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Supervisor’s Foreword

It is my great pleasure to introduce the Ph.D. thesis of Dr. Nishu Goyal, which has
been selected as a Springer Thesis for outstanding original work. Dr. Goyal was
conferred Ph.D. on 17 December 2015 by the Department of Chemical and
Biomolecular Engineering of the National University of Singapore. She began her
Ph.D. in July 2011, after securing an M.Tech. (Biomedical Engineering) from the
Indian Institute of Technology Bombay, India, and gaining some valuable work
experience in Strand Life Sciences Pvt Ltd., a leading bioinformatics company in
Bangalore, India. For her graduate studies at NUS, she was awarded the highly
prestigious President Graduate Fellowship. With interest and experience in
microbiology, genomics, and informatics, she chose the area of systems biology as
her Ph.D. topic under my supervision. Given the global issue of increasing CO,
emissions and a need for sustainable energy, she decided to focus on the possibility
of converting carbon dioxide into a cleaner energy fuel such as methane via bio-
chemical pathways. To this end, she conducted an exhaustive search and identified
the potential for using hydrogenotrophic methanogens to convert CO, to methane.
She selected M. maripaludis, a mesophilic, gram-negative anaerobe with the ability
to utilize CO, as the sole carbon substrate for growth and methanogenesis, as the
most attractive microbe.

Her first task in the thesis was to develop the first constraint-based genome-scale
metabolic model ((MM518) for M. maripaludis to quantify the various intra- and
extracellular fluxes during methanogenesis from CO,. She used iIMMS518 to explain
a variety of experimental phenotypes known in the literature. Then, she identified
several genetic manipulations that can enhance methanogenesis. Since virtually no
experimental flux data existed in the literature for more accurate validation, Nishu
performed anaerobic batch cultivations and measured key extracellular fluxes along
with specific growth rates in the presence of CO, as the sole carbon substrate. For
analysing her data and calibrating her model, she developed a novel process sim-
ulation approach to estimate the key maintenance energy parameters of a cell. Her
experiments revealed the beneficial impact of free nitrogen on methanogenesis.
Therefore, she studied the effect of diazotrophy (growth on free N,) on



vi Supervisor’s Foreword

methanogenesis in M. maripaludis. Her experiments have suggested 2.5 times
higher conversion yield for CO, to methane during diazotrophy. During her work,
she also constructed a detailed, integrated, and comprehensive picture of the entire
metabolism of M. maripaludis, which is also missing in the literature.

In brief, her work demonstrates a synergistic mix of modelling and experiments.
Its framework for systematically and quantitatively studying the metabolism in
M. maripaludis at the genome-scale by combining constraint-based metabolic
modelling and experimental flux data under different culture conditions is general,
and applicable to any other CO,-fixing methanogen. She has published three papers
in international refereed high-impact journals and presented her work at several
prestigious international conferences.

Singapore Prof. I.A. Karimi
August 2016
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Chapter 1
Introduction

Energy consumption is increasing worldwide by approx. 2.3 % every year [1]. The
primary energy sources are petroleum (~36.0 %), coal (~27.4 %) and natural gas
(~23.0 %). In total, 86.4 % energy consumption is met by the consumption of
fossil fuels. The burning of fossil fuels emits around 21.3 billion tons of carbon
dioxide (CO,) in the atmosphere per year and hence leads to serious environmental
effects such as global warming.

In order to address the rising energy demands and reduce environmental impact,
a readily available carbon neutral clean energy fuel is needed. Considerable
research efforts are in progress to convert CO, to valuable fuels and chemicals via
metal catalysts [2], photocatalysts [3], electrocatalytic reduction [4], and nan-
otechnology [5] (Fig. 1.1). These energy solutions are suffered by low product
yield, high infrastructure and maintenance costs, extreme temperature and pres-
sures, etc. Hence new fields of sustainable and cheap energy solutions are gaining
popularity.

Genetic engineering of microorganisms for fuels and value-added chemicals has
grown tremendously over the past decade [6]. Biofuels such as biogas, biodiesel
and bioethanol are renewable energy sources which are receiving increasing
attention due to low carbon emissions compared to fossil fuels. However various
social, economic, environmental and technical issues exists such as moderating oil
prices, food vs fuel debate, carbon emission levels, sustainable production, defor-
estation, soil erosion, and impact on water resources. In this thesis, we evaluated an
interesting biological approach for CO, capture and conversion to methane, a clean
energy fuel.

© Springer Science+Business Media Singapore 2016 1
N. Goyal, In silico Modeling and Experimental Validation for Improving

Methanogenesis from CO, via M. maripaludis, Springer Theses,

DOI 10.1007/978-981-10-2510-5_1
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Fig. 1.1 A general picture of fuels and chemicals that can be obtained from CO, via various
conversion processes [7]

1.1 Methane, a Useful Fuel

Carbon neutral fuel refers to those synthetic fuels, such as methane, gasoline, diesel
fuel or jet fuels, which are produced from renewable or nuclear energy. For
example, hydrogenation of CO, recycled from power plant flue gas, CO, derived
from carbonic acid in sea water, electrolysis of water to make hydrogen, etc. These
fuels do not result in the net increase of atmospheric carbon and displace fossil
fuels. Such renewable fuels have the potential to alleviate the cost and dependency
of fossil fuels.

Methane is considered as an excellent carbon neutral fuel due to its volumetric
energy content or high heating value (HHV = 40 MJ/m? or 1075 BTU/ft*). Due to
its physical characteristics (adiabatic coefficient = 1.31 and initial specific vol-
ume = 1.39 m’/kg), methane can be compressed and stored in chemical industries
and transported as a refrigerated liquid (liquefied natural gas, or LNG). It has
significant benefits:

Renewable energy source: Biomethane is a renewable source of energy pro-
duced worldwide from “fresh” organic matter and is a major component (~75 %
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methane, 15 % ethane, and 5 % hydrocarbons such as propane and butane) of
natural gas used for heating and electricity.

Rocket fuel and raw material: Methane in liquefied form can also be used as
rocket fuel [8]. It is also a raw material for manufacture of methanol, formaldehyde,
nitromethane, chloroform, carbon tetrachloride, etc.

Reduce Greenhouse Gas (GHG) emissions: Methane is 20 times more potent gas
than CO, and hence use of methane as biofuel in place of fossil fuels reduces GHG
emissions in the atmosphere.

1.1.1 Production Routes

1.1.1.1 Industrial

Methane is synthesized commercially by the distillation of bituminous coal and by
heating a mixture of carbon and hydrogen. Substances released from bituminous
coal when it is distilled, in addition to methane, include water, carbon dioxide,
ammonia, benzene, toluene, naphthalene, and anthracene. In addition, methane is
produced in industries through Sabatier process, discovered by French chemist Paul
Sebatier during 1910s, via hydrogenation of carbon dioxide at elevated temperature
(300—400 °C) in the presence of nickel as a catalyst. The reaction is represented as
follows:

CO, +4H, — CHy4 + 2H,0 (AG = —130.59 kj/mol)

Methane is an undesirable byproduct in the Fischer-Tropsch process where
mixture of carbon monoxide and hydrogen (syngas) are converted into hydrocarbon
chains of varying lengths:

CO +3H,; — CH4 +H,O (AG = —150.69 kj/mol)

1.1.1.2 Biological

Biochemical conversion of CO, to methane (CH,) via microbes is an interesting
approach for CO, capture and utilization. Methanogens are Archaebacteria, capable
of producing methane as a major catabolic product using three different pathways:
CO,-reducing, methylotrophic, and aceticlastic shown in Fig. 1.2 [9]. All three
pathways reduce CO, to CH, and create an electrochemical gradient across the cell
membrane to produce ATP. During hydrogenotrophic pathway, CO, is reduced to
methane with the help of electron donors such as Hj/formate. During methy-
lotrophic pathway, C1 compound i.e. methanol, methyl-amines, methyl-sulfides
disproportionate and one molecule of C-1 compound provide electrons to reduce
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Fig. 1.2 The hydrogenotrophic (red), the methylotrophic (blue), and the aceticlastic (green)
pathway of methanogenesis

additional three molecules to methane. During aceticlastic pathway, methanogens
splits acetate to generate CO, and methane. Ruminants (e.g. cattle, sheep, and
goats) produce 86 million metric tons (Tg) of CH,4 per year due to the presence of
methanogens in the rumen [10]. Identification and achievement of desirable genetic
traits in methanogens to enhance CO, to CH, conversion is crucial, and can be
aided by in silico metabolic modeling [11].

1.2 M. maripaludis S2, an Interesting Biocatalyst

Several methanogens such as Methanosarcina barkeri [12], Methanococcus jan-
naschii [13], Methanococcus voltae [14], and Methanobacterium thermoau-
totrophicum [15] have been studied in the literature. M. maripaludis S2 (mmp), also
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known as M. maripaludis LL, is a model organism among hydrogenotrophic
methanogens. It is mesophilic, gram-negative anaerobe that has the ability to utilize
CO, as the sole carbon substrate for growth and methanogenesis via a modified
Wood-Jungdahl pathway, also known as Wolfe cycle [16]. Its unique ability to
consume both CO, and N, demonstrate its potential for treating industrial flue gases
comprising primarily of CO, (8-14 %) and N, (70-80 %) [17, 18].

M. maripaludis is one of the fastest growing methanogens with a doubling time
of 2 h at 35-39 °C, and is an excellent laboratory strain for molecular and bio-
chemical studies [19-22]. The presence of selectable resistance markers [23],
efficient transformation methods [24], gene deletion or substitution strategies
[21, 25], and integrative and shuttle expression vectors [26] make it possible to
manipulate the genome of M. maripaludis. For instance, acetate auxotrophs were
isolated using random insertional mutagenesis by transforming the wild type
M. maripaludis with pWDK104 vector [27]. Four mutations were made in and
around nifH gene using transposons insertion mutagenesis for studying N,-fixation
[28]. However, most such studies have been experimental.

1.3 In Silico Metabolic Modeling

Recent advances in synthetic biology have accelerated the ability to engineer
existing or novel metabolic pathways in a microbial cell to enhance biofuel pro-
duction for industrial applications. In silico genome-scale metabolic modeling and
analysis is a systematic, proven, and attractive approach for exploring metabolic
manipulations in an organism to enhance its desirable traits [29, 30]. It helps to
develop insights into active pathways, genes, proteins, and metabolites and their
interactions in a microbe.

The first genome-scale metabolic model was developed in 1995 for
Haemophilus influenza [31]. Since then, many reconstructed in silico models for
bacteria (Escherichia coli [32], Rhodococcus erythropolis [33], Zymomonas mobilis
[34]) archaea (Methanosarcina barkeri [12], Methanosarcina acetivorans [35]),
and eukarya (Mus musculus) [36] have been reported in the literature. The pre-
dictions from such models add a level of assurance and guidance for experimen-
tation with organisms.

Only three genome-scale metabolic models are available to date for archaea.
These are Methanosarcina barkeri [12], Methanosarcina acetivorans [35], and
Sulfolobus Solfataricus P2 [37]. While the genome of M. maripaludis S2 is fully
sequenced with a size of 1.66 Mb and 1722 protein coding genes [19], no
genome-scale metabolic model exists till date. A reconstructed model would greatly
aid experimental work by helping to predict various cellular phenotypes including
growth and quantify the impact of complex intracellular interactions during
methanogenesis.
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1.4 Scope of the Thesis

1.4.1 Objectives

As mentioned earlier, approx. 87 % of the global primary energy consumption is
met by fossil fuels such as coal, petroleum and natural gas. Consumption of dry
natural gas (“wet natural gas” when hydrocarbons other than methane are present)
doubled from 1980 (53 trillion cubic feet) to 2010 (113 trillion cubic feet) domi-
nated mainly by USA, Russia, Iran, and China. While natural gas lowers CO,
emissions by displacing coal or oil, the share is not enough to cap carbon emissions
in the atmosphere. New technologies such as carbon capture and storage are needed
to get rid of carbon emissions.

We identified a methanogenic strain, M. maripaludis S2, from the literature, best
suited for genetic manipulations. It rapidly grows (without requiring extreme
pressure and temperature) on CO; as the sole carbon substrate and Hy/formate as
the electron donor to reduce it to methane. This creates synergy with renewable
energy sources such as solar and wind, where electricity storage becomes critical
due to their intermittent nature and the surplus electricity can be converted to H, for
use in this microbial conversion.

The major objectives of this thesis are:

— To review the metabolic processes in M. maripaludis with industrial and
environmental applications

— To develop the first systems biology metabolic model of M. maripaludis S2 for
understanding CO, capture and its conversion to methane

— To experimentally quantify three key extracellular fluxes (CO,, H,, and CHy)
along with specific growth rates (u) during growth on NH,* or N, in an envi-
ronment where CO, is the sole carbon substrate

— To verify in silico predictions with experimentally measured fluxes and deter-
mine the maintenance energy parameters for M. maripaludis during growth on
NH4+ or N2

— To compare the influence of two different nitrogen sources (NH,* or N,) on
growth and methanogenesis in M. maripaludis.

1.4.2 Organization

This thesis is organized into six chapters and the highlights of each chapter are as
follows:

This chapter briefly introduces methane as a useful energy source, M. mari-
paludis as a whole cell biocatalyst, role of in silico metabolic modeling in under-
standing methanogenesis at genome-scale and defines the scope of this thesis.
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Chapter 2 begins with an introduction of CO, fixing microbes followed by a
detailed review on the biochemistry and genetics of M. maripaludis S2. Although
there are more than 100 papers published on the metabolic pathways and genetics
of M. maripaludis, a consolidated paper summarizing its metabolic processes and
potential applications was lacking in the literature. This chapter further brief in
silico mathematical approaches used to generate in silico models and briefly
introduces the concept of electromethanogenesis. A part of this chapter is under
publication by “Microbial Cell Factories”.

Chapter 3 describes the detailed procedure of developing a constraint-based
genome-scale metabolic model of M. maripaludis S2 and reports possible anno-
tations for Open Reading Frames (ORFs) with unknown functions. This chapter
also covers the model validation based on the limited experimental data available in
the literature and test the model ability to predict cellular behavior. We have
published this work in journal “Molecular BioSystems” [38].

Chapter 4 studies the dynamic batch culture study on M. maripaludis and
measure cell growth and three extracellular fluxes, namely CO, and H, uptake, and
CH,4 evolution. This is the first study to report these fluxes under an environment
where CO, is the sole carbon substrate. We propose a novel process simulation
approach for calculating extracellular fluxes and describe a method to estimate the
maintenance energy parameters of a cell using a genome-scale model and experi-
mentally measured compositional data. This work received encouraging comments
from reviewers and is published by journal “Microbial Cell Factories”.

Chapter 5 compares the impacts of two different nitrogen sources (N, and NH;")
on methane production in M. maripaludis. The growth rates and methane evolution
rates (MERs) for M. maripaludis were measured and compared. We showed a
significant enhancement of methanogenesis during N, fixation compared to NH,4™".
We quantified growth rates and fluxes during N,-fixation using our novel process
simulation approach and estimated maintenance energy parameters. This work is
under review by journal “Biomass and Bioenergy”.

Chapter 6 highlights the key contributions and discusses future recommenda-
tions for an improved understanding of methanogenesis from M. maripaludis. Tt
reports some preliminary work carried out on single-chamber electromethanogen-
esis as part of this thesis.
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Chapter 2
Literature Review

The literature review has been divided into three major sections and each section
reviews and analyzes the prior research that discusses the related work. The
information presented here gives a summarized overview and help us in exploring
the metabolic processes and potential of hydrogenotrophic methanogens as well as
deciphering the underlying mechanisms with the help of genome-scale engineering.

2.1 CO, Fixing Microbes

Carbon dioxide is an inorganic form of carbon which serves as the substrate for
many autotrophic microorganisms [1]. The microbial CO, fixation can be very
useful for the production of bioenergy, biodiesel, biohydrogen and biodegradable
plastics. In 1940, CO, fixation by Propionibacterium pentosaceum was first
reported by Wood and Werkman [2]. Later, CO, assimilation by various hetero-
trophic bacteria (Aerobacter indologenes, Proteus vulgaris, Streptococcus parac-
itrovorus, and Staphylococcus candidus) was reported by Werkman and Wood [3].
Since then series of efforts were made for studying CO, assimilation by microor-
ganisms. CO, assimilating microorganisms are widespread among both archaeal
and bacterial domain. Within archeal domain, they belong to phyla Euryarchaeota
and Crenarchaeota. While among bacterial domain, they belong to the phyla
Aquificae, Actinobacteria, Chloroflexi (green non-sulfur bacteria), Proteobacteria,
Chlorobi, Firmicutes and Thermodesulfobacteria [1].

There are six major CO, fixing pathways: first, Calvin cycle or Calvin-Benson-
Bassham (CBB) pathway or Reductive pentose pathway found in green plants and
many autotrophic bacteria [4]. Second, Reductive TCA cycle or reverse citric acid

Some content of this chapter has been reproduced with permission from Nishu Goyal, Zhou Zhi,
and I A Karimi. “Metabolic processes of M. maripaludis and potential applications”, Microbial
Cell Factories (2016), Vol. 15, 107
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Methanogenesis from CO, via M. maripaludis, Springer Theses,
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cycle found in Thermoproteus [S]. Third, Reductive acetyl-coenzyme A (acetyl-
CoA) pathway or Wood-Ljungdahl pathway generally present in strict anaerobes
because of the oxygen sensitivity of its key enzyme acetyl-CoA decarbonylase/
synthase (CODH/ACS) [4, 6]. The microbial species having this pathway mainly
belong to methanogens and acetogens. Fourth, 3-Hydroxypropionate pathway/
Malyl-CoA pathway (3-HP) which was first reported in phototrophic green
non-sulfur bacterium [7]. Fifth, 3-Hydroxypropionate/4-hydroxybutyrate cycle
reported in the cell extract of Metallosphaera sedula, an aerobic autotrophic
member of sulfolobales [8] and Last, Dicarboxylate/4-hydroxybutyrate cycle found
to be operating in Ignicoccus hospitalis (Desulfurococcales) [9].

Till date, the biological fixation of CO, by microalgae has been investigated for
global reduction of CO, levels [10]. However, harvest has been an expensive and
problematic part of industrial production of microalga biomass. In this thesis, we
explore the potential of a hydrogenotroph, M. maripaludis. This is a very useful
model organism among hydrogenotrophic methanogens that offers several advan-
tages. (1) Rapidly growing archaea, with a doubling time of 2 h [11]. (2) Mesophilic,
grows best at 35-39 °C. (3) Robust set of genetic tools for molecular and
biochemical studies. (4) Cells easy to lyse and makes the isolation of DNA and other
components easier. (5) Non-pathogenic. (6) No need of biofuel harvesting.

