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Abstract

Methanol, commercially generated from methane,
is a renewable chemical feedstock that is highly sol-
uble, relatively inexpensive, and easy to handle. The
concept of native methylotrophic bacteria serving
as whole cell catalysts for production of chemicals
and materials using methanol as a feedstock is
highly attractive. In recent years, the available omics
data for methylotrophic bacteria, especially for
Methylobacterium extorquens, the best-characterized
model methylotroph, have provided a solid plat-
form for rational engineering of methylotrophic
bacteria for industrial production. In addition,
there is a strong interest in converting the more
traditional heterotrophic production platforms
towards the use of single carbon substrates, includ-
ing methanol, through metabolic engineering. In
this chapter, we review the recent progress towards
achieving the desired growth and production yields
from methanol, by genetically engineered native
methylotrophic strains and by the engineered syn-
thetic methylotrophs.

Introduction
One goal of metabolic engineering is to develop
renewable and

sustainable alternatives in
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production of value-added chemicals. In particular,
methanol is an important one-carbon (C1) feed-
stock that can be generated from either synthesis
gas (a mixture of CO and H,) or from biogas,
assuming that large quantities of this feedstock
could be produced at relatively low market price
(Clomburget al., 2017; Yang et al., 2018). Methylotrophic
bacteria are a diverse group of microbes that can use
reduced C1 compounds such as methanol and
methane as sole sources of both energy and carbon
(Chistoserdova et al., 2009; Chistoserdova, 2018).
Some methylotrophic bacteria, such as Methylo-
bacterium extorquens, Methylococcus capsulatus, and
Methylomicrobium buryatense, show robust growth
under laboratory conditions (Bird et al., 1971; Guo
and Lidstrom, 2006; de la Torre et al., 2015). The
availability of whole genome sequences, combined
with biochemical studies (Peyraud et al., 2011;
Kalyuzhnaya et al., 2013), have provided important
insights into their metabolism that are crucial for
enabling engineering these types of microorgan-
ism for bulk chemical production. Meantime,
as an alternative approach, more traditional
model microorganisms such has Escherichia coli,
Corynebacterium glutamicum and Saccharomyces
cerevisiae, have been genetically modified towards
acquiring the ability to utilize methanol for growth,
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with a potential for converting methanol into value-
added compounds (Whitaker et al., 2015; Bennett
et al., 2018b). In this chapter, we review the current
status of the fields of engineering native as well as
synthetic methylotrophs and provide examples of
successfully engineered strains with a potential in
producing commercial value-added chemicals.

Metabolic engineering of native
methylotrophs for value-added
chemicals production

M. extorquens AMI, a pink-pigmented facultative
methylotrophic a-proteobacterium capable of
growth on both C1 and multi-carbon compounds,
has served for decades as the model organism for
studying C1 metabolism (Chistoserdova et al.,
2003), including its biotechnological applications
(Ochsner et al, 2015). Since the 1960s, it has
been reported that M. extorquens was successfully
employed as a producer of certain products such as
amino acids (Sirirote et al., 1988). Based on the cur-
rent understanding, M. extorquens employs three
interlocked metabolic cycles for carbon assimi-
lation: the serine cycle, the ethylmalonyl-CoA
(EMC) pathway, and the poly-3-hydroxybutyrate
(PHB) cycle (Fig. 13.1) (Anthony, 2011; Cui et
al., 2016). The main function of the EMC pathway
is to regenerate glyoxylate from acetyl-CoA for
reincorporating it into the serine cycle during C1
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assimilation (Erb et al., 2007; Peyraud et al., 2009).
It has been shown that significant metabolic flux
goes through the serine cycle and the EMC path-
way when cells are grown on methanol, generating
a stable supply of acetyl-CoA, which could serve
as a precursor for the production of value-added
chemicals in engineered M. extorquens AM1 strains
(Fig. 13.1) (Peyraud et al., 2011; Fu et al., 2016).

