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The potent greenhouse gas methane presents a widely accessible resource, being
the primary component in natural gas as well as in bio-gas from anaerobic digesters.
Given its relatively low heating-value and several issues concerning its storage and
transportation, methane upgrading to liquid fuels is of particular interest. Microbial
methane conversion/utilization and upgrading is gaining increasing interest due to its high
conversion efficiency. In this study we computationally compare aerobic and anaerobic
microbial pathways for CHg-oxidation and discuss theoretically achievable biomass
yields as well as the possibility for building synthetic biological production platforms
for liquid fuels. Specifically, the presented in-silico work investigates the potential of
microbial methane upgrading in a metabolic network analysis by means of elementary flux
modes. Aerobic fixation of methane via conversion of methane to methanol by a methane
monooxygenase (MMOQO) and different subsequent formaldehyde assimilation pathways
(Serine-cycle, RuMP, XMP/DHA-pathway) is compared with anaerobic pathways for
oxidation of methane (AOM) by means of reverse-methanogenesis or via a presumed
glycyl-radical enzyme, which uses fumarate for activation of methane. The different
pathways for aerobic and anaerobic methane oxidation are compared in different
central carbon-metabolism envelopes in order to identify highest achievable carbon
yields. The capability of efficient CO, fixation, as well as energy preservation in
form of reducing equivalents is identified as crucial to enable high yields, which
ranged from 22 100%. The potential of the different microbes to grow on these gas
streams is assessed by means of the maximum achievable biomass yield and the
CO»/CH,4 uptake ratio. CO» co-utilization, by transferring reducing power between
the two co-substrates, is highest, when combining reverse-methanogenesis with the
Wood-Ljungdahl pathway, effectively replacing the need for Ho with CHy4. Further, the
possibility to upgrade methane into liquid (drop-in) bio-fuels is investigated. Established
routes to methanol, ethanol, C4-alcoholes and farnesene are evaluated in the most
promising substrate-pathway/organism combinations. Stoichiometric, thermodynamic
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and kinetic limitations are assessed and recommendations regarding potential industrial
feasibility are given. The results presented here should guide future research efforts in
search for feasible ways of (co)utilizing novel carbon substrates for sustainable production

of fuels and chemicals.

Keywords: gas fermentation, methane upgrading, bio-GTL, elementary flux mode analysis, metabolic modeling,
anaerobic methane oxidation, microbial CO, fixation

INTRODUCTION

Two of the greatest challenges of todays society are
represented by the development of sustainable replacement
processes to produce chemicals and fuels from non-fossil
resources while simultaneously reducing greenhouse gas
emissions. Microbial gas fermentation offers a solution to
both issues via organisms with the ability to utilize gaseous
Cl-compounds, such as CHy, CO, and CO as feedstock
for production of chemicals. Here, we propose, analyse and
discuss different strategies for microbial methane upgrading, a
challenging but auspicious approach.

Methane, the main component of natural gas, has several
shortcomings as an energy carrier. It has low energy content
(MJ/L) and economical storage requires liquefaction or at least
compression (which is expensive, because energy intensive). The
same applies to biogas, which is further often contaminated with
large amounts of carbon dioxide (up to 50%), making it an even
less efficient energy carrier (Miltner et al., 2017). Methane is also
a very potent greenhouse gas; therefore, it is often flared when
logistics are (economically) infeasible (Haynes and Gonzalez,
2014). An estimated amount of 5 quadrillion BTU, around 5%
of the global natural gas production, is flared or vented annually
(Fei et al., 2014). This “lost” methane does not only contribute
to greenhouse gas emissions but also represents a considerable
market value of around $13 billion per annum, which alone
could satisfy 27% of the US electricity market if made accessible
(Fei et al., 2014). Therefore, the industrial interest in methane
upgrading is high and different approaches for its conversion
into better energy carriers have been developed. The chemical
transformation of methane into fuels is mainly realized in the
Fischer-Tropsch process via activation with syngas. However,
this process achieves maximum carbon efficiencies of <50%

Abbreviations: ANME, anaerobic methanotrophic archaea; AOM, anaerobic
oxidation of methane; BDO, butanediol; Bio-GTL, biological gas-to-liquid
(microbial conversion of methane into liquid fuels); BMY, biomass carbon
yield; BTU, British thermal unit; DHA, dihydroxyacetone; DXP, 1-deoxy-
D-xylulose 5-phosphate; EFM, elementary flux mode; GSH, glutathione;
H4MPT, tetrahydromethanopterin; MCR, methyl-coenzyme M reductase;
MDH, methanol dehydrogenase; MEP, 2-C-methylerythritol 4-phosphate;
MMO, methane monooxygenase; MSS, methyl-succinate synthase; PY, product
carbon yield; RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; RuMP,
ribulose mmonophosphate pathway; THE tetrahydrofolate; XMP, xylulose-
monophosphate; A;G, Gibbs free energy of a chemical reaction; A,G°, Gibbs free
energy of a chemical reaction at standard conditions (not accounting for pH or
ionic strength); A;G'°, Gibbs free energy of a chemical reaction at a particular pH
and ionic strength at 1 M standard concentrations; A,G'™, Gibbs free energy of a
chemical reaction at a particular pH and ionic strength at 1 mM (physiologically
relevant) concentrations

and is further limited by its intensive energy requirements for
the generation and conversion of syngas as well as hydro-
processing steps and has proven economically viable only at
very large scale (Steynberg, 2004). Seeking more efficient and
sustainable alternatives, biological conversion of methane into
more readily transportable and valuable fuels via biocatalysts at
ambient temperatures and pressures, termed “Bio-GTL,” receives
increasing interest (biological gas-to-liquid).

The most extensively studied microorganisms for methane
utilization are methanotrophic, aerobic a- and y-proteobacteria,
which are known to naturally metabolize methane as their only
carbon and energy source. In these organisms the metabolism
of methane starts with oxidation by O, to methanol, which is
assimilated after further oxidation to formaldehyde via different
pathways, depending on the organism (serine-cycle in o-
proteobacteria/type II methanotrophs; ribulose-monophosphate
pathway in y-proteobacteria/type I methanotrophs). Although
extensively studied, most methanotrophs are genetically not very
tractable, so that to date their industrial use remains limited
to the production biomass (single-cell protein), which is used
as a feedstock for livestock in agriculture (Kalyuzhnaya et al.,
2015). The production of more valuable target compounds, such
as methanol, formaldehyde, organic acids, ectoine, lipids and
vitamin B12 has been demonstrated in natural and synthetically
engineered methanotrophs (Strong et al.,, 2015). However, the
industrial use of microbial methane oxidation via aerobic
pathways has several major limitations. Genetic engineering
approaches in natural hosts are challenging and the expression
of the key enzyme, methane- monooxygenase (MMO) in
heterologous hosts has had only limited success to date (Hwang
et al., 2018). Further, the requirement of O; as electron donor
for methane oxidation has certain safety concerns at industrial
scale due to explosive gas-mixtures. Additionally, the aerobic
pathway via MMO has a limited maximum achievable carbon
yield (67%) due to every third carbon being “lost” as CO; in a
decarboxylation reaction of the pathway (Conrado and Gonzalez,
2014).

