Metabolic engineering of
Corynebacterium glutamicum towards

methanol-dependent growth

DISSERTATION

To obtain the degree of
Doctor of Science
Bielefeld University,

Department of Biology

Submitted by:

Guido Hennig

-Bielefeld, May 2019-






The practical work of this thesis has been performed at University Bielefeld at the
Chair of Genetics of Prokaryotes from January 2016 until January 2019 under
the supervision of Prof. Dr. Volker F. Wendisch.

Examiner: Prof. Dr. Volker F. Wendisch
Chair of Genetics of Prokaryotes

Faculty of Biology & CeBiTec, Bielefeld University






Parts of the introduction of this thesis have been published before in:

Wendisch, V. F., Brito, L. F., Lopez, M. G., Hennig, G., Pfeifenschneider,
J., Sgobba, E., & Veldmann, K. H. (2016). The flexible feedstock concept
in industrial biotechnology: metabolic engineering of Escherichia coli,
Corynebacterium glutamicum, Pseudomonas, Bacillus and yeast strains

for access to alternative carbon sources. Journal of biotechnology, 234,
139-157.

Results presented in Chapter 3.6 have been published before in the master’s
thesis of Carsten Haupka:

“Methanol-dependent complementation of an engineered metabolic cut-off

in the Pentose Phosphate Pathway of Corynebacterium glutamicum “






Erklarung

Die hier vorgelegte Dissertation habe ich eigenstandig und ohne unerlaubte Hilfe
angefertigt. Ich versichere, dass ich keine anderen als die angegebenen Quellen
und Hilfsmittel benutzt, sowie Zitate kenntlich gemacht habe. Die Dissertation
wurde in der vorgelegten oder in ahnlicher Form noch bei keiner anderen
Institution eingereicht. Ich habe bisher keine erfolglosen Promotionsversuche

unternommen

Ort, Datum Guido Hennig






Abstract

Methanol is one of the most promising renewable feedstocks for the replacement
of fossil fuels in the 215t century, due to its high energy density and the prospect
of million-ton scale methanol production from environmental COz2 in the future.
Furthermore, increased methanol availability and high chemical purity make it an
interesting non-food substrate alternative to commonly used sugars in
biotechnological processes. Natural methylotrophs like the Gram-positive
bacterium Bacillus methanolicus utilize methanol as sole carbon and energy
source for growth and production of L-glutamate and L-lysine. However, lacking
tools for genomic modifications in natural methylotrophs sparked the interest in
recent years to engineer synthetic methylotroph organisms. First attempts to
establish methylotrophy in Escherichia coli and Corynebacterium glutamicum
remained unsuccessful and revealed the complexity of engineering the central
metabolism of non-methylotrophs towards profitable methanol utilization.

In this work, methanol-dependent growth of C. glutamicum with ribose, xylose
and gluconate was achieved through different metabolic cut-offs in the pentose
phosphate pathway (PPP) by rpe (ribulose-5-phosphate epimerase) or rpi
(ribose-5-phosphate isomerase) deletion and introduction of mdh (methanol
dehydrogenase) from B. methanolicus and hxIA (3-hexulose-6-phosphate
synthase) as well as hxIB (6-phospho-3-hexulose isomerase) from
Bacillus subtilis encoding essential methanol utilization enzymes of the ribulose
monophosphate (RuMP) pathway, which is naturally used for methanol utilization

in B. methanolicus.

Maximum methanol-dependent biomass formation of C. glutamicum Aald AfadH
Arpe (pPEKEXx3-mdh-hxIAB) (Evo 1) on ribose was increased 2.5-fold with a 3-fold
improved specific growth rate through adaptive laboratory evolution (ALE). The
evolved C. glutamicum strain Evo 14 showed full complementation of Arpe
through methanol supplementation and formed the same biomass dependent on

methanol as C. glutamicum wildtype (WT) with equal amounts of ribose.

Genome sequencing of the evolved methanol-dependent C. glutamicum strains
Evo 8 and Evo 14 revealed a 15 bp deletion in the genomic sequence of cg3104

(putative ATPase involved in DNA repair) and a single nucleotide polymorphism



(SNP) in the gene metK (S-adenosylmethionine synthetase) leading to amino
acid substitution S288N in the translated protein. Additional integration of an
insertion sequence (IS) upstream of the riboflavin synthesis operon (ribGCAH)
was uniquely found in Evo 14 and provided an alternative transcription start site
(TSS) and ribosome binding site (RBS) for operon expression. Following
cultivations with glucose revealed riboflavin deficiencies for C. glutamicum strains
Evo 1 and Evo 8 but not Evo 14.

Deletion of cg3104 in strain Evo 1 resulted in a 60% increased plasmid copy
number (PCN), and 60% higher HxIAB activity, without affecting methanol-
dependent growth on ribose. Transferring metK_S288N into the genome of Evo 1
did also not influence final biomass formation from methanol and ribose, whereas
reversion to the metK WT gene sequence in C. glutamicum Evo 14 led to
significant impairment of methanol-dependent growth, reducing the final biomass
by 70%. Combination of Acg3104 and metK_S288N in strain Evo 1, in medium
supplemented with riboflavin, finally elevated methanol-dependent growth to the

level of C. glutamicum strain Evo 14 and C. glutamicum WT.

C. glutamicum strain Evo 8 was additionally used for methanol-dependent
production of the non-natural product cadaverine with the co-substrate gluconate
resulting in a final titer of 1.5 mM. Measurements of '*C-methanol-derived carbon
incorporation in cadaverine revealed approximately 60% isotopic labelling of the
total cadaverine pool with 44% of molecules labelled at positions associated with
RuMP pathway utilization of *C-methanol and 16% labelled from '3CO:z fixation.

Knowledge about synthetic methylotrophy in C. glutamicum gained in this work
will contribute to the potential engineering of the first synthetic methylotroph
organism that will be capable of methanol-based growth and production of value-

added compounds.
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Introduction

1. Introduction

1.1 Methanol as sustainable alternative energy

source

One of the major challenges in the 215t century will be the substitution of fossil
fuels with renewable energy systems (Rauchle et al., 2016). Although energy
generation from wind turbines and solar panels showed great potential in the past
few years, one significant problem remained: the storage of generated electric
power from renewable sources (Goeppert et al., 2018; Rauchle et al., 2016). A
promising way to overcome this issue, is the storage of energy in chemicals such
as hydrogen or methanol that can be combusted on demand (Bertau et al., 2010;
Goeppert et al., 2018; Olah et al.,, 2009; Rauchle et al., 2016). In direct
comparison to hydrogen, methanol has some crucial advantages as it has a
higher energy density, is easier to store and transport due to its liquid form and
is therefore safer to handle than gaseous hydrogen (Dalena et al., 2017; Gumber
and Gurumoorthy, 2017).

Methanol has gained attention as alternative energy source recently and the
feasibility of a “methanol economy” was proposed before (Goeppert et al., 2018;
Olah, 2013; Olah et al., 2009). It is the most abundant organic non-methane gas
in the atmosphere with an estimated annual emission of 123 to 343 Tg (teragram)
(Millet et al., 2008). Natural methanol emissions emerge from e.g. ripening fruits
(Frenkel et al., 1998), rotting plant material (Warneke et al., 1999) or growing
plant leaves (Nemecek-Marshal et al., 1995). The latter is estimated to account

for 40-80% of total atmospheric methanol emission (Millet et al., 2008).

Despite being a feasible industrial energy carrier for storage, methanol is used
as raw material in the chemical industry for the production of chemicals such as
acetic acid needed for paints, adhesives or polyethylene terephthalate PET)
(laquaniello et al., 2017). The direct oxidation product of methanol, formaldehyde,
is furthermore needed for plastics and fibres or in the production of fuels like
gasoline and kerosene (laquaniello et al., 2017). The overall demand for
methanol has increased 14-fold from 5 megatons (Mt) in 2005 to 70 Mt in 2015
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and is expected to rise in the future, giving rise to new mega methanol production
plants to satisfy the demand for increased methanol availability (Dalena et al.,
2017; Olah et al., 2009; Schrader et al., 2009).

Nowadays, approximately 90% of industrially produced methanol is produced
from natural gas (Blug et al., 2014) through the production of synthesis gas
(syngas), subsequent conversion into crude methanol and concluding distillation
to enhance the purity (Dalena et al., 2017). Moreover, methanol can be directly
produced from syngas, gained from gasification of biomass, such as plant wastes
(Barbato et al., 2014; Dalena et al., 2017; Pellegrini et al., 2011; Pirola et al.,
2017). The most promising and environmentally friendly source for methanol
production in the future will be the utilization of atmospheric COz2, together with
H2 from hydrolyzed water (Aresta and Dibenedetto, 2007; Barbato et al., 2014).
Geothermal COz is already successfully used by a methanol production plant in
Iceland, for an annual methanol production of up to 3.5 tonnes (t), with the
prospect of further improvement to 35.000 t (Olah, 2013). With improving
technologies in the future, an estimated 40 — 70 Mt methanol will be produced
from CO2 and H2 by 2050 (laquaniello et al., 2017).

Since methanol can also be used as carbon source in biotechnological
processes, interest to produce valuable products from methanol using naturally
methylotroph bacteria has risen in the past decade (Brautaset et al., 2007; Fei et
al., 2014; Marx et al., 2012; Naerdal et al., 2015; Pfeifenschneider et al., 2017;
Sonntag et al., 2015). Due to its natural abundance and the prospect of mega
production facilities, methanol will be an interesting candidate for future
replacement of commonly used sugars in bacterial fermentations (Millet et al.,
2008; Pfeifenschneider et al., 2017; Schrader et al., 2009). Although the current
methanol price of 0.45 $/kg (Bertau et al., 2014) is not competitive to recent sugar
prices (0.28 $/kg (Macrotrends.net, 2019)), the advantages of methanol are its
chemical purity (Linton and Niekus, 1987), high degree of reduction for increased
energy yield during utilization (Whitaker et al., 2015) and production from waste
materials and environmental CO2 (Barbato et al., 2014; Dalena et al., 2017;

laquaniello et al., 2017).
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The biotechnological application of sugar substrates competes with the food
industry that heavily relies on crop productivity and environmental conditions
(Schrader et al., 2009), resulting in unpredictable price fluctuations of sugar-
based feedstocks (Maitah and Smutka, 2019). Methanol on the other hand is not
used as food or animal feedstock and can therefore be produced and applied
independently, with constantly improving production plants that are predicted to
steadily decrease the methanol price in the future (Goeppert et al., 2018; Olah,
2013; Schrader et al., 2009).
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1.2 Natural methylotrophy

Methanol was shown to be toxic when fed to primates, due to emerging formate
during its metabolization process (Clay et al., 1975; Tephly, 1991). Formate
toxicity is caused by inhibition of the terminal cytochrome oxidase complex in the
respiratory chain located in the mitochondria, leading to “histotoxic hypoxia”, the
inability to utilize blood-oxygen, and results in failure of organs with a high rate of
oxygen consumption (eyes, brain, heart, kidneys) (Liesivuori and Savolainen,
1991). Methanol toxicity in prokaryotes is mainly caused by the direct oxidation
product formaldehyde reacting with free thiol and amine groups to damage DNA
and proteins of the cell by forming irreversible formaldehyde adducts (Chen et
al., 2016). However, some microorganisms developed strategies to overcome
methanol toxicity and naturally evolved towards the utilization of methanol as sole
carbon and energy source for growth and production of value-added products
(Anthony, 1983; Brautaset et al., 2007; Ochsner et al., 2014b).

Metabolism of methanol and other one-carbon compounds in nature developed
in various different ways (Figure 1) (Anthony, 1983). During utilization by
methylotrophic organisms, methanol is first oxidized to formaldehyde, which can
then be further oxidized to formate and eventually to CO2 through linear or cyclic

detoxification pathways (Anthony, 1983).

Autotrophic bacteria such as Paracoccus denitrificans can assimilate COz2 using
the ribulose bisphosphate pathway (RuBP) to generate two molecules of
3-phosphoglycerate (3-PG) from one molecule of RuBP and COg, catalysed by
ribulose-1,5-bisphosphate carboxylase (RuBisCO) (Dijkhuizen and Harder,
1984). Subsequent cyclic regeneration of ribulose-1,5-bisphosphate (RuBP)
allows continuous CO2 assimilation and the formation of energy and biomass for
growth (Anthony, 1983; Dijkhuizen and Harder, 1984).
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Figure 1: Schematic overview of natural C1 utilization pathways. Formaldehyde is either
assimilated or further oxidized to CO2 in methylotrophic organisms. Biomass can be obtained
through formaldehyde (grey) or CO: assimilation (yellow). Bacterial formaldehyde fixation
pathways include the ribulose monophosphate pathway (RuMP) (blue) and the serine cycle (red).
Xylulose-5-phosphate pathway (green) naturally exists in yeasts. CO2 fixation occurs in
autotrophic bacteria using the ribulose-bisphosphate pathway (RuBP) (orange) and during the
serine cycle (red). Dotted arrows indicate multiple reactions. Central metabolites for C1
assimilation are given for each pathway: Ru5-P (ribulose-5-phosphate), Xu5-P (xylulose-5-

phosphate), H4F (Tetrahydrofolate), RuBP (ribulose-bisphosphate).

In methylotrophic organisms, the direct methanol oxidation product formaldehyde
can be assimilated into the central carbon metabolism in three different ways: (i)
the ribulose monophosphate pathway (RuMP) or (ii) serine cycle in bacteria, or
(iii) the xylulose monophosphate pathway (XuMP) occurring exclusively in yeasts.
(Anthony, 1983; Arfman et al., 1989; Papoutsakis et al., 1978; Tani et al.,
1978)(Figure 1).

Methylotrophic  yeasts like Pichia pastoris fix formaldehyde to
xylulose-5-phosphate (Xu5-P) catalysed by dihydroxyacetone synthase (DAS) to
form glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone (DHA) for
biomass formation and regeneration of Xu5-P through several rearrangement
reactions (Couderc and Baratti, 1980; Tani et al., 1978; Yurimoto et al., 2011).
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Methanol oxidation and formaldehyde fixation in methylotrophic yeasts are
carried out in distinct cell compartments, the peroxisomes, to protect the rest of
the cell from formaldehyde toxicity (van der Klei et al., 2006; Yurimoto et al.,
2011).

In the last few decades, new insights were obtained about how natural
methylotrophic pathways operate in bacteria (Chistoserdova, 2015;
Chistoserdova et al., 2009; Lidstrom, 1990; Lidstrom and Stirling, 1990;
McTaggart et al., 2015; Smejkalova et al., 2010; Vorholt, 2002) e.g. in the Gram-
negative serine cycle- and EMCP (ethyl-malonyl-CoA-pathway)-utilizing
Methylobacterium extorquens (Erb et al., 2007; Ochsner et al.,, 2014b;
Vuilleumier et al., 2009) or the Gram-positive RuMP-utilizing model organism

Bacillus methanolicus (Brautaset et al., 2007; Mdller et al., 2015a).

In the serine cycle, formaldehyde can either directly react with tetrahydrofolate
(H4F) to form methylene-H4F or is first enzymatically oxidized to formate and
subsequently converted to methylene-HsF (Smejkalova et al., 2010). Methylene-
H4F is then used for a condensation reaction with glycine to yield serine,
catalysed by serine hydroxymethyltransferase (glyA) (Ochsner et al., 2014Db).
Additional COz2fixation in the serine cycle occurs in a carboxylation reaction from
phosphoenolpyruvate to oxaloacetate, catalysed by phosphoenolpyruvate
carboxylase (ppc) (Ochsner et al., 2014b; Smejkalova et al., 2010). In order to
regenerate glycine, M. extorquens operates the additional EMCP to allow
continuous formaldehyde assimilation and biomass formation (Erb et al., 2007;
Ochsner et al., 2014b; Sonntag et al., 2014).

Bioenergetically, the RuMP pathway of B. methanolicus is the most efficient of
the natural methanol utilization pathways in bacteria (Whitaker et al., 2015).
Generation of one C3 molecule pyruvate from two formaldehyde and one COz in
the serine cycle requires the investment of two NADH and ATP, whereas the
RuMP pathway yields one NADH and ATP for each pyruvate produced from three
molecules of formaldehyde (Anthony, 1983; Whitaker et al., 2015). The preferred
C3 product in the RuBP pathway is glyceraldehyde-3-phosphate (GAP), which is
solely generated from CO:2 fixation in autotrophic bacteria, but requires an

investment of 6 NAD(P)H and 9 ATP for each molecule produced (Anthony,
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1983). Because of its favorable bioenergetics, RUMP pathway utilization of
methanol offers the greatest potential for the engineering of synthetic

methylotrophy and was therefore focused on in the present study.
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1.3 The natural methylotroph B. methanolicus

The Gram-positive, thermophile and facultative methylotrophic B. methanolicus
was first isolated and characterized towards the end of the 1980s (Arfman et al.,
1989; Dijkhuizen et al., 1988; Schendel et al., 1990). It has since been developed
into a model organism for natural methylotrophy (Brautaset et al., 2007; Muller et
al., 2015) and was successfully used for methanol-based production of valuable
compounds, such as L-lysine (Brautaset et al., 2003; Jakobsen et al., 2008;
Neerdal et al., 2017), L-glutamate (Brautaset et al., 2010; Krog et al., 2013a),
cadaverine (Naerdal et al., 2015) or y-aminobutyric acid (GABA) (Irla et al., 2017).
Plasmid dependent methylotrophic growth of B. methanolicus has been
extensively studied in the past years (Brautaset et al., 2004; Heggeset et al.,
2012; Irla et al., 2015, 2014; Mdller et al., 2015c¢), leading to important insights on
how the organism builds biomass solely from methanol.

Methylotrophic growth of B. methanolicus starts with the oxidation of methanol to
formaldehyde, catalysed by NAD-dependent alcohol dehydrogenases, encoded
by one of three distinct genes located in the genome (mdh2, mdh3) or the natural
occurring plasmid pBM19 (mdh) (Arfman et al., 1989; Dijkhuizen et al., 1988;
Heggeset et al., 2012). Formaldehyde can then be further oxidized to CO2 in a
linear dissimilation pathway or assimilated in RuUMP pathway reactions (Kato et
al.,, 2006; Mdaller et al, 2015a)(Figure?2). In the RuMP pathway,
ribulose-5-phosphate (Ru5-P) is the central metabolite used for formaldehyde
fixation by 3-hexulose-6-phosphate synthase (hps/hxIA) to yield a C6
hexulose-6-phosphate  (H6-P) that is subsequently isomerized to
fructose-6-phosphate (F6-P) by 6-phospho-3-hexuloisomerase (phi/hxIB). F6-P
can then be further metabolized through glycolysis to generate pyruvate or be
used to regenerate Ru5-P for continuous formaldehyde fixation in non-oxidative
rearrangement reactions or following oxidative cyclic dissimilation yielding Ru5-P
and CO:2 (Brautaset et al., 2004; Heggeset et al., 2012; Kato et al.,
2006)(Figure 2).
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Rearrangement of F6-P to Ru5-P is achieved by various non-oxidative reactions
in the RuMP pathway (Figure 2). Phosphorylation of F6-P by
phosphofructokinase (pfk) (Le et al., 2017) and subsequent cleavage by fructose-
1,6-bisphosphate aldolase (fba) yields GAP and dihydroxyacetone phosphate
(DHAP) (Stolzenberger et al., 2013b). DHAP can then be used in an aldol
condensation with erythrose-4-phosphate (E4-P) to generate sedoheptulose-1,7-
bisphosphate (S-1,7-bP), catalyzed by fructose-1,6-bisphosphate aldolase (fba)
that also acts as sedoheptulose-1,7-bisphosphate aldolase (Stolzenberger et al.,
2013b). The following dephosphorylation reaction catalysed by fructose-1,6-
bisphosphatase/sedoheptulose-1,7-bisphosphatase (9lpX) yields
sedoheptulose-7-phosphate (S7-P) (Stolzenberger et al., 2013a). Through
further reactions catalyzed by transketolase (tkt) (Markert et al., 2014), ribose-5-
phosphate isomerase (rpiB) and ribulose-5-phosphate epimerase (rpe) (Le et al.,

2017), Ru5-P is regenerated for further formaldehyde assimilation (Figure 2).

Cyclic dissimilation follows the oxidative branch of the pentose phosphate
pathway (PPP) and regenerates Ru5-P through isomerization of F6-P to glucose-
6-phosphate (G6-P) and subsequent oxidation reactions, including the
decarboxylation of 6-phosphogluconate (6-PG) catalysed by
6-phosphogluconate dehydrogenase (gnd) (Figure 2) (Heggeset et al., 2012;
Muller et al., 2015c).
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Figure 2. Schematic overview of the central carbon metabolism in B. methanolicus.
Different pathways important for methylotrophy are depicted, including linear dissimilation
(orange), cyclic dissimilation (blue) glycolysis (red) and ribulose-monophosphate pathway
(RuMP) (green). In cases where two copies of a gene exist on the chromosome and the naturally
occurring plasmid pBM19, genes are marked with ¢ (chromosomal) or P (plasmid). Unlabelled
genes are expressed from the chromosome. Dashed arrows indicate several reactions. Involved
genes: mdh/mdh2/mdh3 (methanol dehydrogenase) fdh/fdhA (formate dehydrogenase), hps (3-
hexulose-6-phosphate synthase), phi (6-phospho-3-hexuloisomerase), pfk
(phosphofructokinase), glpX (fructose-1,6-bisphosphatase), fba (fructose-1,6-bisphosphate
aldolase), fpi (triosephosphate isomerase) tkt (transketolase), rpe (ribulose-5-phosphate
epimerase), rpiB (ribose-5-phosphate isomerase) pgi (phosphoglucoisomerase), zwf1/zwf2
(glucose-6-phosphate  dehydrogenase), pg/  (6-phosphoglucolactonase), gnd  (6-
phosphogluconate dehydrogenase). Abbreviations of metabolites: H6-P (hexulose-6-phosphate),
F6-P (fructose-6-phosphate), F1,6-bP (fructose-1,6-bisphosphate), GAP (glyceraldehyde-3-
phosphate), DHAP (dihydroxyacetone phosphate), G6-P (glucose-6-phosphate), 6-PGL (6-
phosphogluconolactone), 6-PG (6-phosphogluconate), Ru5-P (ribulose-5-phosphate), R5-P
(ribose-5-phosphate), S7-P (sedoheptulose-7-phosphate), E4-P (erythrose-4-phosphate), Xu5-P
(xylulose-5-phosphate).
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Although B. methanolicus is well researched by now and genome sequences
(Heggeset et al., 2012; Irla et al., 2014), as well as genome-wide transcriptomic
data (Irla et al., 2015) are available, the development of a genetic toolbox is still
a challenge and chromosomal modifications are not possible until now (Irla et al.,
2016). Because of that and given the increasing importance of methanol
utilization in industrial biotechnology, there is a huge interest to transfer the trait
of methylotrophy, or one-carbon (C1) metabolism in general, to current
industrially established microorganisms, in order to allow genomic modifications
for the production of value-added chemicals from methanol or other C1 carbon
sources (Chistoserdova, 2018, 2011; Whitaker et al., 2015).

Among industrially relevant and well-established  microorganisms,
Corynebacterium glutamicum is an interesting candidate to access methanol as

feedstock in industrial production of value-added products.
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1.4 The non-methylotroph biotechnological

workhorse Corynebacterium glutamicum

Since the 1950s, when it was first isolated in Japan (Kinoshita et al., 1957), the
Gram-positive, rod-shaped soil bacterium C. glutamicum has become a major
workhorse for the industrial production of amino acids, especially L-lysine and
L-glutamate (Becker et al., 2011; Kelle et al., 2005; Kimura, 2005; Wendisch et
al., 2016b; Wittmann and Becker, 2007). Moreover, it was engineered for the
production of other valuable chemicals, such as the alcohol 1,2-propanediol
(Siebert and Wendisch, 2015), the dicarboxylic acid glutarate (Pérez-garcia et
al., 2018), the methylated amino acid N-methyl-L-alanine (Mindt et al., 2018) or
diamines like GABA (Jorge et al., 2016), putrescine (Nguyen et al., 2015) and

cadaverine (Mimitsuka et al., 2007).

Cadaverine (1,5-diaminopentane) is an industrial relevant platform chemical for
the production of bio-polyamides, such as nylon 6,6 (Kind et al., 2014; Kind and
Wittmann, 2011). Previous efforts have already been made to optimize the
biotechnological production of cadaverine with C. glutamicum from renewable
resources like starch (Tsuchidate et al., 2008), xylose (Buschke et al., 2013) or

glucose (Mimitsuka et al., 2007).

The generally recognized as safe (GRAS) organism is naturally capable of
utilizing a wide spectrum of carbon sources, including hexoses (glucose,
fructose), organic acids (acetate, lactate) or disaccharides (maltose, sucrose)
(Blombach and Seibold, 2010; Gerstmeir et al., 2003; Stansen et al., 2005). Since
the whole genome of C. glutamicum was sequenced in 2003 (Kalinowski et al.,
2003), many metabolic engineering approaches focused on broadening the
substrate spectrum of the organism even further, resulting in engineered
C. glutamicum strains that acquired the ability to utilize a variety of different
substrates through the heterologous expression of different utilization pathways
(Becker and Wittmann, 2015; Wendisch et al., 2016a; Zahoor et al., 2012; Zhao
et al., 2018).

Non-native carbon sources such as xylose (Kawaguchi et al., 2006; Meiswinkel
etal., 2013), glycerol (Litsanov et al., 2013; Rittmann et al., 2008), starch (Tateno

et al., 2007; Tsuge et al., 2013), glucosamine and N-acetyl glucosamine (Matano
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et al., 2014; Uhde et al., 2013), dicarboxylic acids (Youn et al., 2008), lactose and
galactose (Barrett et al., 2004), hexuronic acids (Hadiati et al., 2014), arabinose
(Kawaguchi et al., 2008; Meiswinkel et al., 2013; Schneider et al., 2011) or
methyl-acetate (Choo et al., 2016) were successfully established as sole carbon

and energy source for C. glutamicum.