2.2 M. maripaludis—A CO, Fixer

Methanococci are non-pathogenic, mesophilic, strictly anaerobic, hydrogenotrophic,
and methanogenic archaebacteria. They comprise four species: M. maripaludis,
M. vannielii, M. voltae, and M. aeolicus [12]. In this study, we focus on
M. maripaludis (Fig. 2.1), whose type strain M. maripaludis JJ was isolated from salt

Centra
metabolism

Fig. 2.1 A schematic representation of a typical M. maripaludis cell
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marsh sediments in South Carolina [11]. Since then, numerous strains have been
isolated from estuarine sites in South Carolina, Georgia, and Florida [13]. Table 2.1
lists the characteristics of five fully sequenced strains (S2, C5, C6, C7 and X1).

M. maripaludis is a fast growing microbe with a doubling time of 2 h and
optimum growth temperature at 38 °C. It reduces CO, to methane via a modified
Wood-Ljunghdahl pathway, also known as Wolfe cycle [14]. Unlike other
microorganisms that need complex carbon substrates such as pentoses, hexoses,
alcohols, and their derivatives for their growth, M. maripaludis can use simple
substrates such as CO, or formate as the sole carbon sources, and N, as the sole
nitrogen source [15]. However, it needs H, or formate (HCO, ). as an energy
source [16—18]. In other words, given a renewable source of H,,

M. maripaludis has the potential to convert flue gas emissions (majorly consist
of CO, and N,) into a useful fuel (methane). In fact, M. maripaludis S2 has been a
well-studied model organism in the literature [22].

In spite of more than 100 publications on the biochemistry of M. maripaludis, a
consolidated review is missing in the literature. This chapter reviews existing lit-
erature on M. maripaludis, and explores its potential industrial and environmental
applications. Figure 2.2 shows an overview of eight major metabolic subsystems in
M. maripaludis: methanogenesis, reductive tricarboxylic acid (TCA) cycle,
non-oxidative pentose phosphate pathway (PPP), glucose/glycogen metabolism,
nitrogen metabolism, amino acid metabolism, and nucleotide metabolism.

Reduction of CO, to methane via methanogenesis is essential for the energy
needs of M. maripaludis [23, 24], and therefore methanogenesis forms the foun-
dation for its survival and growth. In other words, methanogenesis is coupled with
cell growth, and both compete for the carbon source. The remaining seven sub-
systems provide the essential precursors for cell growth via two key intermediates:
acetyl CoA and pyruvate.

2.2.1 Taxonomy, Cell Structure, and Cultivation

Identification and classification

In late 1970s, 16S rRNA gene sequences were adopted for phylogenetic analyses,
and Archaea was classified as the third domain of life by Carl Woese and his
colleagues [23]. Archaea is a diverse group of microorganisms widely distributed in
extreme habitats, such as hot springs for the phylum Crenarchaeota and salt lakes
for the phylum Euryarchaeota. The phylum Euryarchaeota includes eight classes:
Methanobacteria, Methanococci, Methanomicrobia, Halobacteria, Thermoplasmata,
Thermococci, Archaeoglobi, and Methanopyri. The distinctive features of the
Methanococci include rapid growth in both mesophilic and thermophilic temper-
atures, proteinaceous S-layer as the cell envelope, and a nutritional requirement for
selenium. The Methanococci include a single order Methanococcales, which
includes methanogens characterized by a coccoid shape and the presence of
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Fig. 2.2 Simplistic overview of eight major metabolic subsystems in M. maripaludis

glycolipids and polar lipids in varying compositions [18]. The order
Methanococcales is composed of two families: Methanococcaceae and
Methanocaldococcaceae. They differ in 12 % 16S rRNA sequences and growth
temperatures [25]. Methanococcaceae are extremely thermophilic or mesophilic,
while Methanocaldococcaceae are all hyperthermophilic. The family
Methanococcaceae is further subdivided into two genera, namely Methanococcus
and Methanothermococcus based on their different optimum growth temperatures.
The core lipid of Methanococcus is mainly archaeol and hydroxyarchaeol, while
caldarchaeol is additionally present in Methanothermococcus [26]. The most
abundant polyamine is spermidine in Methanococcus and Methanothermococcus.
The genus Methanococcus is subdivided into four species, M. aeolicus, M. mari-
paludis, M. vannielii, and M. voltae, based on 16S rRNA sequences, DNA relat-
edness, cellular protein patterns, and phenotypic methods [12]. The detailed
characteristics of each species have been described previously [25]. M. maripaludis
species have five sequenced strains: M. maripaludis S2, M. maripaludis C5,
M. maripaludis C6, M. maripaludis C7, and M. maripaludis X1, which were
classified based on their 54-69 % DNA relatedness and 99.2 % sequence similarity
with 16S rRNA sequences [12].
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Cell structure

Methanococcus has a spherical shape. Its cell wall is fragile and its morphology is
affected by its physiological state and the ionic strength of growth medium.
M. maripaludis cells are weakly-motile cocci with a diameter ranging from 0.9 to
1.3 pm [11]. They are non-spore forming mesophile, and grow best at a temper-
ature between 20 and 45 °C and a pH between 6.5 and 8.0 [27]. The cell envelope
of M. maripaludis is a single electron dense layer. The cell wall is a proteinaceous
S-layer, but lacks peptidoglycan molecules. The molecular mass of S-layer proteins
was found to be in the range of 59,064 and 60,547 Da [28]. The proteinaceous cell
wall of M. maripaludis lyses rapidly in low concentrations of detergents [11] and
buffers of low osmolarity [29], which makes the isolation of DNA easier. Despite
the differences in the predominance of some amino acids, the primary structure of
S-layer proteins shows a high degree of identity (38-45 %) [28]. Ether lipids
recovered from M. maripaludis mainly include glycolipid (14.2 mg ether lipid/g
dry cell weight) and polar lipids (0.4 mg ether lipid/g dry cell weight) [30]. The
S-layer proteins and flagellins of M. maripaludis have been discussed in the liter-
ature [31, 32].

The motility in methanococci is due to the presence of flagella. However, effi-
cient attachments to the surfaces in M. maripaludis require both flagella and pili
[33]. Bardy et al. [34] demonstrated the presence of flaK and preflagellin peptidase
activity in M. maripaludis, but the exact role of this peptidase in the secretion of
archaeal flagellins and assembly of flagella is unknown. To understand the proper
assembly and function of flagella in M. maripaludis, Chaban et al. [35] performed
systematic deletions of fla genes in the flagella operon that consists of three flagellin
genes (flaBl, flaB2, and flaB3) and eight others (flaC to flaJ). Their results showed
that individual deletions of flaBi, flaB2, flaC, flaF, flaG, flaH and flal resulted in
non-motile and non-flagellated cells. flaJ was homologus to the integral membrane
proteins in the type IV pili system, and is necessary for flagellation in a closely
related methanogen M. voltae. Thus, its deletion was exempted. The experiments on
deletions of flaD and flaE failed several times for unknown reasons, which requires
further research [36]. Interestingly, an acetyltransferase gene involved in sugar
biosynthesis in M. maripaludis was found to affect flagellin N-linked glycosylation
and proper assembly of both flagella and pili [37]. The deletion of this gene resulted
in completely nonglycosylated flagellins and defective pilus anchoring [37]. The
composition of a novel N-linked flagellar glycan in M. maripaludis was identified
in 2009 [38]. A genetic analysis for the type IV pili formation in M. maripaludis
was conducted, but specific roles of these pili are still unknown [39]. However, if
archaeal pili are similar to bacterial pili, then archaeal pili could be involved in
functions related to cell-to-cell twitching motility, attachment, biofilm formation,
etc.

Growth media, Culture conditions, and Storage

M. maripaludis is a routinely cultured hydrogenotrophic methanogen. It can grow
anaerobically on minimal medium (McN), complex medium (McC), and minimal
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medium plus sodium acetate (McNA) [13]. Plate colonization of M. maripaludis on
solidified agar medium with 50-100 % plating efficiency and maximum colony size
was achieved by optimizing the inoculation method, H,S concentration, and agar
moisture content [40]. The preferred carbon and energy source is CO,—H, (20:80
v/v) at a pressure of about 275 kPa. In the absence of H,, formate can serve as the
sole carbon and energy source in the presence of N,—CO, (80:20 v/v) [41, 42].
However, excess of either H, or formate decreases the ratio of growth yield to
methane significantly [17].

Amino acids and vitamins may affect [43] the growth rate and cell yield (mg dry
cell weight/ml) of methanococci. Some of the facultative autotrophic strains, such
as Strain D1, Strain C5, Strain C9, and Strain C14, assimilated large amounts of
amino acids, but the growths of M. vannielli and M. aeolicus were unaffected. The
growth of M. maripaludis was moderately stimulated, possibly because M. mari-
paludis was capable of utilizing alanine as the sole nitrogen source in the absence of
other nitrogen sources, while M. vannielli and M. aeolicus could not use alanine
as the sole nitrogen source. Although exogenous amino acids can substitute for
40-60 % of the total cell carbon by some autotrophic methanococci, they were
not the major nitrogen sources and were not extensively metabolized. The growth
of 16 autotrophic isolates, such as M. maripaludis, M. vannielii, M. deltae, and
M. aeolicus, remained unaffected by the mixture of water soluble vitamins [43].
Pantothenate was the only vitamin that stimulated the growth of M. voltae [44].

Long-term storage of M. maripaludis cultures in glycerol stock solutions has
been reported [13]. Cultures were grown to the early stationary phase, concentrated
by centrifugation, and cell pellets were resuspended in media containing 25 %
glycerol and then stored at —70 °C. The addition of glycerol stabilizes frozen
microorganisms, prevents damage to cell membranes, and keeps the cell alive for
many years.

2.2.2 Metabolic Processes in M. maripaludis

In this section, we focus on metabolic processes, energy production, and
genome-scale modeling. Specifically, we discuss methanogenesis, acetyl-CoA
synthesis, pyruvate synthesis, glycolysis/gluconeogenesis, reductive tricarboxylic
acid (TCA) cycle, non-oxidative pentose phosphate pathway (PPP), nitrogen
metabolism, amino acid metabolism, nucleotide metabolism, molecular biology
tools, genome-scale model, and applications.

2.2.2.1 Methanogenesis

Methanogenesis (Fig. 2.3) is the biological production of methane from the
reduction or disproportionation of simple carbon substrates (e.g. CO,, formate,
acetate and methanol) as per the following reactions:
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CO;, +4H, — CH4 +2H,0 AG°® = —131kJ/mol
4HCOOH — 3CO, + CHy +2H,0  AG® = —119kJ/mol
CH3COOH — CH, + CO, AG° = —36kJ/mol

4CH;0H — 3CH4 +CO;z + 2H,0  AG = —106 kJ/mol

While formate, acetate, and methanol oxidize/reduce by themselves, CO, needs
an electron donor such as H, [11], formate [41], or electricity [45]. In M. mari-
paludis, methanogenesis can occur via the reduction of CO, with H,/
formate/electricity, or the disproportionation of formate. Lohner et al. [45]
demonstrated H,-independent electromethanogenesis from CO, in both wild-type
M. maripaludis strain S2 and hydrogenase mutant strain MM1284. Mutant strain
under the same conditions reduced methane production rates by a factor of 10
compared to those observed with the wild-type strain S2 [45]. However, the
attempts to quantify biomass growth were inconclusive.

The formate-dependent methanogenesis involves an additional endergonic step
where formate is oxidized to CO, via formate dehydrogenase with a simultaneous
reduction of coenzyme F420 [42]. The reduced coenzyme F420 serves as the
electron carrier for two intermediary steps in methanogenesis. However, H, is
probably not an intermediate during formate-dependent methanogenesis [41, 46].
As shown in Fig. 2.3, the resulting CO, participates in the first step of
methanogenesis.

A recent study [17] showed the effects of H, and formate limitation/excess on
growth yield and regulation of methanogenesis using a continuous culture of
M. maripaludis. They concluded that the growth yield (g dry cell weight
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(DCW)/mol CH,) decreased remarkably with excess H, or formate. While they
speculated energy spilling or dissipation to be a possible cause, the exact cause is
still unclear. While M. maripaludis can also assimilate other carbon substrates, such
as acetate and pyruvate, they are not the physiologically relevant substrates for
methane production [47, 48]. No methane production from acetate (17), and
extremely low methane (only 1-4 % compared to that for H,) has been reported
from pyruvate [48].

Mechanism

The structures and functions of the cofactors and coenzymes involved in
methanogenesis are listed in Table 2.2. The first step in methanogenesis is the
reduction of CO,. It involves the simultaneous oxidation of low-potential reduced
ferredoxins and the capture of CO, by methanofuran (MFR) to form formyl-MFR
(AG0 = 0 kJ/mol) [55]. These extremely low-potential ferredoxins could come
from two pools [56]. One is EchA that not only uses one H,, but also consumes
proton-motive force (PMF) to generate ferredoxins. This accounts for only 4 % of
the reduce ferredoxins as shown in a A5SH,ase mutant [46]. The second and the
major pool is Vhu/Hdr bifurcation complex that consumes two H, and generates
one pair of relatively high potential electrons to reduce CoB-S-S-CoM and another
pair of extremely low potential electrons to reduce the ferredoxins. The formyl
group from formyl-MFR is then transferred to THMPT (AG® = —5 kJ/mol) to form
formyl-THMPT, and the latter is then dehydrated to methenyl-THMPT
(AG® = =5 kJ/mol) [57]. In the next two steps, the reduced F420 supplies elec-
trons to reduce methenyl-THMPT to methylene-THMPT (AG® = +6 kJ/mol) and
methylene-THMPT to methyl-THMPT (AG® = —6 kJ/mol) [58]. These reactions
are fully reversible, as evidenced by their near zero free energy changes. The
oxidized F420 is then reduced (AGO = —11 kJ/mol) in the presence of H, [55].
Next, the methyl group from methyl-THMPT is transferred to coenzyme M
(HS-CoM) in an exergonic step (AG® = =30 kJ/mol) coupled with 2Na™ translo-
cation by a membrane-bound enzyme complex [59]. This reaction builds up an
electrochemical Na* gradient, which drives energy production via ATP synthase
[55]. The final step of methanogenesis is the reductive demethylation of
methyl-S-CoM to methane and CoM-S-S-CoB (AG” = =30 kJ/mol). Subsequently,
this CoM-S-S-CoB gets reduced with the help of H, to form HS-CoM and HS-CoB
(AG0 = —39 kJ/mol) [60]. This reduction of CoM-S-S-CoB mediates via an elec-
tron bifurcation mechanism [55]. This step along with the earlier step involving the
Na™ translocation supplies the major energy demand of M. maripaludis.

Hydrogenases

The key to the survival of M. maripaludis on CO, is its ability to take up external
H, and perform H, — 2H" + 2e” with the help of seven hydrogenases (Fig. 2.3).
These are Fru, Frc, Vhu, Vhc, Hmd, EchA, and EchB, which can be categorized in
different manners. The first five are cytoplasmic and the last two are
membrane-bound [61]. Fru and Frc use cofactor F420 [53], Vhu and Vhc use
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ferredoxin and CoM/CoB [62], Hmd uses direct H, [53], and EchA and EchB use
ferredoxins as electron carriers [46]. M. maripaludis needs four pairs of electrons to
reduce one mole of CO, to methane. Fru/Frc can supply two pairs, Vhu/Vhc can
supply two pairs, Hmd can supply one pair, and EchA/EchB can supply one pair
each. Of these, Fru/Frc and Vhu/Vhc play a major role in H, uptake.

Fru and Frc reduce two molecules of coenzyme F420 with the help of two
H, [53]. One F420(rd) gets oxidized by reducing methenyl-THMPT and the other
by reducing methylene-THMPT.

Vhu and Vhc facilitate the flow of electrons from H, to heterodisulfide reductase
(Hdr) complex [62], which in turn catalyzes the reductions of CoM/CoB and
ferredoxins via an electron bifurcation mechanism [60]. These reduced ferredoxins
are the major electron suppliers during the first step of methanogenesis.

Hmd uses H, to reduce methenyl-THMPT to methylene-THMPT [53] without
any carrier. As shown in Fig. 2.3, Mtd also catalyzes the same reaction, but with the
help of reduced F420 as an electron carrier. Hendrickson et al. [53] demonstrated
that during the growth on H, and CO,, Hmd is not essential in the presence of
active Fru/Frc, but it is essential otherwise. In contrast, the AFru, AFrc, and AHmd
mutants grew normally during formate-dependent growth.

EchA generates a small portion of low-potential reduced ferredoxins required for
the first step of methanogenesis. Its role in M. maripaludis is anaplerotic, because it
is required only under certain conditions such as (1) to replenish the intermediates
of methanogenesis cycle, and (2) imperfect coupling during electron bifurcation
[46]. Lie et al. [46] showed this by eliminating all nonessential pathways of H,
metabolism and using formate as the sole electron donor. In this case, both Hdr
complex and EchA independently provided electrons for growth.

In contrast, EchB supplies electrons to anabolic oxidoreductases for the synthesis
of precursors such as pyruvate and acetyl CoA [61, 215]. EchB mutants affect the
autotrophic growth severely, but it is unclear how they still survive. When conditions
limit growth, anabolic CO, fixation is unimportant, but methanogenesis continues.
Under such a scenario, EchA is essential, but EchB could be detrimental [46].

During formate-dependent growth, the H, required for the essential anaplerotic
(EchA) and anabolic (EchB) functions has to be produced from formate. This H,
production can occur via two pathways as demonstrated by Lupa et al. [42] in
M. maripaludis. One involves Fdhl-Fru/Frc, and the other involves Fdhl-Mtd-
Hmd. Of these, the former seems to be predominant (~90 %), as the deletion of
either Fdhl or Fru/Frc reduced H, production rates severely.

Energy Generation/Conservation

In most organisms, electron movement along the cell membrane is the key to
energy transduction. Substrate oxidation releases electrons that move along the
membrane-bound cytochrome carriers and extrudes protons out of the cell to
generate a potential gradient. The potential difference drives the protons back into
the cell, while synthesizing ATP from ADP and Pi via ATP synthase [63].
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Hydrogenotrophic methanogens such as M. maripaludis lack such an electron
transport chain [64]. In place of cytochrome carriers, M. maripaludis uses
methyl-THMPT: HS-COM methyltransferase (Mtr), the only membrane-bound
enzyme complex in the core methanogenic pathway, to extrude Na*/H* out of the
cell [55, 59]. This creates a Na*/H" ion motive force (positive outside), which on
their translocations into the cell generate ATP via an A1AO-type ATP synthase
[65]. However, a direct experimental evidence specifically for Na™ or H* gradient
does not exist in the literature for M. maripaludis. To conserve ATP, M. mari-
paludis uses reduced ferredoxins as low-potential electron carriers for the highly
endergonic reduction of CO, to formyl-MFR. As discussed earlier, these ferre-
doxins are supplied predominantly by the Hdr complex [60] and supplemented by
EchA.