Opposing to the aerobic pathways, a second, less-studied
option for microbial oxidation of methane is based on anaerobic
metabolism. Anaerobic oxidation of methane (AOM) requires a
suitable electron acceptor, such as iron(III), nitrate or sulfate and
has been observed as natural occurring phenomenon in several
environments often including syntrophic consortia (Boetius
et al., 2000; Valentine and Reeburgh, 2000). Majorly hindered by
the unavailability of pure cultures, AOM has been significantly
less studied compared to aerobic methane oxidation and as a
result the exact pathways of AOM still involve several knowledge
gaps (Scheller et al, 2017; Hwang et al., 2018). However,
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there is evidence that anaerobic methane oxidation coupled
to the reduction of sulfate, iron(IIl), manganese, or nitrate
is found in anaerobic methanotrophic archaea (ANME) and
proceeds at least in part via reversed-methanogenesis involving
the nickel enzyme methyl-coenzyme M reductase (Mcr) for
methane activation (Thauer and Shima, 2008; Beal et al., 2009;
Shima et al., 2011; Haroon et al., 2013; Ettwig et al, 2016;
Scheller et al., 2017). At standard conditions this presents an
endergonic reaction, and therefore will proceed inherently slow.
Nevertheless, this pathway has higher conservation of energy
and may thus achieve a carbon efficiency advantage over aerobic
pathways.

A second, MCR-independent AOM pathway coupled to nitrite
reduction was observed in bacteria (Ettwig et al., 2010; Scheller
et al., 2017). The first step in this pathway is most likely the
exergonic formation of 2-methyl-succinate from fumarate and
methane catalyzed by a glycyl-radical activating enzyme (Thauer
and Shima, 2008). The involvement of a radical enzyme in
this first step would not allow a direct coupling to energy
conservation, so that most, if not all, energy generated during
methane activation would dissipate as heat in the first step of
the pathway. Therefore, this would not leave enough energy to
drive ADP phosphorylation in reactions further downstream if
coupled to sulfate reduction. However, with nitrate or nitrite
as electron acceptor the free energy change would be sufficient
to allow formation of 2-methyl-succinate (Thauer and Shima,
2008). And indeed, the (ke;t/Ky) of AOM with nitrate was
found more than 1,000 times higher than that of AOM with
sulfate (Raghoebarsing et al., 2006). With no pure culture isolate
available, the details of the proposed pathway for anaerobic
methane oxidation via 2-methyl-succinate remain unknown to
date.

Several synthetic biology and metabolic engineering
approaches present new pieces to the puzzles of anaerobic
methane oxidation pathways. Yan et al. successfully introduced
the MCR of an unculturable ANME into Methanosarcina
acetivorans, which enabled the genetically modified strain of
anaerobic methanotrophic growth dependent on reduction
of iron(Ill) resulting in a pathway remarkably similar
to AOM pathways hypothesized for uncultured anaerobic
methanotrophic archaea (Yan et al., 2018). Another recent study
followed an enrichment approach, which identified an archaeon
capable of iron-dependent AOM via reverse-methanogenesis
(Cai et al., 2018). Interestingly, a high abundance of multi-
heme c-type cytochromes was found in this culture, which
are hypothesized to facilitate dissimilatory iron(III) reduction.
The fast development of ~omics platforms and tools for
genetic modification of non-model organisms gives reason to
believe that significant progress regarding the fundamentals of
aerobic and anaerobic oxidation of methane can be expected
in the near future (Kalyuzhnaya et al., 2015). This system-level
understanding of methanotrophic metabolism will lay the
groundwork for metabolic engineering to generate value-added
products from methane (Strong et al., 2015). However, it remains
unknown which metabolic pathway for methane oxidation
will prove most suitable for the development of this platform
technology.

Here, we present a computational study to assess the potential
of different pathways for the microbial oxidation of methane for
formation of biomass and production of value added compounds.
Using an in silico approach to calculate the metabolic capability
of organisms to grow and produce chemicals from CHj as only
carbon and energy source, enables to theoretically evaluate the
most promising routes while current knowledge gaps remain.
First, the different discussed pathways for aerobic and anaerobic
methane oxidation are implemented in a metabolic network
of the model organisms for biotechnology, Escherichia coli.
Based on stoichiometry, we compare the theoretical maximum
achievable biomass yields of each pathway. In a second
part, the possibility of simultaneous CO, fixation enabled by
the accumulation of reducing equivalents from the methane
oxidizing pathway is discussed for different heterological host
organisms. Finally, the different metabolic pathways for methane
oxidation are paired with synthetic pathways for production of
different (drop-in) fuels to evaluate most promising production
routes. Benefits and limitations of the theoretical proposed
scenarios are discussed critically.

MATERIALS AND METHODS

Construction of Metabolic Networks
Metabolic networks of the different organisms (Komagataella
phaffii formerly Pichia pastoris, Saccharomyces cerevisiae,
Escherichia coli, Bacillus subtilis, Corynebacterium glutamicum,
Cupriavidus necator formerly Ralstonia eutropha and
Clostridium autoethanogenum) were modified from published
stoichiometric network analyses (Melzer et al., 2009; Lopar et al.,
2013, 2014; Ternon et al., 2014; Unrean, 2014; Kracke et al., 2016;
Koch et al.,, 2017; Averesch and Kromer, 2018; Averesch et al.,
2018) to fulfill the requirements of this elementary flux mode
analysis. Specifically, the networks were integrated with methane
assimilation pathways, compiled as follows:

The methanol/formaldehyde assimilation pathways Serine-
cycle, Ribulose-Monophosphate Pathway (RuMP) and Xylulose-
Monophosphate Pathway (XMP)/Dihydroxyacetone- (DHA-)
pathway, as described in Fei et al. (2014), Hwang et al. (2018),
and on MetaCyc (Caspi et al, 2014), were compiled into
stoichiometric reactions. The DHA-pathway corresponds to the
XMP where instead of the DHA synthase a formolase is used
(Siegel et al, 2015). Further, an NAD dependent methanol
dehydrogenase (MDH) (Bennett et al., 2018) was evaluated in
comparison to O as electron acceptor for oxidation of methanol
to formaldehyde, to determine the potential for increased
carbon efficiency and energy conservation. NADH and NADPH
dependent MMOs, which allow the initial oxidation of methane,
completed the three fundamentally different pathways. Co-factor
recycling allowed redox power to be derived from the oxidation
of formaldehyde to CO, and proceeded with tetrahydrofolate
(THF) for the Serine-cycle, with tetrahydromethanopterin
(H4MPT) in the RuMP and via glutathione (GSH) in the
XMP/DHA-pathway (Marx et al., 2003). Figure 1 shows the three
pathways for aerobic methane catabolism in detail.