Therefore, the industrial workhorse C. glutamicum is a promising host for the
synthetic utilization of C1 substrates through heterologous expression of
utilization pathways to further expand the substrate spectrum for growth and
production of valuable compounds from renewable non-food substrates, such as

formate, CO2 or methanol.
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1.5 The current state of synthetic C1 utilization

1.5.1 Formate and CO:

Besides methanol, recent work has been focused on the engineering of synthetic

formate and CO2 utilizing organisms (Bar-Even, 2016; Erb et al.,, 2017,
Schwander and Erb, 2016; Yishai et al., 2018). Formate can be obtained by the
reduction of CO2, which makes it an ecologically, as well as biotechnologically
relevant carbon source that can theoretically be assimilated in various different
ways (Bar-Even, 2016). The first synthetic biological pathway for formate
utilization through reduction to formaldehyde and subsequent fixation of three
formaldehyde molecules to DHA by the computationally designed enzyme
formolase was proposed a few years ago (Siegel et al., 2015; Tai and Zhang,
2015). The functionality of the proposed pathway could be confirmed in vitro, by
conversion of formate to DHAP when acetyl-CoA synthase from Escherichia col,
acetaldehyde dehydrogenase from Listeria monocytogenes and DHA kinase
from Saccharomyces cerevisiae were additionally supplemented (Siegel et al.,
2015). However, formolase activity did not support growth of E. coli and the
preferred product at low formaldehyde concentrations was revealed to be
glycolaldehyde, which additionally reduced the carbon yield of the designed
pathway (Poust et al., 2015).

Recent work focused on simultaneous formate and CO: fixation by re-routing the
naturally occurring glycine cleavage system (GCS) in E. coli to establish the
reductive glycine pathway (Bang et al., 2018; Doéring et al., 2018; Yishai et al.,
2018). Engineered auxotrophies for serine and glycine, created through genomic
deletions of glyA (serine hydroxymethyltransferase), kbl (2-amino-3-ketobutyrate
CoA ligase), IltaE (threonine aldolase) and aceA (isocitrate lyase) were
successfully complemented by formate utilization through heterologously
expressed formate-Hs4F ligase from M. extorquens and additional CO:2
assimilation by the endogenous reductive glycine route. Successful assimilation
of both C1 carbon sources was validated by isotopic labelling experiments with
13C0O2 and 3C-formate, revealing incorporation of labelled carbon at all positions
in the amino acids serine and glycine (Bang et al., 2018; Déring et al., 2018;
Yishai et al., 2018).
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Interest to directly assimilate environmental CO2 with engineered organisms, for
the production of valuable compounds and fuels has risen in the last decade
(Claassens et al., 2018; Fast and Papoutsakis, 2012; Nybo et al., 2015). Although
natural autotrophs exist in nature and can be engineered (Nybo et al., 2015), the
demand for synthetic autotrophs has spawned a variety of possibilities to
assimilate CO2 (Bar-even et al., 2011; Fast and Papoutsakis, 2012). An early
approach was the transfer of the 3-hydroxypropionate (3-HPA) carbon fixation
bicycle from Chloroflexus aurantiacus, containing 19 reactions catalyzed by 13
different enzymes, to E. coli (Mattozzi et al., 2013). To achieve this, the pathway
was first divided into four different sub-pathways: 1) CO2 addition to acetyl-CoA
and further conversion to propionyl-CoA, 2) Assimilation of another CO:2
molecule to propionyl-CoA and subsequent conversion to succinyl-CoA, 3)
Acetyl-CoA regeneration from succinyl-CoA to yield glyoxylate 4) Coupling of
glyoxylate and propionyl-CoA for further utilization to gain pyruvate and acetyl-
CoA (Mattozzi et al., 2013). The functionality of the separate sub-pathways was
confirmed through complementation of different host mutations, however,
heterologous expression of the whole pathway did not support autotrophic growth

of the engineered E. coli strain (Mattozzi et al., 2013).

In an attempt to decouple biomass formation from energy metabolism in E. coli
through deletion of genes encoding phosphoglycerate mutases (gom, gpmM) to
diminish gluconeogenesis, a fully functional Calvin-Benson-Bassham cycle
(CBB) was established by plasmid-based heterologous expression of prkA
(phosphoribulokinase) from Synechococcus elongatus PCC 7942 as well as
RuBisCO from Rhodospirillum rubrum ATCC 11170 and subsequent laboratory
evolution (Antonovsky et al., 2016). The evolved strain exhibited triose, pentose
and hexose sugar synthesis for biomass solely from CO2 assimilation, while
being fed with pyruvate to generate energy in form of reducing equivalents and
ATP in lower glycolysis and TCA cycle reactions (Antonovsky et al., 2016).

Recent work was focused on the creation of synthetic pathways for COz2 fixation,
in contrast to the transfer of naturally existing pathways (Bouzon et al., 2017;
Schwander et al., 2016; Schwander and Erb, 2016). A fully synthetic pathway for
in vitro COz2 fixation was established by a combination of 17 enzymes from 9

different organisms and improved by several iterations of metabolic proofreading
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and enzyme engineering (Schwander et al., 2016; Schwander and Erb, 2016).
The crotonyl-CoA/ethylmalonyl-CoA/hydroxybutyryl-CoA  (CETCH) cycle
exhibited in vitro COz2 fixation with rates comparable to COz2 fixation measured

from plant crude extracts (Schwander et al., 2016).

Additional work reported about the 4-hydroxy-2-oxobutanoic acid (HOB) cycle in
E. colithat introduced HOB as a novel artificial metabolite to substitute serine and
glycine as natural C1 donors (Bouzon et al., 2017). The pathway was established
in E. coli lacking enzymes for the C1 transfer from glycine/serine to H4F by two
subsequent stages of adaptive laboratory evolution (ALE) to first establish HOB
as new intermediate metabolite and secondly improve endogenous HOB
production, yielding a strain dependent on COz2 fixation for anabolic reactions
(Bouzon et al., 2017).
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1.5.2 Methanol

The transfer of dissimilatory oxidation of methanol is straightforward and often
non-methylotrophs like E. coli or C. glutamicum possess the respective enzymes
(Gonzalez et al., 2006; Gutheil et al., 1992; Herring and Blattner, 2004; LeRmeier
et al., 2013; Witthoff et al., 2013, 2012). Currently, transfer of methylotrophy to
non-methylotrophs is of great interest (Whitaker et al., 2015), but has not resulted
in full synthetic methylotrophy until now (Chen et al., 2018; Leimeier et al., 2015;
Meyer et al., 2018; Mller et al., 2015b; Tuyishime et al., 2018).

Although only a few reactions of the RuMP pathway are missing in non-
methylotroph organisms, heterologous expression of suitable enzymes has not
been not sufficient for a full transfer of methylotrophy (Bennett et al., 2018;
LelBmeier et al., 2015; Mduller et al., 2015b; Witthoff et al., 2015). Natural
methylotrophy in B. methanolicus requires a constant flux towards Ru5-P
regeneration for formaldehyde fixation, in order to allow continuous growth on
methanol, and is subject to complex regulatory mechanisms that are still not fully
understood until now (Chistoserdova, 2011; Heggeset et al., 2012; Irla et al.,
2015; Mdller et al., 2015c, 2015a). Since the central carbon metabolism of non-
methylotrophs is naturally not adapted to formaldehyde assimilation, a rewiring
of carbon fluxes is necessary to guarantee sufficient and continuous regeneration
of Ru5-P for formaldehyde fixation and a functional transfer of the RuMP pathway
(Whitaker et al., 2015).

In early work, biomass yields of Pseudomonas putida S12 in glucose chemostat
cultures were increased from 35% (C-mol biomass/C-mol glucose) to 91%
through expression of hps and phi from Bacillus brevis and an additional feed of
formaldehyde to glucose (Koopman et al., 2009).

However, current work on synthetic methylotrophy mainly focused on the transfer
and optimization of RUMP pathway reactions to the model organisms E. coli and
C. glutamicum (Bennett et al., 2018; LeBmeier et al., 2015; Meyer et al., 2018;
Muller et al., 2015b; Price et al., 2016; Tuyishime et al., 2018).
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1.5.21 Synthetic methylotrophy in E. coli

In E. coli, mdh2 (methanol dehydrogenase) and the gene encoding the Mdh
activator protein act from B. methanolicus PB1 were expressed heterologously,
together with hps and phi from B. methanolicus MGA3 (Muller et al., 2015).
Isotopic labelling experiments with '3C-methanol revealed up to 40%
incorporation of methanol-carbon at multiple positions in hexoe-6-phosphates,
indicating functional cyclic activity of the RuMP pathway. Carbon incorporation
from '3C-methanol could not be further increased by deletion of frmA
(formaldehyde dehydrogenase), which is essential for the endogenous
glutathione-dependent, linear formaldehyde detoxification pathway (Muller et al.,
2015).

In another approach, hps and phi from Mycobacterium gastri MB19 were
heterologously expressed as fusion protein. The purified hps-phi fusion showed
approximately 2-fold activity during in vitro assays, compared to an equimolar
mixture of both single enzymes. Strains expressing the fusion protein also
exhibited improved formaldehyde consumption and better growth in comparison
to the wild type, with formaldehyde present in the medium (Orita et al., 2007).
Following  work  used mdh3  (methanol  dehydrogenase) from
B. methanolicus MGAS3 and the already established fusion of M. gastri genes hps
and phi for a self-assembling, scaffoldless, supramolecular enzyme complex in
an attempt to improve substrate channelling of formaldehyde (Price et al., 2016).
Clustering improved in vitro utilization of methanol 50-fold in comparison to an
equimolar mixture of the individual enzymes. The additional expression of /dh
(lactate dehydrogenase) from E. coli as “NADH sink” further improved in vitro
methanol consumption, resulting in an overall 97-fold improvement over the
uncomplexed enzymes. However, in vivo methanol consumption of an E. coli
strain expressing the enzyme complex was only improved 2.3-fold in comparison
to singular expression of mdh and the hps-phi fusion (Price et al., 2016).

For methanol conversion to the value-added, non-natural product naringenin,
E. coli was first engineered towards heterologous expression of mdh from
Bacillus stearothermophilus and RuMP pathway enzymes (hps and phi) from
B. methanolicus in a genomic AfrmA background (Whitaker et al., 2017). Carbon
incorporation from '3C-methanol up to 53% at multiple positions in 3-PG

demonstrated functional cyclic activity of the RuMP pathway (Whitaker et al.,
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2017). Additional heterologous expression of 4-coumaroyl-CoA ligase from
Arabidopsis thaliana and chalcone synthase from Petunia hybria led to
naringenin production with approximately 18% of the total naringenin pool
labelled from '3C-methanol at at least one position (Whitaker et al., 2017).
Recent work reported improved carbon labeling of central metabolites (pyruvate,
phosphoenolpyruvate) from '3C-methanol up to 60% through deletion of pgi
(phosphoglucoisomerase) and frmA, episomal heterologous expression of mdh,
hps and phi, together with the genomic integration for heterologous expression
of rpe, tkt, fba, glpX and pfk from B. methanolicus (Bennett et al., 2018).

To successfully couple growth to methanol utilization in E. coli, deletions of edd
(phosphogluconate dehydratase), rpiAB (ribose-5-phosphate isomerase) and
maldh (malate dehydrogenase) were performed to prevent growth on gluconate
as sole carbon source and additionally reduce TCA cycle activity. Subsequent
plasmid-based introduction of mdh2 from B. methanolicus PB1 and hps-phi from
Methylobacillus flagellatus, allowed the strain to grow on gluconate only when
methanol was supplemented (Meyer et al., 2018). Growth was further improved
through ALE, yielding strain MeSV2.2 that exhibited around 30% increased
biomass formation with gluconate and methanol, compared to the E. coli WT
cultivated with the same amount of gluconate (Meyer et al., 2018).

Distinct approaches following the same concept, were genomic deletions of rpi
or rpe to create a methanol dependency with xylose or ribose as co-substrate in
E. coli. The Arpe mutant exhibited weak methanol-independent growth on ribose
after a lag-phase of 29 h, making it unsuitable for ALE (Chen et al., 2018). The
rpi deletion strain, however, exhibited methanol-dependent growth on xylose
which was further improved through ALE to yield a strain growing with a specific
growth rate of with a specific growth rate of 0.17 + 0.006 h-!, which was twice as
fast as the previously reported methanol-dependent strain MeSV2.2
(0.081 £ 0.002 h™") by Meyer et al. (Chen et al., 2018; Meyer et al., 2018).
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1.5.2.2 Synthetic methylotrophy in C. glutamicum

Although natural methanol utilization in C. glutamicum was extensively studied in
the past (LeBmeier et al., 2013; LeBmeier and Wendisch, 2015; Witthoff et al.,
2013) (Figure 3A), attempts to establish a synthetic pathway for biomass
formation from methanol has only been partially successful (LeBmeier et al.,
2015; Witthoff et al., 2015)(Figure 3B).

For co-utilization of methanol in C. glutamicum, the linear detoxification pathway
was first removed by deleting ald (aldehyde dehydrogenase) and fadH
(mycothiol-dependent formaldehyde dehydrogenase) (Lelmeier et al., 2013).
Then hxIA and hxIB from B. subtilis, as well as mdh from B. methanolicus MGA3
were heterologously expressed (Lel3meier et al., 2015). Enzymes encoded by
hxIAB are homologues of B. methanolicus hps and phi (Yasueda et al., 1999) that
exhibited faster in vivo formaldehyde assimilation in C. glutamicum (LelRmeier et
al., 2015). Carbon incorporation from '3C-methanol up to 45% in F6-P and
labelling at multiple positions indicated functional cyclic operation of the RuUMP
in vivo (LeBmeier et al., 2015). Applying this strategy to a cadaverine producing
strain, additionally expressing /dcC (lysine decarboxylase) from E. coli and
endogenous feedback-resistant aspartokinase (lysC), resulted in 3C-labelling of
16% of the total cadaverine pool from '*C-methanol with a produced titer of 1.5 g/I
from ribose and methanol. Therefore, the non-natural carbon source methanol
was partially converted to the non-natural product cadaverine by recombinant
C. glutamicum. However, net biomass formation from methanol was not
observed (LeBmeier et al., 2015)(Figure 3B).

In another approach, mdh and act from B. methanolicus were heterologously
expressed, together with hxIAB from B. subtilis for co-utilization of methanol and
glucose in a Aald AfadH genomic background (Witthoff et al., 2015). The
engineered C. glutamicum strain revealed up to 25% incorporation of
3C-methanol-derived carbon in Fructose-1,6-bisphosphate with a threefold
increased methanol consumption rate in comparison to the WT control strain
(Witthoff et al., 2015)(Figure 3B).

20



Introduction

Native methanol utilization Transfer of RUMP pathway Methanol dependent growth
A) CH,OH Ribose  B) #CH,0H  Glucose/ ©) CH,OH - Xylose/
1 i \ i
adhA 1 mdh Rlblo € mdh xylA ~ -R\Iblo se
ald ! y
fadH M ¥ ¥
Formate «— CH,O R“‘S'P Formate 98¢ CH,O Koo R“‘S'P Formate 9€¢ CH,O 77 RU?'P
Iz L } 14 L | L
—--"1 —--"1 hxIAB/ -7
(6]0) -~ 1 (6]0) hxIAB!! --= 1 CO R
2 ’/\ Co, f 2 i’/\ Co, g 2 hps-phli’,’\, Co, *’rpi/
F6-P ===’ KF6-P «=--<-’ F6-P «—--<-/ *°
1 [} 1
1

N .
| *Y¥Cadaverine :
1

Biomass
Lessmeier et al. (2013), Lessmeier et al. (2015), Tuyishime et al. (2018),
Witthoff et al. (2013) Witthoff et a. (2015) This work

Figure 3: Schematic depiction of attempts to establish methanol utilization in
C. glutamicum. Relevant pathways for methanol utilization are depicted in reduced form. Dotted
arrows represent multiple reactions, green arrows represent heterologous pathways, grey arrows
and red crosses show deleted pathways. A) Native methanol utilization in C. glutamicum.
Methanol is first oxidized to formaldehyde by alcohol dehydrogenase (adhA) and subsequently
and then further to formate by acetaldehyde dehydrogenase (ald) and mycothiol-dependent
formaldehyde dehydrogenase (fadH), before final oxidation of formate to CO2 by formate
dehydrogenase (fdh). Methanol is not used to form biomass. B) Transfer of RuMP pathway to
C. glutamicum. Methanol utilization genes methanol dehydrogenase (mdh) from B. methanolicus
and 3-hexulose-6-phosphate synthase (hxIA) as well as 6-phospho-3-hexulose isomerase (hxIB)
from B. subtilis were introduced to a Aald AfadH genetic background to prevent formaldehyde
oxidation. Labelling experiments with '3C-methanol revealed incorporation of methanol-derived
carbon in central metabolites and the non-natural product cadaverine (yellow star), without net
biomass formation from methanol. C) Methanol-dependent growth through metabolic cut- by
deletion of ribose-5-phosphate isomerase (rpi) or ribulose-5-phosphate epimerase (rpe) in a Aald
AfadH genetic background and expression of xylulose isomerase (xylA) from E. coli for xylose
utilization as co-substrate to methanol. Additional expression of hx/AB or homologue genes hps-

phi from B. methanolicus led methanol-dependent biomass formation.

To couple methanol utilization and biomass formation, the linear formaldehyde
detoxification pathway (Aald AfadH), as well as rpi (ribose-5-phosphate
isomerase) were deleted and xylA (xylose isomerase) from E. coli, hps and phi
from B. methanolicus and mdh from Bacillus stearothermophilus were introduced
on plasmids for heterologous expression (Tuyishime et al.,, 2018). The
engineered C. glutamicum strain exhibited methanol-dependent biomass

formation with xylose, revealing up to 64% of average carbon incorporation from
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13C-methanol into the amino acid histidine (Tuyishime et al., 2018)(Figure 3C).
The specific growth rate on xylose and methanol was improved almost 3-fold from
0.012 h'' to 0.03 h™' through ALE (Tuyishime et al., 2018).

The work presented here followed a similar strategy with a distinct approach to
further improve methanol-dependent biomass formation in C. glutamicum. Here,
rpe was deleted in C. glutamicum Aald AfadH, to create a metabolic cut-off in the
PPP for methanol-dependency with ribose as co-substrate. Additionally, mdh
from B. methanolicus and hxIAB from B. subtilis were introduced on a plasmid for
heterologous expression to allow methanol-dependent growth for further
improvement through ALE (Figure 3C). As alternative approach, rpi was deleted
and xylA from E. coli was additionally expressed for methanol-dependent growth
of C. glutamicum on xylose and gluconate.

1.6 Objectives

Although intensive work has been done in the past to establish methanol as sole
carbon source in the industrial workhorse C. glutamicum, synthetic methylotrophy
was never achieved. The main objective of this work was to establish and improve
biomass formation from methanol in C. glutamicum to increase knowledge for

future engineering of synthetic methylotroph strains. This included:

Engineering of a methanol-dependent C. glutamicum strain
Improvement of methanol-dependent growth by ALE
Investigation of mutations in evolved C. glutamicum strains

Transfer of beneficial mutations to the unevolved parental strain

o bk w0 nh=

Production of the value-added non-natural product cadaverine from

methanol
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2. Materials and methods

2.1 Strains and plasmids

All strains and plasmids used in this work are listed in Table 1 and Table 2.

Table 1: Strains used in this work

Strain Relevant characteristics Source/reference
C. glutamicum
strains
WT Wild type strain ATCC 13032 ATCC 13032
Aald AfadH WT strain with deletions of ald and fadH (LeBmeier et al.,
2013)
Aald AfadH Arpe  WT strain with deletions of ald, fadH and rpe This work
Aald AfadH Arpi  WT strain with deletions of ald, fadH and rpe Carsten Haupka
Evo 1 WT strain with deletions of ald, fadH and rpe, This work
harbouring the plasmid pEKEx3-mdh-hxIAB
Evo 1 Acg3104 Evo 1 with deletion of cg3104 This work
Evo 1 Evo 1 with a point mutation in the metK gene, This work
metK_S288N leading to amino acid substitution S288N
Evo 1 Acg3104 Evo 1 with deletion of cg3104 and point This work
metK_S288N mutation in the metK gene, leading to amino
acid substitution S288N
Evo 1 Acg3104 Evo 1 with deletion of cg3104 and metY This work
AmetY
Evo 8 Improved methanol-utilizing strain derived from This work
Evo 1 through adaptive laboratory evolution
Evo 14 Improved methanol-utilizing strain derived from  This work

E. coli Strains
DH5a

S$17-1

Evo 1 through adaptive laboratory evolution

¢80dlacZAM15, A(lacZYA-argF)U169, hsdR17,
recA1, gyrA96, nupG, purB20, relA1, deoR, thi-
1, gInV44, endA1

Genomic integration of RP4 2-Tc::Mu Km::Tn7;

recA, TpR, SmR, pro, res’, mod*

(Hanahan, 1985)

(Simon et al., 1983)
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Table 2: Plasmids used in this work

Plasmid

Relevant characteristics

Source/reference

pEKEx3

pPEKEX3-hxIAB

PEKEx3-mdh-hxIAB

pPEKEx3-xylAB

pVWEXx1

pVWEX1-rpe

PVWEXx1-rpi

pVWEx1-mdh-hxIAB

PVWEXx1-lysC®"-IdcC

PECXT99A

pPECXT99A-mdh-
hxIAB

PECXT99A-xylAB

pPECXT99A-lysC™r-
IdcC

24

SpecR, shuttle vector for

E. colilC. glutamicum; IPTG-inducible
gene expression (Ptac, lacl®, pBL1
oriVecg, pUC18 oriVec)

SpecR, pEKEx3 with hxIAB from

B. subtilis

SpecR, pEKEx3 with mdh from

B. methanolicus and hxIAB from

B. subtilis

SpecR, pEKEx3 with xylA from X.
campestris and xyIB from C. glutamicum
KmR, shuttle vector for

E. colilC. glutamicum; IPTG-inducible
gene expression (Ptac, lacl®, pHM1519
OriVeg, pACYC177 OriVEec)

KmR, pVWEXx1 with rpe from

C. glutamicum

KmR, pVWEx1 with rpi from

C. glutamicum

KmR, pVWEx1 with mdh from

B. methanolicus and hxIAB from

B. subtilis

KmR, pVWEXx1 with feedback resistant
lysC™3'" from C. glutamicum and IdcC
from E. coli

TetR, shuttle vector for
E.coli/C.glutamicum, IPTG-inducible
gene expression (P, lacl, pGA1 oriVcg,
pUC18 oriVec)

TetR, pECXT99A with mdh from

B. methanolicus and hxIAB from

B. subtilis

TetR, pECXT99A with xylA from X.
campestris and xyIB from C. glutamicum
TetR, pPECXT99A with feedback resistant
lysC™3" from C. glutamicum and IdcC

from E. coli

(Stansen et al., 2005)

(LeRBmeier et al., 2015)

(LeBmeier et al., 2015)

(Meiswinkel et al., 2013)

(Peters-Wendisch et al.,
2001)

This work

Carsten Haupka

Carsten Haupka

(LeBmeier et al., 2015)

(Kirchner and Tauch,

2003)

This work

(Veldmann et al., 2019)

Carsten Haupka
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pK19mobsacB-
Acg3104

pK19mobsacB-
AmetY

pK19mobsacB-
metK_S288N

pK19mobsacB-
metK_N288S

pK19mobsacB-
SNP_dxs-rnd
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KmR, shuttle vector for

E. colilC. glutamicum to construct
insertions/deletions in C. glutamicum
(pK18 oriVec, sacB, lacZa)

KmR, pK19mobsacB with up- and
downstream flanking regions of the

C. glutamicum rpe gene for deletion
KmR, pK19mobsacB with up- and
downstream flanking regions of the

C. glutamicum rpi gene for deletion
KmR, pK19mobsacB with up- and
downstream flanking regions of the

C. glutamicum gene c¢g3104 for deletion
KmR, pK19mobsacB with up- and
downstream flanking regions of the

C. glutamicum metY gene for deletion
KmR, pK19mobsacB derivative to
introduce a base exchange from T to C,
at position 863 in the metK gene,
leading to amino acid change S288N
KmR, pK19mobsacB derivative to
introduce a base exchange from Cto T,
at position 863 in the metK gene,
leading to amino acid change N288S
KmR, pK19mobsacB derivative to
introduce a base exchange from Cto T,
in the intergenic region between the

genes dxs and rnd

(Schafer et al., 1994)

(LeBmeier, unpublished)

This work

This work

This work

This work

This work

This work
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2.2 Oligonucleotides

All oligonucleotides used for cloning throughout this work are listed in Table 3.