The genome sequence of M. maripaludis indicates the presence of membrane-
bound A1AO-type ATPases (chimeric ATP synthases) instead of the F1FO-type
ATPases found in Bacteria and Fukarya [22, 66]. The catalytic unit of the
A1AO-type ATPase is structurally homologous to the V-type ATPase and func-
tionally homologous to the F1FO-type ATPase [67]. But, the membrane-embedded
motors in the A1AO-type ATP synthases are exceptional due to their novel func-
tions and structural features [68].

2.2.2.2  Acetyl-CoA Synthesis

M. maripaludis can synthesize acetyl-CoA from either CO, or acetate [16, 47]. The
CO,-based synthesis occurs with the help of CODH/ACS [16]. Sequencing studies
have confirmed the existence of CODH/ACS in a single cluster (MMP0980-
MMP0985) [22]. During the CO,-based synthesis, methyl-THMPT, an intermediate
of methanogenesis, contributes the methyl carbon of acetyl-CoA while CO, which
is generated during reduction of CO; in the presence of reduced ferredoxins by CO
dehydrogenase (CODH), contribute the carboxyl carbon [16]. The acetate-based
synthesis is accomplished by AMP-forming acetate CoA ligase (MMP0148, acsA)
in M. maripaludis [47]. Shieh et al. [47] showed that M. maripaludis can assimilate
up to 60 % of its cellular carbon from exogenous acetate. Sequencing study also
showed the presence of ADP-forming acetyl-CoA synthetase gene (MMP0253,
acd) in M. maripaludis [22], catalyzes acetate formation and ATP synthesis from
acetyl CoA, ADP and Pi. However, no experimental study exists in the literature to
demonstrate the biosynthesis of free acetate by M. maripaludis.

2.2.2.3 Pyruvate Synthesis

Pyruvate is the entry point into glycolysis, citric acid cycle, and amino acid
metabolism. Acetyl-CoA is converted to pyruvate through pyruvate: ferredoxin
oxidoreductases (PORs) [53, 69, 70] as follows:
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Acetyl — CoA + CO, +2Fd(rd) +2H" « Pyruvate + CoA + 2 Fd(ox)

This is reversible in that PORs also catalyze pyruvate oxidation to acetyl-CoA in
the absence of H, [48]. However, pyruvate oxidizes very slowly in M. maripaludis
and PORs appear to function mainly in the anabolic directions during growth [69].

The PORs containing five polypeptides in M. maripaludis are encoded by a gene
cluster (porABCDEF). Of these, porEF is unique to M. maripaludis, because the
N-terminal sequences of the first four polypeptides (porABCD) are similar to those
in other Archaea [70]. The importance of porEF in M. maripaludis was highlighted
by Lin et al. [71]. They showed that porEF mutants of M. maripaludis 1] grew
extremely slowly. In addition, pyruvate-dependent methanogenesis was completely
inhibited. Interestingly, porF mutant failed to restore growth, but restored
methanogenesis to wild-type levels. In contrast, porE mutant restored growth
partially, but did not restore methanogenesis. This indicates that porF function as an
electron donor to PORs.

Pyruvate is also a precursor for alanine biosynthesis via alanine dehydrogenase
(MMP1513, ald) [72]. The same enzyme catalyzes the reverse reaction also, i.e.
alanine to ammonia and pyruvate, in M. maripaludis. In addition, alanine
transaminase that catalyzes the conversion of alanine to pyruvate in several
organisms including Pyrococcus furiosus, Escherichia coli, Mus musculus, and
Homo sapiens, may also exist in M. maripaludis. Our inference is based on our
BLASTYp search with the protein sequences of M. maripaludis. Our search located
proteins with high similarity (E-value = 7e-63) to the alanine transaminase from
P. furiosus. M. maripaludis takes alanine with the help of alanine permease and
alanine racemase. While the former transports both L-alanine and p-alanine into the
cell, the latter is essential to convert p-alanine to L-alanine [72, 73], because alanine
dehydrogenase is specific for L-alanine.

2.2.2.4 Glycolysis/Gluconeogenesis
and Glycogenolysis/Glyconeogenesis

M. maripaludis does not assimilate carbohydrates such as pentoses and hexoses, as
it lacks the required transporters [22]. However, it has all the enzymes and cofactors
required for glycolysis/gluconeogenesis and glycogenolysis/glyconeogenesis with
some unique features. In fact, studies have shown that methanococci such as
M. maripaludis synthesize and store glycogen as a reserve metabolite, and use it for
methane generation in the absence of exogenous substrates [74]. The bifunctional
activity of ADP-dependent phosphofructokinase (PFK)/glucokinase (GK) has been
demonstrated experimentally in both M. jannaschii [75] and M. maripaludis [76].
Castro-Fernandez et al. [76] measured the activities of glucose phosphorylation
versus dephosphorylation. They unexpectedly observed that the latter was 2-folds
more efficient than the former. Based on these observations, they indicated that
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M. maripaludis can catalyze p-glucose formation, and suggested the possibility
of methane production from glycogen or bp-glucose during starvation in
M. maripaludis.

Unlike non-methanogenic Archaea that use ED pathway, M. maripaludis [74]
uses a modified Embden-Meyerhof-Parnas (EMP) pathway with some unique fea-
tures. These include the reduction of ferredoxins instead of NAD (e.g. PORs and
GAPOR) [77], ADP-dependent kinases [75], zero or very low ATP yields [78], highly
divergent phosphoglucose isomerase [79], and phosphoglycerate mutase [80]. Of the
eight enzymatic steps (5-13) from pyruvate to glucose-6-phosphate (Fig. 2.4), five
are reversible and catalyzed by the same enzyme, and the rest are irreversible (5, 9, and
12). However, even for these three irreversible steps, reverse steps are catalyzed by
alternative enzymes [phosphenolpyruvate synthase (PPS), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and fructose-bisphosphatase (FBP)]. In
other words, all the steps leading to glucose-6-phosphate from pyruvate are
reversible in principle. Glycogen in M. maripaludis is then synthesized by convert-
ing (1) glucose-6-phosphate to glucose-1-phosphate via phosphoglucomutase
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(MMP1372), (2) glucose-1-phosphate to UDP-glucose via UTP-glucose- 1-phosphate
uridylyltransferase (MMP1091), and (3) the growing polymeric chain of
UDP-glucose to glycogen via glycogen synthase (MMP1294) with the release of UDP
molecule [22]. On the other hand, glycogen in M. maripaludis degrades to
glucose-6-phosphate by converting (1) glycogen to glucose-1-phosphate via glyco-
gen phosphorylase (MMP1220), and (2) glucose- 1-phosphate to glucose-6-phosphate
via glucose phosphomutase (MMP1372) [22, 74]. The low activity of PFK in com-
parison to FBP in M. maripaludis suggests that glyconeogenesis is the predominant
function of EMP pathway in M. maripaludis pointing to the storage of glycogen as a
reserve material [74]. This predominance of the anabolic direction is further con-
firmed by the high activities of the reversible hexose phosphate conversions (via
glucose phosphomutase, glucose-6-phosphate isomerase, and fructose-bisphosphate
aldolase) and triose phosphate conversions for pentose biosynthesis (via enolase,
2,3-bisphosphoglycerate mutase, and glyceraldehyde-3-phosphate dehydrogenase).
Yu et al. [74] further showed that glycogen content increased from 0.11 % =+ Solid
lines show the presence of enzymes and dotted lines show the absence of enzyme in
M. maripaludis. Numbers mentioned in diagram indicate enzymes as follows:
1. carbon-monoxide dehydrogenase (1.2.7.4, codh and porEF); 2. acetyl CoA
decarbonylase (2.1.1.245, acds); 3. pyruvate:ferredoxin oxidoreductase/synthase
(1.2.7.1, porABCD); 4. acetyl CoA synthetase (AMP forming) (6.2.1.1, acsA);
5. phosphenolpyruvate kinase (2.7.1.40, pyk); 6. enolase (4.2.1.11, eno);
7. 2,3-bisphosphoglycerate mutase (5.4.2.12, pgm); 8. phosphoglycerate kinase
(2.7.2.3, pgk); 9. glyceraldehyde-3-phosphate dehydrogenase (1.2.1.59, gapdh); 10.
triosephosphate isomerase (5.3.1.1, tpi); 11. fructose-bisphosphate aldolase (4.1.2.13.
fbp); 12. phosphofructokinase (2.7.1.147, pfk); 13. glucose-6-phosphate isomerase
(5.3.1.9, pgi); 14. Phosphoglucomutase (5.4.2.8, pgm); 15. glycogen phosphorylase
(2.4.1.1, glgP); 16. pyruvate carboxylase (6.4.1.1, pycB); 17. malate dehydrogenase
(1.1.1.37, mdh) 18. fumarate hydratase (4.2.1.2, fumA); 19. succinate
dehydrogenase/fumarate reductase (1.3.5.4/1.3.4.1, sdhA); 20. succinyl-CoA syn-
thetase (6.2.1.5, sucC and sucD); 21. 2-oxoglutarate oxidoreductase (1.2.7.3,
korABDG); 22. citrate synthase; 23. aconitate; 24. isocitrate dehydrogenase;
25. phosphoenolpyruvate carboxylase; 26. phosphoenolpyruvate synthase (2.7.9.2,
ppsA); 27. NADP-dependent glyceraldehyde-3-phosphate  dehydrogenase
(1.2.1.9, gapn) OR ferredoxin-dependent glyceraldehyde-3-phosphate dehydroge-
nase (1.2.7.6, gapor); 28. fructose-bisphosphatase (3.1.3.11, fbp); 29. ADP-specific
phosphofructokinase (2.7.1.147, pfk); 30. transketoloase (2.2.1.1, tkl); 31. ribulose-
phosphate 3-epimerase (5.1.3.1, rpe); 32. ribose-5-phosphate isomerase (5.3.1.6);
33. transketoloase (2.2.1.1, tkt); 34. translaldolase (2.2.1.2, tal); 35. Acetate CoA
synthetase (ADP-forming) (6.2.1.13, acd); 36. UTP-glucose-1-phosphate uridylyl-
transferase (2.7.7.9); 37. starch synthase (2.4.1.21, glgA)

0.05 % DCW(Agso < 0.5) to 0.34 % £ 0.19 % DCW (Ageol.0-1.6) during
growth, while glycogen consumption depended on the substrate for methanogenesis.

Given the key role of glycolysis/gluconeogenesis in M. maripaludis, it is critical
to understand their regulation. In general, a pathway can be regulated by (1) sub-
strate availability, (2) up- or down-regulating enzyme activities for rate-limiting
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steps, (3) allosteric regulation of enzymes, and (4) covalent modifications of sub-
strates such as phosphorylations. Essentially, the enzymes catalyzing irreversible
steps are most suited for regulation [81]. In most Archaea, nonphosphorylating
NADP*-dependent glyceraldehyde-3-phosphate (G3P) dehydrogenase (GAPN),
phosphorylating glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
glyceraldehyde-3-phosphate ferredoxin oxidoreductase (GAPOR) act as the regu-
latory points in glycolysis [82—-84]. The genome sequence of M. maripaludis codes
for all three genes, namely GAPN (MMP1487), GAPDH (MMPO0325), and
GAPOR (MMP0945) [22]. GAPOR catalyzes ferredoxin-dependent G3P oxidation,
GAPN catalyzes NADP-dependent G3P oxidation, and GAPDH catalyzes G3P
synthesis. Based on activity, transcript, and flux balance analyses in M. mari-
paludis, Park et al. [85] showed that GAPOR is a post-transcriptionally regulated
enzyme that is completely inhibited by the presence of 1 uM ATP, and (unlike
GAPN) is most likely involved only under non-optimal growth conditions.

Yu et al. [74] mentioned pH-dependent PFK (optimum pH = 6.0) as an important
regulatory enzyme in M. maripaludis. The activation and inhibition of PFK was
found to be dependent on the presence/absence of various substrates such as ADP,
AMP, Pi, cAMP, and citrate. Yu et al. [74] also reported that full activity of pyruvate
kinase, another key enzyme in glycolysis, depended on Mn?*. In contrast to Mn*",
Fe?* showed 70 % activity, and Mg”* showed 20 % activity of pyruvate kinase,
while Zn>*, Cu**, Co**, and Ni** showed zero activity. The activity of phospho-
glycerate mutase was unaffected by Mg>* and AMP, and depended on the presence
of reduced dithiothreitol, cysteine hydrochloride, and glutathione.

2.2.2.5 Tri-Carboxylic Acid (TCA) Cycle

TCA cycle plays an important role in generating electron carriers such as NADH
and FAD for energy production [86]. Most aerobes have an oxidative TCA cycle to
oxidize complex carbon molecules, such as sugars, to CO, and H,O to generate
energy [86]. However, most anaerobes have reductive TCA cycles to reduce CO,
and H,O to synthesize carbon compounds. Methanogens being anaerobes also have
reductive TCA cycles. Furthermore, their TCA cycles are incomplete, as they lack
several steps and enzymes [87]. M. maripaludis in particular lacks phospho-
enolpyruvate carboxykinase, citrate synthase, aconitate, and isocitrate dehydroge-
nase [47, 88]. The missing steps in M. maripaludis are shown as dashed lines in
Fig. 2.4. As shown, pyruvate is the entry metabolite in M. maripaludis for TCA
cycle. In the absence of phosphenolpyruvate carboxylase (PPC), M. maripaludis
converts pyruvate to oxaloacetate via pyruvate carboxylase (PYC). Oxaloacetate is
then reduced to 2-oxoglutarate via a series of intermediates (Malate, Fumarate,
Succinate, Succinyl CoA) in the TCA cycle. Hendrickson et al. [22] sequenced the
genome of M. maripaludis and noted that 2-oxoglutarate oxidoreductase, the last
enzyme in the TCA cycle has four subunits (MMP0003, MMP1315, MMP1316,
and MMP1687) that are not contiguous. This is in contrast to PORs that are also
oxidoreductases, but have contiguous subunits (MMP1502-MMP1507).
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Regulation of TCA cycle in M. maripaludis in particular, and Archaea in gen-
eral, is poorly understood. However, 2-oxoglutarate plays an important role in
nitrogen regulation [89]. In M. maripaludis, NrpR protein represses N,-fixation in
ammonia-rich conditions by binding to the nif promoters [90]. In the absence of
ammonia, 2-oxoglutarate is unable to synthesize glutamate, hence its level
increases. High levels of 2-oxoglutarate acts as the inducer and prevents binding of
NrpR to nif promoters, resulting in activation of Nj-fixation and glutamine syn-
thetase to bring down 2-oxoglutarate levels.

The TCA regulation in Methanobacterium thermoautotrophicum, another
methanogen with an incomplete reductive cycle similar to that in M. maripaludis,
can shed some light on the regulation. As reported by Eyzaguirre et al. [58] for
M. thermoautotrophicum, M. maripaludis may also exhibit unidirectional synthesis
of phosphenolpyruvate via phosphenolpyruvate synthetase (ppsA). The activity of
this enzyme may be inhibited by AMP, ADP, and 2-oxoglutarate. Similarly, PYC,
the ATP-dependent enzyme responsible for pyruvate carboxylation in M. mari-
paludis, may exhibit anabolic function as reported by Mukhopadhyay et al. [58] in
M. thermoautotrophicum. Furthermore, its activity may depend on biotin, ATP,
Mg** (or Mn**, Co?*), pyruvate, and bicarbonates, and it may be inhibited by ADP
and 2-oxoglutarate.

2.2.2.6 Pentose Phosphate Pathway (PPP)

PPP is essential for the syntheses of nucleotides and nucleic acids in M. maripaludis.
Glyceraldehyde-3-phosphate and  fructose-6-phosphate  synthesized during
glycolysis/gluconeogenesis form the feeds to PPP and produce xylulose-5-
phosphate and erythrose-4-phosphate (E4P) via transketolase (TKL) in the first
step. Yu et al. [68] proposed a non-oxidative PPP (NOPPP) in M. maripaludis
(Fig. 2.4). They suggested the presence of this pathway based on zero activities of
oxidative enzymes [glucose-6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase] and high activities of non-oxidative enzymes [transketolase
(MMP1113, MMPI1115), transaldolase (MMP1308), ribose-5-phosphate
3-epimerase (MMP1114), and ribulose-5-phosphate isomerase (MMP1189)]
[22, 74]. Tumbula et al. [91] supported this observation by ruling out oxidative PPP
based on the labelling patterns of riboses after supplementing the medium with 2-'*C
acetate. They argued that E4P cannot be the precursor for aromatic amino acids
(AroAAs), if NOPPP is its only route. Therefore, they conjectured an alternative
route (carboxylation of a triose such as dihydroxyacetone phosphate) for E4P. Porat
et al. [92] on the other hand showed that E4P is not a precursor for AroAAs in
M. maripaludis. They proposed two alternative routes for the syntheses of AroAAs
based on the presence of dehydroquinate dehydratase. The details of these routes are
provided in the amino acid metabolism. NOPPP is mainly regulated by substrate
availability [93, 94]. However, no such regulation has yet been demonstrated in
M. maripaludis.
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2.2.2.7 Nitrogen Metabolism

M. maripaludis is capable of utilizing three nitrogen sources: ammonia, alanine, and
free nitrogen with ammonia being the most preferred source for growth [72, 95].

Ammonia assimilation occurs in M. maripaludis via glutamine synthetase
(encoded by glnA) which synthesizes glutamine from glutamate and ammonia [96].
Glutamine then serves as the precursor for protein synthesis. Cohen-Kupiec et al. [96]
observed that glnA mutants are unable to grow even in the presence of exogenous
glutamine and alanine indicating the essentiality of g/nA and absence of glutamine
transporters. As discussed before, alanine uptake occurs in M. maripaludis via ala-
nine racemase and alanine permease [72]. Moore et al. [72] confirmed that alanine
converts to pyruvate and ammonia by alanine dehydrogenase.