The proposed AOM by means of a glycyl-radical enzyme
via methyl-succinate (Mss-AOM) was defined as proposed by
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FIGURE 1 | Pathways for aerobic methane oxidation via methane monooxygenase (MMO): Serine-cycle (green), RuMP (purple), XMP/DHA-pathway (blue). Enzymes:
3HPS: 3-hexulose-6-phosphate synthase; 6PGD: 6-phosphogluconate dehydrogenase; 6PGL: 6-phosphogluconolactonase; AOX: alcohol oxidase; CAT: catalase;
DHAK: dihydroxyacetone kinase; DHAS: dihydroxyacetone synthase; DPI: triose-phosphate isomerase; F16PA: fructose 1,6-bisphosphate aldolase; FANR:
F400-dependent NADP reductase; FDH: formate dehydrogenase; FGH: S-formylglutathione hydralase; FOL: formolase; FTHF-L: formate:tetrahydrofolate ligase;
GBPDH: glucose-6-phosphate dehydrogenase; GDH: S-(hydroxymethyl)glutathione dehydrogenase; GFL: S-(hydroxymethyl)glutathione formaldehyde-lyase; GHMT:
glycine hydroxymethyltransferase; GLYCTK: glycerate 2-kinase; HsMPT-FT: methenyltetrahydromethanopterin formyltransferase/hydrolase complex; HsMPT-HL:
5,6,7,8-tetrahydromethanopterin hydro-lyase; HMT: hydroxymethyltransferase; HPR: hydroxypyruvate reductase; KDPGA: 2-keto-3-deoxygluconate-6-phosphate
aldolase; MALDH: malate dehydrogenase; MCGL: malyl-CoA glyoxylate-lyase; MCL: malate:CoA ligase; MDH: methanol dehydrogenase; MH4MPT-CH:
methenyltetrahydromethanopterin cyclohydrolase; MH,MPT-DH: methylenetetrahydromethanopterin dehydrogenase; MTHF-CH: methenyltetrahydrofolate
cyclohydrolase; MTHF-DH: methylenetetrahydrofolate dehydrogenase; P3HI: 6-phospho-3-hexuloisomerase; PEPC: phosphoenolpyruvate carboxylase; PGH:
phosphogluconate dehydratase; ENO: enolase/phosphopyruvate hydratase; PYK: pyruvate kinase; SGAT: serine:glyoxylate aminotransferase.

previous studies (Thauer and Shima, 2008; Haynes and Gonzalez,
2014). The different options for regeneration of fumarate include
a series of reactions via TCA-cycle analogous reactions or a
combination of B-oxidation and ketogenesis/GABA-metabolism.
Figure 2 gives a detailed overview of the different variations
of this potential metabolic route for methane fixation. Here,
nitrate respiration was assumed as a feasible way to complete the
electron transport chain under anoxic conditions in the bacterial
networks (Unden and Bongaerts, 1997; Nakano and Zuber, 1998;
Nishimura et al., 2007; Tiemeyer et al., 2007).

AOM via reverse-methanogenesis by means of methyl-
coenzyme M reductase (Mcr-AOM) was implemented as
proposed by Nazem-Bokaee et al. (2016) and Bennett et al.
(2018). The two branches of the pathway, which rely on an
electron transport chain with iron(III) as terminal acceptor, are
depicted in Figure 3.

It should be noted, that in Figures 1-3 pathways were
drawn out until a central metabolism metabolite (e.g., fructose-
1,6-bisphosphate, pyruvate, succinate, acetyl-coenzyme A)
was reached and connections to other pathways in central

metabolism are indicated with double arrows. The full metabolic
networks, integrated with the pathways, can be found in
Supplementary File 1.

For chapter Potential of Different Organisms to Assimilate
Additional Carbon via CO2 Co-utilization the metabolic
networks were amended with established product pathway(s)
for the designated target products, as described previously (Jang
et al, 2012; Peralta-Yahya et al., 2012) and/or according to
records in databases like KEGG (Kanehisa and Goto, 2000;
Kanehisa et al., 2016, 2017) and MetaCyc (Caspi et al., 2014).
All pathways can be found in Supplementary File 1, including
details regarding the enzymes catalyzing the respective reactions
and origin of the pathway.

Elementary Flux Mode Analysis

Using MATLAB® (MathWorks®) (RRID:SCR_001622) the
metabolic networks were parsed with EFMTool (Terzer
and Stelling, 2008; RRID:SCR_016289) into stoichiometric
matrices. Metabolic solutions for each network were calculated
as elementary flux modes (EFMs) using the most recent
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FIGURE 2 | Pathways for anaerobic methane oxidation via activation to 2-methyl-succinate: Mss-AOM. Note that this pathway requires a final electron acceptor, such
as nitrate via anaerobic respiratory chain (not shown). Enzymes: BCDH: butyryl-CoA dehydrogenase; BCS: butyryl-CoA synthetase; BCT: butyryl-CoA transferase;
CCH: crotonyl-CoA hydratase; CCL: citramalyl-CoA lyase; CCS: citramalyl-CoA synthetase; EMCDC: ethylmalonyl-CoA decarboxylase; HBCDH: hydroxyacyl-CoA
dehydrogenase; HBCH: hydroxybutyryl-CoA hydrolase; HBCI: hydroxybutyryl-CoA isomerase; HBDH: 4-hydroxybutyrate dehydrogenase; MF: methylfumarase; MSCI:
methylsuccinyl-CoA isomerase; MSCS: methylsuccinyl-CoA synthetase; MSDC: methylsuccinate decarboxylase; MSDH: methylsuccinate dehydrogenase; MSS:
methylsuccinate synthase; SSADH: succinate-semialdehyde dehydrogenase; B-KAT: B-ketoacyl-thiolase.

implementation FluxModeCalculator (van Klinken and Willems
Van Dijk, 2015; RRID:SCR_016290) and evaluated as described
before (Averesch et al., 2016), calculating the yields by drawing
carbon balances around the boundary reactions. The ratio of
consumed or produced carbon dioxide to the (main) substrate
was determined as the molar quotient of net CO;-flux to other
available carbon sources (most frequently methane) according to
Equation (1). All calculated data and calculations based on the
data can be found in Supplementary File 1.

tio — (ﬂuX(COZin) — flux (COzout)) [mol]
70 = flux(CHym) — flux (CHou)) [mol]

1

RESULTS

Maximum Achievable Biomass Yields Via
Different CH,4 Fixation Pathways

To compare the maximum achievable biomass-yields (BMY in %
C-mol/C-mol) from CHy as sole electron and carbon source, the
different pathways for aerobic and anaerobic methane oxidation
were analyzed using the heterological host E. coli as model
organism. The results are presented in Table 1.