Table 3: Primers used in this work

Primer Sequence (5°-3’) Purpose
name

GH78_fw CCTGCAGGTCGACTCTAGAGGAAAGGA  Amplification of rpe to clone
GGCCCTTCAGATGGCACAACGTACTCC  pVWEXx1-rpe
AC

GH79_rv ATTCGAGCTCGGTACCCGGGTTACTGC
GCGAGTGCTCG

GHB80_fw ATTCGAGCTCGGTACCCGGGGATCCGA  Amplification of mdh + hxIAB
AAGGAGGCCCTTCAGATGACAACAAAC  from pEKEx3-mdh-hxIAB to

TTTTTCATTCCACCAG clone pECXT99A-mdh-hxIAB

GH81_rv CCTGCAGGTCGACTCTAGAGGATCCTA

TTCAAGGTTTGCGTGGTGAG
GH103_fw GCATGCCTGCAGGTCGACTCTAGAGTT  Amplification of metK from
GGCGCACCGACTGTCACGTCG Evo 1 or Evo 14 to clone

GH104_rv AGTGAATTCGAGCTCGGTACCCGGGGG pK19mobsacB-metk_S288N
GTTTTTGCCATGAATCCGAAGATACTAC  and pk19mobsacB-
A metK_N288S

GH107_fw GCATGCCTGCAGGTCGACTCTAGAGCC Amplification of up- and

ATCAGTTCTCATCATTGCGGT downstream region of the
GH108_rv AGTGAATTCGAGCTCGGTACCCGGGAA intergenic region between dxs
CGCTGGTTCCGCATCATCACC and rnd for cloning of

pK19mobsacB-SNP_dxs-rnd

GH113_fw CCTGCAGGTCGACTCTAGAGACAAAAC  Amplification of upstream

TGAAGCGATGCCCAAAG region of cg3104 to clone
GH114_rv  AATTGCCCTGAGCTTGTTCGCTGGTCAC pK19mobsacB-Acg3104
TTCT
GH115_fw CGAACAAGCTCAGGGCAATTCCAGTTTC Amplification of downstream
TCTAGGATCG region of cg3104 to clone
GH116_rv  ATTCGAGCTCGGTACCCGGGCGCCACC pK19mobsacB-Acg3104
ACCTCCGCTGTAAAAC
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GH125_fw

GH126_rv

GH127_fw

GH128_rv

CHO1_fw

CHO02_rv

CHO3_fw

CHO04_rv

CH29_fw

CH30_rv

CH40_fw

CH41_rv

Materials and methods

CCTGCAGGTCGACTCTAGAGTAGCGTT  Amplification of upstream
GCTGTACACCAAATCATCG region of metY to clone
TTCGAGGTCAGCGATATTGTCGTACTTT  pK19mobsacB-AmetY
GGCATTTGGAGGTC

CAAATGCCAAAGTACGACAATATCGCTG Amplification of downstream
ACCTCGAAGGCG region of metY to clone
AATTCGAGCTCGGTACCCGGGGATCGA pK19mobsacB-AmetY
AATTTCCATCTGGATGCATGGAGCC

TGCAGGTCGACTCTAGAGCGCACCTTTAG Amplification of upstream

GGCGTATGG region of rpi to clone

pK19mobsacB-Arpi

GGGTAGGTGATTTGAATTTGTTCCAAGGT
ATACGCGCATGG

ACAAATTCAAATCACCTACCCCGCACTGG  Amplification of downstream

AATCGCACCT region of rpi to clone

pK19mobsacB-Arpi

CGACGGCCAGTGAATTCCGAGCCTTGGT
GGGCAAG

ATTACGCCAAGCTTGCATGCCTGCAGAAA  Amplification of rpi to clone
GGAGGCCCTTCAGATGCGCGTATACCTT ~ PYWEXT-/P

GGAGC

AGTGAATTCGAGCTCGGTACCCGGGTTA
TTCGTTAGGAACGACAGGTGC

ATTACGCCAAGCTTGCATGCCTGCAGAAA Amplification of mdh + hxIAB
from pEKEx3-mdh-hxIAB to

clone pVWEx1-mdh-hxIAB

GGAGGCCCTTCAGATGACAACAAACTTTT
TCATTCCACCAG

AGTGAATTCGAGCTCGGTACCCGGGGAT
CCCTATTCAAGGTTTGCGTGGTGAG
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CH45_fw

CH46_rv

196_fw

197 _rv

581_fw
582_rv

1127_fw
1128 _rv

VEO09_fw
VE10_rv
VE17_fw
VE18_rv

VE25_fw
VE26_rv
VE33_fw
VE34_rv
CH27_fw

CH28_rv

GQO03_fw
GQ04_rv

GQ13_fw
GQ14_rv

Materials and methods

TTCGAGCTCGGTACCCGGGGATCCTCTAG Amplification of lysC™" + ldcC

AGAAAGGAGGCCCTTCAGGTGGCCCTGG

TCGTACAG

AAGCTTGCATGCCTGCAGGTCGACTCTAG

ATTATCCCGCCATTTTTAGGACTCG

CGCCAGGGTTTTCCCAGTCACGAC

AGCGGATAACAATTTCACACAGGA

CATCATAACGGTTCTGGC
ATCTTCTCTCATCCGCCA

GCGCCGACATCATAACGG
GGCGTTTCACTTCTGAGTTCGG

AAAGTCCGTGCGTGGTTTGC
CCACGGTGGACGCAAACTTC
GATGTTCGGCTACGCCACCAAC
GTAACCCCAAAAGAGGTAAAACCCGC

GGTTCTTGATGAGGATGCGGGTG
GAGATCATCGTTAGACAGCGAACGC
GGGGACTTCTTCACGCCTACTGG
GAATGGACGTGGCGGGGAAG

CTTGGCGGCGTCTACATTTC

ACTACTACCCTGGCGGTAAC

ACCGTGCATGGTGGCTAGTC
GCAAGGTGGATGGCATGAAG

CGCGCTCATGATGTTTGTGG
AGCATGTTGCGGTGCAAGTG

from pVWEXx1- lysC®r-ldcC to
clone pECXT99A-lysC™®r-/dcC

Verification primer for cloning
in pK19mobsacB

Verification primer for cloning
in pEKEx3/pVWEX1
Verification primer for cloning
in
pPEKEx3/pVWEXx1/pECXT99A

Verification of rpe deletion

Verification of
metK_S288N/metK_N288S

Verification of cg3104 deletion

Verification of metY deletion

Verification of rpi deletion

gPCR primer targeting gntK on

C. glutamicum genome

gPCR primer targeting oriVcg
on pEKEx3-mdh-hxIAB
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2.3 Chemicals

All chemicals used throughout this study were purchased from Sigma-Aldrich
GmbH (Taufkirchen, Germany), Merck AG (Darmstadt, Germany), Carl Roth
(Karlsruhe, Germany) or VWR international GmbH (Darmstadt, Germany) if not
stated otherwise.

2.4 Cultivation conditions
241 E. coli

E. coli strains were cultivated in lysogeny broth complex medium (LB)(Bertani,
1951) at 37°C. Strains were streaked on LB agar plates and incubated overnight.
Liquid cultures were inoculated either from agar plates or frozen glycerol stocks
and cultivated in 100 ml shake flasks overnight at 180 rpm shaking frequency.
The medium was supplemented with 25 pyg m/l kanamycin or 100 pyg m/l

spectinomycin when appropriate.

2.4.2 C. glutamicum

C. glutamicum strains were cultivated at 30°C. Strains were streaked from frozen
glycerol stocks on brain-heart-infusion (BHI) agar plates and incubated for 1-2
days. Precultures for growth experiments were inoculated from single colonies
and grown overnight in BHI medium at 120 rpm. Growth experiments were
performed in CG Xl minimal medium (Keilhauer et al., 1993). Cells of precultures
were harvested by centrifugation (5 min, 4000 rpm) and washed twice with CG XI|
Buffer (pH 7), before inoculation of main cultures to a starting optical density at
600 nm (ODsoo) of ~ 0.5. Growth was subsequently monitored through ODsoo
measurements. Biomass concentrations of C. glutamicum were calculated with
the correlation CDW = 0.353 - ODsoo, as described previously (Bolten et al.,
2007).
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For cultivations including methanol, 100 ml flasks without baffles with a filling
volume of 8 ml were used. Suitable antibiotics in appropriate concentrations were
added for strains harbouring plasmids and their derivatives (pEKEx3, 100 pyg m/I
spectinomycin), (pVWEx1/pk19mobsacB, 25 ug m/l kanamycin), (pECXT99A,
5ug m/l tetracycline). To induce plasmid-based gene expression, 1 mM

isopropyl-B-D-1-thiogalactopyranoside (IPTG) was supplemented.

Growth experiments in the microbioreactor system BiolLector (m2p labs;
Baesweiler, Germany) were carried out using 48-well flower plates (MTP-48-B;
m2p labs) with a filling volume of 1 ml, at 30°C and 1200 rpm shaking frequency.
Humidity was set to 85% and online biomass measurements of scattered light
were obtained along cell growth with backscatter gains of 20 or 50.

Statistical significance of growth differences between strains was determined by
two-sample t-test analysis assuming equal variances, confirming significance at
p < 0.05.

2.4.3 Strain preservation

For long-term storage of E. coliand C. glutamicum strains, frozen glycerol stocks
were prepared. 650 pl of liquid LB/BHI overnight cultures, inoculated from single

colonies, were mixed with 350 pl of 87% glycerol in cryo-vials and stored at -80°C.

2.4.4 Adaptive laboratory evolution (ALE)
C. glutamicum Aald AfadH Arpe (pEKEXx3-mdh-hxIAB) (Evo 1) was used for ALE

in two phases, to improve methanol-dependent growth.

Phase 1 [Evo 1-8]: Strains were cultivated in CG Xl minimal medium containing
20 mM ribose and 500 mM methanol, with a starting ODsoo of ~0.5. Low biomass
formation made it necessary to inoculate an intermediate LB overnight culture, to

allow a starting ODsoo of 0.5 for the next transfer to CG Xll minimal medium.
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Phase 2 [Evo 8-14]: Strains were cultivated in CG Xl minimal medium
containing 20 mM ribose, 500 mM methanol and 0.5 g/l yeast extract, with a
starting ODsoo of 0.5 and subsequently transferred to fresh CG XII medium, after

maximal biomass formation was reached, to start the next cultivation.

All cultivations were carried out in technical triplicates, using the culture with the
highest final ODsoo of the triplicate for further transfers to fresh medium. Before
each transfer, a glycerol stock of the chosen culture was prepared for long-term
storage at -80°C. Re-inoculations were done after 24-72h, dependent on when

the maximal ODsoo was reached.

To assure the genetical identity of evolved strains, cultures after 8, 12 and 14
transfers were plated on BHI to get single colonies. Those were then used to
inoculate 12 separate BHI overnight precultures for cultivation in CG Xl with
20 mM ribose and 500 mM methanol. The strain reaching the highest methanol-

dependent biomass formation was chosen for long-term preservation at -80°C.

2.5 DNA isolation, manipulation, and transformation

2.5.1 Molecular work

Primers and plasmid maps were designed in silico before cloning, using Clone
Manager 9 (Sci-Ed Software, Denver, USA) or SnapGene software v.4.3 (GSL
Biotech, Chicago, USA). All primers used in this work were purchased from
Metabion (Steinkirchen, Germany). Colony PCRs to verify cloning and genomic
modifications were done with Taq polymerase (New England Biolabs, Ipswich,
USA) and PCR to amplify DNA-fragments for cloning was performed with Allin
HiFi polymerase (HighQu, Kraichtal, Germany) according to the manufacturer’s
protocol. Restriction enzymes BamHI| and EcoRI to cut vectors pEKEx3,
pVWEX1, pK19mobsacB and pECXT99A and Dpnl for degradation of methylated
template DNA were obtained from Thermo Fisher Scientific (Waltham, USA).
Antarctic phosphatase for dephosphorylation of cut DNA fragments was
purchased from New England Biolabs (Massachusetts, USA). Cloning of
plasmids was performed by Gibson assembly (Gibson et al., 2009), with

homologous overhangs of 20-30 bp and a molar ratio of insert to vector of 5:1.
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Plasmids from E. coli were isolated using GeneJET Plasmid Miniprep Kit from
Thermo Fisher Scientific (Waltham, USA), following the manufacturer's manual.
Plasmid isolations from C. glutamicum were carried out using the same kit with a
modified protocol. Before cell lysis, cells were treated with 15 mg/ml lysozyme in

resuspension buffer of the kit for 3 h at 30°C.

Genomic deletions or base exchanges in C. glutamicum were performed as
previously described (Eggeling and Bott, 2004; Schafer et al., 1994). Flanking
regions (400 bp) of the target gene were cloned into the mobilizable suicide vector
pK19mobsacB and conjugation with E. coli S-17 was used for transformation
(Schafer et al., 1990). Cloned plasmids and performed deletions or base
exchanges were confirmed by sequencing at CeBiTeC sequencing core facility

center (Bielefeld, Germany).

2.5.2 Transformation

Competent cells of E. coli strains were prepared by CaCl2-method and
transformed by heat shock method as described before (Sambrook and Russell,
2001). Transformations were carried out with 200 ng DNA and cells were
subsequently transferred to 500 pl liquid LB-medium, regenerated for 1 h at 37°C
and plated on LB plates containing an appropriate antibiotic.

Electrocompetent C. glutamicum cells were prepared and transformed by
electroporation as previously described (Eggeling and Bott, 2004).
Electroporation was performed at 2.5 kV, 25 pF and 200 Q in a GenePulser Xcell
by Bio-Rad (Hercules, California). Transformed cells were kept in BHIS medium
at 46°C for 6 minutes and regenerated for 1 h at 30°C before plating them on BHI

plates containing an appropriate antibiotic.
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2.5.3 gDNA isolation

Isolation of genomic DNA from E. coli and C. glutamicum WT for further use in

PCR reactions was performed as described previously (Eikmanns et al., 1994).

Genomic DNA of the different artificially evolved C. glutamicum strains, for DNA
library preparation and subsequent whole-genome sequencing, was isolated
using NucleoSpin® Microbial DNA kit from Macherey-Nagel (Diren, Germany).
Cells were cultivated overnight in BHI complex medium, harvested through
centrifugation (5 min, 4000 rpm) and kept on ice afterwards. Disruption of cells
was carried out using a Silamat S6 swing mill (Ilvoclar Vivadent, Ellwangen,
Germany) with glass beads in a 1.5 ml Eppendorf tube in three steps of 1 min,
with intermediate cooling on ice to prevent denaturation. The remaining
procedure was carried out as stated in the manufacturer's protocol. The quality
of the purified genomic DNA was verified by gel electrophoresis and DNA
concentration determination using DropSense™ 16 spectrophotometry (Trinean,

Ghent, Belgium; software version 2.1.0.18).

2.6 Enzymatic assays

Enzymatic activity measurements were performed with crude extracts of
C. glutamicum. Cells grown overnight in BHI medium containing 1 mM IPTG and
appropriate antibiotics were harvested by centrifugation (5 min, 4000 rpm),
washed in 50 mM phosphate buffer and subsequently disrupted by sonication.
Sonication was carried out with an amplitude of 50% and a duty circle of 0.5 for
9 min. Afterwards, total protein concentrations were determined using the
Bradford method (Bradford, 1976) with bovine serum albumin as standard.
Bradford measurements and enzyme activity assays were all performed with a
Shimadzu UV-1800 spectrophotometer (Duisburg, Germany) in 1.5 ml cuvettes
(Sarstedt, Germany). Activities were calculated from linear slopes, according to
the law of Lambert-Beer (enapn = 6.22 M-' cm™"), defining one unit (U) as the
amount of enzyme necessary for conversion of 1 yM substrate per minute. For
calculations of specific activities (U/mg), the total protein concentration of crude

extracts was used. Statistical significance of measured activities was determined
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by two-sample t-test analysis assuming equal variances, confirming significance
at p <0.05.

2.6.1 Methanol dehydrogenase

To measure activities of heterologously expressed methanol dehydrogenase
from B. methanolicus, a previously described method for E. coli was modified
(Mdller et al., 2015). Measurements were carried out at 30°C in a total volume of
1 ml, containing 25 mM phosphate buffer pH 7.4, 5 mM MgSO4, 5 mM NAD* and
50 ul crude extract in varying dilutions. The reaction was started by addition of
2 M methanol and formation of NADH was continuously measured at 340 nm for

3 min.

2.6.2 Coupled activity of HxIA and HxIB

Activities of HxIA and HxIB in crude extracts were measured in a coupled assay,

different from a previously described method (LeBmeier et al., 2015).
Measurements were carried out in a total volume of 1 ml, containing 25 mM
phosphate buffer pH 7.4, 5 mM MgCl2, 5 mM ribose-5-phosphate, 0.5 mM NAD",
2 U phosphoriboisomerase from spinach (Sigma), 2 U phosphoglucoisomerase
from yeast (Sigma), 2U Glucose-6-P dehydrogenase from
Leuconostoc mesenteroides (Sigma) and 50 pl crude extract in varying dilutions.
The reaction was started by addition of 5 mM formaldehyde. Formation of NADH

was continuously measured at 340 nm and 30°C for 6 min.

2.7 Whole genome sequencing

In the present study, a hybrid genome assembly approach combining long and
short sequencing reads (Pechtl et al., 2018) was applied as basis for mutational
analysis in the artificially evolved C. glutamicum strains Evo 8 and Evo 14 in
comparison with first generation strain Evo 1. First, genomic DNA purified from
each analysed strain was used to prepare mate-pair shotgun sequencing libraries
using Nextera Mate Pair Sample Preparation Kit (Illumina, San Diego, USA). The

whole-genome sequencing run was carried out applying mate-pair protocol on an
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lllumina MiSeq system. De novo DNA sequence assembly was performed using
Newbler software v.2.8 (Roche Diagnostics, Rotkreuz, Switzerland), resulting in
33, 32 and 35 scaffolds containing 493, 285 and 630 contigs for Evo 1, Evo 8 and
Evo 14 data, respectively. Furthermore, to obtain long sequencing reads from
genomic DNA samples, whole genome sequencing shotgun library was
sequenced using Nanopore MinlON sequencing technologies (Oxford Nanopore
Technologies, Oxford, UK). Barcoded DNA fragments (up to 50 kb) from each
DNA sample were pooled and used to prepare sequencing library with 1D Square
Sequencing Kit (R9.5; Oxford Nanopore Technologies) and the generated library
was loaded to a Nanopore R9.5 flow cell for subsequent sequencing on USB
MinlON sequencer. Nanopore output reads were base called using Albacore
software v.1.2.4 (https://github.com/albacore). Sequence data was assembled
with Canu assembler v.1.5 (Koren et al., 2017), resulting in 11 contigs for Evo 1
data, 6 contigs for Evo 8 and 2 contigs for Evo 14. Long Nanopore-derived
contigs were polished with short lllumina-drived reads using Pylon tool (Walker
et al., 2014). Finally, genome sequences were finalized using Consed genome
finishing tool (Gordon et al., 1998).

Moreover, complete genome sequences of Evo 8 and Evo 14 were aligned with
the Evo 1 genome sequence using SnapGene software v.4.3 (GSL Biotech,
Chicago, USA) for single nucleotide polymorphisms (SNPs) and small insertions
and deletions (indels) visualization. Variant calling was performed manually,
identifying SNPs and indels by verification of the mismatches observed in
alignment of complete genome sequences of Evo 8 and Evo 14 against the

parental strain Evo 1 genome sequence reference.

2.8 Quantitative PCR

Plasmid copy numbers of different C. glutamicum strains were determined using
quantitative PCR (qPCR). Experiments were carried out in 96-well plates, sealed
with a transparent adhesive cover in a CFX Connect™ Real-Time PCR Detection
System (Biorad, Hercules, USA). In a total volume of 20 ul for each reaction, 10 pl
of SensiFAST™ SYBR® No-ROX Kit from Bioline (Heidelberg, Germany) were

used together with 100 nmol/l forward/reverse primer and 4 ul of diluted template
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DNA. Template DNA, including chromosomal and plasmid DNA, was isolated
beforehand from BHI overnight cultures (with appropriate antibiotics) of different
C. glutamicum strains (see Chapter2.5.3). Primers were designed for
amplification of fragments around 250 bp, targeting C. glutamicum chromosomal
gene gntK encoding gluconate kinase and oriVcg on pEKEx3. Relative standard
curves for both chromosomal and plasmid targets were constructed with serial
dilutions of DNA, ranging from 100 to 0.1 ng/pl. Chromosomal and plasmid
specific amplicons were then detected in separate reactions, each in technical
triplicates with a concentration of 10 ng/ul. Calculations to determine plasmid
copy numbers were done as described previously (Skulj et al., 2008). Statistical
significance of PCN differences was determined by two-sample t-test analysis

assuming equal variances, confirming significance at p < 0.05.

2.9 Quantification of metabolites using HPLC

For metabolite quantification in supernatants, samples from cultivations were
taken at different time points and centrifuged twice for 10 min at 10.000 rpm.
Supernatants were subsequently stored at -20°C until use. To measure ribose
and gluconate concentrations, supernatants were diluted 1:5, whereas 1:20

dilutions were applied for cadaverine measurements.

Metabolites were detected and quantified using the Agilent 1200 series High-
Performance Liquid Chromatography (HPLC) from Agilent Technologies Sales &
Services GmbH & Co. KG (Waldbronn, Germany).

Ribose and gluconate concentrations were measured using 5 mM H2SO4 as
mobile phase, at a flow rate of 0.8 ml/min. For sample separation, a column (300
x 80 mm, particle size 10 ym, 25 A from CS-Chromatographie Service GmbH
(Langerwehe, Germany)) was applied, before metabolites were detected with a
refractive index detector (RID G1362A, 1200 series, Agilent Technologies Sales
& Services, (Waldbronn, Germany)). External calibration was done with ribose

and gluconate in concentrations of 5, 10, 15 or 20 mM.

Cadaverine was quantified using a mobile phase of 0.25% sodium acetate (pH
6) and methanol in a ratio of 7:3 and a flow rate of 1 ml/min. Amino groups were
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derivatized with ortho-phthaldialdehyde (OPA) in a pre-column (LiChrospher 100
RP8 EC-5 p (40 x 4 mm) (CS Chromatographie Service GmbH, Langerwehe,
Germany)) as described before (Georgi et al., 2005). Analytes were separated
using a reversed-phase main column (LiChrospher 100 RP8 EC-5p (125 x 4 mm),
CS Chromatographie Service GmbH) and subsequently excited at 230 nm to
detect emissions at 450 nm with a fluorescence detector (FLD G1321A, 1200
series, Agilent Technologies). For each sample, an internal standard of 100 uM
L-asparagine was added for normalization. External calibration was done with

cadaverine in concentrations of 5, 10, 15 and 20 uM.

2.10 Determination of labelled carbon in cadaverine

from '3C-methanol
Overnight cultures of C. glutamicum Evo 8 (pECXT99A-lysC-IdcC) in BHI

medium with 1 mM IPTG and antibiotics were used to inoculate modified M9
minimal medium with 20 mM gluconate and 500 mM '3C-methanol as sole carbon
sources, to a starting ODsoo of 0.5. Modified M9 medium contained 7.5 g/l
Naz2HPO4, 3 g/l KH2PO4, 0.5 g/l NaCl, 0.25 g/l MgSOs4 - 7 H20, 0.003 g/l CaClz,
0.5 g/ NH4Cl and trace elements from the composition of CG XII minimal medium
(Keilhauer et al., 1993).

Samples of 1 ml were taken after 24, 48 and 72 h and centrifuged for 10 min at
10.000 rpm. Supernatants were subsequently frozen at -20°C for measurements
of 13C enrichment at different carbon positions in cadaverine as described before
(LeBmeier et al., 2015), at Institut National des Sciences Appliquées (INSA,
Tolouse). Cadaverine was quantified with a Bruker Ascend 800 MHz magnet
using a 1D-'H-NMR (nuclear magnetic resonance) approach with a
3C-decoupled DANTE-Z pulse sequence for isotopic quantification of

13C-enrichments in cadaverine.
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3. Results

3.1 Engineering of a methanol-dependent

C. glutamicum strain

3.1.1 Deletion of rpe prevents growth of C. glutamicum on ribose

To engineer a metabolic cut-off in the PPP for methanol-dependency in
C. glutamicum, first the rpe gene, encoding ribulose-5-phosphate epimerase was
deleted in a strain already lacking the linear formaldehyde detoxification pathway
(Aald AfadH) (Lellmeier et al., 2013) (Figure 3). The resulting strain
C. glutamicum Aald AfadH Arpe was then examined regarding its capability to

utilize ribose as sole carbon source.

Deletion of the rpe gene resulted in a growth deficiency on ribose as sole carbon
source (Figure 4). After reintroduction of rpe on the pVWEXx1-rpe plasmid, the
Arpe strain was able to grow on ribose again, whereas the same knockout strain
harbouring the empty vector did not show any growth (Figure 4). However, growth
rate and biomass formation after 28 h were slightly decreased when rpe was
overexpressed (4 =0.15 £ 0.01, ODesoo of 3.40 + 0.36, corresponding to
1.20 £ 0.12 gCDWI/I), in comparison to the WT strain carrying the empty vector
pVWEx1 (u=0.19+£0.01, ODeoo of 4.47+0.09, -corresponding to
1.58 + 0.03 gCDW/I)(Figure 4).
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Figure 4: Complementation of C. glutamicum deletion strain Arpe with a plasmid borne rpe

gene.

Growth of C. glutamicum WT (pVWEXx1) (squares), Aald AfadH Arpe (pVWEX1) (open circles)
and Aald AfadH Arpe (pVWEX1-rpe) (closed circles) in a shake flasks cultivation with CG XII
minimal medium and 20 mM ribose as sole carbon source. Cultures were inoculated to a starting

ODeoo of 0.5. Error bars depict standard deviations of biological triplicates.

As deletion of the rpe gene was successfully complemented through xylose
supplementation in E. coli before (Chen et al., 2018), it was hypothesized that the
deletion of rpe could also be complemented through xylose supplementation and

introduction of xylose utilizing enzymes in C. glutamicum.

The vector, pECXT99A-xylAB was introduced to enable xylose utilization for
C. glutamicum Aald AfadH Arpe. Xylose utilization through overexpression of
xylose isomerase (xlyA) from Xanthomonas campestris and endogenous
xylulose kinase (xy/B) has been established for C. glutamicum before (Meiswinkel
et al., 2013). The resulting strain C. glutamicum Aald AfadH Arpe (pECXT99A-
xylAB) was cultivated with 20 mM xylose or 20 mM ribose as sole carbon sources,
or with a combination of both, to investigate whether Arpe could be

complemented by additional supply of xylose to ribose.
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No growth of C. glutamicum Aald AfadH Arpe (pECXT99A-xylAB) was observed
on ribose or xylose as sole carbon source (Figure 5). In comparison to the WT
strain harbouring the pECXT99A-xyIAB plasmid, with ribose as the sole carbon
source (U= 0.24 £ 0.00), the Arpe strain was hampered in its growth, when ribose
and xylose together were provided to complement the cut-off in the PPP
(M= 0.06 = 0.01). Biomass formed by the Arpe strain after 30 h on ribose and
xylose was reduced by roughly 75% (ODeoo: 1.54 + 0.11 corresponding to
0.54 £ 0.05 gCDWI/I), compared to the WT growing only on ribose
(ODeo0: 4.87 £ 0.45 corresponding to 1.72 + 0.16 gCDW/I)(Figure 5).
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Figure 5: Partial complementation of C. glutamicum Arpe through expression of xylAB

genes and simultaneous supply of ribose and xylose.