Free N, fixation in methanogens including M. maripaludis has been well
established and extensively reviewed in the literature [97, 98]. A comparison of four
N,-fixing hydrogenotrophic methanococci (M. formicicus, M. maripaludis,
M. aeolicus, and M. thermolithotrophicus) is given in Table 2.3 [95, 99-101].
Blank et al. [102] studied N, fixation in wild-type M. maripaludis and its four
mutants using transposon insertion mutagenesis. Kessler et al. [103] characterized
the nif gene cluster in M. maripaludis based on sequence analysis. Six nif genes
(mifH, D, K, E, N, and X) and two homologues of bacterial nitrogen
sensor-regulator glnB (i and ii) lie between nifH and nifD in a single operon in
M. maripaludis (Fig. 2.5a). Although the conserved order of nif genes resembles
that in Bacteria, the presence of single operons and two homologues between nif
genes is unique to Archaea.

As shown in Fig. 2.5b, N, fixation is effected by multiprotein nitrogenase
complex comprising an Fe protein and a MoFe protein [105]. In the presence of N,
oxidized Fe protein reduces by taking electrons from reduced ferredoxin. Reduced
Fe oxidizes in the presence of ATP and reduces MoFe protein. MoFe protein donates
the electrons to N, and reduces it to ammonia in three successive steps: nitrogen to
diamine to hydrazine to two ammonia molecules and one H,. These reductive steps
require electrons from reduced ferredoxins, and their relatively high energy demand
makes N, fixation unfavorable in M. maripaludis. Therefore, cells are less likely to
activate this fixation, when ammonia or alanine is available [73, 106].

Regulation

Cohen-Kupiec et al. [96] hypothesized that both nif and glnA are regulated by the
same nucleotide binding sequences (Fig. 2.5¢) residing in the nif promoter region of
M. maripaludis. Lie et al. [107] confirmed this by isolating NrpR protein that
represses both N, fixation and glnA expression by binding to the aforementioned
nitrogen operator sequences (nifOR). While NrpR represses nif transcription fully in
the presence of ammonia, it represses partially in the presence of alanine, and
depresses fully in the presence of free N,. As discussed before, NrpR in turn is
regulated by 2-oxoglutarate levels in the TCA cycle [89]. As shown in Fig. 2.5c,
the binding of NrpR to nifOR weakens during nitrogen deficiency, allowing
2-oxoglutarate to induce nif transcription. Experiments have demonstrated that cell
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Table 2.3 A comparison on characteristics of the

2 Literature Review

N,-fixing hydrogenotrophs of the order

Methanococcales. Modified from [25]

Property Methanotorris Methanococcus | Methanococcus | Methanothermococcus
Sformicicus maripaludis aeolicus thermolithotrophicus

Type strain Mc-S-70 1 Nankai-3 SN1

Cell diameter 0.8-1.5 0.9-1.3 1.5-2.0 1.5

(mm)

Substrates for H, + CO,, H, + CO,, H, + CO,, H, + CO,, formate

methanogenesis | formate formate formate

Autotrophy + + + +

Yeast extract - + - -

stimulates

growth

Selenium - + + nd

simulates

growth

Nitrogen source | NHj, N,, NO3 NH;, N, NH;, N, NH;, Ny, NO5~

alanine
Sulfur source S §*, 80 s, s° §%7, 8% 5,057, 8057,
S0,*~

Temperature 55-83 <20-45 <20-55 17-70

range (°C)

Temperature 75 35-40 46 60-65

optimum (°C)

pH range 6.0-8.5 6.5-8.0 5.5-1.5 4.9-9.8

pH optimum 6.7 6.8-7.2 7 5.1-7.5

NaCl range 0.4-6.0 0.3-5 0.3-6 0.6-94

(%, wiv)

NaCl optimum 24 0.6-2 1-2 2-4

(%, wiv)

Genome size 1.82 1.66 1.57 1.69

(Mb)

GC content 33 33 32 34

(mol%)

Doubling time 0.5 2 1.3 ~1

(hr)

Source Deep-sea black Salt marsh Marine Coastal geothermally
smoker chimney | sediments sediments heated sea sediments

Reference [101] [11] [100] [104]

growth with alanine was only marginally lower than that with ammonia, while

significantly reduced with free nitrogen [73].

glnB proteins play an important role in nitrogen sensing and regulation in
M. maripaludis. glnB+ strain lost nitrogenase activity within an hour of ammonia
addition [108], while g/nB mutant did not, indicating that these proteins function
post-transcriptionally [106]. Kessler et al. [95] also reported the molybdenum
dependency of N, fixation.
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Fig. 2.5 Nitrogen fixation pathway. a The nif operon in M. maripaludis. b Nitrogenase complex.
¢ Differential binding of nif and ginA regulation under different nitrogen substrates/nitrogen
limiting conditions. Where, nifOR represents nif operators

2.2.2.8 Amino Acid Metabolism

M. maripaludis is an autotrophic organism that synthesizes all amino acids required
for its growth. Sequence comparisons of archaebacterial genes suggest that amino
acid biosynthetic enzymes in Archaea share a common ancestry with those in
Eubacteria and Eukarya [109]. For instance, the enzymes of branched-chain amino
acids (BCAAs) characterized in three methanococci (M. aeolicus, M. maripaludis,
M. voltae) were found to be functionally homologous to eubacterial and eukaryotic
enzymes with respect to molecular weight, optimum pH, and kinetic properties
[109]. Usually, 22 amino acids are required for protein synthesis. 20 amino acids
are encoded by the universal genetic codes and the remaining two (selenocysteine
and pyrrolysine) are incorporated by unique mechanisms. The 20 amino acids are
classified into six groups based on their structures and chemical characteristics of
the R group.

In Methanococcus spp., the biosynthesis of BCAAs (valine, isoleucine, and
leucine) was demonstrated via enzymatic assays [109]. Except M. voltae that
requires leucine, isoleucine, and acetate for its growth, most species grow
autotrophically and possess all the genes and enzymes required for growth. Four
enzymes (acetohydroxy acid synthase, acetohydroxy acid isomeroreductase, dihy-
droxy acid dehydratase, and transaminase B) are required for the syntheses of valine
and isoleucine, where 2-ketoisovalerate, an intermediate in valine biosynthesis, acts
as a precursor for leucine biosynthesis [109].

The synthesis of alanine occurs from pyruvate via alanine dehydrogenase [72].
Alanine can also serves as the sole nitrogen source during growth [73].
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Usually, glycine is synthesized from L-serine via serine hydroxymethyltrans-
ferases. M. thermoautotrophicus showed the presence of serine hydroxymethyl-
transferases in the genome [110], but no homologue for this enzyme is present in
M. maripaludis. Further studies are required to discover the glycine biosynthesis
route in methanococci.

The established route of proline biosynthesis involves glutamic acid to proline
conversion, but three enzymes of this pathway are absent in most Archaea [111].
Graupner et al. [22] demonstrated the synthesis of proline in M. jannaschii from
cyclization of ornithine via ornithine cyclodeaminase, while no such enzyme has
been characterized in M. maripaludis, which suggests a possibility of alternate
routes.

The biosynthesis of AroAAs (phenylalanine, tyrosine, and tryptophan) is well
understood in methanococci. Chorismate acts as the branch point for phenylalanine,
tyrosine, and tryptophan synthesis. Unlike Bacteria, E4P is not a precursor for
chorismate in M. maripaludis and an alternate route has been proposed based on the
presence of dehydroquinate dehydratase [92]. In this pathway, chorismate is syn-
thesized from 3-dehydroquinate (DHQ) via shikimate pathway. For DHQ synthesis,
M. maripaludis uses 6-deoxy-5-ketofructose 1-phosphate (DKFP), synthesized after
the condensation of methylglyoxal and fructose-1,6-bisphosphate, and L-aspartate-
semialdehyde to form 2-amino-3,7-dideoxy-D-threo-hept-6-ulosonate (ADTH),
which cyclizes to DHQ [112]. DHQ is not only the precursor for chorismate syn-
thesis, but also acts as a precursor for p-aminobenzoic acid (PABA) synthesis.
PABA is an intermediate in M. maripaludis during the synthesis of tetrahy-
dromethanopterin, one of the cofactors. [112]. Two biosynthetic routes for the
production of AroAAs from chorismate in M. maripaludis were proposed previously
[92]. To confirm the presence of de novo pathway, deletion strains of MMP1394
encoding 3-dehydroquinate dehydratase were constructed and the mutants were
auxotrophic for all three AroAAs and no DHQ activity was detected. To evaluate
aryl acid dependent pathway, acids were supplemented to the medium to fulfill the
requirements of AroAAs in M. maripaludis.

Whole genome sequencing studies on M. maripaludis provide information on
enzymes/ORFs participating in amino acid biosynthesis. The results indicate that all
genes required for the biosynthesis of histidine (hisA, B, C, D, E, F, G, H, I) were
present in M. maripaludis except hisJ that encodes for histidinol phosphate phos-
phatase [22]. Fondi et al. [113] further evaluated the biosynthesis of histidine in
Archaea and suggested that his operon might have been assembled multiple times
during evolution because his genes scattered throughout the genome. In addition,
they showed the existence of hisN gene for histidinol phosphate phosphatase and
hisB gene for imidazoleglycerol-phosphate dehydratase catalyzing sixth and eight
steps of the histidine biosynthesis, which suggests that different molecular mech-
anisms in M. maripaludis may drive piece-wise operon formation for histidine
biosynthesis.
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Lysine biosynthesis in M. maripaludis occurs via diaminopimelate amino-
transferase (DapL) pathway [114]. A mutant of dapL homolog in M. maripaludis
resulted in lysine auxotrophy and suggested that dapL is essential for lysine
biosynthesis.

The specific activities of arginine biosynthetic enzymes in methanogenic
Archaea was reported by Meile et al. [115]. They also mentioned that although
biosynthesis sequences were similar in all microbes, differences existed in reaction
steps and regulations of this pathway. Arginine biosynthesis and associated
genes/enzymes are well characterized in M. maripaludis [22]. The functional
conservation of argininosuccinate lyase encoded by argH (catalyze final step in
arginine biosynthesis pathway) between M. maripaludis and the corresponding
Bacteria and Eukarya was demonstrated [116].

Glutamate is synthesized in M. maripaludis via glutamate synthase [96].
Aspartate is synthesized by aspartate aminotransferase and asparagine glutamine-
hydrolyzing asparagine synthase (asnB). '*C labeling studies on M. barkeri and
other Archaea showed that synthesis of alanine, aspartate, and glutamate occurred
from pyruvate, oxaloacetate, and a-ketoglutarate respectively [117].

3C labeling of serine was consistent with its synthesis from pyruvate via
3-phosphoglycerate. M. maripaludis contained serA and serB, but not a homolog
for serC [22]. Similarly, a homolog for glycine hydroxymethyltransferase encoded
by glyA is absent for synthesis of glycine from serine.

Stathopoulos et al. [118] challenged the notion that all 20 aminoacyl-tRNA syn-
thetases are essential for the viability of a cell. They knocked out cysS gene encoding
cysteinyl-tRNA synthetase (CysRS) from M. maripaludis and showed that pure
M. maripaludis prolyl-tRNA synthetase (ProRS) can form cysteinyl-tRNA (Cys-
tRNA), implying dual-specificity of enzyme for the loss of CysRS. The report by
Stathopoulos et al. [118] was incorrect. While ProRS has low levels of CysRS activity,
it is not physiologically significant. Sauerwald et al. [119] demonstrated this by
observing that CysRS mutants could not incorporate exogenous cysteine into cellular
protein. The tRNA-dependent cysteine biosynthesis pathway in M. maripaludis is
well established and occurs in two steps: First, O-phosphoseryl-tRNA ligase (SepRS)
aminoacylates uncharged Cys-tRNA with 3-phospho-L-serine (Sep) to form
O-phosphoseryl-tRNA (Sep-tRNA). Second, Sep-tRNA:Cys-tRNA synthase
(SepCysS) transforms Sep to cysteine [119]. Zhang et al. [120] showed that these two
enzymes (SepRS and SepCysS) form a stable binary complex and promote the con-
version of intermediate Sep-tRNA to cysteinyl-tRNA by sequestering the binding of
the intermediate to elongation factor EF-1a or infiltrating into the ribosome.

Methionine biosynthesis in M. maripaludis is unclear. Only one OREF,
MMPO0401, has been identified in M. maripaludis via sequencing studies [22] which
indicates the synthesis of methionine from homocysteine. The presence of
cystathionine B-lyase (metC) in M. maripaludis indicates the possibility that
M. maripaludis synthesizes homocysteine (the intermediate precursor of methion-
ine) either by transsulfuration route with cystathione or via direct sulthydrylation of
O-acetylhomoserine [114]. Such gaps in the literature need further investigation of
existing routes or novel biosynthetic routes.
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Selenocysteine is the selenium containing 21st amino acid that is
co-translationally incorporated into proteins, which are known as selenoproteins.
The amino acid is coded by UGA, which is normally a termination codon during
protein synthesis. Only 20 % of Bacteria and 10 % of Archaea (Methanococcus,
Methanocaldococcus, and Methanopyrus spp.) were found to have machinery for
Sec insertion. In Eukarya, sec insertion machinery is common in lower organisms,
such as green algae and moulds [121]. Yuan et al. [122] proposed tRNAS®-
dependent conversion of O-phosphoserine (Sep) to selenocysteine in Eukarya and
Archaea. Genetic analysis of selenocysteine biosynthesis in M. maripaludis is
reported in the literature [123—-125].

Pyrrolysine is the 22nd natural amino acid and is a lysine derivative encoded by
UAG. It is used by methanogenic Archaea and was discovered in 2002 at the active
site of methylamine methyltransferase in M. barkeri [126]. pylT gene, whose tRNA
product has CUA anticodon, translates to UAG codon as pyrrolysine in some
methanogens. The presence of pyrrolysine in M. maripaludis is not established,
although it has been mentioned in non-pyl-utilizing Archaea in the literature [127].

2.2.2.9 Nucleotide Biosynthesis

Nucleotides include purines (adenine and guanine) and pyrimidines (thymine and
cytosine). In RNA, adenine base pairs with uracil instead of thymine. The purine
and pyrimidine biosynthesis in M. maripaludis is very well understood and
sequencing study showed the presence of related genes involved in biosynthesis of
purines and pyrimidines [22]. 5-phospho-a-D-ribose 1-diphosphate (PRPP) is syn-
thesized from ribose-5-phosphate with the help of PRPP synthetase and combines
with glutamine to form 5-phosphoribosylamine, which goes through a series of
reactions and forms inosinic acid (IMP). IMP acts as the branch point for adenosine
monophosphate (AMP) and guanosine monophosphate (GMP) biosynthesis in the
pathway. AMP is synthesized from IMP and adenylosuccinate and converted to
other purine nucleotides, such as adenosine diphosphate (ADP) and adenosine
triphosphate (ATP). Similarly, xanthosine 5'-monophosphate (XMP) is synthesized
from IMP with NAD* or NADP™ as acceptors, which is subsequently converted to
other purine nucleotides, such as GMP, guanosine diphosphate (GDP), and gua-
nosine triphosphate (GTP). Pyrimidine biosynthesis converts bicarbonate, L-gluta-
mine, ororate, and PRPP, to uridine monophosphate (UMP) for further conversion
to uridine triphosphate (UTP) and cytidine triphosphate (CTP) for participation in
nucleic acid biosynthesis.

2.2.3 Molecular Biology Tools

M. maripaludis is a well-studied model organism. The 1.6 Mb long M. maripaludis
genome covers 1722 protein-coding genes and is exceptional in the presence of
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unique hydrogenases [53]. Genetic maps are available to help identify the functions
of ORFs across methanogens [22, 128, 129]. A set of genetic tools is available for
the manipulation of its fully sequenced genome via selectable markers [130], shuttle
vectors [131], integrative plasmids and gene replacements [132], and markerless
mutagenesis [72].

2.2.3.1 Selectable Markers

It is very difficult to identify antibiotic resistant markers in methanogens due to the
absence of peptidoglycans in their cell walls and different ribosome structures.
Puromycin resistance in M. maripaludis was reported by transforming it with
pKAS100 and pKAS102 plasmids [131]. To complement the method of vector
transformation, an optimized polyethylene glycol (PEG) method of transformation
was used [133]. With the PEG method, transformation frequency increased four to
five orders of magnitude (2 X 10° transformants/pg of insertion vector) than with
the natural transformation method. Methylation of plasmid with Pstl methylase
increased the transformation efficiency by at-least four-folds, approaching those
obtained for Escherichia coli (E. coli) and addition of divalent cations inhibit the
transformation [133]. Neomycin is the second selectable marker reported previously
[130]. Aminoglycoside phosphotransferase genes APH3’l and APH3’Il cloned
under the control of Methanococcus voltae methyl reductase promoter can act as a
neomycin resistance marker in M. maripaludis [130]. The MIC of neomycin to
completely inhibit 5 ml culture of M. maripaludis growth was determined to be
1000 pg/ml. Concentration between 500 and 1000 pg/ml delayed its growth.
Kanamycin and geneticin are non-inhibitory for M. maripaludis cells [134, 135].

2.2.3.2 Shuttle Vectors

Shuttle vector pDLT44 was constructed for M. maripaludis JJ using plasmid
pURBS500 (from M. maripaludis C5) and pMEB.2, (E. coli vector containing a
methanococcal puromycin resistance marker) [136]. The shuttle vector was found
to be stable in E. coli under ampicillin selection. This was the first report of a
plasmid replicated independently in a methanogen and can be manipulated in
E. coli. Although pURB500 was originated from a methanococcus, it did not
replicate in M. voltae. In another study, development of expression shuttle and
integrative vector for M. maripaludis has been reported to use histone promoter
(Ppmva) and multiple cloning sites from M. voltae for overexpression of ilvBN and
ppsA [137]. These expression vectors may be useful for studying the physiology
and biochemistry of M. maripaludis. The transformation efficiency may vary from
one strain to another [138]. M. maripaludis S2 did not show the same high level of
transformation as reported for M. maripaludis JJ. Therefore, transformation rates
were improved by manipulating the shuttle vector. Walters et al. [138] showed that
a significantly smaller shuttle vector pAW42 was sufficient to maintain in
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M. maripaludis S2 and provides 7000-fold increase in transformation efficiency for
pURB500-based vectors.

2.2.3.3 Integrative Plasmid and Gene Replacement

Integration vector pIJAO3-cysS for M. maripaludis was constructed to determine
the essentiality of cysS gene coding for cysteinyl-tRNA synthetase [118]. In the
same study, cysS gene replacement was carried out by constructing a pBD1 vector
by using the plasmid pPH21310. Several other mutants of M. maripaludis have
been constructed using the technique of integrative plasmids and gene replacement.
For example, acetate auxotrophs were isolated by random insertional mutagenesis
by transforming the wild type M. maripaludis with pWDK104 [139]. Using
transposon insertion mutagenesis, mutations were made in and around nifH gene
and nitrogen fixing abilities of four transformants were studied. In another study of
transposon insertion mutagenesis, an 8-kb region corresponding to the nif gene
cluster was confirmed for N,-fixation [103].