When comparing the different pathways for methane
catabolism pathways (see Figures 1-3), one universal feature
can be identified: accompanying the reductive pathway for
formation of carbon-carbon bonds from activated methane, there
is always a second, oxidative pathway branch that ultimately
forms CO; and provides the redox equivalents required for
the reductive pathway steps. Additionally, all aerobic pathways
require providing reducing equivalents for the MMO in the
first pathway step (see Figure1). This requirement of the
key enzyme for one reducing equivalent per CHy limits the
maximum achievable BMY via aerobic methane oxidation to 38%
or lower. However, if the second pathway step, the formation
of formaldehyde from methanol, could recover the electrons
via a NAD-dependent enzyme (MDH) this limitation can be
overcome, which is reflected in a theoretical maximum achievable
BMY of 60-70% (see Table 1). In case of the XMP the initial step
of dihydroxyacetone phosphate formation from formaldehyde is
a bottleneck, as xylulose-5-phosphate needs to be regenerated.
Replacing the DHA synthase with a formolase, as successfully
demonstrated by Siegel et al. (Siegel et al., 2015), re-routes the
pathway and eliminates this need, directly linking it to DHA,
which benefits the theoretical maximum BMY.
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For anaerobic methane oxidation the proposed pathway
via 2-methyl-succinate (Mss-AOM; Figure2) and reverse-
methanogenesis (Mcr-AOM; Figure 3) were considered. For the
Mss-AOM a theoretical yield linked to respiration is given for
reference, even though a feasibility of the entire pathway in
one organism is regarded infeasible since the proposed glycyl-
radical enzyme will require strictly anaerobic environments. For
the different pathway versions of Mss-AOM only the branch
via TCA-cycle analogous reactions was found feasible. This is
due to decarboxylation reactions in the p-oxidation analogous
pathway options, which lead to production of one CO; per fixed
CHj. Biomass assimilation via these pathway branches would
only be feasible in combination with an efficient mechanism
for CO; re-fixation (e.g., via RuBisCO, cf. C. necator BMY,
Supplementary File 1). For the same reason, the Mss-AOM
needs to recycle fumarate via the glyoxylic shunt, to compensate
for the decarboxylation reactions during the TCA-cycle. The fact
that this pathway needs to be operated with a different terminal
electron acceptor than O, in this case NO3, severely impacts the

yield—otherwise it would present the most attractive option for
CHy utilization based on stoichiometry (see Table 1).
Reverse-methanogenesis (Mcr-AOM) resulted in a maximum
achievable BMY of 42%, which is about twice as high as the
BMY for Mss-AOM with nitrate as electron acceptor. More
importantly, this theoretical maximum BMY is in the same range
or higher than the results for aerobic methane oxidation via
MMO and Serine-cycle, RuMP or XMP/DHA-pathways in case
of the natural, O,-dependent MDH. This indicates that the AOM
pathway via reverse-methanogenesis is not more restricted by
stoichiometry than the aerobic options or the Mss-AOM.

Potential of Different Organisms to
Assimilate Additional Carbon via CO;
Co-utilization

Since methane is fully reduced (degree of reductioncpsy = 8),
its assimilation in biomass as well as transformation into other
hydrocarbons requires a parallel, electron accepting pathway.
Here, we analyse several metabolic possibilities for microbial
co-utilization of CO, during methane oxidation. The previous
chapter, including Figures 1-3, illustrates how aerobic, as well as
anaerobic methane oxidation always requires a certain amount
of substrate to be oxidized in order to provide sufficient reducing
equivalents for methane activation. Often oxidation in this
pathway branch is complete, resulting in emission of CO; as
by-product (degree of reductioncoy) = 0). We illustrate this
formation of CO, as the ratio of net CO, production to the
uptake of methane—CO,:CH4 [mol/mol] (cf. Equation 1, section
Elementary Flux Mode Analysis). The rightmost column in
Table 1 shows the maximum ratios for the different pathways
of microbial methane utilization applied to E. coli. A negative
value refers to CO, production, while a ratio of “0” indicates
that no net-flux of CO; is created; meaning that occurring
decarboxylation reactions can be metabolically compensated for,
e.g., via enzymes, such as pyruvate carboxylase. This is highly
desirable, as the metabolic potential for carbon re-fixation is
essential to maximize the carbon yield.

When comparing the different pathways, it appears that all
aerobic pathway options inevitably will lead to CO, formation
as by-product (for O,-dependent MDH). The Serine cycle shows
an especially high ratio of —0.262, translating to about 1 mol of
CO, formed per 4 mol of CHy that are taken up. In the RuMP
and XMP/DHA-pathway, potentially less carbon is “lost” as CO3,
however, complete avoidance of CO, formation (reflected in a
ratio of “0”) is only observed in case of NADH-dependent MDH
for any of the aerobic pathways. Of all pathways, Mcr-AOM,
seems most beneficial in this aspect as the CO; of its oxidative
branch is directly re-fixated by adding it to the activated form
of methane resulting in acetyl-CoA (see Figure 3). The complete
reversal of methanogenesis is thermodynamically only feasible if
coupled to an electron accepting pathway, in this case reduction
of iron(III). If this electron accepting pathway could be provided
via a carbon fixation pathway (fully or partially), the efficiency
of microbial methane oxidation could potentially be further
increased. Additionally, a co-fixation of CO, would present great
environmental potential and be of particular benefit for biogas
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TABLE 1 | Maximum theoretical biomass carbon yields and CO»/substrate uptake ratios of different methane-catabolizing pathways implemented in E. coli, compared to

glucose as natural carbon-source.

Main (redox power carrying) Carbon-catabolizing Specific Maximum biomass Maximum ratio
carbon-source (substrate) pathway scenario carbon yield [%] CO5/CH,4 [mol/mol]
Glucose Glycolysis - 70.2 0
Methane Serine-pathway Oy dependent 38.6 —0.262
MDH
NAD dependent 64.4 0
MDH
RuMP Op dependent 38.2 —-0.02
MDH
NAD dependent 70.2 0
MDH
XMP/DHA-pathway O, dependent 30.8 -0.02
MDH
NAD dependent 61.5 0
MDH
XMP/DHA-pathway, Oy dependent 38.1 —0.02
formolase MDH
NAD dependent 70.7 0
MDH
Mss-AOM via PYR + O respiration 73.6 0
AC-CoA
NOg3 respiration 21.5 —0.05
Mss-AOM via SUCC & Oy respiration 0 N/A
AC-CoA
NOg3 respiration 0 N/A
Mcr-AOM (reverse- - 421 0

methanogenesis)

upgrading applications (Weiland, 2010; Conrado and Gonzalez,
2014). Therefore, several metabolic options for additional CO,
uptake were investigated.

Different microbial hosts were chosen as model organisms for
CH4-CO; co-utilization to evaluate the potential across several
industrially relevant species: Komagatella phaffii (formerly
Pichia pastoris) and Saccharomyces cerevisiae, Escherichia coli,
Bacillus  subtilis, Corynebacterium glutamicum, Cupriavidus
necator (formerly Ralstonia eutropha), and Clostridium
autoethanogenum. This includes eukaryotes, prokaryotes,
Gram-positives and Gram-negatives, heterotrophic as well
as autotrophic species (photoautotrophic organisms were
not considered within this study). Exact details regarding
the specific metabolism of each organism can be found in
Supplementary File 1, while Table2 presents the maximum
possible CO, uptake calculated for each case. This is again
presented as maximum ratio of CO,:CHy4 in mol/mol (positive
ratio = CO; is fixed, negative ratio = CO; is produced, 0 = no
net-CO;-flux). The scenarios (C-source and pathway) that are
listed in the last column represent the specific pathways, which
resulted in the highest achievable CO, fixation in each case. A
full list of results for each individual pathway and organism is
included in Supplementary File 1.