Production of mevalonate and
terpenoids

Mevalonate and its derivatives terpenoids are
promising bulk chemicals. Terpenoids are used
as flavours, fragrances, pharmaceuticals, and
biofuels, representing the largest and the most
structurally diverse family of chemicals in nature
(Zhang et al., 2017). To synthesize considerable
amounts of terpenoids, a commonly used strategy
in bacteria is to introduce an exogenous mevalonate
(MEV) pathway instead of utilizing the native
methylerythritol phosphate (MEP) pathway for
circumventing the regulatory control of the MEP
pathway (Zhao et al., 2013). Thus, pathway engi-
neering for mevalonate production is a feasible first
step as a platform for diverse terpenoid synthesis.
Although E. coli is the primary industrial microbe
for the production of mevalonate (Nagai et al,
2018), other engineered hosts have the potential to
generate it from alternative carbon feedstocks via
synthetic metabolic pathways. Zhu and colleagues
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engineered a mevalonate pathway by using acetyl-
CoA as the initial precursor in M. extorquens AM1,
to produce mevalonate from methanol (Zhu et al.,
2016). A natural operon (MVH) harbouring the
mvaS and mvaE genes from Enterococcus faecalis,
as well as an artificial operon (MVH) harbouring
the hmgcsl gene from Blattella germanica and the
tchmgr gene from Trypanosoma cruzi were con-
structed in a plasmid pCM110. Expression of these
two operons resulted in the titres of mevalonate of
56 mg/l and 66 mg/], respectively, in flask cultiva-
tions. Further introduction of the phaA gene from
Ralstonia eutropha into the MVH operon, with the
goal of improving the conversion from acetyl-CoA
into acetoacetyl-CoA increased the mevalonate
titre to 180mg/1, 3.2-fold higher than that of the
natural MVE operon. Further modification of the
expression level of the phaA gene by regulating
the strength of the ribosomal binding site (RBS)
resulted in an additional increase in mevalonate
production to 215 mg/1 (Zhu et al., 2016). Moreo-
ver, it has been demonstrated that, under these
conditions, the supply of acetyl-CoA was limited
in engineered M. extorquens AMI1. To overcome
this limitation, a strategy termed mevalonate
sensor-assisted transcriptional regulator engineer-
ing (SATRE) was employed, to control metabolic
flux redistribution toward increasing acetyl-CoA
flux from methanol for mevalonate production
(Fig. 13.2) (Liang et al., 2017a). A 60% increase
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in mevalonate concentration was further achieved
following sensor-based high-throughput screening
of a QscR transcriptional regulator library. Finally,
a fed-batch fermentation in a S1 bioreactor yielded
a mevalonate concentration of 2.67 g/1, which was
equivalent to an overall yield of 0.055 mol acetyl-
CoA/molmethanol. In addition, Cuiand colleagues
utilized atmospheric and room temperature plasma
(ARTP) mutagenesis, in combination with adap-
tive laboratory evolution (ALE), generating a
mutant with high methanol tolerance whose cell
density was 7.1-fold higher than that of the parent
strain in 1.25M (5%, v/v) methanol (Cui et al.,
2018). Accordingly, the mevalonate productivity of
the mutant strain carrying a mevalonate synthesis
pathway was 65% higher than that of the wild-type
strain in methanol fed-batch fermentation.

In a separate study, Sonntag and colleagues
introduced a mevalonate pathway from Myxococcus
xanthus, in combination with RBS optimization of
a-humulene and farnesyl pyrophosphate synthases,
resulting in the increase of titres of a-humulene from
18 mg/1 to S4mg/l in M. extorquens AM1 (Sonn-
tag et al., 2015a). Furthermore, the recombinant
M. extorquens AM1 was grown in methanol-limited
fed-batch conditions, with the addition of dode-
cane to avoid the accumulation of a-humulene
in the medium. An average OD, value of 80-90
were achieved, and final product concentrations

were up to 1.65g/1. This is the highest titre of de
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Figure 13.2 Biosensor-assisted transcriptional regulator engineering approach to increase mevalonate
production in M. extorquens AM1. QscR is the regulator of the serine cycle for methanol assimilation (Liang et

al., 2017).
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novo synthesized a-humulene reported to date,
which corresponds to 12% of the maximum theo-
retical yield. The product titres of mevalonate and
a-humulene described in these studies are already in
a competitive range compared to the industrial plat-
form strains (Harada et al., 2009), demonstrating
the potential of M. extorquens as a future platform
for the production of high-value terpenoids.