2.2.3.4 Markerless Mutagenesis

To demonstrate the role of genes that show unusual ability to use p-alanine or
L-alanine, markerless mutagenesis in M. maripaludis was demonstrated [72]. They
used a negative selection based system that used hpt and upt gene encoding
hypoxanthine phosphoribosyltranferase and uracil phosphoribosyltransferase pre-
sent in M. maripaludis. Hpt system was used to produce markerless in-frame
deletion mutation in three genes (ald, alr, and agcS) coding for alanine dehydro-
genase, alanine racemase, and alanine permease. Hpt was used together with upt to
restore the function of wild type ald [72].

2.2.4 Potential Applications

Methanogens play a key role in the global carbon cycle by reducing atmospheric
CO; [55]. The unique characteristics of M. maripaludis in particular, and metha-
nogens in general, offer the potential for several industrial and environmental
applications such as wastewater treatment, carbon capture and utilization, and
methane from renewable energy via electro-methanogenesis.

2.2.4.1 Wastewater Treatment

Tabatabaei et al. [140] has summarized the characteristics of methanogenic popu-
lations used in wastewater treatment. The production of biogas from waste relies on
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a symbiotic relationship between syntrophic bacteria (Syntrophomas,
Synthrophospora, and Syntrophobacter) and methanogens [141]. Syntrophic ace-
togenic bacteria convert acid-phase products into acetates and H,, which are then
utilized by methanogenic archaea. If accumulated H, is not used by the methano-
gens, then acetogenesis during anaerobic degradation cannot occur [142]. That is
where M. maripaludis has a potential to play a key role in maintaining a low partial
pressure of H, by consuming it rapidly.

In a biogas plant, the actual proportions of acetoclastic and hydrogenotrophic
methanogens may depend on the conditions [143]. It has been frequently seen that
hydrogenotrophic methanogens dominate at high temperatures (>50 °C). This
is primarily because hydrogenotrophic methanogens can degrade acetate with
syntrophic bacteria more efficiently at high temperatures than acetoclastic
methanogens.

New evidence also suggests that direct electron transfer through nanowires/
electrically conductive pili may also be present between bacteria and these
methanogens during anaerobic digestion [144—-146].

2.2.4.2 Carbon Capture and Conversion

Flue gas exhausts from power plants typically have 3—15 % CO, in majority Nj.
These CO, emissions are the major contributors to global warming and climate
change [147]. Reducing CO, emissions by capturing and sequestering or converting
the CO, to fuels and value-added chemicals is an area of active research around the
globe. M. maripaludis with its ability to uptake CO, in the presence of N, offers an
attractive route to capture and convert CO, simultaneously from flue gas emissions to
useful fuels such as methane and methanol [108]. In combination with other
methanogens such as M. aeolicus [100], M. thermolithotrophicus [99], M. formicicus
[101], it is possible to utilize microbe consortia to reduce carbon emissions from
power and chemical plants on a large scale, and alleviate environmental and global
warming concerns.

2.2.4.3 Methane from Renewable Energy

The main challenge in using methanogens for large-scale biomethane production is
the need for H,. The only viable source for this H, is renewable energy sources
such as solar, tidal, and wind. The transient nature of these resources raises the need
for temporary storage of energy in a stable chemical form. One possibility is to
convert surplus renewable electricity directly into methane via electrochemical
methanogenesis. This is already established for a mixed-culture of methanogenic
microbes comprising Methanobacterium sp. (>93 %) and Methanobrevibacter
(~5 %) [148]. Recently, Lohner et al. [45] has also demonstrated the uptake of
electrons by a hydrogenase-mutant of M. maripaludis. However, methane
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production relative to the wild type was only 1/10 as discussed before. These
studies show that methanogens can be used as biocatalysts for electrochemical
conversion of CO,.

Another alternative is to use surplus renewable electricity for non-microbial
electrochemical conversion of CO, to formate [149] and then convert formate into
methane using M. maripaludis.

2.2.4.4 Hydrogen Production

H, production by various aerobic and anaerobic microbes has been reported in the
literature [150, 151]. The highest rates reported for genetically engineered E. coli
strains ranges from 1.7 pmol/mg DCW.min to 4.2 pmol/mg DCW.min [152] from
formate. The methylotrophs Methylomonas albus and Methylosinus trichosporium
showed H; production rates of 1.6 and 0.4 nmol/mgDCW.min respectively from
formate [153]. However, the rates reported by wild-type formate-grown M. mari-
paludis S2 are much higher i.e. 1.4 pumol/mg DCW .min [42].

2.2.4.5 Other Applications

Several applications remain unexplored for M. maripaludis in spite of its unique
advantages such as rapid growth, ease of genetic manipulation, fully sequenced
genome, and available genome-scale model. For instance, M. maripaludis can
potentially be used to produce high value-added pharmaceuticals, vitamins, amino
acids, corrinoids, and terpenoids, and these possibilities require further research. An
excellent example is geraniol, a useful flavoring agent [154], which can be pro-
duced by genetically engineered M. maripaludis. Biotransformation of 2.4,5-
trinitrotoluene, a priority pollutant, and metabolic conversion of 5-methylfurfurals
and 2-methylfufurals (formed during the concentration of aqueous wastes in paper
and pulp industries) to furfurals have been studied with Methanococcus spp. (strain
B) [155, 156]. Such biotransformations can also be explored with M. maripaludis.
Other possible applications could be the production of liquid biofuels such as
methanol, butanol, etc.

2.3 Genome-Scale Engineering

The concept of metabolic pathway manipulation for purpose of using microor-
ganisms with desirable properties is quite old. The methods for identifying superior
strains rely heavily on the use of chemical mutagens and creative selection tech-
niques [157]. Despite its success, the genetic and metabolic profiles of these mutant
strains are poorly characterized. Recombinant DNA technology (rDNA) introduced
a new dimension to the work and genetic modification of enzymatic reactions
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allowed precise modifications in metabolic pathways [158]. After the feasibility of
rDNA technology, various terms were coined to represent the potential applications
of this technology, namely molecular breeding [159], in vitro evolution [158],
pathway engineering [160], cellular engineering [160], and metabolic engineering
[161]. All convey similar meaning and defined as “directed improvement of product
formation or cellular properties through the modification of specific biochemical
reaction(s)”. Instead of ad hoc target selection process, a rational process to identify
the most promising target for metabolic manipulation would save experimental
efforts. Therefore, we are witnessing a paradigm shift away from individual
enzymatic reactions.

Metabolic engineering focuses on integrated metabolic pathways instead of
individual reactions and shifted our attention to the complete biochemical reaction
networks instead of its constituent parts. It examines issues of pathway synthesis,
thermodynamic feasibility, and pathway flux and its control [161]. Observations
about the behavior of overall system provide the best guide for rational analysis.
Metabolic engineering needs to be complemented with the appropriate measure-
ments to achieve maximum results. Specific areas of industrial production where
metabolic engineering can make significant impact are the production of petroleum-
derived thermoplastics by fermentation, biologically active agents such as polyke-
tides, amino acid production, vitamins, organic acids, lipid, oil and a list of other
product classes [162—165]. In addition to manufacturing, it can have significant
impact on medical field such as identifying targets for drug development [166].

2.3.1 Systems Biology Models: Kinetic Versus
Stoichiometric

In silico mathematical models can be classified as either kinetic or stoichiometric.
Kinetic models describe the dynamic behavior of a cell. They involve temporal
ordinary differential equations describing the concentration profiles of metabolites
based on rate laws postulated for key metabolic reactions. While kinetic models are
simple to construct, they face serious limitations. Firstly, they involve numerous
model parameters such as rate constants, which are difficult to measure or even
estimate reliably. In most cases, the dynamic data on metabolite concentration
profiles is insufficient to fit reliable values for these parameters. Secondly, kinetic
models become highly unwieldy and complex, when applied at the genome level.
Therefore, most kinetic models are for either subsystems or simplified through
appropriate assumptions. Several kinetic models have been developed to understand
the effects of metabolic perturbations in subsystems. Some examples are glycolysis
in plant tubers [167], mitochondrial respirations [168], calvin cycle [169], microbial
growth kinetics during fermentation [170, 171], anaerobic glycolysis of yeast
Saccharomyces cerevisiae [172], glycogenolysis in mammalian FT skeletal muscle
[173], and salicylamide (SAM) metabolism in the perfused rat liver [174] etc.
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Stoichiometric models, on the other hand, are inherently non-dynamic and rely
on reaction stoichiometry alone. Their main assumption is that the internal
metabolites are at pseudo-equilibrium. When such metabolic models are developed
based on genome sequence and Gene-Protein-Reaction (GPR) associations, they are
called genome-scale metabolic models or constraint-based flux models. Since the
first genome-scale metabolic model was constructed for Haemophilus influenzae
[175], many such models have been constructed for a variety of organisms and
experimentally validated. The success rate of in silico predictions is typically about
70-90 % depending on the types of organism and prediction [176]. The constraints
in the model is the underlying main concept that separate feasible and infeasible
metabolic behavior and are much easier to identify than kinetic parameters, making
large scale model building possible [177]. Three main constraints that need to be
satisfied by a model are: Firstly, Physicochemical constraints defined by conser-
vation laws of mass and energy, dependency of reaction rates on metabolite con-
centrations, and negative free energy change for spontaneous reactions. Secondly,
Environmental constraints such as availability of nutrients or electron acceptors etc.
imposed as result of specific conditions. Lastly, Regulatory constraints i.e.
up-regulated/down-regulated gene expressions as the cell undergo environmental
perturbations.

In this thesis, we develop a genome-scale metabolic model based on stoichio-
metric constraint-based approach to predict the behavior of complex biological
interactions via FBA. When FBA is applied for the determination of metabolic
pathway fluxes, the approach is renamed as Metabolic Flux Analysis (MFA).

2.3.1.1 Constraints-Based Modeling

Drafting a metabolic network

It is a process during which various components of the cellular metabolic pathways
e.g. associated genes, proteins, reactions and metabolites are identified through
various online databases (KEGG, BioCyc, etc.), genome-wide annotations, pub-
lished literature, etc. and categorized to form a network [178]. Online resources that
are helpful for drafting a metabolic network are extensively reviewed in literature
[179]. A number of automated systems to help us in genomics data analysis are also
available such as GeneQuiz, Pedant, Magpie, etc. [180]. The reconstructed network
or a draft model generated from the well-annotated reactions acts as the starting
point of genome-scale modeling. The draft models are manually refined by incor-
porating genetic, biochemical and functional information before converting into a
mathematical model.

Metabolic Flux Analysis (MFA)

MFA is a powerful approach for the determination of metabolic pathway fluxes,
whereby intracellular fluxes are calculated using stoichiometric matrix of the reac-
tions and applying mass balance on intracellular metabolites [179]. The metabolic
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network is represented in the form of a stoichiometric matrix S, where row represent
is the number of metabolites and n is the number of reactions/fluxes occurring in a
organism. S;;, the element of a stoichiometric matrix S, corresponds to metabolite i
and reaction j. The static models assume a pseudo steady state and transient mass
balance represented as follows:

dX
p =Sv—-5b=0 (2.1)

Here S is the i X j stoichiometric matrix, v is the vector of n metabolic reactions
and b is the vector of net known metabolite uptake by the cell.

Typically Eq. 2.1 represents an underdetermined system (j > i) and hence an
infinite solution exists with a number of cell phenotypes. To obtain a particular
solution, a linear optimization is formulated in which one can find a flux distri-
bution that minimizes or maximizes a particular objective Z. A number of different
objective functions have been reviewed in literature such as minimize energy,
minimize nutrient uptake, minimize redox production, minimize the Euclidean
norm and maximize metabolite production [181, 182]. The most commonly used
objective function is maximizing biomass [183]. The mathematical formulation is

J
Maximize Z = Z cjv; subject to S.v=> (2.2)
=

where, Z is the cellular objective that is represented as a weighted sum of metabolite
fluxes v;(j = 1,2,...,j) with weights c;.

The final metabolic flux map shows the estimation of steady-state rate (flux) for
all the essential reactions contributing to our objective function. A metabolic flux
map contains useful information about the contribution of various pathways
towards substrate utilization and product formation. Genetic and environmental
perturbations in the system help us to compare specific pathways and reactions in
different situations. In addition to quantitative pathway fluxes, MFA provides
insights about cell physiological characteristics. Some of them are listed here:

Identification of branch point control (nodal rigidity)

Identification of alternate pathways: e.g. transhydrogenase activity in C. glu-
tamicum [184]

Calculation of non-measured extracellular fluxes

Calculation of maximum theoretical yields.

2.3.1.2 Simulation Tools

Theoretically, MFA is well understood and simple however it is not easy for
researchers to manually implement MFA without computational coding and basic
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Fig. 2.6 Timeline of FBA software tools developed over a past few years as reported by
Lakshmanan et al. [185]

programming skills because of the large number of reactions and metabolites
present in an organism. To quantify metabolic fluxes across the pathway, FBA tools
have been developed and are freely available online [185]. These tools aid in model
development and FBA. They have been divided into three major types. Stand-alone,
toolbox-based, and web-based applications as shown in Fig. 2.6 [185]. Some of the
most commonly used applications are Simpheny, MetaFluxNet, BioOpt, OptFlux,
GEMSIRYV, and COBRA Toolbox. Each of these tools is associated with some
unique features and limitations.

2.3.1.3 Applications

Genome-scale models are very useful in understanding the interaction of intracel-
lular host functions and the impact of various genetic perturbations on cell behavior.
They have been successfully used for fruitful results in many applications. Some
examples are (i) Enhanced metabolite production e.g. Butanol production by
Clostridium acetobutylicum [186], L-lysine production by Corynebacterium spp.
[187] etc. (ii) Production of new metabolites which are not secreted by microbes
such as indigo production by E. coli [188], polyhydroxyalkanoate production by
E. coli [189], etc. (iii) Effect of different media components on cell growth and
product formation e.g. effect of various carbon and nitrogen sources on desulfur-
ization activity of Rhodococcus erythropolis [190], L-tryptophan production from
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sucrose in E. coli [191], ethanol production from starch by Saccharomyces cere-
visiae [192], etc. (iv) Design of new/improved metabolic pathways for degradation
of various chemicals e.g. degradation of mixture of xylene, toluene and benzene by
Pseudomonas putida [193], degradation of chloro-organic compounds by
Dehalococcides spp. [194] for bioremediation (v) Modification of cell properties to
facilitate bioprocessing e.g. better growth of E. coli and other microbes under
microaerobic conditons [195], slow growth rate and high methane flux under
nitrogen gas as the sole nitrogen source [196], ammonia transport without ATP
consumption in Methylophilus methylotrophus [197], etc. (vi) Understanding the
symbiotic relationships e.g. symbiotic relationship of Rhizobium etli with plants
[198], mutualistic interactions between methanogen M. maripaludis and
sulfate-reducing bacteria Desulfovibrio vulgaris [199] etc.

2.3.2 iMM518: A Genome-Scale Model

In recent years, systems biology models have been widely used to understand,
analyze, and quantify the extent and impact of complex biological interactions and
genetic perturbations [200]. Goyal et al. [201] reported the first constraint-based
genome-scale metabolic model (IMMS518) for M. maripaludis. The model includes
570 reactions, 556 metabolites, and 518 genes across 52 pathways. They identified
essential and non-essential genes/reactions, and compared the effectiveness of
various carbon, hydrogen, and nitrogen sources. Their analyses confirmed that
methane production and cell growth compete with each other for available carbon
as expected, and methane flux can only be increased at the expense of growth.
Sarmiento et al. [202] analyzed gene functions in M. maripaludis using whole-
genome libraries of TnS transposon mutant. While they considered all genes,
iMMS518 focused only on the 30 % of ORFs involved in metabolism. It is inter-
esting that 34 metabolic genes deemed essential for growth by Sarmiento et al.
[202] were also deemed essential by IMMS518. Goyal et al. [201] also identified the
best gene combinations whose deletions would maximize methane production rate.
Some of their identified targets for single and multiple gene deletions are adkA
(MMP1031), acd (MMP0253), mdh (MMP0645), acd (MMP0253) and mdh
(MMPO0645), adkA (MMP1031) and mdh (MMPO0645), and acd (MMP0253) and
cimA (MMP1018) and mdh (MMP0645). The details of the reactions and enzymes
are available in [201].

Using iIMMS518, Goyal et al. showed that N, fixation enhances MERs by 7.84 %
and reduces growth rate by approx. 50 % compared to NH; [201]. Thus, free N is
better for methane production than ammonia and in reducing production of waste
biomass. We confirmed the same with our ongoing experiments (unpublished).
A comparison of M. maripaludis S2 with M. barkeri and M. acetivorans showed
M. maripaludis to be a better methanogen for producing methane.
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2.4 Microbial Electrolysis Cells (MECs)

Recent years have been a turning point for research in microbial bioelectrochemical
processes, i.e. whole cell microorganisms are used to catalyze oxidation and/or
reduction reactions [203]. Microbial Fuel Cells (MFCs) are one of the examples,
which harness electric current from microbes [204]. Another context is MECs, a
reverse of MFCs, where applied potential is used to carry out microbial metabolism
and biochemical production. This process is known as microbial electrosynthesis
[205]. Microbes take external electrons from electrical inputs and reduce carbon
source to useful chemicals with the help of hydrogen ions produced during water
splitting. Some of the examples are production of acetate from CO, [206], fumarate
to succinate conversion [207], and increased glutamate yield from glucose fer-
mentation [208].

Electromethanogenesis by archaeon, Methanobacterium palustre was demon-
strated by Cheng et al. [209]. A recent study on Sporomusa ovata by Nevin et al.
[206] showed that microbiological catalysts might be a robust alternative for con-
verting CO, and water to multi-carbon extracellular compounds, when coupled with
photovoltaics. They further extended the work to wider range of microorganisms
including two other Sporomusa species, Clostridium ljungdahlii, Clostridium
aceticum, and Moorella thermoacetica and showed production of organic acids
mainly acetate [210]. Some of the major achievements towards microbial elec-
trosynthesis are shown in Fig. 2.7. One of the means of cathodic extracellular
electron transfer is through hydrogen [211]. This gas can readily be produced at
cathodes and serve as driver for microbial metabolism without affecting microbial
integrity. This fact along with range of products formed during metabolism driven
by H, makes first stepping stone towards electricity driven bio-production of
chemicals such as methane.