For aerobic methane oxidation in E. coli, the most beneficial
scenario identified above, MMO with NAD-dependent MDH,
can be further improved in the case of CO,-co utilization. The

maximum ratio of 0.245 indicates that reducing equivalents can
potentially be re-distributed across the metabolism to allow for
additional CO, fixation at the theoretical maximum level of
~1mol CO; per 4mol CHy. The same scenario (RuMP and
DHA-pathway with NAD-dependent MDH) was also found most
beneficial for B. subtilis where it theoretically enables for CO;-
neutral CHy-utilization. Maybe not surprisingly, most interesting
scenarios are represented by organisms, which naturally inherent
CO;,-fixation pathways as their major carbon metabolism:
Cupriavidus necator and Clostridium autoethanogenum. The
hydrogen-oxidizing bacterium C. necator has a very versatile
metabolism, being able to switch between aerobic, anaerobic
and nitrate respiration. Here, we found that if this metabolism
could be paired with the ability for methane oxidation, high
maximum biomass yields may be achieved. Further, CO; co-
fixation at a maximum ratio of 0.307 was determined for the
DHA-pathway featuring an NAD-dependent MDH (cf. Table 2).
The key enzyme, which enables this high CO,-fixation capacity
is RuBisCO. The anaerobic acetogen C. autoethanogenum, on the
other hand, uses the strict anaerobic Wood-Ljungdahl pathway
for CO; fixation. This particular pathway was the only option
found in this analysis to efficiently enable CO, co-utilization
from reverse-methanogenesis. Since both pathways, Mcr-AOM
and Wood-Ljungdahl pathway, share ferredoxin as redox carrier,
electrons can be transferred most efficiently, resulting in a
maximum substrate ratio of 0.875 CO, per CH4 [mol/mol]. This
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TABLE 2 | Overview of organisms and pathways modeled, with information on CO» fixation capability, including results: max.

Organism CO,, fixation capability Max. biomass Max. ratio* C-source/pathway
yield [%]
Komagataella Pyruvate carboxylase 81.4 0 Glucose
phaffii (Pichia
pastoris)
791 0 CHy4/DHA (formolase) +
NAD-MDH
Saccharomyces Pyruvate carboxylase 68.4 —0.851 Glucose
cerevisiae
67.4 0 CH,4/DHA (formolase) +
NAD-MDH
Escherichia coli Phosphoenolpyruvate 70.2 1.2 Glucose
carboxylase
70.2 0.245 CH4/RuMP + NAD-MDH
70.7 DHA (formolase) + NAD-MDH
Bacillus subtilis Pyruvate carboxylase, 78.3 0 Glucose
phosphoenolpyruvate
carboxylase
78.3 0 CH4/RuMP + NAD-MDH
CH,4/DHA (formolase) +
NAD-MDH
Corynebacterium Pyruvate carboxylase, 68 —0.943 Glucose
glutamicum phosphoenolpyruvate
carboxylase
68 —0.143 CH4/RuMP + NAD-MDH
68.9 CH,4/DHA (formolase) +
NAD-MDH
Cupriavidus Pyruvate carboxylase, 73.5 1.4 Fructose
necator (Ralstonia ribulose-1,5-bisphosphate
eutropha) carboxylase/oxygenase
(RuBisCO)/reductive
pentose phosphate
cycle/Calvin-Benson cycle
100 0.361 CO2 + Hy
771 0.307 CH,4/DHA (formolase) +
NAD-MDH
Clostridium Pyruvate carboxylase, 31.9 0 Fructose
autoethanogenum reductive acetyl-CoA
pathway/Wood-Ljungdahl
pathway
67.3 0.5 COs + Hy
94.9 0.875 CHg4/Mcr-AOM

BMY from conventional carbon-source and CHy as well as CO:substrate fixation ratio (absolute max. ratio). “Ratio is molar (e.g., mol-fiux CO: mol-flux CHa; in case of CO» being the
only carbon-source, the ratio is CO»:H>) total CO» flux is calculated as CO»-in less CO2-out.

theoretical transfer of electrons from methane to the carbon
fixation pathway further allows a very high maximum BMY of
95% (cf. Table 2).

Bio-GTL: Production of (Drop-In) Fuels

The ultimate benefit of microbial methane oxidation is the
potential production of liquid fuels with high specificity
and at ambient temperatures and pressures (Conrado and
Gonzalez, 2014). Therefore, the next step of our analysis
pairs the different microbial pathways for CHy-oxidation with
production pathways for industrially relevant fuels to identify
the most promising scenarios. The here investigated drop-in

fuels are methanol, ethanol, butanol, iso-butanol, butanediol
and farnesene. Table 3 summarizes information on each target
product, including the corresponding synthetic pathway(s) for
each compound, which were implemented in the different
metabolic networks. The three columns on the right, “PYax” and
“best host organism,” list the most promising scenario that was
determined by our analysis for each individual target product.
Further, we distinguish between the different metabolic pathways
for methane oxidation that were discussed in the previous
chapters. The full report on all results from each individual
combination is given in Supplementary File 1. Additionally,
in Figure 4 the distribution of EFMs is displayed for selected
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FIGURE 4 | (A-D) Distribution of elementary flux modes (EFMs) by CO»:CHy uptake-ratio vs. PY for selected scenarios. (A): Mcr-AOM in E. coli, target product
1,4-BDO; (B): DHA-pathway (NAD-dependent MDH) in C. necator, target product 1,4-BDO; (C): Mcr-AOM in E. coli, target product farnesene (mevalonate-pathway);
(D): DHA-pathway (NAD-dependent MDH) in C. necator, target product farnesene (mevalonate-pathway). Each dot in a plot represents one feasible steady-state flux
distribution. EFMs that also allow for formation of biomass (growth) are highlighted in red.

scenarios in plots of the CO,:CHy-ratio vs. the PY of the
individual EFMs.

Under the aspect of stoichiometric constrains as applied
here, one overall best scenario and host can be identified:
All here investigated compounds can be produced with a
theoretical PY .y of 100% from methane and CO, via Mcr-
AOM in C. autoethanogenum. The unique advantage of a
common intracellular ferredoxin pool, accessible between the
natural CO, fixation pathway (Wood-Ljungdahl) as well as
the AOM, facilitates optimum usage of redox equivalents. As
discussed under 3.2, this enables for high CO,:CH4 fixation
ratios, which are largely in the positive range (and never lower
than 0!). However, high ratios of CO, co-utilization and high
PY are mutually exclusive. Nevertheless, this unique combination
of AOM and Wood-Ljungdahl pathway presents an attractive
option as production platform. Further, production via reverse-
methanogenesis, Mcr-AOM, in E. coli shows an interesting
pattern (cf. Figure 4), with maximum product yields of up to
100% (possible for ethanol and butanol via acetoacetyl-CoA
pathway). Given the simultaneously rather low biomass yields
of Mcr-AOM in E. coli (cf. Table 1; Supplementary File 2), this
could imply that a favorable distribution of carbon between
production pathways and biomass formation may be achieved.