Production of carboxylic acids
3-Hydroxypropionic acid (3-HP) is an important
platform chemical, serving as a precursor for a
wide range of industrial applications, such as the
production of acrylic acid and 1,3-propanediol.
In particular, acrylic acid has an annual market
exceeding $10 billion. 3-HP can be further polym-
erized into poly-3-hydroxypropionate, which is a
biodegradable and biocompatible thermoplastic
polymer. Recently, Yang and colleagues constructed
a malonyl-CoA pathway in M. extorquens AM1 that
reduced malonyl-CoA to synthesize 3-HP through
a bifunctional reductase encoded by the mcr gene
from Chloroflexus aurantiacus (Yang et al., 2017).
The engineered strain demonstrated 3-HP produc-
tion from methanol with initial titre of 6.8 mg/l in
shake flask cultivation, which was then improved
to 91.0mg/l by increasing the strength of the
promoter and the mcr gene copy number, and by
decreasing the concentration of sodium ions in the
culture medium. Notably, when the cells reached
the stationary growth phase, 3-HP content was
rapidly reduced to lower than 10.0mg/l within
10h. Furthermore, based on the combined results
from in vitro enzyme assays, '*C-labeling analysis,
metabolomics and gene knockouts, major routes
were identified responsible for the degradation of
the 3-HP during this phase of growth. This work
provides a solid base for future engineering efforts
towards bioconversion of methanol into the eco-
nomically important product 3-HP.

Recently, Rohde and colleagues introduced
(R)-3-hydroxybutyryl-CoA-specific, ~ coenzyme
B12-dependent mutases from Bacillus massiliosen-
egalensis JC6 into M. extorquens AM1, to convert
the intermediate of 3-hydroxybutyrl-CoA towards
production of another carboxylic acid, 2-hydroxy-
isobutyric acid, a building block with a high
potential for poly-methylmethacrylate production
(Rohde et al., 2017). 2-hydroxyisobutyric acid
titres of 2.1 g/1 were further achieved in fed-batch
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bioreactor without affecting the biomass yield, with
the yield of 0.11g/g from methanol. In addition,
Sonntag and colleagues overexpressed yciA encod-
ing thioesterases, from E. coli in M. extorquens AM1,
an engineering step designed to generate two dicar-
boxylic acids from their CoA derivatives involved
in the EMC pathway, mesaconic acid (with 70 mg/1
yield), and methylsuccinic acid (with 60mg/1
yield), respectively (Sonntag et al, 2014). Fur-
ther increase in accumulation of mesaconyl-CoA
(16-fold) and methylsuccinyl-CoA (6-fold) was
achieved by adjusting the concentration of cobalt, a
growth limiting factor affecting the activities of eth-
ylmalonyl-CoA and methylmalonyl-CoA mutases,
in the culture medium, with a combined titre of the
two dicarboxylic acids of 0.65g/1 (Sonntag et al.,
2015b). This titre represented a yield of 0.17g/g
methanol. Not only these important achieve-
ments shed light on the potential in engineering
M. extorquens AM1 as an alternative microbial fac-
tory for producing common carboxylic acids and
uncommon dicarboxylic acids from methanol, but
they also illustrate the complex metabolic regula-
tion of methylotrophy in this organism.