Lohner et al. [212] demonstrated electromethanogenesis i.e. H,-independent
growth via a hydrogenase-deficient strain of M. maripaludis However methane

Product of glucose 6-bromo-2-tetralol A bioanode drives
Current supply fermentation shifted production by methane production
througha from acetate to yield using via cathodically
mediator increases propionate through electricity generated H,
glutamic acid yield mediated electic -

supply

Current supply Electricity for Direct electran Current supplytoa
througha methane transfer from microbial population
mediator increases production by cathods to allows acetate
butanol yield mixed population Geobacter spp. consumption and

of microbes butanel preduction

Fig. 2.7 History of major achievements towards microbial electrosynthesis [211]
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production rates reduced to 1/10 of that in wild-type cells. They used two chamber
(anode and cathode) borosilicate gastight chamber and a Nafion 117 proton
exchange membrane separating both the chambers.

Substantial pH gradient between the anode and the cathode contribute to
potential losses [213]. Membranes in two chamber setups increases ohmic resis-
tance of the cell result in lower current production for an applied cell potential [31].
In addition, membranes are very expensive. These issues can be avoided with a
membraneless reactors [214]. In this thesis, we developed a single-chamber
membrane-free MEC for demonstration of electromethanogenesis by a pure culture
of wild type M. maripaludis S2 and reported preliminary results.
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Chapter 3

A Genome-Scale Metabolic Model

of M. maripaludis S2 for CO, Capture
and Conversion to Methane

3.1 Introduction

Methane is a major energy source for heating and electricity. Its production by
methanogenic bacteria is widely known in nature. M. maripaludis S2 is a fully
sequenced hydrogenotrophic methanogen and an excellent laboratory strain with
robust genetic tools. However, a quantitative systems biology model to complement
these tools is absent in the literature.

To understand and enhance its methanogenesis from CO,, this work presents the
first constraint-based genome-scale metabolic model (MM518). It comprises 570
reactions, 556 distinct metabolites, and 518 genes along with gene-protein-reaction
(GPR) associations, and covers 30 % of open reading frames (ORFs). The model
was validated using biomass growth data and experimental phenotypic studies from
the literature. Its comparison with the in silico models of Methanosarcina barkeri,
Methanosarcina acetivorans, and Sulfolobus solfataricus P2 shows M. maripaludis
S2 to be a better organism for producing methane. Using the model, genes essential
for growth were identified, and the efficacies of alternative carbon, hydrogen and
nitrogen sources were studied. The model can predict the effects of reengineering
M. maripaludis S2 to guide or expedite experimental efforts.

Some content of this chapter has been reproduced with permission from Nishu Goyal,
I A Karimi, and Zhou Zhi. “Genome-scale metabolic model of M. maripaludis S, for CO,
capture and conversion to methane”, Molecular BioSystems (2014), Vol.10, 1043-1054
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3.2 Materials and Methods

3.2.1 Reconstructing Metabolic Network

The process (Fig. 3.1) of metabolic network building has been well reviewed in the
literature [1-3]. Genome annotations of M. maripaludis were obtained from the
sequencing studies performed by Hendrickson et al. [4]. Various biochemical,
genetic, and physiological information about M. maripaludis was mined from the
published literature and public databases such as KEGG [5], METACYC [6], and
BRENDA [7]. Reactions from multiple databases were integrated with the help of
their EC numbers in KEGG. Spontaneous as well as non-gene associated reactions
were included, if their existence was proven by physiological or experimental data.
Transport reactions were also added to allow the exchange of metabolites between
the cell and its environment. The reaction stoichiometries were checked to verify
elemental balances for C, S, P, N, and O. Several ORFs were annotated in the
process based on known physiological information and employing comparative
genomics and local sequence similarity searches [8] with an e-value of 107>, Once
the reaction set was completed, it was checked for the production of biomass
precursors using the FBA in MetaFluxNet [9].

A score of 1-5 reflecting our confidence in the available experimental informa-
tion was assigned to each reaction. The statistical properties of these scores were
then used to evaluate the model reliability. All the reactions in our metabolic model
along with their GPR associations, EC numbers, and metabolites with their chemical
formulas are available as a supplementary Excel® file (Appendix B). An SBML
(Systems Biology Markup Language) file of the model has also been deposited in
BioModels database [10] with MODEL1304120000 as its identifier (Appendix A).
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Fig. 3.1 Schematic representation of the procedure used to reconstruct the constraint-based
genome-scale metabolic model of M. maripaludis S2



3.2 Materials and Methods 59

3.2.2 Genome-Scale Metabolic Model

The reaction fluxes in a genome-scale model are governed by the following equa-
tion. This assumes pseudo-steady state (no accumulation) for all metabolites [1].

S-v=b (3.1)

where, S is the matrix of stoichiometric coefficients of the reactants and products, v
is the vector of reaction fluxes (mmol/gDCW-h) at any given time, and b is the
vector of net fluxes into the cell. An external metabolite is treated distinct from its
internal form, and both forms are connected via a transport reaction. The b values
are zero for the internal metabolites.

Constraint-based FBA models were obtained by adding a suitable cellular
objective (such as maximize biomass growth) to Eq. 3.1. In these models, suitable
lower and upper bounds were assigned to each reaction flux. For instance, the limits
on the flux of an irreversible reaction was set as [0, 1000], while that for a reversible
reaction was set as [—1000, 1000]. These optimization models (which are linear
programs) were solved using MetaFluxNet version 1.8 [9] to obtain the flux dis-
tributions corresponding to various cellular phenotypes.

Specific growth rate (h~!) of biomass is a commonly used a cellular objective for
FBA. It quantifies the assembly of various macromolecular precursors into cell
biomass. A biomass reaction was formulated to describe this assimilation. Due to
the unavailability of an experimental biomass composition for M. maripaludis, it
was assumed to consist of DNA, RNA, proteins, phospholipids, glycogen, and
ATP. DNA and RNA were expressed in terms of five nucleotides (adenine, thy-
mine, guanine, uracil and cytosine) with their compositions estimated following the
procedure of Lee et al. [11]. The compositions of proteins and phospholipids for M.
maripaludis are available in the literature [12—14]. Glycogen synthesis was mod-
eled by the following polymerization reaction of UDP-glucose by glycogen syn-
thase as reported by Yu et al. [15]. For this reaction, glycogen was assumed to
consist of UDP-glucose as monomeric entities. ATP quantifies the energy con-
sumption required for cell growth. It is also known as GAM, which is not available
for this organism. Therefore, the procedure reported by Verduyn et al. [16] was
used to estimate a GAM of 30 mmol ATP/gDCW-h. In addition to GAM, a cell
also needs energy for the maintenance of ion gradients, regulatory metabolism,
RNA turnover, etc. This is known as NGAM. The NGAM energy usage was
modeled as ATP + H,O — ADP + Pi. The NGAM value that best described the
experimental data on cell growth was determined during model validation. Detailed
description of the biomass composition can be found in supplementary file
(Appendix C). Atypical of most bacteria, M. maripaludis possesses a fragile pro-
teinaceous S-layer (surface layer) [17, 18] instead of a cell wall. Therefore, the
major components of an archaebacterial cell wall such as muramic acid and pep-
tidoglycan were not included in our biomass composition.
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During our metabolic pathway reconstructions, we identified several gaps. These
included known reactions in M. maripaludis S2 with unknown ORFs, and known
ORFs with unknown reactions. For the former, we added reactions from closely
related methanogens and performed BLASTp searches in the protein database of M.
maripaludis S2 to identify new ORFs using translated protein queries. For the latter,
we performed BLASTXx searches in the protein database using translated nucleotide
queries. Several other genes exist in M. maripaludis S2 that are classified as
“conserved hypothetical”, “hypothetical”, “genes of unknown function”, etc. These
genes/proteins can be annotated using various methods based on comparative
genomics, protein-protein interaction, etc. presented in literature [19, 20] to enhance
the ORF coverage of our model.

3.2.3 Experimental Data

M. maripaludis is known to grow on CO, as the sole carbon source and hydrogen
as the electron donor. However, quantitative data on CO, or H, utilization profiles
vs. growth are missing in the literature. Our genome-scale model was validated
using the experimental data from Kral et al. [21] and Lupa et al. [22].

Kral et al. [21] grew a M. maripaludis culture in MSH media (MS medium with
NaCl, MgCl,, and KCI) with and without organics. A total H,—CO, (75:25 v/v)
pressure of 300 kPa and a temperature of 25 °C were maintained in anaerobic
pressure tubes. A hydrogen utilization rate of 1.6 ng/ugDCP-min = 28.8 mmol/
gDCW-h was measured during cell growth without the organics, and 45 mmol/
gDCW-h with the organics. DCP here stands for dry cell protein and is assumed to
be 60 % of DCW. The experimental value of hydrogen exchange was used as the
lower bound in our model and FBA was used to compute other reaction fluxes.

Lupa et al. [22] performed two experiments with wild-type M. maripaludis S2.
In the first experiment, cell growth (via absorbance at 600 nm) and MERs (via gas
chromatography) at 37 °C were measured over a period of 25 h. The cultures for
this experiment were grown at 37 °C in McNA (minimal medium supplemented
with acetate) medium [23] under 276 kPa of H,—CO, (80:20 v/v) atmosphere. In the
second experiment, sodium formate was used as a source for H, under O,-free N,
atmosphere. The cultures for this experiment were grown under 138 kPa of N,:CO,
(80:20 v/v) atmosphere. To simulate this experiment in our model, the MER values
were converted to mmol/gDCW-h and set as upper bounds on methane exchange
fluxes. FBA predicted the growth rates corresponding to these MERs.

After validation, model predictions were verified using the phenotypical
observations from Haydock et al. [24], Lin and Whitman [25], and Lie and Leigh
[26]. Haydock et al. [24] constructed a leucine-auxotrophic mutant for demon-
strating the essential role of leuA gene in the growth of M. maripaludis S2. Lin and
Whitman [25] showed the importance of porE and porF genes on growth and
oxidation of pyruvate. Lie and Leigh [26] studied the effect of nitrogen on the
regulation of nif (N,-fixation) and glnA (glutamine synthetase) operons. Both nif
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and glnA expressions were high under diazotrophic (nitrogen-rich) conditions.
Also, both operon expressions were observed in the presence of alanine as a
nitrogen source [27].

3.2.4 Gene Essentiality/Flux Variability Analyses

Gene essentiality and flux variability analyses were performed using the
Constraint-Based Reconstruction and Analysis (COBRA) toolbox in MATLAB
version 7.12.0.635 (R2011a).

Gene/reaction essentiality analyses are useful for strain improvement strategies,
as the deletion of an essential gene/reaction may result in a lethal phenotype. To this
end, the minimal media identified in our study was used in a series of simulations
with CO, and H, as the sole carbon and hydrogen sources. 10*/h was taken as the
threshold for zero cell growth. For gene essentiality, genes were deleted one at a
time by inactivating all the reactions associated with each individual gene. If the
deletion of a gene resulted in near-zero biomass, then the gene was classified as
essential for growth. Since a reaction catalyzed by multiple genes cannot be
inactivated via single gene deletions, single reaction deletion was also performed by
inactivating reactions one at a time and solving for growth.

Flux variability analysis (FVA) helps to establish theoretical limits on various
fluxes for a given phenotype. While FBA gives one set of flux values, FVA shows
the extent by which they may vary for the same phenotype prediction. We per-
formed FVA for cell growth and identified the essential reactions.

3.3 Results and Discussion

3.3.1 Reconstructed Metabolic Network

The genome of M. maripaludis S2 is a circular chromosomal DNA with 1722
protein-coding genes (ORFs or Open Reading Frames). Our metabolic model
comprises 605 metabolites (556 internal and 49 external) and 570 reactions
(521 intracellular and 49 transport) across 52 distinct pathways (Appendix B). It
accounts for 518 ORFs out of the 1722 presently known for protein-coding genes
(approx. 30 % coverage). 498 ORFs out of the 518 have annotation in different
databases while 20 of them were assigned functions by us based on sequence
similarity searches. Basic features of M. maripaludis S2 genome and in silico
reconstructed model are summarized in Table 3.1.

The reactions cover central metabolism, energy metabolism, amino acid meta-
bolism, nucleotide metabolism, vitamin and cofactor metabolism, and production of
other secondary metabolites (Table 3.2). The average confidence score for the 570
reactions is 4.67, which indicates that the majority of the reactions added in the
model are built on strong evidence.
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Table 3.1 Basic features of M. maripaludis S2 genome and its in silico reconstructed model

Feature Number
Genome features

Genome size (bp) 1,661,137
% GC content 33.1
Open Reading Frames (ORFs) (coverage %) 1722 (88.9 %)
In silico reconstruction

Total reactions 570
Protein coding genes (ORFs) 518

% ORF coverage 30
Reaction associated with genes 464
Reaction not associated with genes 106
Intracellular/extracellular metabolites 556/49
Transport reactions 49

Table 3.2 Functional classification of the metabolic reactions in a genome-scale model of
M. maripaludis S2

Central metabolism 40 | Nucleotide metabolism 82

Glycolysis/Gluconeogenesis 24 | Purine 45

Citrate cycle (TCA cycle) 5 | Pyrimidine 37

Pentose phosphate pathway 11 Metabolism of cofactors and vitamins 127

Energy metabolism 38 Others 152

Methane metabolism 28 Selenocompound and glutathione 9
metabolism

Nitrogen metabolism 6 | Metabolism of terpenoids and 9
polyketides

Oxidative phosphorylation 4 | Xenobiotics biodegradation and 6
metabolism

Amino acid metabolism 131 Pyruvate metabolism 6

Valine, leucine and isoleucine 26 Other carbohydrates metabolism 34

Alanine, aspartate and glutamate 11 Lipid metabolism 7

Glycine, serine and threonine 11 | tRNA charging 26

Cysteine and methionine 17 Others (Biomass formulation) 7

Arginine and proline 14 | Total 570

Phenylalanine, tyrosine and 28

tryptophan

Histidine 10

Lysine 12

Asparagine and glutamine 2

The transport reactions were based on the available genome annotations and
known physiological information for various metabolites such as formate, acetate,
cobalt, molybdenum, iron, bicarbonates, and sulfates [4—6, 28]. Acetate was
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included in this list based on the work by Shieh and Whitman [29], who demon-
strated a pathway for acetate assimilation in M. maripaludis.

Our initial network (draft model) included 397 unique reactions from KEGG [5].
It lacked reactions essential for the synthesis of several biomass precursors (e.g.
proline, methionine, glycine, histidine, and cysteine), cofactors [coenzyme B,
coenzyme M, flavin adenine dinucleotide, tetrahydromethanopterin (THMPT)], and
vitamins (folic acid, riboflavin, cobalamin) required for enzymatic activities and
growth. Therefore, 124 more reactions were added from METACYC [6] and
published literature [15, 29-38] to fill these gaps for achieving in silico growth.
This gap-filling process was based on a thorough biological understanding of the
various intracellular functions in methanogenic species. For instance, the genome
annotation studies by Hendrickson et al. [4] report that only one ORF (metE,
MMP0401) is present in M. maripaludis for methionine biosynthesis, but the other
literature [32] mentions that cystathionine B-lyase (metC, 4.4.1.8) also plays a key
role. Our BLASTp similarity search (e-value = 107'7) showed that an ORF
(MMP1072) in M. maripaludis S2 matches the sequence of cystathionine B-lyase
present in Methanobacterium sp. AL-21. Thus, the reactions corresponding to
MMP1072 were also added to complete the synthesis of methionine. Similarly, the
synthesis of proline from ornithine was completed by adding the pathway reactions
from a closely related methanogen [31]. No ortholog is known to code for
histidinol-phosphatase (hisJ, 3.1.3.15) required for histidine synthesis. However,
the reactions catalyzed by histidinol-phosphatase were also added to the model,
because all other genes (hisA, B, C, D, E, F, G, H, I) involved in the pathway are
already reported [5, 6] and hence the presence of hisJ locus is also expected. All
such reactions based on assumptions were assigned low confidence scores in the
model.

M. maripaludis S2 (mmp) uses the modified Wood-Ljungdahl pathway for
synthesizing acetyl coenzyme A (acetyl-CoA) from two molecules of CO, [39]. As
shown in Fig. 3.2, the methyl carbon of acetyl-CoA comes from methylTHMPT, an
intermediate produced by formaldehyde and THMPT. The carboxyl carbon of
acetyl-CoA comes from the reduction of CO, to carbon monoxide (CO) via carbon
monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS), a key enzyme in
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Fig. 3.2 Wood-Ljungdahl pathway for CO, fixation occurring in M. maripaludis
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Fig. 3.3 Central metabolism, amino acid metabolism, and methane metabolism shown in different
shades along with GPR associations for M. maripaludis S2. The figure shows how CO, can act as
the sole carbon substrate for growth and energy production (see Appendix B for abbreviations and
reactions detail)

methanogenesis. CODH catalyzes the reduction of CO, to CO and ACS helps in the
condensation of CO, methyl group, and coenzyme A to acetyl-CoA. Based on the
work by Shieh and Whitman [29], acetyl-CoA can also be synthesized from acetate
by acetyl-CoA synthetase, which then participates in the synthesis of biomass
precursors for growth and methanogenesis.

Figure 3.3 shows the major metabolic pathways in our model along with their
GPR associations. They include glycolysis, citrate cycle, amino acid biosynthesis,
pentose phosphate pathway, and methane metabolism. The map also contains useful
information about the roles of various pathways in substrate utilization and product
formation. For instance, it confirms that CO, can indeed be the sole carbon source
with H; as the reducing agent. In addition to H,, formate may also act as an electron
donor because of the following formate-dependent lyase activity common in
methanococci [40].

HCO; + H,0 — HCO; + HyAG = +1.3kJ (3.2)

In addition to Eq. 3.2, two potential pathways for formate-dependent hydrogen
production in M. maripaludis S2 reported by Lupa et al. [22] were also included.
Both pathways include the formation of reduced coenzyme Fipo (FiooHo).
However, no biochemical or genomic evidence exists for flavin oxidoreductase, the
enzyme responsible for formation of F40H,. This, in our judgment, can be
explained by the presence of two formate dehydrogenases in M. maripaludis S2,
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namely fdhA and fdhB. In the process of oxidizing formate to bicarbonates by these
hydrogenses, one electron is donated to NAD or coenzyme F,4,, to generate NADH
or FyoH,. Alternative way of supplying hydrogen to methanogens is via water
splitting, which can be used to generate protons and electrons for reduction of CO,
to methane. For instance, Cheng et al. [41] reported electromethanogenesis in
Methanobacterium palustre. Since, no evidence exists so far on ability of M.
maripaludis to use water as a H, source, we did not include this reaction in our
metabolic map as well as model. However, we are currently doing experiments to
observe if M. maripaludis is capable of performing microbial electrosynthesis.
Once such an evidence exists, the model can be extended easily to allow microbial
electrosynthesis via the following reaction.