The next best scenario for bio-GTL, evaluated by
stoichiometry, is again presented by anaerobic oxidation of
methane: Mss-AOM in C. glutamicum. Here, the PYp,y for
methanol is 69%, while for all other products PYpax of 75% or

higher were calculated. The CO,:CHy4 ratio for this scenario is
always negative (CO; is being produced), however, the highest
PY is always obtained at the lowest CO, output flux (ratio <
—0.1). Another promising host organism for production of
fuels via the Mss-AOM is presented by the hydrogen-oxidizing
bacterium C. necator. Theoretical achievable PY,y are slightly
lower than in C. glutamicum (52% for farnesene, all others
>60%), but the CO,:CHy ratio can be positive, providing a
promising platform for CO,-CHjy-co-utilization. However,
PYnax can only be reached at a negative ratio between —0.5 and
—0.3 (cf. Figure 4).

Production via aerobic methane utilization pathways are
usually limited to a maximum achievable carbon yield of 67%
due to the decarboxylation steps as discussed earlier. This is also
reflected in the presented analysis: the PYmay of aerobic methane
oxidation to methanol, ethanol, butanol, iso-butanol and (in most
cases) butanediol is limited to 67%, independent of organisms or
formaldehyde assimilation pathway (cf. Supplementary File 1).
Only C. necator may achieve PYax above 70%, in the scenarios
of butanediol production (cf. Figure 4), due to its efficient CO,-
re-fixation mechanism. For the production of the high value
hydrocarbon building block farnesene, our analysis shows higher
PYax of the DXP/MEP-pathway opposing to the mevalonate-
pathway (cf. Table 3; Supplementary File 1), which was expected
due to the noted higher carbon efficiency of the non-mevalonate
pathway (Kirby et al., 2016). Nevertheless, C. necator achieves
an almost equivalent PYy,y via the mevalonate-pathway (64%),
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again due to its effective CO; (re-)fixation capability. Similar, as
seen for the maximum achievable biomass yields under chapter
3.1, all PY ax in aerobic methane oxidation scenarios feature the
NAD-dependent MDH. Given that the O,-dependent MDH is
thermodynamically greatly favored; pathways proceeding via O,-
dependent MDH will likely have higher rates. Most promising
target compound here is methanol, with a PY . of 50%, while all
other target compounds, show PY .« below 36% in this scenario.

DISCUSSION

The presented analysis highlights the potential of different
metabolic pathways for microbial methane utilization, which will
determine future Bio-GTL processes. While the discoveries are
intended to guide research efforts, it should be stressed that
the presented data is theoretical and based on stoichiometry
only. Therefore, the following sections discuss our results in
the context of kinetic and thermodynamic limitations as well as
challenges related to metabolic engineering approaches, which
adds to a holistic interpretation of the study.

Challenges for Construction of Synthetic
Methanotrophs, Pathway Engineering and
Stoichiometric Limitations

The combination of aerobic or anaerobic pathways for methane
oxidation with different anabolic pathways as discussed here,
requires substantial metabolic engineering of either native
methanotrophs or synthetic hosts, which present a significant
challenge. Past approaches of various companies and research
institutes have so far focused on aerobic methanotrophs for
production applications. However, metabolic engineering of
production pathways in native methylotrophs remains restricted
by the limited toolset for genetic modification (Strong et al,
2015; Bennett et al., 2018). The transformation of a CHjy-
oxidation pathway into an industrial organism would thus
provide great advantages but has proven equally challenging.
Microbial hosts, which are used in industrial scale production
processes like Escherichia coli, Corynebacterium glutamicum, and
Saccharomyces cerevisiae have been successfully engineered to
utilize methanol, paving the way toward a Cl-based industrial
biotechnology (Schrader et al., 2009; Haynes and Gonzalez, 2014;
Strong et al., 2015; Meyer et al., 2018). Introduction of a methane
monooxygenase (MMO) could make them methanotrophic and
open the door to many established production routes for biofuels.
However, the crucial missing link, expression of fully active
MMO in heterologous hosts, has not been accomplished to
date (Kalyuzhnaya et al, 2015; Hwang et al, 2018). MMOs
are complex proteins, soluble MMOs consist of a reductase,
a hydroxylase, and a regulatory protein and despite many
attempts, heterologous expression yielded only a partially active
sMMO with a functional hydroxylase (West et al., 1992; Strong
et al, 2015). An alternative approach is presented by P450
monooxygenases, which have been heterologically expressed to
mimic the function of the MMO, however, with similarly limited
success (Hwang et al., 2018). Nevertheless, an engineered BM-3
cytochrome P450 monooxygenase from Bacillus megaterium has

been patented (Arnold et al.,, 2005). With the implementation
of emerging new technologies that enable rapid advances in
synthetic biology (CRISPR on the molecular side, and lab-
automation on the operational side), breakthroughs can be
expected that 1 day may allow the metabolic engineering, which
is necessary for the development and construction of synthetic
methylotrophs in biotechnology.

Given that the major hurdle of initial activation of methane
would be overcome, our results indicate that aerobically C.
necator theoretically allows the highest maximum CO,:CHy
fixation ratios. This aligns well with the observation that a
Methylacidiphilum fumariolicum strain fixates CO, by means
of the Calvin-cycle, in parallel to methane assimilation (Fei
et al., 2014). The potential to aerobically use reducing power
obtained from methane-oxidation to simultaneously fixate CO;,
has recently been demonstrated in vivo when Methylobacterium
extorquens AM1 was engineered toward autotrophy to fixate CO;
through a heterologous Calvin-cycle while growing on methanol
(Schada von Borzyskowski et al., 2018). Further, our finding
that the highest aerobic CO,:CHjy-fixation ratio is obtained
with the Serine-cycle, aligns with reports that a-proteobacteria
can assimilate up to 50% of their biomass from CO, while
the y-proteobacteria can assimilate up to 15% (Trotsenko and
Murrell, 2008). These co-fixation levels of CO; are only possible
with NAD-dependent MDH (cf. Supplementary File 2), which
is feasible in case of coupling of the MDH to pMMO via direct
transfer of electrons (cf. section Thermodynamic Limitations of
Aerobic and Anaerobic Oxidation of Methane; de la Torre et al.,
2015).