Production of 1-butanol

1-Butanol has been proposed to be a better alterna-
tive to ethanol as a replacement for gasoline because
of its many advantages. For instance, 1-butanol
is less soluble in water than ethanol, reducing the
possibility of contamination in groundwater, and
this trait also makes it feasible to use liquid-liquid
extraction for 1-butanol recovery in industrial fer-
mentation. Additionally, 1-butanol is compatible
with the current petroleum infrastructure and can
be blended with gasoline at high ratios. Although
clostridia are the primary industrial microbes
for the fermentative production of 1-butanol,
clostridia-based industrial fermentation has some
limitations, such as formation of by-products, spore
formation, and low cell density (Lee et al., 2008).
Recently, Hu and colleagues engineered a modified
CoA-dependent pathway for 1-butanol production
from the precursor crotonyl-CoA, by introducing
the ter gene from Treponema denticola and the adhE2
from Clostridium acetobutylicum into M. extorquens
AM1 (Hu and Lidstrom, 2014). Although tests for
1-butanol production by cells grown on methanol
were negative, the engineered strain was able to
generate 1-butanol at 15.2mg/l when grown on
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ethylamine while overexpressing the croR gene as
a means of increasing the supply of crotonyl-CoA
(Hu and Lidstrom, 2014). Adaptive laboratory
evolution (ALE) was further employed, resulting in
isolation of a mutant with 1-butanol tolerance of up
to 0.5%, after 200 generations. The adapted strain
was able to produce 25.5 mg/1 1-butanol, represent-
ing an 87% increase in production compared with
the original strain (Hu et al., 2016). Whole genome
sequencing revealed a SNP mutation in the adapted
strain, in kefB, a gene encoding a potassium/proton
antiporter. Analysis of a knockout mutant in this
gene confirmed that this mutation was indeed
responsible for the increased 1-butanol tolerance.
Global metabolomics analysis further uncovered
that the pools of multiple key metabolites, includ-
ing fatty acids, amino acids, disaccharides and
carotenoids were either increased or decreased in
the adapted strain in response to 1-butanol stress.
Opverall, this study uncovered an array of cellular
responses by M. extorquens AM1 to solvent stresses,
thus providing a genetic blueprint for further
rational design of derivatives of this strain for
increased 1-butanol production.

Novel insights into methylotrophy in
Methylobacterium
Although natural methylotrophs represent prom-
ising candidates as new microbial cell factories,
further efforts are required to better understand
the regulation of methylotrophs in these species
and to further develop genetic tools essential for
improving the product yields. Recently, Ochsner
and colleagues carried out experiments involving
hyper-saturating transposon mutagenesis, followed
up by high-throughput sequencing of mutant popu-
lations (Ochsner et al., 2017). This study uncovered
95 genes that have not been previously known to
play a role in methylotrophy (Bringel and Vuil-
leumier, 2017; Ochsner et al., 2017). Notably, this
study uncovered that ribulose-1, 5-bisphosphate
(RuBP) functions as a master regulator metabolite
in methylotrophic metabolism, by uncovering that
prk, a gene encoding phosphoribulokinase (Prk),
responsible for the production of RuBP was essen-
tial for growth on methanol. Prk was ultimately
demonstrated to be a co-inducer of QscR, a major
regulator of the serine cycle.

In another study, Schada von Borzyskowski and
colleagues explored the possibility of converting
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the heterotrophic M. extorquens AM1 into an auto-
trophic derivative (Schada von Borzyskowski et
al., 2018). They constructed a chassis that utilized
methanol solely for energy acquisition while
forming the biomass entirely from CO,. First,
they engineered a M. extorquens AM1 derivative
with deletion in fifl, a gene encoding formate
tetrahydrofolate ligase, causing the inability to
grow on methanol. They then heterologously
expressed Rubisco from Rhodospirillum rubrum,
in order to enable CO, fixation. As a result,
M. extorquens AMIAffL expressing the newly
built Calbin-Benson-Bassham (CBB) cycle could
grow in methanol minimal medium with 5% CO,),
although this strain did not sustain long-lasting
growth under this condition. This work is the
first example of decoupling energy metabolism
and carbon assimilation in M. extorquens AM1
and establishing synthetic autotrophy with a het-
erologously derived CBB cycle. This work also
demonstrated the importance of the continuous
operation of carbon assimilatory cycles in balanc-
ing carbon fluxes between biomass building and
draining metabolites from central metabolism
into the designed biosynthetic pathways. Taken
together, these new contributions offer oppor-
tunities for elucidating genotype to phenotype
relationships in C, assimilation and providing
novel insights into its regulation, which will be
key in engineering native methylotrophs for bio-
technological application in the future.