Strains were cultivated in shale flasks containing CG Xl medium with either 20 mM ribose or
20 mM xylose (open symbols), or both (closed symbols). C. glutamicum WT (pECXT99A-xylAB)
(diamonds) was cultivated with 20 mM ribose as control. C. glutamicum Aald AfadH Arpe
(PECXT99A-xyIAB) was cultivated with ribose (circles), xylose (triangles) or both (squares).
Cultures were inoculated to a starting ODeoo of 0.5. Error bars depict standard deviations of

biological triplicates.
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Nevertheless, in presence of both carbon sources, growth was restored to a
certain degree, making the complementation partially successful (Figure 5). To
further couple biomass formation to methanol utilization in C. glutamicum,
additional investigation of suitable expression platforms for the heterologous
genes mdh and hxIAB essential for methanol oxidation and formaldehyde fixation

was performed.
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3.1.2 Determination of a suitable expression system for methanol-

utilizing enzymes

To determine which C. glutamicum expression plasmid is the most suitable for
heterologous expression of genes encoding essential methanol utilization
enzymes, first an activity assay for methanol dehydrogenase (Mdh) from

B. methanolicus expressed from different vectors was performed (Figure 6).

Mdh enzymatic activity derived from expression vector pEKEx3
(2.44 £ 0.34 mU/mg) was significantly higher (p < 0.05) than that derived from
pECXT99A (1.42 + 0.26 mU/mg). Nevertheless, pEKEx3- or pVWEXx1-derived
Mdh activity (1.71 £ 0.22 mU/mg) were not significantly different (p > 0.05)
(Figure 6).
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Mdh activity [mU/mg]

Figure 6: Enzymatic activity of heterologous Mdh in C. glutamicum based on different

expression vectors.

Specific activity (mU/mg) of Mdh was determined from crude extracts of overnight cultures of
C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (grey), (pVWEx1-mdh-hxIAB) (light grey)
and (pECXT99A-mdh-hxIAB) (white). Error bars depict standard deviations of technical triplicates.

Statistical significance was determined by students t-test analysis and is indicated (*) for p < 0.05.

Afterwards, the coupled enzymatic activity of 3-hexulose-6-phosphate synthase
(HxIA) and 3-hexulose-6-phosphate isomerase (HxIB) from B. subtilis, expressed
from different vectors was additionally determined (Figure 7). The coupled activity
of HxIA and HxIB was highest when expressed from pEKEx3 (197 £ 18 mU/mg),
compared to pVWEx1 (154 £ 11 mU/mg) and pECXT99A (92 + 10 mU/mgq)
(Figure 7). Based on these results, pEKEx3 was chosen for the expression of

mdh and hxIAB in following experiments.
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Figure 7: Combined enzymatic activity of HxIAB in C. glutamicum based on different

expression vectors.

Coupled specific activities (mU/mg) of HxIAB were determined from crude extracts of overnight
cultures of C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (grey), (PVWEx1-mdh-hxIAB)
(light grey) and (pECXT99A-mdh-hxIAB) (white). Error bars depict standard deviations of three
distinct measurements. Statistical significance was determined by students t-test analysis and is
indicated (*) for p < 0.05.
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3.1.3 Methanol-dependent growth of C. glutamicum on ribose

After the introduction of a metabolic cut-off in the pentose phosphate pathway
through deletion of rpe in C. glutamicum Aald AfadH, genes encoding enzymes
for methanol oxidation and formaldehyde fixation were introduced on the
pEKEx3-mdh-hxIAB plasmid for heterologous expression. The resulting strain
C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) was cultivated in CG XII
minimal medium with 20 mM ribose, with and without supplementation of 500 mM

methanol to investigate the strains methanol dependency.

Indeed, the presence of methanol in the medium enabled the strain to grow,
whereas there was no biomass formation observed in 120 h of cultivation without
methanol supplementation. The strain reached a final ODeoo of 1.95 £ 0.07, which
translates to final biomass of 0.66 + 0.03 gCDW/| with a specific growth rate of
0.03 £ 0.00 h*! (Figure 8). In comparison to complementation through rpe
overexpression (Figure 4), the growth of C. glutamicum Aald AfadH Arpe
(PEKEx3-mdh-hxIAB) on 20 mM ribose and 500 mM methanol was
approximately 80% slower than of strain Aald AfadH Arpe (pVWEXx1-rpe) in
CG Xll minimal medium with 20 mM ribose as sole carbon source
(u=0.15%0.01 h") (Figure 4), and final biomass was approximately halved.
Despite of that, partial complementation of Arpe was achieved through
heterologous expression of genes mdh and hxIAB encoding methanol utilizing

enzymes and the addition of methanol to medium with ribose (Figure 8).
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Figure 8: Methanol-dependent growth of C. glutamicum Aald AfadH Arpe
(PEKEx3-mdh-hxIAB) on ribose.

C. glutamicum Aald AfadH Arpe (PEKEx3-mdh-hxIAB) was cultivated in shake flasks containing
CG XlI minimal medium with 20 mM ribose as sole carbon source (open circles) or 20 mM ribose
and 500 mM methanol (closed circles). Cultures were inoculated to a starting ODsoo of 0.5. Error

bars depict standard deviations from biological triplicates.
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3.1.4 Influence of different ribose/methanol concentrations on growth

of a methanol-dependent C. glutamicum strain

To examine the impact of varying ribose concentrations on biomass formation
with methanol, C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) was
cultivated for 72 h with 5, 10, 20, 50 or 100 mM ribose and 500 mM methanol in
CG XII minimal medium (Figure 9A).

The strain exhibited the weakest growth with the lowest (5 mM), as well as highest
(100 mM) ribose concentrations in the medium with final AODsoo values of
0.67 £ 0.03 and 0.66 = 0.07, respectively. Addition of 10 mM ribose led to a
slightly increased AODeoo of 0.79 + 0.06, similar to medium with 50 mM ribose
(AODsoo: 0.82 £ 0.07). The highest biomass was reached with 20 mM ribose
(AODeoo: 1.04 £ 0.08; p < 0.05) (Figure 9A). Based on this result, further
experiments concerning methanol-dependent growth with ribose as co-substrate

were carried out with 20 mM ribose.

Afterwards, supplementation of different methanol concentrations was applied to
investigate the impact on biomass formation in a 72 h cultivation with 20 mM
ribose as co-substrate. Growth was improved with increasing methanol
concentrations in the medium (Figure 9B). The final AODeoo obtained with
100 mM methanol was 0.58 + 0.06 and it further increased with 300 mM
(0.98 £ 0.07), 500 mM (1.15 £ 0.06) and 700 mM (1.19 = 0.05) (Figure 9B).
However, final biomass formation did not significantly differ with 500- or 700 mM
methanol in the medium (p > 0.05) (Figure 9B). Based on this result, the standard

methanol concentration used in following cultivations was set to 500 mM.
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Figure 9: Influence of different ribose or methanol concentrations on growth of a methanol-

dependent C. glutamicum strain.

C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) was cultivated in shake flasks containing
CG XlI minimal medium with A) 500 mM methanol and 5 (white), 10 (light grey), 20 (grey), 50
(dark grey) or 100 mM (black) ribose. B) 20 mM ribose and 100 (white), 300 (light grey), 500
(grey) or 700 mM (dark grey) methanol. Cultures were inoculated to a starting ODeoo of 0.5. Error
bars depict standard deviations from three distinct cultures. Statistical significance was

determined by students t-test analysis and is indicated (*) for p < 0.05.
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3.1.5 Is methanol oxidation from C. glutamicum alcohol

dehydrogenase (AdhA) sufficient to support growth?

It was known from previous work that C. glutamicum alcohol dehydrogenase
AdhA accepts methanol as substrate (Witthoff et al., 2013). It was also shown in
the present study that methanol-dependent growth can be achieved by strain
C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) with methanol oxidation
promoted by heterologous expression of mdh from B. methanolicus (Figure 8).
Hence, it was hypothesized that methanol oxidation from endogenous AdhA was
sufficient to support growth in the methanol-dependent strain. In that case,
expressing the essential formaldehyde fixation enzymes HxIA and HxIB would be
enough for methanol-dependent growth of C. glutamicum. Therefore, to
investigate whether additional expression of B. methanolicus mdh was necessary
for methanol-dependent growth, C. glutamicum Aald AfadH Arpe was cultivated
with pEKEx3-hxIAB, lacking the mdh gene. The cultivation was carried out in
comparison to C. glutamicum Aald AfadH Arpe (pPEKEx3-mdh-hxIAB) in CG XI|
minimal medium containing 20 mM ribose and 500 mM methanol as carbon

sources.

It was revealed that the strain was not able to grow with ribose and methanol
without co-expression of mdh to hxIAB (Figure 10). Whereas the mdh expressing
strain showed similar growth to previous experiments (Figure 8), no growth was
detected after 48 h for the strain without mdh expression (Figure 10). Therefore,
the present study confirms that endogenous AdhA-based methanol oxidation of
C. glutamicum was not enough to support growth on methanol and ribose and
that heterologous mdh expression is required for methanol-dependent growth.
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Figure 10: Methanol-dependent growth of C. glutamicum with or without expression of the

mdh gene from B. methanolicus.

C. glutamicum Aald AfadH Arpe was cultivated in shake flasks containing CG XII minimal medium
with 20 mM ribose and 500 mM methanol harbouring either the pEKEx3-hxIAB (open circles) or
pEKEx3-mdh-hxIAB plasmid (closed circles). Cultures were inoculated to a starting ODeoo of 0.5.

Error bars depict standard deviations from biological triplicates.
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3.2 ALE of a methanol-dependent C. glutamicum

strain

Methanol-dependent growth with ribose was improved through ALE with
C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB), here named Evo 1. Serial
transfers of cells to fresh CG Xll medium containing methanol was previously
applied to enhance methanol resistance in C. glutamicum WT (Lelmeier and
Wendisch, 2015), as well as biomass formation of methanol-dependent E. coli
and C. glutamicum strains (Chen et al., 2018; Meyer et al., 2018; Tuyishime et
al., 2018).

Figure 11 shows the maximal AODsoo reached by evolved methanol-dependent
C. glutamicum strains throughout 14 passages over the course of 52 days. From
first generation strain Evo 1 to strain Evo 8 the maximal AODeoo increased from
1.34 to 2.95, which corresponds to a 2-fold biomass increase from 0.47 to
1.04 gCDWI/I. Additional transfers resulted in increasing methanol-dependent
biomass formation from strain Evo 8 to Evo 14, improving the maximal AODsoo to
4.59 (1.62 gCDWI/I) (Figure 11). After 14 transfers, the biomass level of the strain
dependent on methanol supplementation was similar to C. glutamicum WT with

equal amounts of ribose and yeast extract.
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Figure 11: Maximal AODgo reached by methanol-dependent C. glutamicum in adaptive
laboratory evolution.

C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) was used for adaptive laboratory evolution
towards methanol dependent growth in shake flasks. Serial transfers of grown cultures were done
in two phases: 1. [Evo 1-8]: Strains were cultivated in minimal medium containing 20 mM ribose
+ 500 mM methanol. Grown cultures were used to inoculate intermediate cultures of LB + 20 mM
Ribose + 500 mM methanol, before starting the next cultivation in CG XII medium. 2. [Evo 8-14]:
Strains were cultivated in CG XII + 20 mM ribose + 500 mM methanol + 0,5 g/l yeast extract and
subsequently transferred to fresh CG XlI medium to start the next cultivation. Cultures were grown
in triplicates but only data from the replicate with best growth characteristics, used for further
reinoculation, is depicted. The dotted line represents the growth of C. glutamicum WT with equal

amounts of ribose and yeast extract in CG XII medium.
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3.3 Methanol-dependent growth of evolved

C. glutamicum strains

For investigation and characterization of the improvements gained through ALE,
the methanol-dependent C. glutamicum strains Evo 1, 8 and 14 were cultivated
in CG Xl medium with 20 mM ribose and 500 mM methanol to determine growth
(Figure 12), as well as ribose consumption (Figure 13). None of the strains

showed any growth without methanol after 48 h of cultivation (Figure 12).

After 24 h the methanol-dependent biomass formation of Evo 14
(ODso00: 2.45 £ 0.05, corresponding to 0.86 + 0.02 gCDW/I) was twice as high as
compared to Evo 8 (ODsoo: 1.14 + 0.08; 0.40 + 0.03 gCDW/I) and approximately
2.7-fold higher than of Evo 1 (ODeoo: 0.91 = 0.01, corresponding to
0.32 + 0.00 gCDW/I)(Figure 12).

Final biomass formation was determined after 48 h. All strains continued growth
in presence of methanol, reaching final biomass of 0.39 +0.03 gCDW/I
(ODeoo: 1.10 £ 0.08) (Evo 1), 0.49 + 0.04 gCDW!/I (ODsoo: 1.40 £ 0.11)(Evo 8) and
1.25 £ 0.05 gCDW/I (ODsoo: 3.54 + 0.16)(Evo 14) (Figure 12). Final biomass
formation of C. glutamicum Evo 8 was slightly increased in comparison to Evo 1
(Figure 12). Evo 14 exhibited the best methanol-dependent growth
characteristics of all strains, forming 2.5-fold more biomass in comparison to
strain Evo 8 and more than 3-fold increased biomass compared to Evo 1
(Figure 12).
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Figure 12: Growth of evolved methanol-dependent C. glutamicum strains with ribose and
methanol.

Strains C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (Evo 1) (circles), Evo 8 (triangles)
and Evo 14 (squares) were cultivated in shake flasks containing CG Xl minimal medium with
either 20 mM ribose as sole carbon source (open symbols) or 20 mM ribose and 500 mM
methanol (closed symbols). Cultures were inoculated to a starting ODeoo of 0.5. Error bars depict

standard deviations from biological triplicates.

Furthermore, ribose consumption was monitored after 24 and 48 h to further
investigate differences in growth between C. glutamicum Evo 1 the evolved
strains Evo 8 and Evo 14 (Figure 13). No significant ribose consumption was
observed in medium not containing methanol, regardless of the cultivated strain.
Measurements revealed that Evo 8 cultures started with higher ribose
concentrations compared to Evo 1 and Evo 14, respectively. Nevertheless, after
24 h, ribose concentrations in Evo1 (11.70 + 1.99 mM) and Evo8
(13.39 + 2.03 mM) cultures with methanol supplementation showed no significant
difference anymore (Figure 13). Evo 8 consumed 9.82 + 3.36 mM ribose with a
consumption rate of 0.41 £ 0.29 mM/h in the first 24 h, which was not significantly
different to Evo 1 that utilized 0.25+14 mM/h up to a total amount of
6.08£3.29 mM ribose. Evo14 had a ribose consumption rate of
0.51 £ 0.12 mM/h, consuming 12.29 + 2.79 mM ribose with 6.10 + 1.8 mM
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remaining in the medium after 24 h (Figure 13). Rate and total consumption of
ribose in all strains cultivated with methanol did not significantly differ for the first
24 h.

After 48h, total ribose consumption in methanol supplemented cultures of
Evo1and Evo 8 still did not differ significantly with 9.22 + 2.89 mM
(0.19 £ 0.06 mM/h) and 13.91+1.48mM (0.29 + 0.03 mM/h) consumed,
respectively. Both cultures did not exhibit complete ribose depletion after 48 h,
leaving 8.56 £ 0.86 mM (Evo 1) and 9.30 £ 0.52 mM of ribose unutilized
(Figure 13). Only Evo 14 cultures grown with methanol, showed complete ribose
depletion with significantly higher and faster ribose consumption after 48 h
compared to Evo 1 and Evo 8, with a total amount of 18.39 + 1.76 mM ribose

consumed with a consumption rate of 0.38 + 0.04 mM/h (Figure 13).
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Figure 13: Ribose consumption of evolved C. glutamicum strains along methanol-
dependent growth.

Strains C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (Evo 1) (black), Evo 8 (blue) and
Evo 14 (red) were cultivated in shake flasks containing CG XII minimal medium with either 20 mM
ribose as sole carbon source (empty bars) or 20 mM ribose and 500 mM methanol (filled bars).
Ribose concentrations were measured by HLPC analysis for each culture after 0, 24 and 48 h.

Error bars depict standard deviations from biological triplicates.
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To investigate whether additional biomass formation could be achieved solely
from methanol, the evolved methanol-dependent C. glutamicum strain Evo 14
was cultivated with 20 mM ribose and 500 mM methanol in comparison to
C. glutamicum WT with 20 mM ribose as sole carbon source (Figure 14). No
growth of Evo 14 was observed without methanol supplementation (Figure 14).
The WT strain grew twice as fast on ribose as the methanol-dependent Evo 14
strain, reaching specific growth rates of 0.22+0.00 h' compared to
0.10 £ 0.01 h*! respectively. However, both strains ended forming the same
biomass after 28 h (Figure 14). Evo 14 reached an ODsoo of 4.80 + 0.30, which
translates to a biomass formation of 1.69 £ 0.10 gCDW/I from ribose and
methanol, whereas the WT strain reached ODeoo of 4.63 £ 0.31
(1.63 £ 0.01 gCDW/I). No significant difference in biomass between Evo 14 and
the WT was observed, revealing that ALE did not result in extra biomass
formation of Evo 14 solely from methanol (Figure 14). Nevertheless, ALE
improved methanol-dependent growth, leading to full complementation of Arpe
through methanol utilization in C. glutamicum strain Evo 14.
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Figure 14: Methanol-dependent growth of Evo 14, in comparison to C. glutamicum WT with

ribose.

Strains C. glutamicum Evo 14 (circles) and C. glutamicum WT (squares) were cultivated in shake
flasks containing CG XII minimal medium with either 20 mM ribose as sole carbon source (open
symbols) or 20 mM ribose and 500 mM methanol (closed symbols). Cultures were inoculated to

a starting ODsoo of 0.5. Error bars depict standard deviations from biological triplicates.
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3.4 Sequencing and variant calling of evolved

methanol-dependent C. glutamicum strains

3.4.1 Unique mutations revealed in evolved C. glutamicum strains

Whole genome sequencing followed by variant calling of C. glutamicum strains
Evo 8 and Evo 14, and comparison to the parental Evo 1 strain, revealed unique
mutations that emerged during ALE (Table 4). All mutations listed in Table 4 were

present in both evolved strains.

Table 4: Unique mutations found for C. glutamicum strains Evo8 and Evo 14 in

comparison to Evo 1.

Gene Mutation Effect

cg3104 15 bp deletion Partial deletion of
CDS

metK Single base exchange C — T at Amino acid

(cg1806) position 863 substitution S288N

res Single base exchange G — A at Amino acid

(cg1929) position 272 substitution R91H

SNP_dxs-rnd Single base exchange C — T in unknown

intergenic region between dxs
(cg2081) and rnd (cg2083)

In cg3104, a gene that is annotated to encode an “ATPase involved in DNA
repair’ (Kalinowski et al., 2003), a 15 bp deletion was found (Table 4), deleting
amino acids 1061 — 1065 in the translated protein and introducing a frame shift
for the remaining amino acid sequence (1066 — 1111). Since the gene and its
product have not been characterized yet, the impact of the partial deletion of the

coding sequence on the functionality of the protein remains unknown.
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The metK gene encoding S-adenosylmethionine synthetase (cg1806) in
C. glutamicum (Grossmann et al.,, 2000), revealed to have a single base
exchange at position 863 (C to T), leading to an amino acid substitution from
serine to asparagine at position 288 (S288N) in the translated protein (Table 4).
According to the universal protein database (UniProt Consortium, 2018), the
amino acid exchange discovered in Evo 8 and Evo 14 was located right next to
the enzyme’s methionine binding lysine residue at position 289
(https://www.uniprot.org/uniprot/Q9K5E4).

Another single base exchange was discovered in the gene sequence of res
(cg1929), coding for a site-specific recombinase, located in the prophage region
CGP3 of the C. glutamicum genome (Frunzke et al., 2008a; Kalinowski et al.,
2003). A single base exchange of guanine to adenine at position 272 in the gene
resulted in a change of amino acid at position 91 from arginine to histidine
(R91H)(Table 4). The res gene product in C. glutamicum has not been further
characterized.

The last unique SNP was discovered in the intergenic region of rnd (cg2081),
coding for ribonuclease D and dxs (cg2083), encoding 1-deoxyxylulose-5-
phosphate synthase (Heider et al., 2014; Kalinowski et al., 2003). 20 base pairs
downstream of the dxs gene, cytosine was exchanged with thymine in the

evolved strains (Table 4).

Since the SNP_dxs-rnd mutation occurred in an intergenic region and the
mutated res gene is part of the prophage CGP3 in the C. glutamicum genome,

both mutations were not further investigated.
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3.4.2 Impact of transposon insertion into rpe-deletion locus in Evo 14

In addition to the mutations listed in Table 4, an insertion sequence integration
was detected in the remains of the deleted rpe-locus of C. glutamicum strain
Evo 14. Figure 15 shows a comparison of gene arrangements surrounding the

rpe gene of Evo 1 and Evo 14 to further illustrate the transposon integration site.
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Figure 15: Schematic overview of the genomic organisation of rpe and ribG genes in

methanol-dependent C. glutamicum strains Evo 1 and Evo 14.

A) Gene arrangements up- and downstream of rpe (ribulose-5-phosphate epimerase), after rpe
deletion in C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (Evo 1). Depicted are coding
regions of fmu (putative 16s rRNA methyltransferase) and ribG (putative bifunctional riboflavin-
specific deaminase/reductase) (green), remaining base pairs of rpe (green), an artificial spacer
sequence for crossover PCR integrated into the rpe locus (blue) and the promoter region (-10
region) shared by rpe and ribG (grey). B) Gene arrangements up- and downstream of rpe in
Evo 14, after adaptive laboratory evolution. Integration of an insertion sequence (IS) into the rpe

locus is shown in red, containing a coding region for a transposase (green).

During rpe deletion in C. glutamicum Aald AfadH, the first 18 and last 36 bp of
the gene sequence remained untouched and were separated by an artificial
spacer sequence that was built in for crossover PCR (Eggeling and Bott, 2004;
Link and Phillips, 1997), when the pK19mobsacB-Arpe deletion vector was

constructed prior to this work (Lennart LeBmeier, personal communication).
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Genome sequencing of Evo 14 revealed a 1.461 bp insertion at bp position 654
of the WT rpe-gene, within the remaining rpe base pairs downstream of the
artificial spacer sequence after rpe-deletion (Figure 15B). BLAST analysis
(Altschul et al., 1990) showed that the sequence has been a transposable
element/insertion sequence (IS), including a gene encoding a transposase for re-
localization in the C. glutamicum genome (Mahillon and Chandler, 1998). The IS
found between rpe (cg1801) and ribG (cg1800) in Evo 14 can be found at two
other distinct locations in the C. glutamicum WT genome. First, between the
genes cg1212 (coding for a permease) and cg1214 (coding for cysteine sulfinate
desulfinase) and second between the genes cg2724 (coding for a conserved
hypothetical protein) and cg2726 (coding for a putative membrane protein)
(Altschul et al., 1990; Kalinowski et al., 2003). Those insertion sequences were
still present in Evo 14, making the revealed insertion between rpe and ribG a
unique third copy of the IS in the evolved strain.

The genes rpe and ribG are part of a bigger operon structure that further includes
the genes ribC, ribA and ribH downstream of ribG (Pfeifer-Sancar et al., 2013).
Analysis of the IS integration site and the downstream ribG gene uncovered
features that might have had an impact on ribGCAH expression in

C. glutamicum Evo 14 (Figure 16).

I ) ST B)

5 TPATTTTCGGGTCTACACCGCTAGCCCAGGTTCTGTGATGTACCCCAAAACCGGARGGGCCAGTAAATGGATGTTGCG 3¢
3*AATAAAAGCCCAGATGAGGCGATCGGGACCAAGACACTACATGGGGTTTTGGCCTTCCCGGTCATTTACCTACAACGC 5

Figure 16: Alternative promoter and ribosome binding site for ribG transcription, provided

by an insertion sequence in C. glutamicum strain Evo 14.

Segments of the nucleotide sequences of ribG (green), rpe (green) and the insertion sequence
(IS) (red) are depicted. Motifs within the IS for a -10 region (TATTTT) and an RBS (AAGGG)
shown in grey. The ATG start codon of ribG (yellow) is additionally highlighted.
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According to a previously published transcriptome analysis of C. glutamicum
(Pfeifer-Sancar et al., 2013), the IS provided an alternative -10 region (TATTTT),
as well as ribosome binding site (AAGGG) 7 bp upstream of the ribG start-codon
close to -10 region (TAxxxT) and RBS (xAGGA) consensus sequences. In the
WT strain, rpe and ribG share the same promoter region (Figure 15A), being
transcribed leaderless, without detectable ribosome binding site (Albersmeier et
al., 2017; Pfeifer-Sancar et al., 2013). Alternative transcription of ribGCAH might
have caused improved growth of strain Evo 14, in comparison to Evo 1.
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3.5 Investigation of revealed mutations in evolved

C. glutamicum strains

3.5.1 Impact of insertion sequence on riboflavin metabolism in

C. glutamicum strain Evo 14

To further examine the impact of the IS integration in C. glutamicum strain Evo 14
on metabolism and growth, strains Evo 1, Evo 8 and Evo 14 were cultivated in
minimal medium with 20 mM glucose as sole carbon source, with and without

supplementation of 20 uM riboflavin.

C. glutamicum Evo 1 surprisingly exhibited weak growth on glucose after 52 h of
cultivation. However, with riboflavin supplemented to the medium, growth could
be restored, despite a lag-phase of 16 h (Figure 17A). Growth of the Evo 8 strain
without riboflavin was also hampered and exponential growth was restored by

riboflavin supplementation (Figure 17B).

Addition of riboflavin resulted in no difference concerning final biomass formation
of the Evo 14 strain (Figure 17C). However, the specific growth rate was
significantly increased when riboflavin was provided (u = 0.12 + 0.00 h), in
comparison to no riboflavin in the medium (u= 0.09 + 0.01 h'"). Based on these
results, following growth experiments with C. glutamicum Evo 1 in CG XII minimal

medium were carried out with supplementation of 20 uM riboflavin.

63



Results

A C
100 1 ) )
_ 100
2
S,
g 10
©
o
()
X
Q
©
o —_
)
1 ' . S,
0 20 40 60 o
time [h] b
2 10
o
©
100 { B) @
=)
S,
8
S 10
X
o
©
m
1 , . 1 . .
0 20 40 60 0 20 40 60
time [h] time [h]

Figure 17: Growth of C. glutamicum strains Evo 1, Evo 8 and Evo 14 on glucose, with and

without riboflavin supplementation.