Opposing to the efforts for engineering aerobic systems for
CHy utilization, little research has focused on the potential of
AOM as pathway for bio-GTL, due to several knowledge gaps.
Even though trace methane oxidation by reverse-methanogenesis
has been successfully demonstrated, optimization of the pathway
remains limited due to the unavailability of pure cultures
(Moran et al., 2005; Scheller et al., 2010). However, a recent
synthetic biology approach successfully demonstrated anaerobic
production of chemicals from methane in an engineered
Methanosarcina acetivorans (Soo et al., 2016). Introduction of the
Mcr of an unculturable ANME resulted in the first (synthetic)
pure culture capable of reverse-methanogenesis. This represents
a significant breakthrough toward Bio-GTL technologies since
AOM pathways offer a significant carbon efficiency advantage
over aerobic pathways, as shown in our analysis. A follow-up
study from the same group further demonstrated co-utilization of
methane and bicarbonate through the reversal of the acetoclastic-
pathway in the engineered M. acetivorans (Nazem-Bokaee et al.,
2016). This finding underlines our results regarding the benefits
of possible CH4-CO; co-utilization via AOM. In particular, our
analysis identified the Wood-Ljungdahl pathway as potential
parallel pathway to AOM. The fact that electrons from CHy
could theoretically be efficiently conserved to act as electron
carrier for CO, reduction presents a very promising aspect
and should attract further research efforts especially since
C. autoethanogenum has emerged as a model organism for
gas fermentation and is used in industrial scale production
applications (Liew et al., 2016).
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Regarding the proposed pathway of Mss-AOM many
knowledge gaps remain. However, the here presented analysis can
allow conclusions to be drawn toward the potential stoichiometry
of the pathway: in 2008 Thauer and Shima proposed two different
options for carbon-cycling and regeneration of fumarate after
activation of methane (Thauer and Shima, 2008). In the present
study, only one of the proposed Mss-pathways has proven
feasible under the given assumptions, unless a simultaneous
pathway for re-fixation of CO; exists (e.g., RuBisCO). This
finding also questions the conclusions made in a study on
environmental samples of a bio-corrosive consortium, where the
detection of butyric acid was interpreted as indication for activity
of AOM via Mss (Duncan et al., 2009): in the proposed options
for Mss-AOM, butyric acid presents an intermediate of the B-
oxidation-analogous pathway branch, which has been identified
as stoichiometrically infeasible (cf. Figure 3) in most cases. Given
the predicted high carbon efficiency achievable via Mss-AOM,
elucidation of the exact in vivo pathway is of particular interest
for Bio-GTL applications.

Rate Requirements, Kinetic
Considerations and Rate/Yield Trade-Off

It has previously been stated that the activity of Mcr is one
to two orders of magnitude lower than that of pMMO and
sMMO, respectively (Mueller et al., 2015). To achieve industrial
feasibility [methane activation rate of 1 gcpa/(L x h)] in a bio-
GTL process, and under the assumption that, in case of reverse-
methanogenesis, Mcr comprises at least 20% of cellular protein
(Mueller et al., 2015), this would translate to a requirement of an
average cell density of 32 gcpw/L. These assumptions are likely to
be a fair bit too optimistic, as the below considerations illustrate:

The maximum reaction rate of limiting steps of reverse-
methanogenesis have been elucidated, the lowest and therefore
the bottleneck being the transfer of the methyl-group from CHj3-
SCoM to THF/H4;MPT, at 9.8 = 1.2 nmol/(min x mg) A 0.6
mmol/(h x g) (Yan et al, 2018). In a rough calculation, a
specific maximum rate of substrate consumption for a microbial
system can be estimated: assuming a total protein concentration
of 0.5 g/gcpw and a maximum concentration of the respective
enzyme of 1%, the maximum fraction of any given enzyme can
be estimated to be 5 mg/gcpw (Averesch et al., 2018). With
that, a maximum specific rate of 3 pwmol/(gcpw X h) can be
determined. This can be compared to established values for
minimum rates to suffice standards in industry for production
of biotech products. Specifically, these are a productivity in the
single-digit g/(L x h) range and a minimum specific rate of
0.01 mol/(gcpw x h) (Averesch and Kromer, 2018). Measured
on these, the Mcr-AOM can be evaluated as “the 10,000-
fold amount of biomass is needed,” which means that reverse-
methanogenesis is about four orders of magnitude away from
operating in the range of industrial applications. However, it
should be kept in mind that the thresholds presented above
are accepted in the context of product formation in white
biotechnology. Here, we apply these to the rate of substrate
(CH4) uptake, hence the actual product formation rate may be
even lower (equal only at 100% carbon yield, while lower in

any other case to account for carbon partitioning depending
on the yield of the pathway/efficiency of energy conservation).
On the other hand, the production rate could potentially also
be higher, if the CO,/CHy ratio is positive (ie., CO; is a
significant additional carbon-source). Nevertheless, common
biotech processes rely on sugar-based carbon-sources, which,
compared to methane, rank in a different price-segment, so
that a gas-based processes might not have to suffice these strict
standards. Additionally, utilization of a waste-stream as carbon-
source, which in some cases even might be associated with a
negative cost value, has the potential to change the picture,
making reverse-methanogenesis still an attractive pathway for
methane utilization and upgrading.

In the aerobic pathways the MMO is believed to be the rate-
limiting step (Hwang et al., 2018). According to experimental
data collected in BRENDA (Placzek et al., 2017), measured
specific activities of sMMO span several orders of magnitude,
from as low as 0.11 nmol/(min x mg) to 26.1 pmol/(min
x mg) (Brenda, 2018). However, in most cases the substrate
in these studies was not methane, but a longer unsaturated
hydrocarbon (e.g., C3Hy). Further, most more-recent studies
report activities higher than 0.1 wmol/(min x mg), with only
few publications reporting activities higher than 10 pmol/(min
x mg) A 0.6 mol/(h x g), which was therefore used as
a “best-case scenario” to compare the aerobic pathways to
reverse-methanogenesis. Based on that, the aerobic pathways
are potentially three orders of magnitude faster than the
Mcr-AOM and only one order of magnitude away from the
established requirements for industrial viability and therefore
within an achievable range. However, a further improvement of
MMO activity, without changing e.g., environmental parameters,
is constraint by thermodynamic limitations (section Rate
Requirements, Kinetic Considerations and Rate/Yield Trade-
oft).

Finally, a more global kinetic constraint of application of
methanotrophs at industrial scale relates to rate issues of gas-
fermentations due to poor solubility of gases and thus limited
mass-transfer, outlined as one of its greatest challenges (Strong
etal., 2015). Comparing solubilities of gases participating in gas-
fermentations (Table 4), it appears that CH4 and O, have similar
solubilities, with the one of H; being orders of magnitude lower.
Thus, aerobic processes would still be limited by the solubility
of CHy, however, if in an anaerobic gas fermentation H, could
be replaced with CHy, severe mass-transfer limitations might be
overcome. Further, these constraints are not as critical for AOM
(due to its metabolic rate limitations) as they are for aerobic
methane oxidation, which would favor large-scale applications
using AOM (Bennett et al., 2018).