Constructing synthetic

methylotrophs for direct

methanol conversion

In recent years, there has been increasing inter-
est in engineering non-methylotrophic bacteria
toward the use of C1 compounds, through meta-
bolic engineering (Bennett et al., 2018b). This
strategy not only increases our fundamental
understanding of methylotrophy, but also pro-
vides an opportunity to use established industrial
bacteria as platforms for converting methanol
into value-added products. The efforts to engi-
neer methanol utilization in traditional platform
organisms, both prokaryotic (E. coli, C. glutami-
cum; Miiller et al., 2015b; Witthoff et al., 2015)
and eukaryotic S. cerevisiae (Dai et al., 2017) have
been recently reported.
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Overview of assimilatory C,

metabolism

Generally, there are two types of methanol
dehydrogenase. One is PQQ-dependent Mdh
in Gram-negative methylotrophs such as
M. extorquens, another is NAD-dependent Mdh in
Gram-positive Bacillus methanolicus (Miiller et al.,
2015a). At least 14 gene products are necessary
for PQQ-dependent Mdh function (Lidstrom,
2006), but NAD-dependent Mdh requires one
gene for converting methanol to formaldehyde, and
its activity can be greatly enhanced by an activator
protein ACT (Anne et al., 2013). Moreover, the
PQQ cofactor that is required for PQQ-Mdh is not
synthesized by the industrial strains such as E. coli
or C. glutamicum. Therefore, NAD-dependent Mdh
has become an obvious choice for implementation
of methanol to formaldehyde conversion in E. coli
and C. glutamicum (Fig. 13.3).

For assimilation of formaldehyde into cen-
tral metabolism, two major pathways in natural
methylotrophs have been reported, the ribulose
monophosphate (RuMP) and the serine cycles.
The RuMP cycle is present in several methy-
lotrophs such as Methylococcus capsulatus Bath
and Methylobacillus flagellatus KT (Strom et al.,
1974; Chistoserdova et al., 2000). Formaldehyde
is condensed with RuMP by hexulose-6-phosphate
synthase (HPS), to generate hexulose-6-phosphate.
Hexulose-6-phosphate is further isomerized into
fructose 6-phosphate by phosphohexuloisomerase
(PHI). Fructose 6-phosphate can be cleaved into
C, intermediates either via the glycolysis pathway
or via the Entner-Doudoroff pathway reactions.
The RuMP pathway is quite an efficient route for
formaldehyde assimilation in terms of ATP con-
sumption and biomass yield. Per one molecule of
pyruvate generated, 1 molecule of ATP and 3 mol-
ecules of NAD(P)H are produced.

The serine cycle operates in methylotrophic
bacteria such as M. extorquens AM1 (Chistoserdova
and Lidstrom, 1994). In this cycle, formaldehyde
is first oxidized to formate, which is subsequently
converted into methylene tetrahydrofolate
(THF) via the THF-linked C, transfer pathway.
Methylene-THF is then condensed with glycine to
produce serine, which is subsequently transformed
to form C; and C, intermediates for biomass syn-
thesis. In contrast to the RuMP cycle, the serine
cycle leads to the consumption of four molecules of

Curr. Issues Mol. Biol. (2019) Vol. 33

NAD(P)H and three molecules of ATP to produce
one molecule of pyruvate.

Engineering bacteria for methanol
conversion

In silico modelling predicted that expression of a
NAD-linked Mdh and the two first enzymes of the
RuMP cycle, Hps and Phi, into a non-methylotroph
such as E. coli should be sufficient to allow biomass
formation from methanol (Miiller et al., 2015b). In
order to test this hypothesis, Miiller and colleagues
heterologously expressed respective genes in E. coli
(Fig. 13.3) (Miiller et al, 2015b). The catalytic
activities of several candidate enzymes from dif-
ferent microorganisms such as B. methanolicus
MGA3, Lysinibacillus fusiformis, M. flagellatus KT,
M. capsulatus Bath were compared in cell lysates,
and subsequently in vivo by measuring formalde-
hyde formation and assimilation. The three genes
originating from B. methanolicus MGA3 were found
to be the most effective in, respectively, methanol
oxidation and formaldehyde conversion by E. coli.
To further demonstrate how the metabolism of
E. coli was affected by the introduction of the C1
modules, dynamic labelling experiments using
13C-labelled methanol were performed in an E. coli
strain lacking the frmA gene that is responsible for
formaldehyde detoxification in native E. coli. The
incorporation of C into hexose 6-phosphates
was measured to be within approximately 40%.
Other metabolites of the RuMP cycle, such as
ribose S-phosphate and ribulose S-phosphate,
as well as intermediates of the glycolysis path-
way, such as dihydroxyacetone phosphate and
phosphoenolpyruvate were detected as well,
demonstrating that at least several turnovers have
occurred through the synthetic RuMP cycle. How-
ever, no methanol-dependent growth of E. coli was
achieved. Meantime, a similar engineering scheme
has also been applied to C. glutamicum, demonstrat-
ing utilization of methanol as a co-carbon source in
a glucose-based medium in (Lessmeier et al., 201S;
Witthoff et al., 2015).