A) C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (Evo 1), B) C. glutamicum strain Evo 8,
C) C. glutamicum strain Evo 14 were cultivated using the BioLector in FlowerPlates with 1 ml
filing volume of CG XII minimal medium with 20 mM glucose as sole carbon source (open
symbols) or supplemented with 20 uM riboflavin (closed symbols). Backscatter was detected in

BioLector with a gain of 20. Error bars depict standard deviations from biological triplicates.
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3.5.2 Transfer of mutations gained from ALE to first generation strain

C. glutamicum Evo 1

In order to better understand the relevance of revealed mutations in the evolved
methanol-dependent strains Evo 8 and Evo 14 (Table 4) in relation to the
improved methanol-dependent growth, C. glutamicum strain Evo1 was

engineered accordingly.

Genomic deletion of cg3104 was performed, as well as introduction of the
metK_S288N point mutation, to mimic the genetic condition of the evolved
strains. Modifications were first introduced separately (Figure 18A and B), before
combination of both mutations in the single strain C. glutamicum Evo 1 Acg3104
metK_S288N (Figure 18C). All strains were examined for methanol-dependent
growth with ribose to reveal which mutation had the most significant influence on

the increased biomass formation from ribose and methanol gained through ALE.

Growth of Evo 1 metK_S288N and Evo 1 Acg3104, compared to the not modified
Evo 1 strain are depicted in Figure 18A and B, respectively.

In both cases, modification of a single gene did not result in a significant change
of growth rate or final biomass formation of Evo 1 with ribose and methanol.
However, the addition of riboflavin to the medium led to an overall higher biomass
formation of Evo1 compared to previous cultivations. Whereas
0.66 £ 0.02 gCDW/I had been the maximum biomass formation previously
reached (Figure 8), Evo 1 reached 0.91 £ 0.15 gCDW/I (ODeoo: 2.59 + 0.42) with

riboflavin supplementation in these experiments (Figure 18A and B).

Combining both mutations, Acg3104 and metK_S288N, in one strain led to an
increase in biomass formation (Figure 18C). The growth rate was doubled from
0.04 £ 0.00 h™' of the unmodified Evo 1 parental strain to 0.08 + 0.00 h' and the
final ODeoo reached after 30 h of cultivation (4.65 + 0.48, corresponding to a
biomass of 1.64 +0.17 gCDW/I), was in range of the previously measured
biomass formation of Evo 14 (1.69 £ 0.10 gCDW/I)(Figure 14).
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Figure 18: Methanol-dependent growth of C. glutamicum Evo 1 strains after transfer of ALE

mutations.

C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (Evo 1) (squares) and A) Evo 1
metK_S288N (triangles), B) Evo 1 Acg3104 (circles), C) Evo1 Acg3104 metK S288N
(diamonds) were cultivated in shake flasks containing CG XII minimal medium with 20 mM ribose
as sole carbon source (open symbols) or with 20 mM ribose and 500 mM methanol (closed
symbols). All cultures were supplemented with 20 pM riboflavin. Cultures were inoculated to a

starting ODeoo of 0.5. Error bars depict standard deviations from biological triplicates.
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3.5.3The cg3104 gene and its influence on HxIAB activity and

pEKEXx3-mdh-hxIAB plasmid copy humber

The cg3104 gene product was annotated as ATPase involved in DNA repair in

C. glutamicum (Chapter 3.4.1) and ATPases are known to be involved in plasmid
segregation in bacteria (Friehs, 2012; Kiekebusch and Thanbichler, 2014).
Therefore, plasmid copy numbers (PCN) of pEKEx3-mdh-hxIAB were determined
in C. glutamicum strains Evo 1, Evo 14 and Evo 1 Acg3104.

Figure 19 shows the calculated relative PCN after qPCR using genomic and
plasmid DNA of C. glutamicum strains Evo 14 and Evo 1 Acg3104 as template,
in comparison to the parental strain Evo 1 without modification. No significant
difference between Evo 14 and Evo 1 Acg3104 was detected (Figure 19).
However, both strains showed a significantly increased relative PCN of

approximately 60% compared to Evo 1 (Figure 19).
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Figure 19: Calculated relative plasmid copy number of C. glutamicum strains Evo 1, Evo 14
and Evo 1 Acg3104.

Quantitative PCR (qPCR) was performed on isolated genomic and plasmid DNA from overnight
cultures of C. glutamicum Aald AfadH Arpe (pEKEXx3-mdh-hxIAB) (Evo 1) (white), Evo 14 (black)
and Evo 1 Acg3104 (grey). Relative plasmid copy number (PCN) was calculated as previously
described (Skulj et al., 2008), using serial dilutions from 100 to 0.1 ng/ul as standard curve for the
chromosomal (gntK) and plasmid (oriVcg) targets. Error bars depict standard deviations of
technical triplicates. Statistical significance was determined by students t-test analysis and is
indicated (*) for p < 0.05.
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In order to find out if increased PCN of pEKEx3-mdh-hxIAB by cg3104 deletion
in strains Evo 1 and Evo 14 also resulted in higher activity of heterologously
expressed enzymes, an enzymatic assay for combined HxIAB activities was
performed (Figure 20). Comparison of activities from C. glutamicum strains
Evo 1, Evo14 and Evo1 Acg3104, revealed that both, Evo 14 and Evo 1
Acg3104, exhibited around 60% higher HxIAB activity than the parental strain
Evo 1 (Figure 20).

While HxIAB activity measured for Evo 1 (169 £ 22 mU/mg) was in the range of
the previous experiment using pEKEx3 for hx/IAB expression (197 £ 18 mU/mg)
(Figure 7), activities of Evo 14 (268 = 21 mU/mg) and Evo1 Acg3104
(268 £ 26 mU/mg) were significantly increased (p < 0.05) (Figure 20).
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Figure 20: Combined enzymatic activity of HxIAB from C. glutamicum strains Evo 1, Evo 14
and Evo 1 Acg3104.

Coupled specific activities (mU/mg) of HxIAB were determined from crude extracts of overnight
cultures of C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (Evo 1) (white), Evo 14 (black)
and Evo 1 Acg3104 (grey). Error bars depict standard deviations of technical triplicates. Statistical

significance was determined by students t-test analysis and is indicated by * for p < 0.05.

Deletion of cg3104 correlated with increased PCN in C. glutamicum Evo 1
(Figure 19) resulting in increased activity of heterologously expressed HxIAB, as
observed in Evo 14 (Figure 20). Therefore, disruption of cg3104 influenced the
PCN and expression of methanol utilizing enzymes during ALE, improving

methanol-dependent growth of Evo 8 and Evo 14 (Figure 12).
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3.5.4 The influence of metK and metY on methanol-dependent growth

in C. glutamicum.

Since the deletion of cg3104 and the resulting increased HxIAB activity was not
sufficient to elevate methanol-dependent growth of C. glutamicum Evo 1 (Figure
18A), further investigation of the metK gene mutation was necessary to
understand how a combination of Acg3104 and metK _S288N improved
methanol-dependent growth of C. glutamicum strains Evo 8 and Evo 14 (Figure
18C).

In addition to the transfer of variant calling detected mutations to the first
generation strain Evo 1 (Chapter 3.5.2), it was investigated whether a reversion
of the metK mutation in Evo 14, from S288N to the WT sequence N288S, had an
impact on methanol-dependent growth with ribose. Methanol-dependent growth
of the Evo 14 metK_N288S reversion mutant strain in comparison to unchanged

Evo 14 is depicted in Figure 21.

The Evo 14 metK_N288S reversion mutant strain exhibited less biomass
formation on ribose and methanol compared to the not engineered metK_S288N
strain (Figure 21). The final ODeoo after 32 h dropped from 4.07 + 0.24 to
1.21£0.08, when metK in Evo 14 was reversed to the WT sequence,
corresponding to a 70% reduction of biomass from 1.44 + 0.08 to
0.43 £ 0.03 gCDWI/I. C. glutamicum Evo 14 with WT metK sequence only
reached growth levels on ribose and methanol comparable to those previously
observed in Evo1 (0.32-0.66 gCDWI/I)(Figure 8 and Figure 12), despite
mutations in cg3104 and the transposon integration at the rpe locus being
present. This demonstrated that metK played a significant role in the
improvement of methanol-dependent biomass formation, yet the function

remained unknown.
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Figure 21: Influence of metK reversion to WT sequence on methanol-dependent growth of

C. glutamicum strain Evo 14.

C. glutamicum Evo 14 (squares) and Evo 14 metK _N288S (circles) were cultivated in shake
flasks containing CG Xl minimal medium with 20 mM ribose as sole carbon source (open
symbols) or with 20 mM ribose and 500 mM methanol (closed symbols). Cultures were inoculated

to a starting ODeoo of 0.5. Error bars depict standard deviations of biological triplicates.

It has already been reported that O-acetyl-homoserine sulfhydrolase (MetY) of
Corynebacterium acetophilum catalyzes a side reaction with methanol that yields
O-methyl-homoserine (OMH) (Murooka et al., 1977). OMH is structurally close to
L-methionine (Grob et al., 2017), the natural substrate of MetK (Grossmann et al.,
2000), but is also reported to inhibit the growth of various bacterial species
(Roblin et al., 1945). Furthermore, a mutation in the metY gene, leading to amino
acid substitution A165T, was previously shown to increase methanol tolerance of
C. glutamicum WT (Le3meier and Wendisch, 2015). To clarify whether MetY had
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an influence on MetK and inhibited methanol-dependent growth, the metY gene
was deleted in Evo 1 Acg3104.

The resulting strain C. glutamicum Evo 1 cg3104 AmetY was cultivated in CG XI|
minimal medium with 20 mM ribose and 500 mM methanol in comparison to
Evo 14 (Figure 22).
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Figure 22: Methanol-dependent growth of C. glutamicum strain Evo 1 Acg3104 AmetY
compared to strain Evo 14. C. glutamicum Aald AfadH Arpe (pEKEx3-mdh-hxIAB) (Evo 1)
Acg3104 AmetY (circles) and Evo 14 (squares) were cultivated using the BiolLector in
FlowerPlates with 1 ml filling volume of CG XlI minimal medium with 20 mM ribose as sole carbon
source (open symbols) or with 20 mM ribose and 500 mM methanol (closed symbols). All cultures
were supplemented with 20 uM riboflavin Error bars depict standard deviations of biological

triplicates.

Despite the metK gene not being changed in Evo 1 Acg3104 AmetY, the strain
showed equal growth to Evo 14 with ribose and methanol (Figure 22). This could
previously only be achieved with Evo 1 Acg3104 metK_S288N (Figure 18C)
showing that metY deletion and metK_S288N mutation have the same effect on
methanol-dependent growth of C. glutamicum. Therefore, both encoded
enzymes significantly affect methanol-dependent biomass formation of
C. glutamicum and presumably act on each other, when methanol is present.
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3.6 Alternative approach towards methanol-
dependency: Deletion of ribose-5-phosphate

isomerase (rpi)

An alternative approach to create a methanol dependency through a metabolic
cut-off was the deletion of the rpi gene, encoding ribose-5-phosphate isomerase,
in C. glutamicum Aald AfadH, in combination with the supply of xylose or
gluconate as alternative methanol co-substrates to ribose. This approach
followed the same concept of disrupting the PPP by removal of a Ru5-P utilizing
reaction (ribose-5-phosphate < ribulose-5-phosphate), as it was successfully
applied for rpe deletion before in the present study (Chapter 3.1.3). To allow
xylose utilization, a previously established pathway was introduced through
pEKEx3-xylIAB for plasmid-based heterologous expression (Meiswinkel et al.,
2013). Additionally, the strain was transformed with pVWEx1-mdh-hxIAB for
heterologous expression of the methanol utilization pathway used before in this

study.

In addition to xylose, gluconate was tested as alternative co-substrate for
methanol-dependent growth of C. glutamicum. Gluconate gets metabolized
through Ru5-P in the PPP of C. glutamicum (Blombach and Seibold, 2010) and
was therefore hypothesized to be suitable co-substrate to couple growth and

methanol utilization.

The resulting strain C. glutamicum Aald AfadH Arpi (pEKEx3-xyIAB) (pVWEX1-
mdh-hxIAB) was neither able to grow on xylose nor gluconate as sole carbon

source (Figure 23).

However, with methanol present in the medium, the strain exhibited growth on
xylose with a growth rate of y = 0.02 + 0.00 h™', reaching 0.42 + 0.11 gCDW/I
(ODeo0: 1.18 £ 0.16) after 48 h of cultivation (Figure 23A). Growth rate and final
biomass formation with xylose and methanol were slightly decreased compared
to previous experiments with the C. glutamicum rpe deletion strain growing with
ribose and methanol (u = 0.03 + 0.00; 0.66 £ 0.03 gCDW/I) (Figure 8).
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Nevertheless, it was possible to transfer the approach of methanol dependency

towards the application xylose as alternative carbon source.

With gluconate as co-substrate to methanol (Figure 23B), the specific growth rate
(u=0.03 £ 0.00 h"') was on par with previous experiments carried out with its
Arpe counterpart (4 = 0.03 + 0.00 h")(Figure 8), while final biomass formation
with gluconate and methanol was slightly decreased (ODsoo: 1.67 £+ 0.01,
corresponding to 0.59 £ 0.00 gCDW/I) compared to previous experiments with
ribose (0.66 + 0.03 gCDW!/I)(Figure 8).

The concept of methanol dependency was successfully transferred to the
deletion of rpi as alternative target gene for the creation of a metabolic cut-off and
the application of the two alternative carbon sources xylose and gluconate for
methanol-dependent growth in C. glutamicum (Figure 8). Therefore, methanol-
dependent growth of C. glutamicum on three different carbon sources was
reported in this study for the first time.
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Figure 23: Methanol-dependent growth of an engineered C. glutamicum strain on xylose

or gluconate after rpi deletion.

C. glutamicum Aald AfadH Arpi (pEKEXx3-xylAB) (pVWEXx1-mdh-hxIAB) was cultivated in shake
flasks containing CG XIlI minimal medium with A) 20 mM xylose as sole carbon source (open
circles) or 20 mM xylose and 500 mM methanol (closed circles). B) 20 mM gluconate as sole
carbon source (open squares) or 20 mM gluconate and 500 mM methanol (closed squares).
Cultures were inoculated to a starting ODeoo of 0.5. Error bars depict standard deviations of

biological triplicates.
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3.7 Methanol-dependent cadaverine production

3.7.1 Labelling of the non-natural product cadaverine from

13C-methanol

In parallel with ALE (Figure 11), carbon labelling of the non-natural product
cadaverine from '3C-methanol was investigated, as in LeRmeier et al., 2015. At
the time of experiment execution, C. glutamicum Evo 8 had been the most
evolved methanol-dependent strain and was therefore chosen to be engineered
for cadaverine production. To facilitate cadaverine production with Evo 8, the
vector pECXT99A-IlysC-IdcC was used for expression of endogenous, feedback
resistant aspartokinase (lysC™'") (Kalinowski et al., 1991) and lysine
decarboxylase (IdcC) from E. coli (Kind and Wittmann, 2011). Gluconate was
chosen as secondary substrate to methanol, for provision of additional NADPH,
benefitting the production of L-lysine (Lee and Lebeault, 1998), the direct

precursor of cadaverine.

Previous work without methanol dependency reported production of up to 15 mM
cadaverine from ribose in presence of methanol (LeBmeier et al., 2015). Here,
Evo 8 was only capable to produce a fraction of the previously reported titer

(1.5 mM)., dependent on methanol supplementation

Carbon labelling was revealed to be most prominent at carbon positions C2 and
C4 in cadaverine with approximately 34% of molecules labelled (Figure 24).
Approximately half as much '3C enrichment could be observed at carbon position
C3 (16%), whereas only 10% of carbons one or five were labelled. Previous work
reported that labelling at the C1/C5 or C2/C4 positions indicate utilization of
methanol through RuMP pathway reactions, whereas C3 labelled cadaverine
results from anaplerotic carboxylation reactions fixing '*CO2 (LeBmeier et al.,
2015). Therefore, Evo 8 was able to produce cadaverine dependent on methanol,
using RUMP pathway reactions but also through'3CO2 fixation which has not been

reported before.
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Figure 24: Labelled carbon positions in cadaverine from '3C- methanol in C. glutamicum

strain Evo 8.

Cadaverine was produced by C. glutamicum Evo 8 (pECXT99A-lysC-ldcC) in shake flasks
containing M9 minimal medium with 20 mM gluconate, 0.5 g/l yeast extract and 500 mM
3C-methanol for 72 h. Mean '3C enrichment in cadaverine was determined at carbon positions
C1,C5 (white), C2,C4 (grey) and C3 (black). Error bars depict standard deviations of samples
from biological triplicates.
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4. Discussion and Outlook

4.1 Biotechnological potential of methanol using

natural and synthetic methylotrophs

The present study attempted to establish synthetic methylotrophy in
C. glutamicum through the artificial creation of a methanol dependency and
subsequent ALE for improved methanol-dependent growth. Analysis of the
gathered mutations in evolved strains that exhibited increased
methanol-dependent biomass formation will elevate the existing knowledge of
synthetic methylotrophy and lead a step closer to the first full synthetic

methylotroph organism.

In Chapter 1.1, the potential of methanol as alternative carbon source in
biotechnological processes was introduced. The methanol market price of
0.45 $/kg, which translates to 1.2 $/kg carbon substrate (Bertau et al., 2014;
Ochsner et al., 2014b) is currently still higher compared to sugar (0.28 $/kg
corresponding to 0.66 $/kg carbon substrate) (Macrotrends.net, 2019). However,
sugar prices have shown significant price fluctuations in the past, ranging from
0.06 $/kg in 1960 up to 0.44%$/kg in 2017 (Maitah and Smutka, 2019). In contrast,
the price of methanol is expected to decrease steadily in the future, due to the
construction of mega-methanol production facilities (Schrader et al., 2009) and
the development of cheaper and more efficient methanol production technologies
(Goeppert et al., 2018; Olah, 2013). Furthermore, methanol contains 50% more
electrons per carbon as commonly used glucose, which makes it an appealing
substrate for the production of reduced products, such as other alcohols and
fatty- /carboxylic acids, or to enhance yields of products when fed as a
co-substrate (Whitaker et al., 2015).

Methanol also has some significant advantages over the other industrially
interesting C1 carbon sources methane (CH4), formate (CH202) or CO2. Although
the gaseous methane (24.3 MJ/kg) has a higher energy density than methanol
(22.7 MJ/kg) (Bertau et al., 2010), the volumetric energy density of methanol
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remains favourable because of its liquid state of aggregation at room temperature
(Bertau et al., 2014), which also makes methanol easier to store and cheaper to
transport then methane (Bertau et al., 2014; Rauchle et al., 2016). The liquid state
and high solubility of methanol in water (Bertau et al., 2014; Schendel et al., 1990)
further makes it easier to handle in bacterial fermentations than gaseous
substrates (CHs4, COz2) (Linton and Niekus, 1987). In comparison to formate
(6.2 MJ/kg), methanol has a higher energy density (Bertau et al., 2010; Celaje et
al., 2016) and yields more energy in form of reducing equivalents during its
utilization due to of its more reduced state (Mdller et al., 2015a; Whitaker et al.,
2015; Witthoff et al., 2013).

Scientific interest to use natural methylotroph organisms for the production of
valuable products from methanol has risen in the past years (Pfeifenschneider et
al., 2017; Zhang et al., 2018a). B. methanolicus strains have been reported to be
suitable hosts for amino acid production, secreting up to 70 g/l of L-glutamate
(Brautaset et al., 2010) and 35 g/l of L-lysine (Brautaset et al., 2003) in methanol
fed-batch cultivations at 50°C. Furthermore, amino acid derived products such as
cadaverine (11 g/l) (Naerdal et al., 2015) or GABA (9 g/l) (Irla et al., 2017) were
successfully added to the product spectrum of B. methanolicus. Additionally, fine
chemicals, such as mevalonate (2.65 g/l) (Liang et al., 2017) or a-humulene
(1.65 g/l) (Sonntag et al., 2015), as well as organic acids like mesaconic acid
(0.07 g/l) or methyl-succinic acid (0.06 g/l) (Sonntag et al., 2014) were reported
products of natural methylotroph M. extorquens strains with methanol as sole

carbon source.

Although knowledge about natural methylotrophs has increased (Heggeset et al.,
2012; Irla et al., 2014; Ochsner et al., 2014b) genetic tools for natural
methylotroph organisms are still scarce and limit the possibilities of engineering
to further increase product titers and yields (Fei et al., 2014; Irla et al., 2016).
Therefore, the development of synthetic methylotroph organisms will create the
opportunity to overcome those limitations and exploit the full potential of methanol
as biotechnological carbon source (Whitaker et al., 2015; Zhang et al., 2018a,
2017).
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The application of methanol as co-substrate in cultivations of heterotroph
organisms engineered towards synthetic methylotrophy already revealed the
potential to increase product titers and yields (Litsanov et al., 2012; Wang et al.,
2019; Zhang et al., 2018b). It was demonstrated in succinic acid production with
E. coli, that yields could be improved from 0.91 + 0.08 g/g to 0.98 + 0.11 g/g,
through co-supply of methanol to glucose and heterologous expression of mdh,
hps and phi from B. methanolicus (Zhang et al., 2018b). Recently, L-lysine titers
of an E. coli strain expressing RUMP pathway enzymes (Mdh, Hps, Phi) from
B. methanolicus were doubled from 0.06 g/l with glucose as sole carbon source
after additional expression of peroxide sensitive NADH kinase (POS5) from
Saccharomyces cerevisiae and methanol supplementation to glucose for an
enhanced NADH supply through methanol oxidation and its conversion to
NADPH by POS5 (Wang et al., 2019).

Succinate yields in anaerobic fermentations with C. glutamicum were improved
by 20% from 1.05 + 0.02 mol/mol to 1.26 + 0.02 mol/mol glucose in presence of
formate and additional chromosomal integration and expression of fdh (formate
dehydrogenase) from Mycobacterium vaccae, due to increased availability of
reducing equivalents from formate oxidation (Litsanov et al., 2012). Formate
could possibly be replaced by methanol in order to yield three times as much
reducing equivalents in form of NADH since two additional NAD* dependent
oxidation steps are required for the full oxidation from methanol to CO2 (LeRmeier
et al., 2013; Witthoff et al., 2013).

Furthermore, production of the non-natural product cadaverine from ribose and
3C-methanol in  C. glutamicum Aald AfadH  expressing mdh  from
B. methanolicus and hxIAB from B. subtilis, as well as endogenous lysC and IdcC
from E. coli, revealed integration of methanol-derived carbon in cadaverine with

a maximal titer of approximately 15 mM (LeRBmeier et al., 2015).

Here, before ALE conclusion (Chapter 3.2), the methanol-dependent
C. glutamicum strain Evo 8 was chosen for cadaverine production from gluconate
and "3C-methanol to investigate the labelling patterns in the non-natural product
(Figure 24). Gluconate was chosen as co-substrate, as it provides additional

NADPH during its metabolization, which benefits lysine production in
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C. glutamicum (Lee and Lebeault, 1998), and therefore increases the precursor
supply for cadaverine production. Additionally, small amounts of yeast extract
(0.5 g/l) were supplemented to the medium, since it was applied in ALE and was
also known to promote growth with methanol (Whitaker et al., 2017). The final
cadaverine titer produced by Evo 8 with 1.5mM (Chapter3.7.1) was
approximately ten times less than previously reported titers of a methanol-utilizing
C. glutamicum strain (~15 mM) (LeBmeier et al., 2015). However, cadaverine
concentrations produced by the methanol-dependent C. glutamicum strain Evo 8
(Chapter 3.7.1) were not comparable to those reported for methanol-utilizing
C. glutamicum before (LeBmeier et al., 2015), since the metabolic cut-off in the
PPP of Evo 8 made growth and production of the strain dependent on methanol
utilization (Chapter 3.3), whereas the previously reported C. glutamicum strain
was still capable of using ribose as sole carbon source for growth and production,
while co-utilizing methanol as additional substrate (LeBmeier et al., 2015).
Therefore, methanol-dependent production of the non-natural product cadaverine
with C. glutamicum was achieved here for the first time (Chapter 3.7.1).
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4.2 Isotopic labelling of cadaverine from 3C-methanol

Isotopic labelling of cadaverine produced from C. glutamicum strain Evo 8
(Chapter 3.7.1) was superior to a previous study about cadaverine production of
a methanol-utilizing C. glutamicum (LelBmeier et al., 2015). Incorporation of
13C-methanol-derived carbon in the total cadaverine pool was improved 3.75-fold
from 16% in previous work (LeBmeier et al., 2015) to 60% (Figure 24). Carbon
positions C1/C5 (10%) and C2/C4 (34%) (Figure 24) in the cadaverine molecule
were considered to be connected to the assimilation of labelled formaldehyde
through RuMP pathway reactions and show more than twice as much labelling
as reported in previous work (C1/C5: 5%; C2/C4: 15%) (LeBmeier et al., 2015).
Additionally, labelling at position C3 (16%), connected to the fixation of 3CO2 was

surprisingly revealed, as it had not been reported before (Lel3meier et al., 2015).

Generally higher incorporation of labelled carbon from '3C-methanol at all carbon
positions of cadaverine can be accounted to methanol-dependent growth and
production of C. glutamicum strain Evo 8, in contrast to growth and cadaverine
production on ribose, independently from additional supplied methanol in

previous work (Lel3meier et al., 2015).