Thermodynamic Limitations of Aerobic and

Anaerobic Oxidation of Methane

Thermodynamically, the energy change that is associated with
the activation of methane with oxygen to methanol via MMO
could theoretically phosphorylate up to 14 ATP without the
A.G'° becoming >0 [A,G'™, which is the more relevant value
for biological systems, becomes positive already at 9 ATP, as
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TABLE 4 | Solubility of relevant gases in water at 30°C and atmospheric pressure.

Gas Solubility [g/kg]
COy 1.25

0o 0.036

CO 0.024

CHy 0.019

Ho 0.00147

Values derived from Toolbox (2008).

determined with equilibrator (Flamholz et al., 2012)]—however,
this energy remains unused for some reason. Potentially, it is
dissipated into heat, which could be an explanation for the low
rates of MMOs: avoidance of overheating. This is backed by the
largely negative AH® of methanotrophic bioprocesses (—2,464
kJ/mol for butanol production via aerobic oxidation of methane),
where most of the energy is lost in the form of heat, resulting in
increased cooling demand (Haynes and Gonzalez, 2014).

Functionality of the NAD-dependent MDH has been
evaluated in comparison to an MDH which relies on
pyrroloquinoline quinone (and ultimately O,) as electron
acceptor for oxidation of methanol to formaldehyde, to
determine the potential for increased carbon efficiency and
energy conservation, but is thermodynamically hampered
(Bennett et al., 2018). With an estimated A,G’™ of 34.2 kJ/mol
[determined with equilibrator (Flamholz et al, 2012)] the
NAD-dependent MDH has limitations in the same order of
magnitude as the Mcr-AOM. Here, however, a similar argument
could be made as compared to the Mcr, where it has been argued
that substrate concentrations, are likely orders of magnitude
higher since it is a gas, thus shifting the A.G into the feasible
range (Thauer and Shima, 2008). For the MDH a similar
gradient may be achieved, since the product concentration will
always have to be very low, since formaldehyde is very toxic.
Effectively this means, that when operated at highest yield,
aerobic pathways may be subject to similar thermodynamic
constrains as Mcr-AOM, bringing the respective maximum
rates closer together. While it might be possible to further
improve kinetics of the NAD-dependent MDH to a certain
degree, thermodynamic limitations of an unfavored cannot be
altered, unless coupled with a thermodynamically highly favored
reaction, like the MMO: reportedly direct coupling of electron
transfer between MDH and pMMO is possible (de la Torre
et al., 2015), which could shift the A;G of a NAD-dependent
enzyme in the feasible range. Further, thermodynamics of the
NAD-dependent MDH improve with increased temperatures,
which is likely a reason for thermophily of many methanotrophs
(Hwang et al., 2018).

Regarding the anaerobic pathways, it has been stated
that protein engineering efforts could potentially improve the
catalytic activity of the key enzyme Mcr into the range of
pPMMO (Mueller et al., 2015). However, this statement has to
be considered with care, respecting thermodynamic constraints.
Opposing to aerobic oxidation of methane via MMO, reverse-
methanogenesis has the opposite issue: the A,G’s of the first two

steps (the initial activation of CHs with CoM and transfer to
H4MPT) have rather largely positive values of 30 kJ/mol [with
an uncertainty of £10 (Thauer and Shima, 2008)], while the
recycling of the Coenzyme M—Coenzyme B dimer even has a
A;G of 40 kJ/mol (Mueller et al., 2015). Further, many of the
subsequent steps have a positive A,G or values close enough to
0 to impose additional bottlenecks [at a A;G of —1 kJ/mol, the
flux-force efficacy is only 20% (Noor et al., 2014)].

Thermodynamic considerations can also be used to assess
the likeliness of Mss-AOM. While there is strong indication
that an alternative anaerobic pathway exists, which is based
on fumarate to activate methane (Duncan et al., 2009), to
date the responsible enzyme has not been identified nor has
the reaction it catalyses been documented. While the reaction
catalyzed by Mss has a A;G° of —15 kJ/mol, and is thus
in general thermodynamically feasible (Haynes and Gonzalez,
2014), the difference in dissociation energies of the methyl-
radical and the glycyl-radical of almost 90 kJ/mol is technically
too high to be overcome in a biological system (Thauer and
Shima, 2008). Nevertheless, similar to Mcr glycyl-radical enzymes
are functional dimers, which show half-of-the-site reactivity.
Therefore, the relatively large difference might be overcome by
coupling of the endergonic steps in one active site with exergonic
steps of the second active site (Thauer and Shima, 2008).

Prospects of Bio-GTL Compared to
Chemical GTL Technologies

In light of the slow kinetics of microbial methane oxidation,
chemical and electrochemical processes are often regarded
as a more promising route for methane utilization. Large-
scale industrial processes for converting methane to liquid
hydrocarbons are limited to two inorganic technologies:
methanol-to-gasoline and Fischer-Tropsch synthesis, both
of which rely on the expensive (because energy intense)
intermediate production of syngas. Other chemical routes for
methane activation include the direct oxidation of methane to
methanol and formaldehyde, oxidative coupling of methane to
ethylene, and direct conversion to aromatics and hydrogen in
the absence of oxygen (Lunsford, 2000). Even though a direct
activation of methane should have a distinct economic advantage
over indirect syngas routes, these processes currently remain
limited by low selectivity for target reactions, low conversion
rates and dilute product streams (Holmen, 2009; Alvarez-Galvan
et al,, 2011). Biological processes for methane activation, on
the other hand, may offer significant advantage by accessing
high selectivity and specificity. Despite the general higher
volumetric productivity of a chemical process, a biological
solution could provide advantages especially for decentralized
solutions due to the smaller required footprint, measured by
area, which is required for product synthesis (Haynes and
Gonzalez, 2014). Due to the integrated nature of bioprocesses,
fewer unit operations are required, which enables profitability
at smaller scales and therefore offers opportunities for new
solutions especially at remote locations. This could allow for
the 5% of currently flared global natural gas production to be
utilized.
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CONCLUSION

The specifics of a successful future Bio-GTL process remain to be
elucidated, however they will inevitably depend on the microbial
host organisms and its metabolic pathway features. This
study presents a comprehensive, stoichiometry-based analysis
of microbial pathways for aerobic and anaerobic conversion of
methane to liquid fuels. The proposed combination of pathways
for methane activation, CO, fixation and product formation
require in any scenario extensive metabolic engineering, which
remains a major limitation. However, recent technological
advances in the field of synthetic biology give reason to believe
that eventually synthetic pathways for methane utilization will be
constructed, regardless of the final host organism being a native
methanotroph or a model biotechnology organism.

Our analysis shows, that the low carbon efficiency of methane
activation via MMO could be mitigated via a NAD-dependent
MDH. However, highest product carbon yields are achievable
via anaerobic pathways for methane oxidation, which proceed
without de-carboxylation reactions. Especially promising seems
the pairing of AOM and Wood-Ljungdahl pathway, which
could allow for the efficient co-utilization of CH4 and CO, for
production of bio-fuels. Given the substantial knowledge gaps
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