CO,+8H" +8e~ — CH; +2H,0

In total, 20 new ORFs with suggested annotations in Table 3.3 were identified in
M. maripaludis S2 using BLASTp similarity searches (e-value cutoff 107)
Table 3.3. These include the loci that have been designated as “unique protein with
unknown function” by Hendrickson et al. [4] to allow for the possibility of
unknown pathway links. In spite of our best efforts in exhausting the known
information and updating the model continuously, the model still has 163 dead-end
metabolites. However, it has the highest ORF coverage of the existing models for
other organisms.

3.3.2 Model Validation

Experimental conditions of Kral et al. [21] and Lupa et al. [22] were simulated
using our model as follows. Unless dictated otherwise by the experimental condi-
tions, fluxes for all metabolites were unrestricted. Growth Associated Maintenance
(GAM) was set as 30 mmolATP/gDCW-h, where DCW stands for dry cell weight.
For simulating anaerobic experiments, O, uptake flux was set as zero. Using the
hydrogen uptake rates of M. maripaludis reported by Kral et al. [21] as lower
bounds in our model, specific growth rates (/h) and MERs with and without
organics were predicted. For each of these two predictions, a growth yield
(gDCW/molCHy) was computed. These were then compared with average growth
yields computed from the data of Lupa et al. [22] for the two scenarios. As shown in
Fig. 3.4, the predictions from our model match closely with the experimentally
observed growth yields.

Lupa et al. [22] measured MERs at various times during the growth of
M. maripaludis S2. These experimentally measured MERs were limited as upper
bounds in our model along with an assumed value of Non-Growth Associated
Maintenance (NGAM). The NGAM value that gave the closest agreement for the
growth values was 0.4 mmolATP/gDCW-h, which was fixed in the model. The
resulting match between the experimental and predicted specific growth rates is
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Table 3.3 ORFs with suggested annotations for M. maripaludis S2

Open reading Suggested annotation E-value NCBI
frame (ORF) (cut-off 1073) | accession
number
MMP0281 ATPase 0 NP_987401
MMP0413 Methyl-accepting chemotaxis sensory 0 NP_987533.1
transducer
MMP0487 Methyl-accepting chemotaxis sensory 0 NP_987607.1
transducer
MMPO0788 Methyl-accepting chemotaxis protein 0 NP_987908.1
(MCP) signalling domain
MMP1716 5,10-methenylTHMPT hydrogenase 0.00E+00 NP_988836.1
MMP1493 S-layer protein 0 NP_988613.1
MMP1122 Translation-associated GTPase 2.00E—-116 NP_988242.1
MMP0057 FO synthase subunit 2 5.00E—92 NP_987177.1
MMPO0814 APHP domain-containing protein 8E-74 NP_987934.1
MMPO0883 HEAT domain-containing protein 3E—64 NP_988003.1
MMP1653 HEAT domain containing protein 1E—-46 NP_988773.1
MMP1302 Selenium binding protein 2E—-40 NP_988422.1
MMP1428 Preprotein translocase subunit SecG 3E-24 NP_988548.1
MMP1300 Nucleic acid binding, OB-fold, 1E-15 NP_988420.1
tRNA/helicase-type
MMP0978 Predicted RNA-binding protein 1.6E—14 NP_988098.1
MMP1077 Phosphoglucomutase/phosphomannomutase | 2.00E—12 NP_988197.1
MMP1072 Aminotransferase 1.00E—17 NP_988192.1
MMP0542 Phosphoserine phosphatase 3.00E-9 NP_987662.1
MMP1358 Pyruvate formate-lyase 6.00E-07 NP_988478.1
MMP1237 Acetolactate decarboxylase 9.00E—-05 NP_988357.1
MMPO0339 NUDIX hydrolase 5.00E—-06 NP_987459.1
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shown in Fig. 3.5. Experimental values of NGAM vary from 0.2 to 7 mmol/gDCW-h
[30, 42, 43] for a microbial cell, thus our fitted estimate of 0.4 mmolATP/gDCW-h is
quite acceptable. As seen in Fig. 3.6, NGAM has a significant effect on growth and
methanogenesis, thus fitting the best value was necessary.

The predicted yields of methane from CO, are 83-85 % mol/mol from our
model for the MERSs reported by Lupa et al. [22]. While Stolyar et al. [12] reported
a yield of 95 % based on one single experimental observation, the details regarding
their experiment are insufficient for us to simulate the same in our model. For
further verification of our model, gene/reaction knockout experiments performed by
Haydock et al. [24], Lin and Whitman [25], and Lie and Leigh [26] were mimicked.
Haydock et al. [24] created a leucine auxotroph (S52) by deleting MMP1063 (leuA)
gene that encodes 2-isopropylmalate synthase (IPMS), the first enzyme in the
biosynthesis of leucine from 2-ketoisovalerate. To emulate S52, the reactions
associated with IPMS were inactivated in our model. No growth was predicted by
the model for S52. However, when leucine was supplied directly to the medium by
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adding a transport reaction, full growth was predicted. This validates our model
concerning the essentiality of leuA gene in leucine production.

Lin and Whitman [25] reported that pyruvate serves as an electron donor in the
absence of H, and formate, and the deletions of porE and porF affect growth and
oxidation of pyruvate. To show this, hydrogen and formate uptake was set to zero
and pyruvate (10 mmol/gDCW-h) was supplied in the medium. Our model could
successfully predict growth rate (0.09321/h) and MER (10.166 mmol/gDCW-h).
Furthermore, the reaction catalyzed by pyruvate synthase (EC number: 1.2.7.1),
also known as pyruvate:ferredoxin oxidoreductase (PFOR), associated with porE
and porF was inactivated in our model. Significant reduction in the growth
(0.0188/h) and MER (9.77 mmol/gDCW-h) was predicted, which validates our
model concerning the essential roles of porE and porF in maintaining wild-type
growth and methanogenesis.

Lie and Leigh [26] mentioned that nif and ginA expressions depend on nitrogen
availability. To simulate this diazotrophic condition, nitrogen was allowed in our
model via a transport reaction. Our model correctly predicted the expressions of nif
and ginA and demonstrated the ability of M. maripaludis to fix nitrogen, which is
unique to hydrogenotrophic methanogens. In the absence of nitrogen and presence
of ammonia (non-diazotrophic condition), nif did not express, but glnA expression
was predicted to be high, which is also consistent with the observations of Lie and
Leigh [26]. When both ammonia and free nitrogen were supplied, our model
showed zero nitrogen uptake. Thus, ammonia seems to be the preferred nitrogen
source. This is likely due to the fact that significant amount of energy is required for
N,-fixation as compared to ammonia. This is consistent with the lower growth rate
predicted by our model for free nitrogen versus ammonia, as discussed later.

Lastly, our model showed nonzero flux of “hydroxypyruvaldehyde phosphate”
during growth, which is the side product of 6-deoxy-5-ketofructose-1-phosphate
(DKFP) pathway [44] and responsible for the degradation of methanococcus cells
in the presence of oxygen due to the production of hydrogen peroxide (H,O,).

3.3.3 Minimal Media

Essential media components were identified by predicting the cell growth for zero
uptake of a given extracellular metabolite. Sources for carbon, hydrogen, nitrogen,
sulfur, iron salts, sodium ion, cobalt, nickel, and phosphate were found to be
essential for growth (see Appendix B for full details). None of the vitamins or
amino acids were essential, thus M. maripaludis has the ability to synthesize them.
However, the presence of some vitamins and/or amino acids enhanced growth in
varying extents. While pyruvate, formate, and alanine can be alternate primary
carbon sources, acetate, leucine, and isoleucine can only stimulate growth. Among
CO,, pyruvate, and formate, pyruvate seems to be the most efficient carbon source
for growth. Free nitrogen, ammonia, and alanine are alternate nitrogen sources.
Cysteine can be an alternate sulfur source, as it reduces H,S intake significantly.
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3.3.4 Gene Essentiality and Flux Variability Analyses

The results of these analyses are represented as a gene or locus essentiality matrix
indicating the essential proteins or enzymes in supplementary file (Appendix B). Of
the 518 genes in our model, 278 proved essential for cell growth, and 241
non-essential. 282 of the 570 reactions proved essential for growth.

FVA showed 476 of 570 reactions (86 %) to have zero variability for maximum
growth. Alternate solutions with nonzero fluxes are possible for 67 of the 356 zero
fluxes. Most of these belong to citrate cycle and energy metabolism. However, only
9 of the 214 nonzero reaction fluxes can be zero in alternate solutions. This gives an
indication of the robustness of our flux predictions.

3.3.5 Formate as Alternate Carbon and Hydrogen Substrate

Literature [45, 46] on M. maripaludis S2 mentions that this methanogen is
exceptionally equipped with the enzymes for H, metabolism and contains genes
(Eha, Ehb, Fru, Frc, Vhu, Vhc, and Hmd) for seven different hydrogenases.
Hydrogenases catalyze the reversible reaction H, < 2H™ -+ 2e~ to generate elec-
trons for redox reactions. In another study [47], two sets of formate dehydrogenases
were observed in M. maripaludis S2 encoded by fdhAIBI and fdhA2B2. They
claimed that M. maripaludis S2 growth was superior on CO,:H, than formate. Our
model could successfully predict higher growth in the presence of CO, than formate
irrespective of nitrogen source used (Fig. 3.7).

Hydrogen-independent growth of hydrogenotrophic methanogen M. maripaludis
S2 in the presence of formate has been demonstrated by Costa et al. [48]. However,
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Fig. 3.7 Influence of different nitrogen sources on MERs, hydrogen uptake rates, and specific
growth rates at a fixed carbon uptake of 10 mmol/gDCW-h
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our model could not predict the growth in absence of hydrogen. This might be due
to the existing gaps in the model or the unbalanced hydrogen in our model.
However, significant reduction in hydrogen uptake rate was observed in the pres-
ence of formate (Fig. 3.7), which clearly shows the presence of formate-hydrogen
lyase formate activity and formate-dependent H, production in M. mariapludis S2
as demonstrated by Lupa et al. [22].

3.3.6 Effect of Nitrogen Sources

Nitrogen is essential for the biosynthesis of amino acids, purines, pyrimidines, and
polyamines. Nitrogen, ammonium, and alanine are known alternate sole nitrogen
sources [27, 49] for M. maripaludis. The presence of nif cluster was demonstrated
[50] earlier for N,-fixation. Ammonium transporter proteins (Amf) encoded by
MMP0065 and MMPO068 are responsible for the uptake of NH; or NH,* from
extracellular medium. Pathways also exist for ATP-dependent glutamine synthesis
from NH,* and glutamate via glutamine synthetase. Presence of sodium alanine
symporter ensures the uptake of alanine in M. maripaludis.

The model could assimilate alanine as a sole nitrogen source for growth and
methanogenesis. The presence of alanine dehydrogenase encoded by locus
MMP1513, uniquely present in archaea, explains the ability of M. maripaludis to
catalyze alanine to ammonia and pyruvate. Ammonia then acts as a nitrogen source
and pyruvate as an intermediate carbon source. Thus, alanine can act as both carbon
and nitrogen source. Our model predicts that the higher the supply of alanine, the
higher the growth and MER. However, alanine is not a preferred nitrogen source, as
it reduces CO, uptake significantly.

The specific growth rates in presence of nitrogen or ammonium as predicted
from our model are shown in Fig. 3.7. Ammonium seems significantly better than
free nitrogen for growth. This could be due to the additional ATP required by
nitrogenases for fixing nitrogen to ammonia. This prediction also agrees with the
experimental observations of Belay et al. [S1] and Fardeau et al. [52] for other
archaebacteria. Interestingly, methanogenesis is higher in the presence of nitrogen
than ammonium as shown in Fig. 3.7. The possible reason could be changes in flux
distribution due to the activation of nif genes, which requires the presence of an
electron donor [reduced ferredoxin or fd(rd)] for reducing free nitrogen to ammonia.
In addition, lower flux was observed in our model towards CO, to acetyl-CoA
pathway indicating that reduced supply of electron donor affects growth
significantly.

In the presence of ammonium, formate reduces hydrogen uptake significantly
from 19.720 mmol/gDCW-h to 9.734 mmol/gDCW-h compared to CO;:H,.
Replacing ammonium with free nitrogen further decreases the uptake to
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8.99 mmol/gDCW-h as shown in Fig. 3.7. A possible explanation for this is the
evolution of molecular hydrogen during N,-fixation:

8fd(rd) + 8H" + N, + 16ATP + 16H,0 — 8fd(ox) + H, 4+ 2NH; + 16ADP + 16pi
(3.3)

where, fd(rd) and fd(ox) indicate reduced and oxidized ferredoxin respectively and
pi is orthophosphate generated during ATP hydrolysis.

3.3.7 Novel Strains for Enhanced Methanogenesis

Several approaches can be explored for enhancing methanogenesis: best media,
enzyme activity regulation, and gene deletions or additions. As seen earlier, free
nitrogen is the best source for enhancing MER. Thus, for studying MER
enhancements, the carbon uptake was fixed at 10 mmol/gDCW-h in our model with
unlimited supply of free nitrogen.

Figure 3.8 shows the relation between MER and growth, which was obtained for
the wild type strain by maximizing MER for varying demands on biomass growth.
Clearly, MER and growth compete with each other for the available carbon, and
MER can only be increased at the expense of growth. With these limits in mind, we
now study how the cell metabolism could be manipulated to enhance MER from its
base value for the wild type strain.

Enzymes control reaction fluxes, and their activities can be altered via inhibitors,
activators, coenzymes, or cofactors. Reaction fluxes were varied in our model to
study the effects of enzyme activities on MER. Table 3.4 shows the top 10 reactions
with the most impact on MER. All of them are essential reactions and most of them
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belong to methane metabolism. Two criteria can be used to judge their effectiveness
for enhancing MER. One is the ratio of AMER to AFlux, and the other is the ratio of
AMER to AGrowth. The former weighs the benefits of MER against efforts required
to change a reaction flux, while the latter weighs the benefits of MER against the
loss of growth. Using the latter as the more desirable metric, R72 catalyzed by
nitrogenase seems to be the best reaction for enhancing MER, with R53 catalyzed
by 5,10-methyleneTHMPT reductase as the second best. When the flux of R72
increases, the cell uptakes more free nitrogen. It then requires more energy for
growth. Since methanogenesis is the only energy-producing pathway in this
organism, MER increases to supply the additional energy demand for growth.

The third approach is to increase MER by deleting the genes for one or more
nonessential reactions. R53 causes reduction of 5,10-methyleneTHMPT to
5-methylTHMPT with the help of F4y0H,. Increased flux through R53 requires
more F459, which in turn increases the activity of coenzyme F4,, hydrogenases
coupled to the reduction of electron acceptors such as CO,. Thus, MER increases.

Table 3.5 shows five genes whose individual or combined deletions enhance
MER. For combinations of up to three genes, the deletion of adkA seems to be the
best choice based on the AMER to AGrowth ratio. adkA is involved in the
biosynthesis of ATP. Its deletion reduces the supply of ATP, hence MER increases
to make up for the shortfall in energy. The deletion of acd and mdh together seems
to be the next best option. Acetate CoA ligase encoded by acd plays a key role in
propanoate metabolism. Since propanoate metabolism generates energy by phos-
phorylation of AMP, the deletion of acd creates a shortfall in energy supply. Thus,
MER increases to supply the shortage of energy. Malate dehydrogenase encoded by
mdh catalyzes the conversion of malate and oxaloacetate with simultaneous
reduction of NAD. In the absence of mdh, NAD specific malic enzymes decar-
boxylate to form pyruvate. Pyruvate oxidation requires more energy and hence
MER goes up. The third approach is to increase MER by deleting the genes for one
or more nonessential reactions. R53 causes reduction of 5,10-methyleneTHMPT to
5-methylTHMPT with the help of F4y0H,. Increased flux through R53 requires
more F,5o, which in turn increases the activity of coenzyme F420 hydrogenases
coupled to the reduction of electron acceptors such as CO,. Thus, MER increases.

Table 3.5 also shows that the deletion of acd and adkA together may lead to zero
growth. Compared to flux variations, impact of gene deletions seems low. But,
these can also be used in tandem to further increase methanogenesis.

3.3.8 Comparison with Other Methanogens

Table 3.6 shows a comparison of our genome-scale metabolic model for
M. maripaludis S2 with the existing genome-scale models for three archaea, viz.
M. barkeri [30], M. acetivorans [53], and S. solfataricus [54]. Our model has the



73

3.3 Results and Discussion

sIsouaSouryIowW 1999 0) AULYD UBD XNJJ UONIBAI B YOIYM JOA0 d3Uel U} JO 9, O] Y SI XNV Y-MDdS/oww o]
jo oyedn QD ® 10 Y/LISTI00 JO el ymoi3 pue Y-p\DS/[oWW 61976 JO YHIN Ue ore urens adA) prim oyy Joj senjea aseq oyl -urens odK)
PIIM 2Y} JOJ san[eA aseq J1ay) wolj A[2ANoadsal ajel Yimols oy1oads pue ‘Xnp UOIoeRal ‘QJel UONN[OA JUBYIAUW UI SOSUBYD dU) I8 JMOIDY PUe ‘XNn[JV YNV

86°9¢— 891 891 v1°9 SO°C| LTEE—TI6T| PI'€9E| 9sedLy 10309s-0m) Sunodsuen- g 9Ld
9SBIQJSUBN[AUWLIO)-N

16°0v— Sl S1— SI'9 66'¢| 195°6-1C66| S66T1 LdNH Luemjoueyjow|AuLio €

16°0v— 12! A S1'9 66'¢c| 196°6—106'6| LTYSE 3se[0IPAYO[IAD [ JINH.LIAUSYION Svd
aseuaoIpAysp

16°0v— 12! A SI'9 66'C| 195°6-1266| 666ST| IANHL dud[Ayiowt Juapuadop-Ozid oy

€S 0r— 66°0 6L'1— STL 9T'L| 886'6—C9C6| 1'86'8°1 | 9oseIonpal opynsipoialay JNOD goD LSY
9SBIQJSUBTOIYI[AYIQ0)[NS

€S 0p— 66°0 6L'1— STL 9T'L| 886'6—79C°6 1'¥'8°C g-owkzua0) 9¢d

€S 0v— 66°0 6L'1— STL 9T'L| 886'6—C9C6| 98 1'1C aseroysuenAyow-§ LJNHL 89 |

€S 07— 66°0 6L'1— STL 9T'L| 886'6—C9C6 | £€86CI'T 9SBUdS0IPAY SUIONPAI-UOU-(T ] 09¢d

€S 0v— 651 161 [4°] 8¢ | 126'6—-LES6| T1°66°S'1 aselonpar I JAH.LAUSIApaW O°G £cd

69°0— €8 8L'1— yTL L80| T81'0-S600| T98I'I ENHIER{NHING Ly

(0| (01X) | (-01x) Jqunu
WPMOIDV/IHINYV | XNIV/IHINV Pmolny YINV XNV aguer xnpj jok:| Qwkzug | uonoeay
XNJJ Uonoeal YIm sasSueyd YN Yorym Joj suonoear (o] doy, p°¢ dqe],



74 3 A Genome-Scale Metabolic Model of M. maripaludis S2 for CO, ...