Since Mdh from B. methanolicus has low affinity
toward methanol (Km of 200 mM), Whitaker and
colleagues employed and alternative enzyme from
B. stearothermophilus, possessing a Km of 20 mM
and V__ of 2.1U/mg for methanol (Price et al,,
2016; Whitaker ef al., 2017). They engineered an
E. coli strain expressing B. stearothermophilus Mdh
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Figure 13.3 Methanol metabolism in synthetic methylotrophs. Blue solid lines represent reactions mediated
by the heterologously expression genes. Red solid lines represent gene knockouts. Enzymes (genes):
methanol dehydrogenase (mdh), hexulose phosphate synthase (hps), phosphohexuloisomerase (phi),
phosphoglucoisomerase (pgi), formaldehyde dehydrogenase (frmA), phosphofructokinase (pfk), fructose-
bisphosphate aldolase (fba), transketolase (tkt), ribulose phosphate epimerase (rpe), sedoheptulose
bisphosphatase (gipX), fructose bisphosphatase (fbp), ribose phosphate isomerase (rpi), glucose-6-
phosphate dehydrogenase (zwf). Metabolites: glucose 6-phosphate (G6P), 6-phosphogluconolactone (GLEP),
6-phosphogluconate (6PG), ribulose 5-phosphate (Ru5P), ribose 5-phosphate (R5P), hexulose 6-phosphate
(H6P), fructose 6-phosphate (F6P), fructose-1, 6-bisphosphate (FBP), dihydroxyacetone phosphate (DHAP),
glyceraldehyde 3-phosphate (GAP), xylulose 5-phosphate (X5P), erythrose 4-phosphate (E4P), sedoheptulose
bisphosphate (SBP), sedoheptulose 7-phosphate (S7P), 1,3-bisphosphoglycerate (1,3-BPG), 3-phosphoglycerate
(8-PG), 2-phosphoglycerate (2-PG), phosphoenolpyruvate (PEP)

and B. methanlicus Hps and Phi, and found that
small amounts of supplements such as yeast extract
enabled initiation of growth of E. coli on methanol.
When the engineered E. coli strain was grown in
M9 minimal medium with 1g/] yeast extract and
60 mM methanol, a cell biomass increase by 30%
was observed, corresponding to biomass yield of
0.289gCDW/g methanol. This yield is close to
biomass yields reported for native methylotrophs.
13C labelling analysis demonstrated that not only
the RuMP cycle intermediates were labelled, but

Curr. Issues Mol. Biol. (2019) Vol. 33

also the metabolites in the TCA cycle and related
amino acids, supporting biomass generation from
methanol. Moreover, in this study, a 65% improve-
ment in flavonoid production was observed in the
presence of 60 mM methanol. Additional engineer-
ing effort included heterologous expression of the
non-oxidative pentose phosphate pathway (PPP)
consisting of five enzymes (ribulose phosphate
epimerase (rpe), fructose-bisphosphate aldolase
(fba), sedoheptulose bisphosphatase (glpX),
phosphofructokinase (pfk) and transketolase (tkt)

caister.com/cimb



232 | Zhang et al.

(Bennet et al., 2018a). The introduction of the five
genes, all originating from B. methanolius, resulted
in increased flux through the PPP pathway, further
enhancing methanol assimilation by the engineered
E. coli (Fig. 13.3) (Bennett et al., 2018a). In addition,
Bennett and colleagues deleted the phosphoglucoi-
somerase gene (pgi), further increasing carbon flux
through the oxidative PPP, for increased supply of
RuSP. This change led to a significant improvement
of methanol assimilation and to increased acetone
titres during co-culturing on methanol and glucose.