Labelled '3CO2 could only emerge through cyclic dissimilation of F6-P in the
oxidative branch of the PPP (Kruger and Von Schaewen, 2003; LeRmeier et al.,
2015), since the linear formaldehyde oxidation pathway was deleted in
C. glutamicum strain Evo 8 (Aald AfadH). Emerging '3CO2 could then be
re-assimilated to oxaloacetate through pyruvate carboxylase (pyc) (Eikmanns,
2005; Peters-Wendisch et al., 1998) or phosphoenolpyruvate carboxylase (ppc)
reactions (Eikmanns, 2005; Eikmanns et al., 1989). Decarboxylation in the lysine
synthesis pathway (Kelle et al., 2005), as well as the decarboxylation from lysine
to cadaverine (Mimitsuka et al., 2007), yield unlabelled CO2 (Lel3meier et al.,
2015). No mutations in neither the pyc, nor the ppc gene were revealed in
C. glutamicum strain Evo 8 (Table 4), indicating that increased assimilation of

labelled COz2 (Figure 24) had physiological or regulatory reasons.
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Expression of ppc in C. glutamicum was previously found to be upregulated by
sigma factor SigB (Ehira et al., 2008) at oxygen deprivation conditions (Inui et al.,
2007). It is known that higher oxygen demands are characteristic for methanol
utilization in natural methylotrophs, due to the high degree of reduction of
methanol (Brautaset et al., 2007; Whitaker et al., 2015). Taking this into
consideration, as growth of was coupled to methanol utilization in C. glutamicum
strain Evo 8 (Chapter 3.3), it is possible that reduced oxygen availability in the
medium might have led to increased ppc expression, resulting in higher CO2
fixation than previously reported for methanol-utilizing and cadaverine producing
C. glutamicum (Lel3meier et al., 2015). A recent study investigating the
concentrations of cellular enzymes in C. glutamicum during growth on different
carbon sources reported a 2.3-fold increase of Ppc with mannose as sole carbon
source in comparison to glucose (Noack et al., 2017). Mannose is taken up and
simultaneously phosphorylated to mannose-6-phosphate through a
phosphotransferase system and subsequently converted to F6-P before entering
glycolysis (Sasaki et al., 2011). Growth and mannose utilization were revealed to
be very slow in C. glutamicum, since leftover substrate was still present after 80 h
of cultivation (Noack et al., 2017). Since formaldehyde fixation with Ru5-P
through RuMP pathway reactions also leads to F6-P formation (Figure 2),
mannose and formaldehyde enter glycolysis at the same level and might have
the same effect on ppc expression in C. glutamicum. However, further
experiments are needed to confirm increased ppc expression during methanol-

dependent cadaverine production.

Furthermore, increased pyc expression or activity could have possibly led to
elevated 3COz2 incorporation into cadaverine. The cellular concentration of Pyc
enzyme in C. glutamicum was found to be increased 5-fold by growth on lactate
in comparison to glucose (Noack et al., 2017). Lactate is the main by-product of
C. glutamicum grown on sugar substrates under oxygen deprivation (Dominguez
et al., 1998). Increased pyc expression might have been a result of de-repression
from GIxR by lactate, a cyclic AMP (cAMP) dependent, global transcriptional
regulator (Kim et al., 2004; Kohl et al., 2008) that was predicted to be responsible
for pyc and ppc repression in C. glutamicum (Baumbach et al., 2011; Jungwirth

et al., 2013). Further investigation of secreted metabolites and pyc expression
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during methanol-dependent cadaverine production of C. glutamicum strain Evo 8

is needed to confirm this hypothesis.

In order to better understand whether increased ppc or pyc expression, as well
as expression of genes from unknown processes, were decisive for increased
incorporation of *COz into cadaverine, RNA isolation of methanol-grown cells
and subsequent RNA-Seq analysis should be conducted to investigate gene
expression levels. Once the responsible gene is detected, a clearer picture of the
regulatory network during methanol-dependent growth and cadaverine

production in C. glutamicum can be painted.
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4.3 Engineering of methanol-dependent
C. glutamicum strains and methanol-dependent

growth

In order to couple growth to methanol utilization in C. glutamicum, it was
necessary to create a metabolic cut-off in the central carbon metabolism
(Chapter 3.1). Since Ru5-P is the central metabolite needed for formaldehyde
fixation in the RuMP pathway of B. methanolicus (Brautaset et al., 2007; Muller
et al.,, 2015a), rpe was chosen as main target for deletion in C. glutamicum
(Chapter 3.1) to engineer methanol-dependency with the co-substrate ribose
(Figure 25). As maijor parts of the practical work in the present study were
conducted, three publications about synthetic methylotrophy through methanol-
dependency in E. coli (Chen et al., 2018; Meyer et al., 2018) and C. glutamicum
(Tuyishime et al., 2018) were released independently.

Although attempts in E. coli remained unsuccessful and resulted in methanol-
independent growth on ribose after 29 h (Chen et al., 2018), deletion of the rpe
gene represented a promising starting point to achieve methanol-dependent
biomass formation in C glutamicum, as no growth without methanol was observed
for 120 h (Figure 8). When Rpe is not present in cells using ribose as sole carbon
source, Rub-P can no longer be converted to Xu5-P, leading to a dead-end in the
PPP (Yokota and Lindley, 2004). Therefore, growth on ribose as sole carbon
source could be diminished, favoring the accumulation of Ru5-P (Figure 25). The
alternative route of rpi deletion (Chen et al., 2018; Meyer et al., 2018; Tuyishime
et al., 2018) was established in C. glutamicum as well (Figure 25).(Chapter 3.6)
and resulted in methanol-dependent growth on xylose and gluconate (Figure 23).
However, the main focus was put on establishing methanol-dependency in
C. glutamicum through rpe deletion and improvement of methanol-dependent
growth through ALE (Chapter 3.1 — Chapter 3.3).
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Previous work in E. coli reported successful complementation of Arpe through
xylose supplementation (Chen et al.,, 2018). Here, introduction of additional
xylose utilization enzymes was necessary to investigate whether this could be
applied to C. glutamicum (Chapter 3.1.1), since the organism is not capable of
natural xylose utilization (Kawaguchi et al., 2006). Heterologous expression of
xylA from X. campestris and overexpression of endogenous xy/B for xylose
utilization were chosen for the Arpe (Chapter 3.1.1) and Arpi (Chapter 3.6) strains
as it had been established for C. glutamicum before (Meiswinkel et al., 2013).

Since the conversion of Ru5-P to Xu5-P was disabled in the rpe deletion strain,
additional supply of Xu5-P by xylose supplementation and XylAB reactions
should have restored growth on ribose through subsequent transketolase and
transaldolase reactions (Chen et al., 2018)(Figure 25). However, it was not
possible to fully complement the rpe deletion through xylose supplementation and
additional expression of xylose utilization enzymes in C. glutamicum (Figure 5),
possibly due to insufficient transketolase activity, resulting in accumulated
pentoses that were argued to be toxic before (Chen et al., 2018). Toxicity of
pentoses was presumably also a cause of reduced biomass formation at ribose
concentrations exceeding 20 mM in methanol-dependent growth of

C. glutamicum (Figure 9).
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Figure 25: Overview of the central carbon metabolism in C. glutamicum engineered
towards methanol dependency.

Synthetic pathways for methanol and xylose utilization are depicted in green and include methanol
dehydrogenase (mdh), 3-hexulose-6-phosphate synthase (hx/A), 6-phospho-3-hexuloisomerase
(hxIB), xylose isomerase (xylA) and xylulose kinase (xy/B). Deletions performed prior to this work
are shown in grey: aldehyde dehydrogenase (ald) and mycothiol dependent formaldehyde
dehydrogenase. Deletions of ribulose-5-phosphate epimerase (rpe) (red) and ribose-5-phosphate
isomerase (rpi) (blue) depict two distinct strategies of achieving methanol dependency. A dashed
arrow indicates several reactions. Involved genes: ABC:ib (ATP-binding cassette transporter for
ribose import), adhA (alcohol dehydrogenase), fdh (formate dehydrogenase), pfk
(phosphofructokinase), fbp (fructose-1,6-bisphosphatase), tal (transaldolase), tkt (transketolase),
pgi (phosphoglucoisomerase), zwf and opcA (glucose-6-phosphate dehydrogenase), pg! (6-
phosphoglucolactonase), gnd (6-phosphogluconate dehydrogenase, fba (fructose-1,6-
bisphosphate aldolase), tpi (triosephosphate isomerase). Abbreviations of metabolites: H6-P
(hexulose-6-phosphate), F6-P (fructose-6-phosphate), F1,6-bP (fructose-1,6-bisphosphate),
GAP (glyceraldehyde-3-phosphate), DHAP (dihydroxyacetone phosphate), G6-P (glucose-6-
phosphate), 6-PGL (6-phosphogluconolactone), 6-PG (6-phosphogluconate), Ru5-P (ribulose-5-
phosphate), R5-P (ribose-5-phosphate), S7-P (sedoheptulose-7-phosphate), E4-P (erythrose-4-
phosphate), Xu5-P (xylulose-5-phosphate).
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Moreover, heterologous expression of mdh from B. methanolicus, as well as
hxIAB from B. subtilis (homologues of hps and phi from B. methanolicus)
introduced a new route for Ru5-P metabolization through methanol oxidation and
fixation of formaldehyde to HG6-P and subsequent isomerization to F6-P
(LeBmeier et al., 2015; Yasueda et al., 1999)(Figure 25). With F6-P available in
the central carbon metabolism, essential metabolites, such as E4-P needed for
tryptophan production (lkeda, 2005) or GAP to follow glycolysis (Yokota and
Lindley, 2004) could be obtained through PPP reactions and further glycolytic
F6-P utilization (Figure 25).

Therefore, biomass formation of the engineered C. glutamicum Arpe strain on
ribose was successfully coupled to methanol utilization (Figure 8), being
subsequently improved through ALE after 14 passages to CG Xl minimal
medium containing 20 mM ribose, 500 mM methanol and 0.5 g/l yeast extract
over the course of 52 days (Figure 11)(Chapter 3.2). Furthermore, methanol
consumption was successfully connected to biomass formation using xylose
(Figure 23A) and gluconate (Figure 23B) as co-substrates through deletion of the
rpi gene, achieving methanol-dependent growth of C. glutamicum on three

different carbon sources for the first time (Chapter 3.1.3 and Chapter 3.6).

Methanol-dependent growth of the strain C. glutamicum Aald AfadH Arpi
(PEKEX3-xylAB)(pVWEXx1-mdh-hxIAB) from 20 mM xylose and 500 mM methanol
(Chapter 3.6) reached final biomass of 0.42 + 0.11 gCDW!/I after 48 h of
cultivation with a specific growth rate of 0.02 + 0.00 h-' (Figure 23A). It was shown
before that C. glutamicum engineered towards xylose utilization grew up to
4.87 + 0.54 gCDW/I with 100 mM xylose (Meiswinkel et al., 2013). Taking this
into consideration, maximal biomass formation of a C. glutamicum strain
heterologously expressing XylAB with 20 mM xylose can be estimated to
approximately 1 gCDW/I. Therefore, only a partly complementation (42%) of the

rpi deletion was achieved, leaving potential for future improvement through ALE.

Previously published work carried out ALE towards methanol-dependent growth
on xylose of C. glutamicum Aald AfadH Arpi heterologously expressing E. coli
xylA in two steps (Tuyishime et al., 2018). First, growth in CG Xl minimal medium
containing ribose and xylose as sole carbon sources was improved through 10
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passages. Secondly, additional heterologous expression of mdh from
B. stearothermophilus and hps-phi from B. methanolicus led to methanol-
dependent growth of C. glutamicum strain MX 10 on xylose with a specific growth
rate of 0.0006 h-! that was subsequently improved by ALE through 14 passages
(Tuyishime et al.,, 2018). The evolved C. glutamicum strain MX-11 reached
methanol-dependent biomass formation of 1.17 £ 0.03 gCDW/I from 26.6 mM
xylose and 125 mM methanol after 120 h of cultivation with a specific growth rate
of 0.03 h”' (Tuyishime et al., 2018). However, biomass data of the unevolved
parental strain engineered for xylose utilization was not shown. According to the
previous estimation based on the results from Meiswinkel et al., final biomass
formation of a xylose utilizing C. glutamicum strain with 26.6 mM xylose can be
estimated at approximately 1.30 gCDW/I, which is in range of the biomass
reached by the evolved methanol-dependent C. glutamicum strain MX-11
published by Tuyishime et al. (2018), indicating full complementation of the Arpi
metabolic cut-off.

Although no ALE experiment was conducted to further improve methanol-
dependent biomass formation with xylose (Chapter 3.6), the specific growth rate
of strain C. glutamicum Aald AfadH Arpi (pEKEX3-xylAB) (pVWEX1-mdh-hxIAB)
(0.02 £ 0.00 h'" (Figure 23A)) was already in range of the fastest growth rate
achieved by the evolved C. glutamicum strain MX-11 (0.03 h''), and exceeded
the growth rate of the unevolved strain MX-10 (0.0006 h-') more than 30-fold
(Figure 23A)(Tuyishime et al., 2018). This might be accounted to two factors:
First, additional xy/B expression to xylA (Chapter 3.6), as it was shown to improve
the growth rates of xylose utilizing C. glutamicum strains before (Meiswinkel et
al., 2013) and secondly, the supply of 500 mM methanol (Chapter 3.6) in contrast
to 125 mM used by Tuyishime et al., since increasing methanol concentrations
were shown to benefit methanol-dependent growth of C. glutamicum (Figure 9B).

Methanol-dependent growth on xylose with E. coli was achieved in a two-step
ALE approach as well (Chen et al., 2018). After deletion of the rpiAB genes, ALE
was first conducted to improve growth on ribose and xylose through 20 passages,
yielding E. coli strain CFC 65 (Chen et al., 2018). Heterologous expression of
mdh2 from Cupriavidus necator and hps-phi from B. methanolicus then allowed

ALE towards methanol-dependent growth with xylose for improved growth after
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35 passages (Chen et al., 2018). The resulting E. coli strain CFC133/pIB208
reached an ODsoo of 4.0 with a specific growth rate of 0.17 £ 0.006 h-" on 50 mM
xylose and 250 mM methanol after 30 h of cultivation (Chen et al., 2018), which
corresponds to 1.2 gCDW/l according to previously published biomass
estimations for E. coli (Soini et al., 2008). No direct comparison to E. coli WT with
equal amounts of xylose was made to confirm or disconfirm full complementation
of the Arpi metabolic cut-off. However, the E. coli BL21 parental strain reached
an ODsoo of around 1.4 (0.42 gCDW/I) with 7 mM xylose (Chen et al., 2018), which
can be estimated to a potential final biomass of 3 gCDW/I with 50 mM xylose.
Therefore, only approximately 40% of potential biomass from xylose was reached
by the evolved methanol-dependent E. coli strain CFC133/pIB208 (Chen et al.,
2018), which corresponds to a slightly lower partly complementation of the Arpi
cut-off compared to the unevolved methanol-dependent, xylose utilizing

C. glutamicum Arpi strain presented here (Chapter 3.6) (42%).

Methanol-dependent growth of C. glutamicum Aald AfadH Arpi (PEKEx3-xylAB)
(PVWEXx1-mdh-hxIAB) with 20 mM gluconate reached final biomass of
0.59 + 0.00 gCDW!/I with a specific growth rate of 0.03 + 0.00 h'! after 48 h of
cultivation (Figure 23B). According to previously published studies about
gluconate utilization in C. glutamicum (Frunzke et al., 2008b), the maximal
potential biomass from 20 mM gluconate can be estimated to 1.8 gCDWII.
Therefore, approximately 33% of potential biomass from gluconate was achieved
after coupling gluconate to methanol utilization (Figure 23B), revealing partial
complementation of the Arpi metabolic cut-off that offers potential for

improvement through ALE.

To achieve methanol-dependent growth on gluconate with E. coli, the genes
rpiAB, edd, and maldh were deleted to prevent methanol-independent gluconate
utilization and reduce TCA cycle activity, respectively (Meyer et al., 2018).
Lowered TCA cycle activity was previously reported for B. methanolicus during
growth on methanol (Muller et al., 2015c) and was therefore applied as strategy
in the methanol-essential E. coli strain (Meyer et al., 2018) Introduction of mdh2
from B. methanolicus PB1 and hps-phi from M. flagellatus for heterologous
expression resulted in E. coli strain MeSV2 (Meyer et al., 2018). Methanol-

dependent growth on gluconate was optimized through a three-step ALE
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experiment. First, E. coli MeSV2 was serially transferred in medium containing
5 mM gluconate, 20 mM pyruvate, 0.1 g/l yeast extract and 500 mM methanol for
5 passages (Meyer et al., 2018). Then pyruvate was removed from the medium
for the next 11 passages, yielding strain E. coli MeSV2.1 that already showed full
complementation of the Arpi metabolic cut-off through methanol utilization (Meyer
et al., 2018). Finally, yeast extract was removed from the medium for 9 more
passages to further optimize methanol-dependent growth on gluconate. The
resulting strain MeSV2.2 is the only strain in synthetic methylotrophy up to this
point that showed extra biomass formation solely from methanol, surpassing
equimolar methanol and gluconate consumption to generate 31.4 % more
biomass (ODeoo: 1.34/ 0.4 gCDWI/I) than E. coli WT with equal amounts of
gluconate (ODsoo: 1.06/0.32 gCDW/I) (Meyer et al., 2018).

Deletion of the maldh gene for reduced TCA cycle activity proved to be crucial for
achieving full complementation of the Arpi cut-off through ALE in E. coli, since a
previous version of the strain (MeSV1.1) without Amaldh that was evolved
through ALE in 12 passages only reached approximately 30% of the maximal
potential biomass from 5 mM gluconate and 0.1 g/l yeast extract reached by
E. coli WT (ODeoo: 1.06/0.32 gCDW/I) in methanol-dependent growth on 5 mM
gluconate and 500 mM methanol (ODsoo: ~0.32/ 0.01 gCDW/I)(Meyer et al.,
2018). A slightly higher level of Arpi complementation was achieved with
methanol-dependent C. glutamicum growing on gluconate (33%) (Figure 23B)
without further improvements through ALE (Chapter 3.6). Disruption of the TCA
cycle and subsequent ALE as described by Meyer et al. might further elevate

biomass formation of methanol-dependent C. glutamicum strains.

Enhanced methanol-dependent biomass formation through ALE of a Arpe
metabolic cut-off with ribose as co-substrate was reported for the first time with
C. glutamicum strain Evo 14 (Figure 11). Final biomass formation from 20 mM
ribose and 500 mM methanol was improved 2.5-fold through ALE after 14
passages from 0.66 + 0.03 gCDW/I after 120 h of cultivation with C. glutamicum
strain Evo 1 (Figure 8) to 1.69 + 0.10 gCDWI/I of C. glutamicum Evo 14 after
methanol-dependent growth for 28 h (Figure 14). Evo 14 also showed full
methanol-dependent complementation of Arpe on 20 mM ribose in comparison

to C. glutamicum WT (Figure 14). Maximal biomass formation of Evo 14 from
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20 mM ribose and 500 mM methanol was 1.69 + 0.10 gCDW/I, whereas
C. glutamicum WT strain formed 1.63 + 0.01 gCDW/I on 20 mM ribose as sole
carbon source (Figure 14). The specific growth rate of methanol-dependent
C. glutamicum strains with ribose and methanol (Chapters 3.1.3 and 3.3) was
also improved 3-fold from Evo1 (0.03%+ 0.00 h')(Figure 8) to Evo 14
(0.10 £ 0.10 h™") (Figure 14). Furthermore, the specific growth rate of Evo 14 was
about 3-times faster than methanol-dependent growth of C. glutamicum on
xylose reported before (0.03 h'') (Tuyishime et al., 2018), which was already
matched by the unevolved C. glutamicum Evo 1 strain with ribose and methanol
(0.03 £ 0.00 h"). Growth of C. glutamicum Evo 14 with ribose and methanol was
also faster than methanol-essential growth of the previously published, evolved
E. coli strain MeSV2.2 with gluconate as co-substrate (0.081 + 0.002 h™') (Meyer
et al., 2018).

All reported strains harbour key mutations that allowed improved biomass
formation from methanol and a sugar co-substrate. Mutations found after ALE in
methanol-dependent C. glutamicum strains (Chapter 3.4.1) and previously

reported key mutations will be discussed in the following chapter.
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4.4 Mutations involved in improved methanol-

dependent growth

Recent work on engineering of a synthetic methylotroph organism has yielded
methanol-dependent E. coli strains from two distinct approaches
(CFC133/pIB208 and MeSV2.2) (Chen et al., 2018; Meyer et al., 2018), as well
as two different C. glutamicum strains (MX-11 and Evo 14) (Tuyishime et al.,
2018; This work). None of the evolved strains (Chapter 3.4.1) (Chen et al., 2018;
Meyer et al., 2018; Tuyishime et al., 2018) revealed any mutations on the
plasmids used for heterologous expression of methanol utilization enzymes after
ALE. However, all strains harboured specific genomic key mutations that allowed
improved methanol-dependent biomass formation from methanol and a sugar

co-substrate (Table 5).

In general, the first group of mutations influenced the central carbon metabolism,
to allow more efficient utilization of the sugar co-substrate. A mutation in the gene
encoding transcriptional repressor GntR in evolved E. coli was speculated to
have altered the gluconate uptake, for improved supply of co-substrate for
methanol utilization (Meyer et al., 2018). An additional mutation found in deoB
encoding phosphopentomutase was hypothesized to have prevented the
utilization of Ru5-P for the synthesis of phosphoribosyl pyrophosphate (PRPP) to
ensure substrate availability for formaldehyde fixation (Hammer-Jespersen and
Munch-Petersem, 1970; Meyer et al., 2018). In C. glutamicum, the altR gene,
coding for a multi-functional regulator in carbohydrate metabolism (Auchter et al.,
2011; Laslo et al., 2012), was found to be mutated, leading to a 7.7-fold increased
transcription of xy/B needed for xylose utilization (Tuyishime et al., 2018).
Furthermore, a mutation in uriR, encoding a transcriptional repressor for ribose
utilization genes (Brinkrolf et al., 2008; Nentwich et al., 2009) was identified but
not further considered, since xylose was chosen as co-substrate for methanol

utilization (Tuyishime et al., 2018).
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In contrast to previously published studies, none of the mutations found in the
methanol-dependent C. glutamicum strains Evo 8 and Evo 14 (Chapter 3.4) were
considered to influence the central carbon metabolism of C. glutamicum directly.
The fact that no mutations were found in Evo 8 and Evo 14 to enhance
co-substrate supply and that faster methanol-dependent growth of C. glutamicum
Evo 14 on ribose, compared to C. glutamicum MX-11 on xylose was achieved
(Chapter 4.3), as well as methanol-dependent biomass formation of unevolved
C. glutamicum strains from ribose (Figure 8) was increased in comparison to
xylose (Figure 23A), might indicate that overall ribose could be a more promising

co-substrate for methanol-dependent growth in C. glutamicum than xylose.
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Table 5: Key mutations found in evolved methanol-dependent organisms

Genes Proteins Mutations Reference

E. coli

gntR Transcriptional Miss-sense mutation  (Meyer et al., 2018)
repressor

frmA Formaldehyde Frameshifts/deletions/ (Meyer et al., 2018)
dehydrogenase insertions

deoB Phosphopentomutase Frame shift (Meyer et al., 2018)

nadR NAD-synthesis Miss-sense mutation  (Meyer et al., 2018)
regulator protein

frmR Transcriptional Frameshift (Chen et al., 2018)
repressor

frmA Formaldehyde Frameshift (Chen et al., 2018)
dehydrogenase

frmB S-formylglutathione Frameshift (Chen et al., 2018)
hydrolase

cyaA Adenylate cyclase Early stop-codon (Chen et al., 2018)

C. glutamicum
altR

metY

mirA

uriR

ctaE

cg3104

metK

rpe

Regulator for carbon
metabolism
O-acetyl-homoserine
sulfhydrylase
Response regulator of
MtrAB

Transcriptional
repressor
Cytochrome c oxidase
subunit Il

Putative ATPase for
DNA repair
S-adenosylmethionine
synthetase
Riboulose-5-phosphate

epimerase

Miss-sense mutation

Miss-sense mutation

Miss-sense mutation

Miss-sense mutation

Miss-sense mutation

Deletions

Miss-sense mutation

Transposon insertion

(Tuyishime et al., 2018)

(Tuyishime et al., 2018)

(Tuyishime et al., 2018)

(Tuyishime et al., 2018)

(Tuyishime et al., 2018)

This work

This work

This work
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Secondly, mutations in genes essential for formaldehyde oxidation, such as
formaldehyde oxidase (frmA) (Meyer et al., 2018) or the whole frmRAB operon,
including an additional transcriptional repressor (frmR) and S-formylglutathione
hydrolase (frmB) (Chen et al., 2018) were revealed in E. coli. Those mutations
prevented further formaldehyde degradation and made it available for fixation
through assimilatory RuMP pathway reactions to form biomass (Chen et al.,
2018; Meyer et al., 2018).

Differently from the work on evolution of E. coli, C. glutamicum Aald AfadH was
chosen as the basis for engineering (Chapter 3.1), since the strain lacked the
natural formaldehyde degradation pathway (Lelmeier et al., 2013) Because of
that, no evolution towards a disrupted formaldehyde degradation pathway was
observed (Table 4 and Table 5).

The third and most prominent group of mutations were related to TCA cycle
activity and NAD*/NADH balance. An early stop codon in cyaA, encoding
adenylatcylcase in methanol-dependent E. coli, supposedly lowered the
transcription of TCA cycle genes (Chen et al., 2018), as it was previously
described for CRP mutant strains (Gosset et al., 2004), by lack of cAMP for
cAMP-CRP regulation, resulting in reduced NADH generation (Chen et al., 2018).
Another mutation argued to favour NAD* formation in methanol-dependent E. coli
was found in the nadR gene coding for an NAD*-synthesis regulator protein. The
mutation led to a changed kinase domain of the protein, supposedly enhancing
NAD?* supply (Meyer et al., 2018; Osterman et al., 2003). The altR mutation found
in methanol-dependent C. glutamicum was argued to have additionally lowered
the transcription of sucCD, encoding succinyl-CoA synthetase that is active in the
TCA cycle (Cho et al., 2010; Tuyishime et al., 2018). Furthermore, the mitrA gene
encoding the response regulator protein for the MtrAB transduction system in
C. glutamicum was found to be mutated, which was hypothesized to have
influenced the regulation of NAD* synthetase (NadE) expression, an essential
enzyme involved in redox state maintenance (Brocker et al., 2011; Tuyishime et
al., 2018).
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It has been pointed that ALE of synthetic methylotrophs revealed genetic
mutations involved in either central carbon metabolism, formaldehyde oxidation
or energy metabolism/TCA cycle activity. However, none of the mutations
detected in evolved C. glutamicum strains Evo 8 and Evo 14 were directly related
to those processes (Table 5). Instead, ALE-derived mutations discovered in
Evo 8 and Evo 14 could be related to SAM biosynthesis (metK)(Chapter 3.4.1),
PCN (cg3104)(Chapter 3.5.3) and riboflavin metabolism (IS upstream of
ribGCAH)(Chapter 3.4.2). Further SNPs found in the non-coding region 20 bp
downstream of the dxs (cg2083) gene (Chapter 3.4.1) or in the res (cg1929) gene
of the chromosomally integrated prophage CGP3 (Frunzke et al., 2008a;
Kalinowski et al., 2003) (Chapter 3.4.1) were not investigated but proved to be
non-essential for improved methanol-dependent growth of the evolved

C. glutamicum strains (Chapter 3.5.2).

The next Chapter will explore the impact of the discovered key mutations on the
C. glutamicum metabolism and discuss how they might have led to improved

methanol-dependent biomass formation of the evolved strain Evo 14.
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4.5 ALE-derived mutations revealed evolved

methanol-dependent C. glutamicum strains

451 Impact of the amino acid substitution S288N in MetK on

methanol-dependent growth of C. glutamicum Evo 14

In the evolved methanol-dependent C. glutamicum strains Evo 8 and Evo 14, a
point mutation in the metK gene was found that resulted in an amino acid
substitution from serine to asparagine at position 288 of the translated protein
(S288N) (Table 4).

