110
pAWP89_FKDA pAWP89 derivative carrying the gipF, glpK and glpD genes from This study
E. coli str. K-12 substr. W3110, and gpsA from genome of M. alcaliphilum 20Z
pAWP89_FAK pAWP89 derivative carrying the glpF, glpA, and dhaK genes from E. coli W3110 This study
pBudK.p pAWP89-based backbone carrying Py, promoter and 2,3-BDO gene Nguyen et al. (2018)

pCM351_glgA1

pCM351_budABC
pCM351_F1F2_xoxF
pCM351_F1F2_mxaF

cluster originated from Klebsiella pneumoniae KCTC 224
Variant of pCM351 GenT containing flanks of glycogen synthase
encoded gene (glgAT)
pCM351_glgA1 derivative carrying three-gene cluster budABC for integration
Variant of pCM351 GenT containing flanks to knock out xoxF gene
Variant of pPCM351 GenT containing flanks to knock out mxaF gene

Nguyen et al. (2018)

This study
This study
This study

These templates were then assembled with a linearized
pAWP89 backbone. Chromosomal integration of the 2,3-
BDO biosynthesis pathway was performed to replace
glycogen synthase gene, glgA1. The 2,3-BDO gene clus-
ter from Klebsiella pneumoniae under control of a Py pro-
moter was amplified from pBudK.p (Nguyen et al., 2018),
which subsequently was ligated into a pCM351-glgA1 vec-
tor that harboured two flank sequences of glgA71 to gener-
ate pCM351-budABC. For methanol dehydrogenase
removing, the gentamicin and zeocin resistance gene cas-
settes and the two regions flanking the mxaF and xoxF
genes (600-800 base pairs) were assembled by Gibson
assembly-based fusion PCR. The resulting products were
purified and directly electroporated into the glycerol utiliz-
ing strain of M. alcaliphilum 20Z.

Gene expression analysis for 2.3 BDO production

Plasmid-based expression and genome-integrated
expression of three genes budA, budB and budC were
examined using real-time qPCR in M. alcaliphilum 20Z
on methane. Total RNA samples were extracted follow-
ing to previous protocol (Nguyen et al., 2020b) and
directly used for RT-gPCR experiments. The primers
used for RT-gPCR were provided in Table S1. A total
RNA amount of 200 ng was firstly used for cDNA syn-
thesis using a RevertAid First Strand cDNA Synthesis
Kit (Thermo Scientific, Waltham, MA, USA) and subse-
quently used as a template for RT-gPCR. RT-gPCR was

performed by using GoTagq qPCR Master Mix (Promega,
Madison, WI, USA) in CFX Connect Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). The
cycle threshold (C;) value for each gene was determined
and normalized to the rpoD housekeeping gene (Miura
et al., 2015, Bai et al., 2020). The relative expression
between two samples was calculated by using the AAG;
method (Henard et al., 2017).

Cytoplasmic NADH, NAD" extraction

The extraction protocol was modified from the previous
work (He et al., 2016) as a conceptual basis. Bacterial
cultures were collected at mid-log phase with the same
density (approximately ODgoo nm of 2.5-13 x 108
cells mi~"). After centrifugation at 15 000 rpm for 5 min,
the remaining pellets were resuspended in 400 pl 0.2 M
NAOH and 0.2 M HCI for NADH and NAD" extraction,
respectively. The cell lysates were incubated at 50°C for
15 min and immediately placed in ice water. Then, the
cell lysates were neutralized by adding 400 ul 0.2 M HCI
or 0.2 M NAOH, and subsequently were centrifuged at
15 000 rpm for 5 min. The supernatants were collected
and stored at —20°C until analysis.

Analytical methods

The supernatant from the shake flask cultures was sepa-
rated from cells by centrifugation. The supernatant was
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then filtered through a 0.22-uym pore and stored at
—20°C for high-performance liquid chromatography
(HPLC). Quantities of 2,3-BDO, methanol and glycerol
consumption were measured using HPLC (Jasco Co.,
Easton, PA, USA) with an Aminex HPX-87H organic acid
column (Bio-Rad) and a refractive index detector. Sul-
phuric acid (0.005 M) was used as the mobile phase at
60 °C and a flow rate of 0.7 ml min~".

Cytoplasmic NADH, NAD" was quantified by HPLC
with a LC column (250 x 4.6 mm; Phenomenex, Tor-
rance, CA, USA) using UV detector at 260 nm. A 90:10
ratio of ammonium acetate (50 mM) and acetonitrile
(100%) was used as the mobile phase at 35°C and a
flow rate of 1 ml min~".

Methane consumption was quantified using a Younglin
6500GC gas chromatography equipped with a flame ion-
ization detector (FID), and nitrogen was used as a car-
rier gas with a flow rate of 2.0 ml min~". In addition, a
HP5-PlotQ capillary column was used with the oven tem-
perature was maintained at 150°C. The injector and
detector temperatures were set at 230 and 230°C,
respectively.

Statistical analysis

Results are shown as mean + SD (standard deviation).
T-test statistical analysis was performed to calculate P
values from the mean values of the indicated data. Aster-
isks were marked for significant difference (*P < 0.05).
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