In order to further increase methanol consump-
tion, Meyer and colleagues used genetic constraints
to develop an approach to link methanol assimi-
lation to growth supported by a multi-carbon
source (Meyer et al., 2018). Via in silico analysis
of a metabolic scenario including the presence of
the mdh-hps-phi operon, they predicted that the
deletion of edd, encoding phosphogluconate dehy-
dratase, and rpiAB, encoding ribose-S-phosphate
isomerase, would resulted in failure to grow on
gluconate, but this variant would growth in the
presence of methanol. ALE was then employed
to improve co-consumption of methanol and glu-
conate. After 35 generations, the adapted strain
showed 3-fold increase in final ODy compared
with the initially engineered strain. Furthermore,
deletion of the NAD-dependent malate dehydro-
genase (maldh), which is involved in the TCA
cycle, was predicted to increase the ratio of NAD+/
NADH, potentially increasing methanol oxidation
and methanol dependency. After additional rounds
of ALE of the Aedd ArpiAB Amaldh variant of E. coli,
growth rate was further improved, from 0.017/h to
0.081/h when during co-cultivated on methanol
and gluconate. This evolved strain had a methanol
consumption rate of 13 mmol/gCDW/h, which is
comparable with the reported rate for M. extorquens
AM1. This work provided an important basis
for further optimizing synthetic methylotrophic
organisms, in the future.

Engineering a formaldehyde-

inducible promoter for improved

growth on methanol

In synthetic methylotrophs, methanol is con-
verted to the toxic intermediate formaldehyde by
Mdh, catalyzing the initial reaction of methanol
conversion. E. coli has a native formaldehyde-induc-
ible promoter, Pfrm, which negatively regulates the
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formaldehyde detoxification operon frmRAB (Fig.
13.4) (Danilov and Ismailov, 1989). Recently,
Rohlhill and Sandoval constructed a library of
mutant variants of Pfrm and used the combina-
tion of fluorescence-activated cell sorting and
high-throughput sequencing (sort-seq) to screen
formaldehyde-responsive (Rohlhill
and Sandoval, 2017). Two 19 base pair repressor
binding sites, one upstream of the -35 RNA poly-
merase (RNAP) binding site and one overlapping
with the —10 site were identified and subsequently
engineered, resulting in 13-fold higher expression
compared with the native promoter. They also
found that the mutant Pfrm, placed upstream of
the methanol assimilation module (i.e. the mdh-
hps-phi operon), resulted in increased biomass from
methanol, likely due to the improved balance in
formaldehyde production/consumption. Further,
Woolston and colleagues rationally designed the
sequence between —10 and -35 region of the Pfrm,
and found that the engineered promoter possessed
increased sensitivity and wider dynamic range
of sensing formaldehyde, at levels as low as 1 pM.
This synthetic biosensor was also employed for
optimizing the expression levels of mdh and hps/
phi, to maximize the methanol assimilation flux
(Woolston et al., 2018).

promoters

Preliminary test for direct methanol
utilization in yeast

Besides prokaryotic methylotrophs, S. cerevisiae
also presents a great potential as a microbial chassis
for methanol conversion, due to its robust toler-
ance to high concentrations of methanol. Dai and
colleagues integrated a methanol oxidation path-
way including alcohol oxidases (AOX), catalases
(CAT), dihydroxyacetone synthases (DAS1/2),
and dihydroxyacetone kinase (DAK), originating
from the methylotrophic yeast Pichia pastoris, into
the chromosome of S. cerevisiae (Dai et al., 2017).
These methylotrophic enzymes with targeting sig-
nals from P. pastoris were found to be functionally
expressed and located in the peroxisomes in the
recombinant S. cerevisiae. The engineered S. cerevi-
siae showed 1.04 g/1 consumption of methanol and
3.13% increase in cell growth, accompanied with
0.26g/1 of pyruvate production in the fermenta-
tion broth when using methanol as the sole carbon
source. In another study, P. pastoris was engineered
to produce lovastatin and its precursor monacolin
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Figure 13.4 Regulation of the fmr operon. (A) FrmR binds to the promoter (Pfrm) upstream of the frmRAB gene
cluster, repressing transcription. (B) FrmR is conformationally modified by binding formaldehyde, permitting

transcription.