The metK gene encodes S-adenosylmethionine synthetase in C. glutamicum
(Grossmann et al., 2000; Han et al., 2016) and E. coli (Markham et al., 1984), an
enzyme catalysing the formation of S-adenosylmethionine (SAM) from
methionine and ATP (Sekowska et al., 2000). SAM is the principal biological
methyl donor (Fontecave et al., 2004) and the second most used enzyme
substrate, right after ATP (Cantoni, 1975). It is needed e.g. for the methylation of
DNA (Cantoni, 1975; Chiang et al., 1996), quorum sensing (Wijayasinghe et al.,
2014), the synthesis of menaquinone in the respiratory chain of C. glutamicum
(Bott and Niebisch, 2003) or cell division (Wang et al., 2005). Moreover, previous
studies revealed that SAM is essential for growth in E. coli, since the metK gene
could only be deleted in the genome in presence of a plasmid carrying a
functional copy of the gene (Wei and Newman, 2002) or by heterologous
expression of a SAM transporter and additional SAM supplementation (El-Hajj et
al., 2013).

Here, introduction of the metK_S288N mutation to C. glutamicum strain Evo 1
Acg3104 resulted in a strain that was able to reach similar growth characteristics
as previously observed in strain Evo 14 on ribose and methanol (Figure 18C and
Figure 14) and C. glutamicum WT on ribose (Figure 14). Furthermore, a
reversion to the metK WT sequence in C. glutamicum Evo 14 led to 70%
reduction in methanol-dependent biomass formation on ribose (Figure 21),

revealing the importance of metK for growth with methanol.
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Unlike S. cerevisiae that harbours two copies of MetK encoding genes in the
genome (sam1 and samZ2) (Cherest et al., 1978), only one copy of the metK gene
was identified for C. glutamicum, without other similar genes being present in the
genome (Grossmann et al., 2000). Therefore, since a functional MetK enzyme
for SAM biosynthesis is essential for growth (Wei and Newman, 2002) and the
evolved C. glutamicum strains Evo 8 and Evo 14 exhibited improved, rather than
impaired growth characteristics compared to the Evo 1 parental strain not bearing
the metK_S288N mutation (Figure 12)(Chapter 3.3), it can be concluded that the

mutation did not result in a non-functional MetK protein.

According to the universal protein database (UniProt Consortium, 2018) the
amino acid exchange S288N was located next to the methionine-binding lysine
residue at position 289 of the enzyme, which might have had an impact on the
substrate specificity (Harris and Craik, 1998). Similarly, a mutation in gyrA
resulting in an amino acid substitution of S to N near the active center of the
encoded DNA gyrase enzyme in evolved Chlamydia pneumoniae strains led to
increased resistance against the gyrase-targeting antimicrobial agent quinolone,
due to changed enzyme binding properties (Heddle and Maxwell, 2002; Rupp et
al., 2005).

Because of the importance of SAM in cellular activities, SAM synthetases of
pathogenic bacteria have been targeted with methionine analogues as specific
inhibitors for the development of chemotherapeutic agents in the past
(Lombardini et al., 1970; Wijayasinghe et al., 2014; Zano et al., 2013). Some
analogues of methionine, such as its methyl- or ethyl-esters were found to be
accepted as substrate by the E. coli MetK enzyme (Zano et al., 2013) and
supported growth of metK-deficient E. coli strains expressing a SAM transporter
(Zhao et al., 2015). Other analogues like N-acetyl-methionine, S-(methanethiol)
homocysteine, O-methyl-serine or L-2-amino-4-methylthio-cis-but-3-enoic acid
(L-cisAMTB), were identified as inhibitors for MetK (Kim et al., 1992; Lombardini
et al., 1970; Sufrin et al., 1993). Another potential MetK inhibitor structurally
similar to the MetK-inhibiting O-methyl-serine or the natural MetK substrate
methionine is O-methyl-homoserine (OMH)(Figure 26) (Grob et al., 2017).
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OMH was identified to have antimicrobial properties (Roblin et al., 1945) and its
formation was observed in Corynebacterium acetophilum through a side reaction
catalysed by O-acetyl-homoserine sulfhydrolase (MetY) in presence of

homoserine and methanol (Murooka et al., 1977).

O
S
HaC” OH
NH,
Methionine
O
O
HyC” OH
NH,
O-methyl-homoserine (OMH)
NH,
O : OH
H3C/ W
O

O-methyl-serine

Figure 26: Chemical structures of methionine, O-methyl-homoserine (OMH) and
O-methyl-serine.

MetY is part of the methionine biosynthesis of C. glutamicum and catalyzes the
direct sulfhydrylation of O-acetyl-homoserine to the methionine precursor
homocysteine, alternatively to the equally functional transsulfuration pathway,
catalyzed by cystathionine y-synthase (MetB) and cystathionine B-lyase (MetC)
(Hwang et al., 2002; Rickert et al., 2003)(Figure 27).
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Figure 27: S-adenosylmethionine biosynthesis pathway in C. glutamicum and hypothetical
inhibition by O-methyl-homoserine (OMH).

Direct sulfhydrylation and transsulfuration pathways for methionine biosynthesis in C. glutamicum
are depicted. Inhibition of S-adenosylmethionine synthetase (MetK) by O-methyl-homoserine is
shown in red. MetK and MetY are highlighted in bold letters. Abbreviations: MetX: Homoserine
acetyltransferase; MetB: Cstathionine y-synthase; MetC: Cystathionine B-lysase; MetE/MetH:
Homocysteine methylase; MetY: O-acetyl-homoserine sulfhydrylase; CoA: coenzyme A; Ha4F:
tetrahydrofolate.

It was hypothesized before that emerging OMH in methanol-utilizing
C. glutamicum inhibits growth, when it was found that a SNP in the metY gene,
resulting in an amino acid exchange A165T close to the substrate-cofactor
binding site of the translated protein, significantly improved methanol tolerance
(LeBRmeier and Wendisch, 2015). Moreover, a mutated version of the metY gene
was also found in the evolved methanol-dependent C. glutamicum strain MX-11
that showed improved methanol-dependent growth with xylose (Tuyishime et al.,
2018)(Table 5). However, it remained unclear how OMH influences growth of
C. glutamicum in presence of methanol. Here we hypothesize that OMH inhibits

SAM formation of MetK by acting as a methionine analogue (Figure 27).
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The amino acid exchange S288N, next to the methionine binding lysine at
position 289, in the mutated MetK version of C. glutamicum strains Evo 8 and
Evo 14 presumably led to a loss of effect of the MetK-inhibiting methionine
analogue OMH, due to increased methionine specificity of the enzyme and
therefore improved methanol-dependent growth (Figure 12). Moreover, the fact
that both C. glutamicum strains Evo 1 Acg3104 metK_S288N (Figure 18C) and
Evo 1 Acg3104 AmetY (Figure 22) reached similar levels of methanol-dependent
growth as observed in strain Evo 14 (Figure 14), reinforces the hypothesis that
diminished OMH inhibition of MetK or the elimination of OMH production are
related to improved methanol-dependent growth of C. glutamicum. Reversion of
the ALE-derived metK mutation in Evo 14 possibly reinstated the MetK inhibiting
effect of OMH and drastically reduced the biomass formation with methanol
(Figure 21). Inhibition of MetK by OMH might have been a reason for relatively
low methanol-dependent biomass formation from methanol and ribose before

ALE was conducted (Figure 8).

Previous studies investigating the control of methionine biosynthesis in E. coli
used mutant strains that showed resistance to the methionine analogues
norleucine, ethionine or a-methylmethionine (Chattopadhyay et al., 1991).
Genomic characterization of the methionine analogue resistant E. coli strains
revealed that all of them harboured a mutated version of the metK gene, although
the mutations were not further specified (Chattopadhyay et al., 1991). Hence,
mutation of metK might be an alternative way of evolution to vanquish toxicity of
the methionine analogue OMH in methanol-utilizing C. glutamicum strains, as
opposed to the metY gene mutations reported before (Lelimeier and Wendisch,
2015; Tuyishime et al., 2018). Nevertheless, further enzymatic activity assays
(Zano et al., 2013) are needed to confirm the inhibitory effect of OMH to SAM
formation from MetK.

Since the transfer of the metK_S288N mutation to Evo 1 only elevated biomass
formation when cg3104 was additionally deleted (Figure 18), OMH toxicity could
not be the only growth limiting factor in methanol-dependent growth.
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4 5.2 Deletion of cg3104 increased the plasmid copy number

In the present study, it was shown that ALE of C. glutamicum towards
methanol-dependent growth resulted in a deletion within the open reading frame
(ORF) of cg3104 in strains Evo 8 and Evo 14 (Table 4 and Table 5). However,
introducing a cg3104 deletion in the Evo 1 parental strain did not result in
increased methanol-dependent biomass formation with ribose in comparison to
the unchanged Evo 1 strain (Figure 18B), presumably due to prevalent OMH
toxicity (Chapter 4.5.1). Nevertheless, strains Evo 14 and Evo1 Acg3104,
showed a PCN increase of about 60% confirmed by gPCR (Figure 19), as well
as 60 % higher activity of the pEKEx3 plasmid expressed enzymes HxIAB (Figure
20). Calculated PCN relative to the chromosome were low for all examined
strains, ranging from 1.33 £ 0.02 (Evo 1) to 2.17 £ 0.05 (Evo 1 Acg3104), when
copy numbers ranging from 8 to 30 per chromosome would have been expected
for pEKEX3 as pBL1 derived plasmid (Stansen et al., 2005; Tauch, 2005). The
generally low relative amounts of plasmid compared to the genome may be
explained by a loss of plasmids during DNA isolation or the occurrence of

plasmidless cells in overnight cultures for DNA isolation (Friehs, 2012).

Plasmid copy numbers in bacterial cells can be increased through varied factors,
such as mutations on the plasmid, environmental changes or mutations of trans-
acting elements on the chromosome (Friehs, 2012). For example, E. coli cells
grown in presence of ethanol generally exhibited increased DNA synthesis and
PCN (Basu and Poddar, 1997, 1994) that was founded on increased in vitro
polymerase lll activity in presence of ethanol (Kornberg and Gefter, 1972). Here,
methanol-dependent growth could have caused a similar effect on the evolved

C. glutamicum strains Evo 8 and Evo 14.

Since characterization of the gene product of cg3104 is not available, it is difficult
to predict how its deletion increased the PCN in the evolved methanol-dependent
C. glutamicum strains. The gene cg3104 has been annotated as ATPase
involved in DNA repair (Kalinowski et al., 2003) and BLAST analysis (Altschul et
al., 1990) of the amino acid sequence only revealed proteins with high similarity
(>70%) in Corynebacteria that were annotated accordingly. However, analysis of
the amino acid sequence and a search for protein motifs in the KEGG database
(Kanehisa and Goto, 2000), revealed the presence of a P-loop (amino acids 17-
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76) within an ATPase domain (amino acids 19-296) at the N-terminus of the
protein sequence, typically found in all kinds of GTP- and ATPases (Leipe et al.,
2002) and a putative subunit C of exonuclease SbcCD (amino acids 973-1060)
at the C-terminus (Kanehisa and Goto, 2000).

The SbcCD protein has been well characterized in E. coli (Connelly et al., 1997)
and consists of the subunits SbcC and SbcD that are both needed for ATP-
dependent DNA exonuclease activity (Connelly and Leach, 1996). It cleaves
secondary hairpin structures that can occur in palindromic sequences during
DNA replication, to ensure genomic stability in E. coli (Connelly et al., 2002, 1999;
Leach, 1994). Furthermore, it is capable of digesting linear double-stranded DNA
to half its original length in a 3’— &’ direction (Connelly et al., 1999) and has
endonuclease activity on single-stranded DNA (Connelly et al., 1999; Connelly
and Leach, 1996). A pUC18 plasmid with 24 repeats of TGG-CCA was revealed
to have an increased propagation in E. coli strains lacking SbcCD, due to a loss
of hairpin cleavage during replication (Pan and Leach, 2000). Similarly, the loss
of cg3104 exonuclease activity on replicating plasmids might have been relevant
for the increased PCN of Evo 14 (Chapter 3.5.3).

Improved plasmid replication, due to a lack of SbcCD was reported for pUC18
that harbours a pMB1 origin of replication (Yanisch-Perron et al., 1985) and
replicates through theta replication (Del Solar et al., 1998). Here, pEKEX3 was
used for the expression of mdh and hxIAB, since it showed the best activity for
those enzymes (Figure 6 and Figure 7). The pBL1 origin of replication of pEKEx3
(Stansen et al.,, 2005; Tauch, 2005) mediates rolling circle replication in
C. glutamicum (Fernandez-Gonzalez et al., 1994). Rolling circle replication is
wide-spread in Gram-positive bacteria (Khan, 1997) and usually mediates the
replication of compact plasmids, less than 10 kb in size (Khan, 2005). However,
hairpins are a typical structure during rolling circle replication (Khan, 2005, 1997)
and intermediate single-stranded DNA was found in C. glutamicum harbouring a
pBL1 plasmid (Deb and Nath, 1999; Fernandez-Gonzalez et al., 1994). The
plasmid pEKEx3-mdh-hxIAB (10.697 bp) used in this study exceeded 10 kb,
providing a lot of potential sequences for hairpin formation of single-stranded
DNA during its replication. In fact, sequence analysis of the genes mdh and hxIAB

using the ViennaRNA web-tool to predict secondary structures of ssDNA (Gruber
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etal., 2008; Lorenz et al., 2011) revealed the formation of several potential hairpin
structures during replication of the heterologous genes. In case of cg3104
encoding for subunit C of a SbcCD protein, an intact ORF might lead to a
functional exonuclease that could interfere with plasmid replication, as it was
reported for E. coli before (Pan and Leach, 2000).

Deletions found within cg3104 of the evolved C. glutamicum strains Evo 8 and
Evo 14 (amino acids 1061-1065) were located behind the putative SbcCD subunit
C (amino acids 973-1060) and introduced a frame-shift for the translation of the
remaining amino acid sequence (1066-1111) that might have interfered with the
function of the protein. Consequential loss of putative SbcCD protein function
might have prevented the degradation of hairpin structures or ssDNA in the
evolved strains, leading to an increase in PCN (Figure 28). Moreover, cg3104
encoding the C-subunit of a putative SbcCD protein might be supported by the
activation of cg3104 transcription by the DNA cross-linking agent mitomycin C,
as predicted by the CoryneRegnet database for C. glutamicum (Baumbach et al.,
2011). Activation of SbcC expression in medium supplemented with mitomycin C

was previously reported for B. subtilis and E. coli (Darmon et al., 2007).
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Figure 28: Schematic depiction of the proposed influence of ¢g3104 on

PEKEXx3-mdh-hxIAB replication in C. glutamicum strains Evo 1 and Evo 14.

A) Single stranded DNA (ssDNA) during rolling circle replication of pEKEx3-mdh-hxIAB in
C. glutamicum strain Evo 1 can form a loop structure that gets detected and subsequently
digested by the cg3104 gene product, resulting impaired plasmid replication due to ssDNA
degradation. B) Plasmid replication in C. glutamicum strain Evo 14 is not disturbed by the cg3104
gene product, due to a disruption of the ORF resulting in an inactive enzyme (cg3104*). Newly

synthesized DNA strands after replication are depicted in green.

Nevertheless, further research needs to be conducted towards the
characterization of the cg3014 gene product to confirm this hypothesis. To recent
knowledge, a SbcCD system was found for Corynebacterium pseudotuberculosis

(Baumbach et al., 2011), but has not yet been described for C. glutamicum.
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4.5.3 Insertion sequence in C. glutamicum Evo 14 improved riboflavin

availability
After deletion of the rpe gene in C. glutamicum Aald AfadH (Chapter 3.1.1),

complementation of the deletion through overexpression of endogenous rpe
restored growth with ribose as sole carbon source (Figure 4). However, the
complemented strain did not reach the same maximal biomass as C. glutamicum
WT carrying the pVWEXx1 empty vector (Figure 4), which was initially attributed
to metabolic burden due to plasmid expression (Bentley et al., 1990; Wu et al.,
2016). However, cultivations with glucose as sole carbon source and riboflavin
supplementation after ALE revealed a surprising riboflavin deficiency in
C. glutamicum strains Evo 1 and Evo 8, resulting in weak growth on glucose that
could be recovered by riboflavin supplementation (Figure 17A and B). In contrast,
strain Evo 14 was capable of exponential growth on glucose, without addition of
riboflavin (Figure 17C).

For the biosynthesis of riboflavin, guanosine-triphosphate (GTP) and Ru5-P are
required as precursors, generating riboflavin in several enzymatic reactions
(Bacher et al., 2001, 2000). Riboflavin then acts as a precursor for the essential
flavins flavin mononucleotide (FMN) and flavin adenine nucleotide (FAD) (Bacher
et al., 2001; Garcia-Angulo, 2017). Both, FMN and FAD serve as co-factors for a
great variety of different enzymes, such as oxidoreductases, transferases,
lyases, isomerases and ligases, making them essential in cellular metabolic
processes (MacHeroux et al., 2011; Mansoorabadi et al., 2007; Vitreschak et al.,
2002). FAD is furthermore needed for the formation of the succinate
dehydrogenase complex (complex Il) that is part of the TCA cycle and respiratory
chain of aerobic bacteria (McNeil and Fineran, 2013; Niebisch et al., 2005).

The gene rpe (cg1801), followed by ribG (cg1800; putative bifunctional riboflavin-
specific deaminase/reductase) is part of a bigger operon structure sharing the
same transcription start site (TSS), additionally including ribC (cg1799; putative
riboflavin synthase), ribA (cg1798; putative GTP cyclohydrolase 11/3,4-dihydroxy-
2-butanone-4-phosphatesynthase) and ribH (cg1797; riboflavin synthase, beta
chain) downstream of ribG (Pfeifer-Sancar et al., 2013) (Figure 29). Additional
TSS for rpe independent transcription of the genes ribA and ribH are located

upstream of ribA (Pfeifer-Sancar et al., 2013) (Figure 29).
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A) C. glutamicum WT

5 rpe ribG ribC ribA ribH 3
B) C. glutamicum Evo 1 and Evo 8
C) C. glutamicum Evo 14

rpe rpe

Figure 29: Organisation of the ribGCAH operon in C. glutamicum WT and

methanol-dependent strains Evo 1 and Evo 14.

Genomic organisation of the ribGCAH genes in A) C. glutamicum wildtype (WT) B) Methanol-
dependent C. glutamicum strains Evo 1 and Evo 8 and C) Evolved methanol-dependent
C. glutamicum strain Evo 14. DNA orientation is indicated through 3’ and 5’ ends. Genes not
affected in expression are depicted in green. Presumably negatively affected genes ribG and ribC
after rpe deletion are shown in grey. The revealed insertion sequence (I1S) in C. glutamicum strain
Evo 14 is depicted in red. Arrows indicate transcription start sites. Abbreviations: rpe (ribulose-5-
phosphate epimerase), ribG (putative bifunctional riboflavin-specific deaminase/reductase), ribC
(putative riboflavin synthase), ribA (putative GTP cyclohydrolase 11/3,4-dihydroxy-2-butanone-4-

phosphatesynthase), ribH (riboflavin synthase, beta chain).

The vector for deletion of the rpe gene was deliberately designed to not disturb
the transcription of the following riboflavin synthesis genes, as the TSS and the
first 18 bp of the rpe gene remained untouched after deletion (Chapter 3.4.2).
However, rpe deletion surprisingly resulted in a riboflavin deficiency
(Chapter 3.5.1), presumably caused by a disturbed expression of the rpe
downstream genes ribG and ribC that share the same TSS (Figure 29)(Pfeifer-
Sancar et al., 2013). The ribGCAH operon was revealed to be expressed as a
leaderless transcript, missing a 5’ untranslated region (UTR) with a clear RBS
(Albersmeier et al., 2017; Patek et al., 2003; Pfeifer-Sancar et al., 2013). Genes

without 5'UTR have their transcriptional start point close to the ATG start codon
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for translation (Patek, 2005), but since they lack a RBS, the recognition and
binding mechanisms of the translational machinery is still not fully understood to
this day (Beck and Moll, 2018).

Together, rpe-ribGCAH form a sub-operon that is part of a larger operon structure
that includes 16 genes from cg1792 to cg1806 (Pfeifer-Sancar et al., 2013).
Previous work revealed that ribA is essential for riboflavin synthesis in
C. glutamicum since AribA strains exhibited growth deficiencies that could be
cured by external riboflavin supplementation (Takemoto et al., 2014). External
riboflavin can be taken up by C. glutamicum through the RibM transporter (Vogl
et al., 2007). Moreover, expression of the riboflavin operon was shown to be
upregulated by overexpression of the sigH gene (Taniguchi and Wendisch,
2015), encoding sigma factor SigH that is generally associated with stress

responses (pH, heat shock, oxidative stress) (Kim et al., 2005).

Genome sequencing revealed the integration of a transposable element in
methanol-dependent C. glutamicum strain Evo 14 at the former rpe locus,
upstream of ribG (Figure 15) which provided alternative TSS and RBS maotifs for
the expression of ribG and ribC in the ribGCAH operon (Figure 16 and Figure 29)
(Albersmeier et al., 2017; Pfeifer-Sancar et al., 2013), curing the riboflavin
deficiency (Figure 17C). Integration of the IS in strain Evo 14 was possibly
promoted by mutation of the res gene of the integrated prophage CGP3
(Chapter 3.4.1), as resolvases are often related to relocation and recombination
of transposable elements (Mahillon and Chandler, 1998; Olorunniji and Stark,
2010).

The reinstated riboflavin biosynthesis in C. glutamicum Evo 14 was an essential
modification for increased methanol-dependent biomass formation from ribose to
finally reach WT levels of growth (Figure 14), since it was the only genetic
modification distinguishing the evolved C. glutamicum strains Evo 8 and Evo 14
(Chapter 3.4). Riboflavin deficiency might have been a reason for relatively low
methanol-dependent biomass formation of C. glutamicum before ALE (Figure 8),
as well as an incomplete ribose consumption of methanol-dependent strains
Evo 1 and Evo 8 grown on methanol and ribose (Figure 13), possibly due to a

shortage of co-factors FMN and FAD for enzymatic reactions. C. glutamicum
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Evo 14 was the only strain capable of fully utilizing ribose during
methanol-dependent growth, after riboflavin biosynthesis was restored
(Figure 13). Riboflavin limitation could also justify the only partial
complementation of Arpe through simultaneous supply of ribose and xylose
together with heterologous expression of xylose metabolizing enzymes
(Figure 5), unlike reported for E. coli, where full Arpe complementation was

achieved through co-supply of ribose and xylose (Chen et al., 2018).

Past work in E. coli revealed that a Arpe strain started methanol independent
growth after a lag-phase of 29 h, making the strain unsuitable for an evolution
experiment (Chen et al., 2018). The riboflavin deficiency in addition to rpe deletion
in this work might have had the positive effect for ALE towards
methanol-dependent growth that C. glutamicum Evo 1 was utterly dependent on
methanol supplementation, regardless of cultivation time (Figure 8). Furthermore,
starting ALE with a riboflavin synthesis-deficient strain could have caused a
reduction of TCA cycle activity, due to a lack of FAD for the succinate
dehydrogenase complex. As discussed in chapters 4.3 and 4.4 reduction of TCA
cycle activity was a successfully applied engineering strategy for methanol-
dependent growth in E. coli and proved to be crucial for extra biomass formation
solely from methanol (Meyer et al., 2018).
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4.5.4 Improved methanol-dependent growth of C. glutamicum Evo 14

In the present study, 3 significant chromosomal changes were found in ALE-
derived C. glutamicum strain Evo 14, which were important for improved

methanol-dependent biomass formation:

1. A point mutation in metK, leading to amino acid exchange S288N in the
translated protein that possibly resulted in resistance from inhibition by
OMH, a side product of MetY that emerges from methanol and O-

acetyl-homoserine (Chapter 4.5.1) (Figure 27 and Figure 30).

2. Disruption of the ORF cg3104 that increased the pEKEx3-mdh-hxIAB
PCN, presumably by removal of a SbcCD-type DNA exonuclease,
degrading plasmid DNA during rolling circle replication (Chapter 4.5.2)
(Figure 30).

3. Integration of an IS element into the former locus of the deleted rpe gene
(Chapter 4.5.3) that provided alternative TSS and RBS moitifs for the rpe
downstream genes ribG and ribC in the ribGCAH operon (Figure 16),
curing riboflavin deficiency caused by rpe deletion and increasing the
availability for essential flavin co-factors FMN and FAD (Chapter 4.5.3)
(Figure 30).