J from methanol (Liu ef al., 2018a,b). A co-culture
of P. pastoris was optimized for bioreactor fermenta-
tions with the yields of 593.9 mg/l monacolin J and
250.8 mg/1lovastatin. Although much further work
is required to improve methanol utilization and
concomitant production of value-added chemicals,
these preliminary studies demonstrate a potential
in engineering non-methylotrophic eukaryotic
microbes for methanol utilization and scaling their
use toward industrial biotechnological processes in
the future.

Conclusions

In the recent years, native methylotrophs such as M.
extorquens AM1 have gained interest highlighting
the important role of methanol as a future alterna-
tive carbon feedstock. With understanding of native
metabolic pathways and further development of
metabolic engineering tools in M. extorquens AM1,
it may be feasible to rationally manipulate this
microorganism for producing bio-based chemicals
and biofuels (Lieven et al., 2018). However, further
strain optimization is required to make this system
industrially relevant. Alternatively, engineering
synthetic methylotrophic bacteria and yeasts pro-
vide attractive alternative platforms for methanol
conversion. Examples of methanol assimilation by

Curr. Issues Mol. Biol. (2019) Vol. 33

engineered synthetic methylotrophs demonstrate
the potential for using traditional industrial micro-
organism as chassis for production of value-added
chemicals from methanol.

Future trends

Two key roadblocks were identified while attempt-
ing to engineer native methylotrophs for methanol
conversion. First is the insufficient knowledge on
the regulatory mechanisms. For example, engineer-
ing even one of the best-studied methylotrophs,
M. extorquens, for biotechnological applications
requires more knowledge on both the essential
genes and their associated regulatory networks.
The integrated multiple ‘omics’ approaches and the
genome editing tools that are becoming available
for a multitude of organisms, will aid in elucidat-
ing the essential sets of proteins-metabolites that
control the regulatory networks (Jiang et al., 2013;
Diether and Sauer, 2017). Recent discovery of the
phosphoribulokinase gene playing an unexpected
but essential regulatory role provides one example
(Ochsner et al., 2017). The second roadblock is the
lack of well-developed genetic tools and genetic
elements. Schada von Borzyskowski and collabora-
tors demonstrated that extensive sets of plasmids
with different properties are required to allow for
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efficient construction of synthetic operons with
different promoter strengths in M. extorquens AM1
(Schada von Borzyskowski ef al., 2015). Liang and
colleagues developed biosensor-assisted transcrip-
tional regulator engineered to control metabolic
flux re-distribution between C1 assimilation and
chemicals biosynthesis (Liang et al., 2017a). Future
work is necessary to explore regulatory mechanism
that may not be directly involved in methanol
metabolism, but could potentially improve metha-
nol assimilation. It is also necessary to develop
advanced engineering tools, such as promoters and
RBS’s of different strengths to allow for fine tuning
gene expression, as well as the convenient Cre/loxP
systems for integrating entire heterologous path-
ways into the genomes of M. extorquens (Liang et
al., 2017b) and other potential platforms.

For synthetic methylotrophs, a persisting chal-
lenge remains the lack of growth on methanol as the
sole carbon and energy source. One limitation is the
efficiency of methanol oxidation catalyzed by NAD-
dependent Mdh. So far, the most studied is the Mdh
from B. methanolicus, which exhibits low enzyme
specificity toward methanol and dependency on an
activator protein (Price et al., 2016). Recently, Wu
and collaborators characterized a NAD-dependent
alcohol dehydrogenase (Mdh2) from Cupriavidus
necator that does not require an activator (Wu et al.,
2016). Further, they engineered a variant of Mdh2
by using directed molecular evolution that showed
a 6-fold increase in Kcat/Km for methanol and
10-fold decrease in Kcat/Km for 1-butanol than
that of Mdh from B. methanolicus. Another limita-
tion is the insufficient flux toward regeneration of
RuSP. Bennett and colleagues demonstrated sig-
nificant progress towards solving this problem, but
further progress is needed (Bennett et al., 2018a).
Recently, Cui and colleagues used ARTP mutagen-
esis to identify a mutant with obvious improvement
of methanol tolerance and consumption (Cui et al.,
2018). This state-of-the-art technique could also be
adapted to evolve current synthetic methylotrophs
and screen mutants for increased methanol conver-
sion in the future.
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