Figure 30 summarizes the proposed hypotheses for the improved biomass
formation from ribose and methanol of Evo 14. A combination of all three genomic
mutations was needed, before full complementation of Arpe through methanol
utilization could be achieved (Figure 11 and Figure 14). Separately, neither
deletion of cg3104 (Figure 18B), nor an introduction of metK_S288N (Figure 18A)
to C. glutamicum Evo 1 supplemented with riboflavin led to a significant growth
change (Chapter 3.5.2). With OMH presumably inhibiting SAM formation,
improved methanol utilization and formaldehyde fixation from increased
expression of heterologously expressed enzymes Mdh and HxIAB, caused by
higher PCN through cg3104 deletion, could not improve growth in strain Evo 1
Acg3104 (Figure 18B). On the other hand, cells not inhibited by OMH, due to a
transfer of the metK_S288N mutation, were still limited in biomass formation by
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poor methanol utilization (Figure 18A). Riboflavin supplementation to provide
flavin co-factors was the third necessity since C. glutamicum strain Evo 8 already
harboured genomic mutations in the genes cg3104 and metK, but still exhibited
a riboflavin deficiency (Figure 17) and was therefore impaired in methanol-

dependent growth compared to strain Evo 14 (Figure 12).

Methanol Acg3104
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4 hxIAB
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C. glutamicum Evo 14

Figure 30: Summary of proposed mechanisms leading to increased methanol-dependent

biomass formation with ribose in C. glutamicum Evo 14.

Improved pathways with according gene mutations are shown in green. Pathways deleted before
evolution, as well as reduced inhibition by OMH are depicted in red. Dotted arrows indicate
multiple reactions. Abbreviations: ald (acetaldehyde dehydrogenase), fadH (mycothiol-dependent
formaldehyde dehydrogenase), rpe (ribulose-5-phosphate epimerase), ribG (riboflavin-specific
deaminase/reductase), ribC (riboflavin synthase) (IS (insertion sequence), TCA (tricarboxylic acid
cycle), Ru5-P (ribulose-5-phosphate), R5-P (ribose-5-phosphate), F6-P (fructose-6-phosphate),
OMH (O-methyl-homoserine), SAM (S-adenosylmethionine), GTP (guanosine-triphosphate),

FMN (flavin mononucleotide), FAD (flavin adenine dinucleotide), IS (insertion sequence).

111



Discussion and Outlook

4.6 Methanol oxidation as limiting factor for growth

Determined in vitro activities from C. glutamicum cell crude extracts for
heterologously expressed Mdh from B. methanolicus MGA3 (2.44 + 0.34 mU/mg)
(Figure 6) were in range of those previously reported for crude extracts of E. coli
(1.40 mU/mg) (Muller et al., 2015b) and C. glutamicum (3.70 + 0.90 mU/mg
(LeBmeier et al., 2015); 3.30 + 1.20 mU/mg (Witthoff et al., 2015)). However,
observed in vitro activities in crude extracts were generally low compared to those
determined from purified enzyme (129 £ 10 mU/mg) (Ochsner et al., 2014a).
Despite its low activity, heterologous expression of mdh was necessary to support
methanol-dependent growth of C. glutamicum (Figure 10), although endogenous
alcohol dehydrogenase (adhA) of C. glutamicum was reported to accept
methanol as substrate (Witthoff et al., 2013).

In general, the NAD-dependent methanol oxidation to formaldehyde by Mdh of
B. methanolicus at mesophilic temperatures is a thermodynamically unfavourable
reaction that only becomes feasible at temperatures of 45-55°C (Price et al.,
2016; Whitaker et al., 2015). Additionally, characterization of the Mdh enzyme
revealed low catalytic efficiency and a Km for methanol of approximately 350 mM
(Krog et al., 2013b; Ochsner et al., 2014a). To compensate low Mdh activity,
B. methanolicus harbours three homolog mdh genes (mdh, mdh2, mdh3), two on
the chromosome and one on the naturally occurring plasmid pBM19 (Heggeset
et al., 2012; Muller et al., 2015a), as well as an additional act gene encoding a
Mdh activator protein (Arfman et al., 1991) that stimulates Mdh activity (Krog et
al., 2013b; Ochsner et al., 2014a). Furthermore, B. methanolicus grown on
methanol shows high mdh expression (Jakobsen et al., 2006) resulting in Mdh
constituting up to 30% of total cell protein (Arfman et al., 1989; Brautaset et al.,
2007). However, since Act did not improve Mdh activity in C. glutamicum
(LeBmeier et al., 2015), it was not additionally expressed in the present study.
Poor Mdh activity and the high Km of the enzyme might have been reasons why
methanol-dependent growth was improved with increasing methanol
concentrations (Figure 9B). Increased PCN observed after the deletion of cg3104

(Figure 19) have likely led to increased mdh expression, resulting in improved
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methanol oxidation and faster growth, as well as higher biomass formation of the

evolved C. glutamicum strains Evo 8 and Evo 14 (Figure 12).

In addition to mdh overexpression, one reported strategy to promote the
equilibrium of the Mdh-catalyzed reaction towards continuous methanol oxidation
is to efficiently remove formaldehyde in assimilation reactions as soon as it
emerges (Price et al., 2016; Whitaker et al., 2015; Woolston et al., 2018a). In
methylotrophic B. methanolicus, this happens through upregulated expression of
the RuMP pathway genes hps and phi (Jakobsen et al., 2006; Muller et al.,
2015c).

The combined HxIAB activity after expression from pEKEx3-mdh-hxIAB before
ALE (197 £ 18 mU/mg)(Figure 7) was relatively low compared to previous work
aiming at synthetic methylotrophy in C. glutamicum (530 £ 120 mU/mg)
(LeBmeier et al., 2015). This might be because hxIAB were expressed in a
synthetic operon together with mdh in this work, whereas the enzymes in previous
work were expressed singularly on pEKEx3-hxIAB (Lel3meier et al.,, 2015).
Additional Mdh in the reaction mixture might have reduced supplemented
formaldehyde to methanol, as it is the thermodynamically favoured direction of
the Mdh catalysed reaction (Price et al., 2016), and consequently removed
formaldehyde for the fixation reaction of HxIA. Furthermore, synthetic operons
often require a fine-tuned gene expression to ensure optimal function of the
singular enzymes (Engstrom and Pfleger, 2017). Therefore, the mdh gene might
have interfered with optimal gene expression of hxIAB from pEKEx3-mdh-hxIAB,
leading to reduced enzyme activities in comparison to previous work using

pEKEx3-hxIAB for heterologous expression (LelBmeier et al., 2015).

Nevertheless, improvement of HxIAB activities from 197 £+ 18 mU/mg before ALE
to 268 £ 21 mU/mg in C. glutamicum strain Evo 14 after ALE (Figure 20), due to
increased PCN (Figure 19) was sufficient to elevate methanol-dependent
biomass formation to full complementation of the Arpe metabolic cut-off
(Figure 14).
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4.7 What comes next: Ways to improve methanol
oxidation and formaldehyde fixation towards

synthetic methylotrophy

Full synthetic methylotrophy has not been achieved to this day (Chen et al., 2018;
Meyer et al., 2018; Tuyishime et al., 2018). However, methanol-dependent
growth of E. coli (Chen et al., 2018; Meyer et al., 2018) and C. glutamicum
(Tuyishime et al., 2018) (Chapter 3.1.3 — Chapter 3.6) offered essential insights
on synthetic methylotrophy for future engineering approaches to optimize
methanol oxidation and formaldehyde fixation for the creation of the first full

synthetic methylotroph organism.

ALE-derived disruption of the «¢g314 gene resulted in increased
pEKEx3-mdh-hxIAB PCN of evolved methanol-dependent C. glutamicum strain
Evo 14, which was shown to be beneficial for methanol-dependent growth
(Chapter 3.5.2), supposedly due to higher expression of methanol utilizing
enzymes mdh and hxIAB. One way of improving heterologous expression of
proteins is the optimization and addition of a synthetic RBS to increase the
translation initiation rate (TIR) (Salis et al., 2009). The ribosome binding sites for
mdh, hxIA and hxIB used here consisted of the consensus motif derived from
previous investigation of transcriptomics and promoter structures of
C. glutamicum (Albersmeier et al., 2017; Pfeifer-Sancar et al., 2013) but have not
been analyzed in terms of TIR before cloning. According to predictions of the
Salis lab RBS calculator (Salis et al., 2009), TIRs of all heterologously expressed
enzymes could be improved at least 4-fold by addition of a synthetic RBS (Espah
Borujeni et al., 2014; Salis et al., 2009). The TIR of mdh was predicted to be
improved 6.5-fold (from 141797 arbitrary units (au) to 913774 au), whereas the
TIRs of hxIA and hxIB were predicted to be improved 31-fold (5659 au to
177244 au) and 4-fold (223415 au to 897552 au), respectively (Espah Borujeni
et al., 2014; Salis et al., 2009). Especially the 31-fold increased TIR of hxIA might
lead to great improvements in methanol utilization, since it was shown before that
an increased number of the formaldehyde fixing enzyme Hps led to improved

methanol utilization in E. coli (Price et al., 2016).
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To further improve methanol utilization in synthetic methylotrophy, it is of great
interest to overcome limitations from poor enzymatic properties of known natural
NAD-dependent methanol dehydrogenases (Meyer et al., 2018; Mduller et al.,
2015b; Woolston et al., 2018a). Initial attempts were made to create
fluorescence-based formaldehyde biosensors, using the E. coli FrmR repressor
that naturally regulates the transcription of frmA (formaldehyde oxidase),
therefore using frmA promoter to control the expression of a fluorescent reporter
gene (Rohlhill et al., 2017; Woolston et al., 2018b). With this approach, increasing
fluorescence dependent on cellular formaldehyde concentrations was achieved
in E. coli and different Mdh variants were screened for their methanol oxidation
capability, revealing the highest methanol oxidation in E. coli through
heterologously expressed mdh from Geothermus stearmophilus (Woolston et al.,
2018b). Biosensors also provide the possibility to evolve desired enzymes in an
iterative process of random mutagenesis and subsequent high throughput
screening using fluorescence activated cell sorting (FACS), to sort out and
analyse cells showing the highest fluorescence signal (Schallmey et al., 2014;
Williams et al., 2016). Applying this approach to evolve Mdh enzymes might lead

to improved versions with more suitable properties in the future (Figure 31C).

Instead of using iterative cycles of random mutagenesis and FACS selection,
phage-assisted continuous evolution (PACE) is another system that allows the
rapid evolution of desired proteins (Esvelt et al., 2011). Generally, in PACE the
target gene is distributed between bacterial host cells in continuous cultivations
by modified M13 phages whose infection functionality is dependent on the target
proteins activities (Dickinson et al., 2014; Esvelt et al., 2011). Due to the fast
phage life cycle, an average of 38 phage generations harbouring mutated
versions of the desired protein, can be generated in 24 h (Esvelt et al., 2011).
PACE has been successfully applied to evolve T7 RNA polymerase in E. coli
towards the recognition of different promoter sequences (Esvelt et al., 2011), for
30-fold increased drug resistance of hepatitis C virus proteases and subsequent
characterization of the emerged mutations (Dickinson et al., 2014), or for changed
substrate specificity of tobacco etch virus protease towards a different cleaving
target sequence (Packer et al., 2017). Finally, recent work applied PACE in a

non-continuous way (PANCE) to improve Vmax of Mdh2 from B. methanolicus 3.5-
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fold, which also led to twice as much in vivo assimilation of methanol carbon into
central metabolites in E. coli (Roth et al., 2019). Further PACE or PANCE
approaches show a high potential for the rapid evolution of enzymatic properties
and might be useful to further improve C. glutamicum methanol utilization in the
future (Figure 31C).

Further ways of improving methanol oxidation, as mentioned in the previous
chapter, is the efficient assimilation of formaldehyde into central carbon
metabolites (Price et al., 2016; Whitaker et al., 2015; Woolston et al., 2018a) and
the change of NAD*/NADH ratios in the cell (Chen et al., 2018; Meyer et al.,
2018)(Figure 31A). Mutations affecting TCA cycle activity, as well as NAD*/NADH
metabolism found in evolved methanol-dependent E. coli and C. glutamicum
strains (Chapter 4.4), were all considered to positively influence methanol
oxidation by the increased availability of NAD* for the NAD* dependent methanol
oxidation reaction (Chen et al., 2018; Meyer et al., 2018; Tuyishime et al., 2018).
Furthermore, TCA cycle activity is downregulated in B. methanolicus growing on
methanol as sole carbon source, revealing its unimportance in natural
methylotrophy (Mdller et al., 2015a, 2015c). A viable option to engineer.
C. glutamicum towards reduced TCA cycle activity for reduced NADH production
to benefit methanol oxidation could be the deletion of the odhA gene
(2-oxoglutarate dehydrogenase), as it was applied for overproduction of
L-glutamate in C. glutamicum (Asakura et al., 2007). Possible accumulated
2-oxoglutarate/L-glutamate could further be used for methanol-based production
of ornithine, proline, putrescine or GABA (Jensen et al., 2015; Jensen and
Wendisch, 2013; Jorge et al., 2016). Alternatively, TCA activity could be altered
by changing the start codon of odhA from ATG to TTG, which resulted in 5-fold
reduced OdhA enzyme activity in a putrescine producing C. glutamicum strain
(Nguyen et al., 2015).

To achieve increased formaldehyde fixation, a self-assembling supramolecular
enzyme complex of Mdh3 from B. methanolicus and a Hps-Phi fusion from
M. gastri was engineered to benefit substrate channelling of formaldehyde
towards F6-P formation by Hps and Phi (Price et al., 2016). Application of this
strategy in E. coli led to a 9-fold improvement of the methanol consumption rate

in comparison to a strain expressing the non-assembled enzymes (Price et al.,
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2016). The introduction of lactate dehydrogenase (Ldh) as NADH sink increased
methanol oxidation more than two-fold in vitro, underlining the significant role of
NAD™ availability for the oxidation reaction (Price et al., 2016). The addition of an
NADH sink in form of POSS from S. cerevisiae also revealed a 1.3-fold increased
methanol consumption in E. coli strains engineered for L-lysine production from
glucose and methanol (Wang et al., 2019). Additionally, increased formaldehyde
consumption by an improved supply of Ru5-P for RuMP pathway reactions
through inhibition of glycolytic reactions with iodoacetate and simultaneous
overexpression of endogenous glpX (fructose-1,6-bisphosphatase), led to a
2-fold increase of methanol utilization in E. coli (Woolston et al., 2018a). Both,
substrate channelling and the introduction of NADH consuming reactions, show
potential to further improve the oxidation of methanol and subsequent
assimilation of formaldehyde into the central carbon metabolism in synthetic

methylotrophs (Figure 31A).

In methylotrophic yeasts, such as Pichia pastoris, methanol utilization takes place
in peroxisomes, separate compartments that ensure physical proximity of
methanol oxidation and subsequent formaldehyde fixation and shield the rest of
the cell from formaldehyde toxicity (van der Klei et al., 2006; Yurimoto et al.,
2011). To mimic this kind of environment for methanol utilization reactions in
synthetic methylotroph prokaryotes, synthetic scaffolds made of noncoding RNA
(Delebecque et al., 2012; Polka et al., 2016) or synthetic microcompartments to
encapsulate the participating enzymes and substrates (Chessher et al., 2015;
Frank et al., 2013; Siu et al., 2015) might be a viable option to further optimize
methanol utilization (Figure 31A). Microcompartments have already been
successfully formed in C. glutamicum through heterologous expression of shell
proteins of the propanediol utilization (Pdu) compartment from Citrobacter
freundii (Huber et al., 2017). Furthermore, the targeted localization of yellow
fluorescent protein (YFP) into the synthetic microcompartments was shown to be
successful (Huber et al., 2017). Since it is possible to form microcompartments
in C. glutamicum, investigation of microcompartment assembly for methanol-
utilizing enzymes, as well as efficient import of Ru5-P for formaldehyde fixation

and export of F6-P, can further establish efficient methanol utilization.
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To circumvent the limitations of methanol oxidation and to focus on the evolution
of formaldehyde fixing reactions, different substrates such as sarcosine or
vanillate might be applied to yield formaldehyde during utilization(He et al., 2018;
Merkens et al., 2005)(Figure 31B). Vanillate gets demethylated to
protocatechuate by vanAB (vanillate demethylase subunits A and B) in
C. glutamicum yielding formaldehyde (Merkens et al., 2005), which was already
used to verify the function of fadH (formaldehyde dehydrogenase) in deletion and
complementation mutants (LeBmeier et al., 2013). Overexpression of vanAB in
addition to RuMP pathway enzymes hxIAB in C. glutamicum Aald AfadH
ArpelArpi, together with ribose/gluconate as co-substrate should lead to biomass
formation, derived from the vanillate-emerging formaldehyde. To prevent growth
on vanillate alone, the genes pcaGH (protocatechuate 3,4-dioxygenase)
essential for protocatechuate metabolism (Brinkrolf et al., 2006) should be
additionally deleted, to create a dependency on formaldehyde fixation for ALE.
Previous work has followed a similar approach in E. coli, using sarcosine as
alternative formaldehyde source for RuMP pathway assimilation (He et al., 2018).
Sarcosine oxidation by sarcosine oxidase (SOX) from Bacillus sp. strain B-0618
yields glycine and formaldehyde (Chen et al., 2008), which was exploited for
biomass formation from formaldehyde with xylose in an engineered glycine
auxotroph (AglyA = serine hydroxymethyltransferase, Agcl/ = glyoxylate
carboligase) and RuMP pathway enzymes (hps, phi) and SOX expressing E. coli
strain with additional deletions of frmRAB, zwf (glucose-6-phosphate
dehydrogenase) and tktAB (transketolase) (He et al., 2018). Deletion of tkt
created a metabolic cut-off that forced carbon flux through RuMP pathway
reactions and led to a growth dependency on sarcosine oxidation and subsequent
formaldehyde fixation. This resulted in a strain that showed 85% of biomass
precursors produced from formaldehyde and xylose through RuMP pathway
reactions (He et al., 2018). However, no attempt of ALE was made in the reported
work, leaving the opportunity to further improve formaldehyde fixation while
circumventing methanol oxidation, which might be a valuable approach in the
future (Figure 31B).
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Another major challenge for synthetic methylotrophy is continuous Ru5-P
regeneration for formaldehyde fixation to allow growth on methanol as sole
carbon source (Whitaker et al., 2015). To increase PPP activity for Ru5-P
regeneration, one option might be to delete genes encoding the transcriptional
regulators GntK1/2 that repress the expression of PPP enzymes in absence of
gluconate in C. glutamicum (Frunzke et al.,, 2008b; Toyoda and Inui, 2016).
Another approach might be the overexpression of PPP enzymes from plasmids,
independently from cellular regulation mechanisms. Additional genomic
integration of rpe, tkt, fba, glpX and pfk and their expression from synthetic
promoters, together with a deletion of pgi and frmA in E. coli already showed
successful regeneration of Ru5-P by revealing pyruvate labelled at all carbon
positions from '3C-methanol (Bennett et al., 2018). Several copies of PPP
enzymes could be integrated into the C. glutamicum genome to benefit Ru5-P
regeneration. A similar approach was followed to improve L-lysine production in
the L-lysine overproducing strain C. glutamicum GRLys1, when two additional
copies of several key enzymes for L-lysine production were integrated into the

genome for additional expression (Pérez-Garcia et al., 2016; Unthan et al., 2015).
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Figure 31: Overview of different approaches to improve methanol oxidation and

formaldehyde fixation in synthetic methylotrophy.

A) Clustering of methanol-utilizing RuMP pathway enzymes Mdh (methanol dehydrogenase)
(green circle), HxIA (3-hexulose-6-phosphate synthase) (blue square) and HxIB (6-phospho-3-
hexuloisomerase)(red hexagon) or methanol utilization in synthetic compartments. Disruption of
the TCA cycle and additional “NADH sink” reactions catalysed by Ldh (lactate dehydrogenase)
and POS5 (peroxide sensitive NADH kinase) increase NAD+ availability for methanol oxidation.
B) Application of vanillate and sarcosine as alternative formaldehyde sources to circumvent
methanol oxidation. Utilization of vanillate by VanAB (vanillate demethylase subunits A and B)
yields formaldehyde and PCA (protocatechuic acid), sarcosine oxidation by SOX (sarcosine
oxidase) yields formaldehyde and glycine. Deletions in PCA and glycine metabolism to prevent
biomass formation create formaldehyde dependency for the evolution of RuMP pathway
enzymes. C) Enzyme evolution through PACE (phage-assisted continuous evolution), PANCE
(phage-assisted non-continuous evolution) and FACS (fluorescence activated cell sorting)
potentially results in methanol-utilizing enzymes with improved properties (yellow star). Dotted
arrows represent multiple reactions, green arrows indicate increased activity, red arrows indicate
reduced activity. Red crosses depict genomic deletions. Additional abbreviations: Ru5-P

(ribulose-5-phosphate), F6-P (fructose-6-phosphate).

120



Discussion and Outlook

4.8 Expanding the C1 substrate spectrum of

C. glutamicum

Current effort points to the establishment of methanol as carbon source in
C. glutamicum. This achievement would bring several advantages for the
biotechnological industry (Chapter 1.1). In the future, a considerable challenge is
to expand the C. glutamicum substrate spectrum of C1 carbon sources for the

utilization of formate, methane or COa.

4.8.1 Formate

To build upon an established synthetic methylotroph metabolism in the future,
formate could be reduced to formaldehyde for further assimilation in RuMP
pathway reactions (Bar-Even, 2016). For formate reduction, acetyl-CoA synthase
from E. coli in combination with acetaldehyde dehydrogenase from Listeria
monocytogenes have been proposed to catalyse the reactions that generate
formyl-CoA from formate, eventually yielding formaldehyde (Siegel et al., 2015).
Heterologous expression of those two enzymes might allow formate assimilation
for biomass formation in synthetic methylotroph C. glutamicum in the future.
Recent work focused on exploiting the reductive glycine pathway of E. coli for
formate and CO: fixation through heterologous expression of formate-
tetrahydrofolate ligase (ftfL), 5,10-methenyl-tetrahydrofolate cyclohydrolase
(fchA) and 5,10-methylene-tetrahydrofolate cyclohydrolase (mtdA) from
M. extorquens and successfully managed to couple growth to formate
consumption (Bang et al., 2018; Déring et al., 2018; Yishai et al., 2018). Adaption
of this approach to C. glutamicum would not require previously established
synthetic methylotrophy since formate fixation is realized independently from
RuMP pathway reactions, through H4F and GCS intermediates, to eventually end
up in glycine (Ddring et al., 2018; Yishai et al., 2018). However, there is no GCS
known to be present in C. glutamicum, which would require the additional
heterologous expression of aminomethyltransferase (gcvT), glycine
decarboxylase (gcvP) and H protein of the GCS (gcvH) from E. coli to potentially
allow formate and CO:z2 fixation (Yishai et al., 2018).
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4.8.2 Methane

To achieve methane utilization, a single-step oxidation of methane to methanol
is needed before metabolization in a synthetic methylotroph organism (Haynes
and Gonzalez, 2014). The oxidation reaction of methane to methanol is
energetically unfavourable (Whitaker et al., 2015) but some Methylococcus and
Methylomonas species express methane monooxygenases (MMOs) catalyzing
the reaction (Haynes and Gonzalez, 2014). Heterologous expression of MMO in
synthetic methylotroph C. glutamicum might open methane utilization for biomass
and product formation, although calculated total energy and carbon efficiencies
for the hypothetical product n-butanol were low with only 51% and 67%
respectively, due to the high energy demand of methane oxidation (Haynes and
Gonzalez, 2014; Whitaker et al., 2015).

4.8.3 CO2

Since methanol has a high degree of reduction, it was proposed before that
excess of electrons from its utilization might be beneficial to drive CO2 reduction
to formaldehyde by formate- and formaldehyde dehydrogenases (Whitaker et al.,
2015). Following this approach, co-utilization of methanol and CO2 might be
achieved through heterologous expression of CO2 reducing enzymes in synthetic
methylotroph C. glutamicum. A similar approach was already realized in the
natural methylotroph M. extorquens, by heterologous expression of CBB cycle
enzymes phosphoribulokinase (prk) and RuBisCO from Paracoccus denitrificans
DSM 413 to allow co-utilization of CO2 and methanol (von Borzyskowski et al.,
2018). Functional CO:2 fixation was confirmed by '3C tracer analysis, revealing
multiply labelled hexose phosphates from labelled CO2 (glucose-6-phosphate,
glucose-1-phosphate and F6-P), indicating that the CBB cycle functionally turned
multiple times (von Borzyskowski et al., 2018).

Previous work in E. coli reported successful COz2 fixation for sugar synthesis by
decoupling energy production and carbon fixation through deletion of
phosphoglycerate mutase genes (gpmA and gpmM), heterologous expression of
CBB cycle enzymes prkA from Synechococcus elongatus PCC 7942 and
RuBisCO from Rhodospirillum rubrum ATCC 11170 and subsequent ALE
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(Antonovsky et al., 2016). Since Ru5-P is needed as central metabolite for PrkA
and ensuing RuBisCO reactions to assimilate CO2 (Antonovsky et al., 2016) and
synthetic methylotroph C. glutamicum will necessarily have elevated Ru5-P
regeneration to allow growth on methanol, heterologous expression of CBB cycle
enzymes might lead to significant CO2 fixation that may possibly be further
optimized by ALE.
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5. Concluding remarks

Past work on synthetic methylotrophy in C. glutamicum has revealed
incorporation of methanol-carbon into central metabolites and methanol
dependent biomass formation with xylose. Here, the main goal was to achieve
methanol-dependent biomass formation of C. glutamicum through a metabolic
cut-off in the central carbon metabolism and subsequent improvement through
ALE, as well as investigation of beneficial mutations in evolved strains.

Methanol-dependent growth of C. glutamicum was achieved with the 3 different
co-substrates (ribose, xylose and gluconate) for the first time, by creation of two
different metabolic cut-off strains. Moreover, ALE led to improved
methanol-dependent growth with ribose until the artificially created metabolic
cut-off was fully complemented by methanol utilization and biomass formation of
C. glutamicum WT with equal ribose amounts was reached. Investigation of
chromosomal mutations in evolved methanol-dependent C. glutamicum strains
revealed 3 significant changes (metK, cg3104, ribGCAH) that need further
investigation to confirm the proposed hypotheses. Furthermore, methanol-
dependent production of the non-natural product cadaverine was achieved here
for the first time and isotopic labelling experiments revealed approximately
4-times as much total incorporation of methanol-derived carbon into cadaverine

compared to previous studies.

The results presented here will serve as basis for future engineering approaches
towards synthetic methylotrophy in C. glutamicum for growth and production of

valuable compounds solely from the non-food C1-carbon source methanol.
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