Table 3.5 Effects of in silico gene knockouts on MER and cell growth

Gene deletions Reactions AMER AGrowth AMER/AGrowth
(x1072) (x1073)
adkA R243 0.59 —-0.14 -59.0
acd, mdh R495, R26 1.74 -0.43 —43.5
adkA, mdh R243, R26 0.84 -0.21 -42.0
acd R495 1.50 -0.37 -37.5
acd, cimA, mdh | R495, R103, 1.84 —-0.63 -30.7
R26
acd, cimA R495, R103 1.78 -0.61 -29.7
acd, leuB, cimA | R495, R95, 1.78 -0.61 -29.7
R103
mdh R26 0.24 —0.06 -24.0
adkA, cimA, mdh | R243, R103, 0.95 -0.41 -23.8
R26
adkA, leuB R243, R95 0.89 -0.39 -223
adkA, cimA R243, R103 0.89 -0.39 -22.3
adkA, leuB, R243, R95, 0.89 -0.04 -22.3
cimA R103
leuB, mdh R95, R26 0.37 -0.27 -12.3
cimA, mdh R103, R26 0.37 -0.27 -12.3
leuB, cimA, mdh |R95, R103, R26 |0.37 -0.27 -12.3
leuB R95 0.31 -0.25 -10.3
cimA R103 0.31 -0.25 -10.3
leuB, cimA R95, R103 0.31 -0.25 -10.3
acd, adkA R495, R243 N.A. 0.00 N.A.
acd, adkA, leuB | R495, R243, N.A. 0.00 N.A.
R95
acd, mdh, adkA | R495, R26, N.A. 0.00 N.A.
R243

highest ORF coverage among the four. Clearly, large amount of annotated infor-
mation is available for M. maripaludis genome. Among the hydrogenotrophic
methanogens, methane metabolism is better studied and characterized in
M. maripaludis [4] compared to the others. The information helped us to compare
reactions/genes involved in the methanogenesis pathways of several methanogens.

The proven higher specific growth rate is a clear advantage for M. maripaludis
compared to the other three methanogens. The model ({AF692) of M. barkeri by Fiest
et al. [30] reported a specific growth of 0.071/h and MER of 8.824 mmol/gDCW-h,
when hydrogen uptake was limited to 41 mmol/gDCW-h with CO, as the sole
carbon source and cysteine as the sulfur source. Under the same conditions, our
model ((IMM518) predicted a growth of 0.0847/h and MER 18.40 mmol/gDCW-h.
This highlights the extraordinary capability of M. maripaludis for methane
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Table 3.6 Comparative analysis of M. maripaludis S2 model with previously modeled archaea

Features Methanococcus | Methanosarcina | Methanosarcina | Sulfolobus
maripaludis S2 barkeri “mba” acetivorans Solfataricus
“mmp” “mac” “g50”

Reference iIMM518, this iAF692, [30] iMB745, [57] iTUS15,
study 2013 [54] 2012

Genome size (bp) 1,661,137 4,873,766 5,751,492 2,992,245

ORFs in the 1722/518 5072/692 4540/745 2978/515

organism/ORFs in the

model

ORF coverage in the 30.1 13.6 16.4 17.3

model (%)

Number of 570/558 619/558 756/715 718/706

reactions/metabolites in

the model

Number of 28/141 30/138 26/145 7/52

reactions/genes associated

with methanogenesis

Known growth rate (u/h) | 0.301 0.0231 0.0288 0.0577

production. The reason could be the presence of H(2)-dependent methyleneTHMPT
dehydrogenase associated with imd, which the other three methanogens do not have.
This enzyme helps in the reversible oxidation of molecular hydrogen to hydron.
It contains neither Ni nor Fe-S cluster, but a Fe-containing cofactor, as recently
characterized by Shima et al. [55]. M. acetivorans is incapable to grow under H, and
CO,. Also, no MER data are available for M. acetivorans, and S. solfataricus lacks
most of the enzymes required for methanogenesis. S. solfataricus can utilize and
assimilate C1 compounds via 3-hydroxypropionate/4-hydroxybutyrate cycle only in
the presence of hydrogen and oxygen [56].

3.4 Conclusions

The first genome-scale metabolic model of M. maripaludis S2, a methanogen
capable of consuming CO, as the sole carbon source for biomass and methane
production using Wood-Ljunghdahl pathway, was constructed, validated, and
analyzed in this work. The model allows us to study methanogenesis, N,-fixation,
and other metabolic pathways in M. maripaludis S2. The developed model is
robust, and successfully predicted various observed phenotypes such as substrate
uptake rates, MERs, and specific growth rate under different experimental condi-
tions. The model enabled the identification of essential genes/reactions for growth
and mutant strains capable of enhanced methanogenesis. A model-based compar-
ison with three other methanogens showed the superiority of M. maripaludis in
growth and methanogenesis.
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Chapter 4

Flux Measurements and Maintenance
Energy for CO, Ultilization

by M. maripaludis

4.1 Introduction

Genome-scale models are very useful for quantifying extracellular and intracellular
fluxes, analyzing cultivation data, designing media and processes, and engineering
microbial strains for enhanced production [1, 2]. However, these models need to be
validated with experimental flux measurements to accurately predict intracellular
metabolic fluxes [3]. While extracellular fluxes can be measured by estimating
changes in external metabolite concentrations, intracellular flux measurements are
difficult because '*C NMR labeling is usually required [4]. We developed a
genome-scale metabolic model (MMS518) for M. maripaludis S2 [5], but the model
had not been fully validated due to inadequate quantitative data on uptake and
production rates.

In this study, we performed batch culture experiments and quantified three key
extracellular fluxes (CO,, H,, and CHy) and specific growth rates of M. mari-
paludis. To the best of our knowledge, this is the first experimental study to report
CO,, H, consumption and CH, production rates with CO, as the sole carbon
substrate. In addition, this study presents novel approaches to quantify extracellular
fluxes and determine maintenance energy parameters using experimentally mea-
sured extracellular fluxes along with a genome-scale model. Using the model, we
analyzed the effects of amino acids on growth rates, CO, utilization rates, and CHy
production rates, and studied the distribution of carbon flux between biomass
synthesis and methanogenesis.

Some content of this chapter has been reproduced with permission from Nishu Goyal, Zhou Zhi,
and I A Karimi. “Flux measurements and maintenance energy for CO2 Utilization by
M. maripaludis”, Microbial Cell Factories (2015), Vol. 14, 146
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Methanogenesis from CO, via M. maripaludis, Springer Theses,
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4.2 Materials and Methods

4.2.1 Chemicals and Gases

All chemicals used in this study were American Chemical Society (ACS) analytical
reagents purchased from Sigma-Aldrich. Pure gases (N,, Ar) and 80/20 v/v H,/CO,
mixture were purchased from AIR Liquide, Singapore.

4.2.2 Strain and Medium

M. maripaludis S2 (DSM 14266) was purchased from DSMZ-German Collection of
Microorganisms and Cell Cultures. Methanococcus culture medium 141 was used to
cultivate the culture at 37 °C with a headspace pressure of 200 kPa under 80/20 H,/
CO, and constantly stirred at 180 rpm [6]. The minimal medium for the growth
experiments comprised 0.34 g of KCl, 4 g of MgCl,-6H,0, 3.45 g of MgSQO,4-7H,0,
0.25 g of NH4Cl, 0.14 g of CaCl,-2H,0, 0.14 g of K;HPO,, 18 g of NaCl, 10 ml of
trace elements, and 2 mg of Fe(NH,4),(SO,4),-7H,0 per liter. The trace element
solution comprised 3 g MgSO,4-7H,O, 0.5 g MnSO4-H,O, 1 g NaCl, 0.10 g
FeSO,4-7H,0, 0.18 g CoSO4-7H,0, 0.10 g CaCl,-2H,0, 0.18 g ZnSO4-7H,0,
0.01 g CuSO,4-5H,0, 0.02 g KAI(SO,),-12H,0, 0.01 g H3BO3, 0.01 g Na,MoOy-
2H,0, 0.03 g NiCl,-6H,0, 0.30 mg Na,SeO5-5H,0, and 990 ml DI H,0. Soluble
carbon source and cysteine were removed and CO, was the only carbon source.
Vitamins were also omitted [7].

4.2.3 Batch Cultivation

230 ml of medium was dispensed into 600 ml serum bottles, and sparged with
80/20 v/v H,/CO, to remove dissolved oxygen and create an anaerobic atmosphere.
After autoclaving at 121 °C for 20 min, the bottles were cooled to room temper-
ature and 0.5 mg/ml of Na,S-7H,0 was injected. To initiate the growth in minimal
medium, 20 ml of inoculum (pre-cultured cells in late exponential phase) was
injected into each bottle. The bottles were then pressurized with 250 kPa 80/20 v/v
H,/CO, and incubated at 37 °C under constant stirring at 180 rpm. Cell density and
concentrations of CO,, H,, and CHy in the headspace were measured. The growth
experiments were discontinued when the headspace pressure fell below 100 kPa to
avoid the inflow of air into the reactor. All growth experiments were performed in
duplicates accompanied by a control experiment with no inoculum.
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4.2.4 Analytical Procedures

Cellular growth was monitored by measuring optical density (OD) of 1 ml culture
samples during the experiments. OD was recorded at 600 nm using a double-beam
UV/Vis Spectrophotometer (Hitachi Model U-2800, High Technologies America,
Inc.). Our OD measurements had a standard deviation of 3.35 x 1073. Bottle
pressure was measured using a M1 digital pressure gauge (Cole Parmer, USA) with
sensitivity of 107* bar. Headspace gases were analyzed with an Agilent 7890A
series SRI Instrument GC equipped with three columns (a Porapak Q 80/100 SS
packed column of size 6 ft L X 1/8” OD X 2 mm ID, a Molecular Sieve SA 80/100
SS packed column of size 3 ft L 1/8” OD 2 mm ID, and a Hayesep T 80/100 UM
column of size 0.5 m L 1/8” OD 2 mm ID) and a thermal conductivity detector with
electronic pneumatic control (EPC). The carrier gas (Ar) was continuously supplied
at 100 psig. N, was supplied at 30 psig to act as the actuation gas to compensate for
the pressure and volume differences between the injected sample and required
standard. The GC oven was maintained at 60 °C and front detector at 150 °C. 1 ml
of gas samples were drawn from the bottles using gas airtight microsyringes
(Hamilton Samplelock syringe), and analyzed immediately in GC. The GC was
calibrated for dry gas compositions (% v/v) using the series of gas standards.

4.2.5 Cell Growth Measurements

To estimate specific growth rate (1), OD was measured at various time points. Lupa
et al. [8] have reported an experimentally measured value (10Dgyonm =
0.34 g DCW/L) for converting OD to dry cell biomass specifically for M. mari-
paludis S2. Using this, the measured OD values were converted to biomass given
by X (gDCW) = 0D X 0.34 g/LL X culture volume and specific growth rate
(dX/dt)/X was computed by curve-fitting and differentiating the time profile.

4.2.6 Calculation of Extracellular Fluxes

Estimating extracellular fluxes from a cell culture study is not straightforward as
gases are distributed into both aqueous media and headspace. The fraction of gases
in the aqueous medium depends on bottle temperature, pressure, mixing speed, and
the solubility and dissociation properties of the gases in water. In order to estimate
fluxes precisely, we simulated the dynamics of a 600 ml reactor using
Aspen HYSYS V8.2 [9] for the entire experiment. The block flow diagram for this
simulation is shown in Fig. 4.1. This method can be also used for all hydro-
genotrophic methanogens that can grow on CO, as the sole carbon substrate.
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Fig. 4.1 Block flow diagram in Aspen Hysys for simulating the dynamics of a batch reactor

We simulated this initial state of the bottle by mixing sufficient amounts of pure
water (stream 2), 80/20 H,/CO, (stream 1), and pure CO, (stream 3). The flows of
streams 1 and 2 were adjusted to achieve 350 ml headspace and 250 ml liquid
medium, while the flow of stream 3 was adjusted to make the amount of CO, in the
headspace exactly equal to that supplied in stream 1. We measured culture OD,
bottle pressure, bottle temperature, and headspace gas compositions. At each time
point, we set stream 1 composition to be the same as the headspace composition
(dry basis), the temperatures of streams 1, 2, and 3 as 37 °C, and the pressures of
streams 1, 2, and 3 using the measured pressure. Then, we computed the total moles
of H, and CH, in the bottle at each time point as the sum of moles of H, (CH,) in
the headspace from Hysys and moles of H, (CHy) in the aqueous medium from
Hysys. For computing the total moles of CO, in the bottle, we also accounted for
the high solubility (1.05 g/L) and dissociation of CO, into bicarbonates (HCO; ")
and carbonates (CO5>"). The initial pH of the growth culture was measured as 5.6,
and it remained constant throughout the experiment. Therefore, [H*] was fixed at
107> for the above calculations. Then, [H,COs] obtained from Aspen Hysys was
used to compute other ionic concentrations. The total amount of CO, at time ¢ was
computed as the sum of n(CO,) from Aspen Hysys, HCO5, and CO32_. The fluxes
vi = 1/X(t) - dn(i)/dt for CO, and H, consumption and CH, production were
computed by plotting the time profiles of total moles of CO,, H,, and CH,, where
n(7) is the moles of species i (CO,, H,, or CHy) in the bottle and X(7) is the dry cell
mass (gDCW) at time .

4.2.7 Parameter Estimation for iMM518

iIMM518 is a genome-scale in silico metabolic model developed for M. maripaludis
and is available in BioModel database as MODEL1304120000 [5]. It comprises
570 reactions and 556 distinct metabolites, and covers 518 (~30 %) of the known
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1722 open reading frames (ORFs). We implemented iIMM518 in GAMS (build
38380/38394) and used CPLEX and BARON respectively as the solvers for various
linear and nonlinear optimization problems. iIMMS518 uses two energy parameters:
GAM and NGAM. We showed how the experimental data on fluxes and growth can
be integrated with an in silico model (iMM518 in this case) to estimate GAM and
NGAM. First, we used the time profiles of extracellular fluxes and specific growth
rates to obtain a regression for each flux with growth rate, and estimated experi-
mental growth rates for various CO, uptake rates.

For flux balance analysis, we assumed the cellular objective to be maximum
biomass. Then, to predict cell growth rate for a given CO, uptake rate, we solved
the following LP (Linear Programming) using iIMM518.

Maximize Z =

J
cjv; subjecttoS - v =>0 (4.1)

j=1

where, Z is the cellular objective that is represented as a weighted sum of metabolite
fluxes v;(j =1,2,...,J) with weights ¢;, S is an I x J matrix of stoichiometric
coefficients of the metabolic reactions, / is the number of metabolites, J is the
number of metabolic reactions, v is a J x 1 vector of reaction fluxes, and b is a
I x 1 vector of net metabolite fluxes.

The linear CO, flux versus growth rate relationship estimated in earlier experi-
ments showed that cell growth was zero for a CO, uptake rate below
23.51 mmol/gDCW-h, and we computed NGAM as the amount of energy spent for
maintenance without growth. For estimating GAM, we selected twelve CO, uptake
rates v/(‘:02 = b’éoz, k=1,2,...,12. Using the CO, flux versus growth rate expres-
sion, we computed respective experimental growth rates (b5, k = 1,2,...,12). We
estimated the experimental fluxes (b, and bfy .k = 1,2,...,12) for CH, and H, at

these b, using the linear expressions for CH, and H, fluxes versus growth rates.
Further, we fixed the CO, uptake rates inside IMM518 to predict cell growth rates
v,k =1,2,...,12) and fluxes for CHy (v{y,) and H (v};) for varying values of
GAM. For each GAM value, we used these model predictions to compute a weighted
sum of squares of errors (SSE) as follows:

12
2 2 2
SSE(GAM) = _ [15(v — b6)” + vew, (vEw, — bbw,)” + 7, O, — biy,)’] (4.2)
k=1
where, yg = 3 gDCW/gDCW, ycy, = 0.016 g/mmol, and yy, = 0.002 g/mmol.

The GAM value with the minimum SSE was our best estimation for the growth
energy required by M. maripaludis.
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4.3 Results and Discussion

4.3.1 Cell Growth

M. maripaludis grew extremely well on CO, without any complex substrates, such
as acetate and yeast extract. The measured cell growth profile for M. maripaludis is
shown in Fig. 4.2. The dry cell biomass increased by 15.49 mg in 7 h. The dou-
bling time was about 2 h, which is consistent with the literature [10].

The lag phase duration varied with the state of inoculum, and found to be the
shortest for an inoculum from the late exponential phase. Figure 4.2 also shows the
concentration profiles (% v/v) of CO,, H,, and CH, in the headspace of the reactor
over a period of about 7 h. The headspace pressure dropped from 250 to 100 kPa.
The headspace contained 80/20 v/v H,/CO, at time zero. The metabolic/
biocatalytic action of M. maripaludis increased methane concentration in the
headspace to approximately 30 % v/v at the end of 7 h.

As the headspace pressure decreased with time, both growth rates and extra-
cellular fluxes decreased (Fig. 4.3). The maximum growth rate was estimated to be
0.50 £ 0.05/h for a CO, uptake of 132.13 £ 15.13 mmol/gDCW-h, H, uptake of
423.06 £ 44.94 mmol/gDCW-h, and CH, production of 105.61 £ 17.75 mmol/
gDCW-h. Kral et al. [11] reported a H, uptake of 28.8 mmol/gDCW-h in inorganic
media. However, they did not state the growth phase for this rate. Our observed H,
uptake was 423.06 £ 44.94 mmol/gDCW-h in the early exponential phase, and
107.5 £ 44.94 mmol/gDCW-h at the end of 7 h, suggesting that the rate reported
by Kral et al. [11] might be measured for a late exponential phase. Lupa et al. [8]
reported MERSs ranging from 9.40 to 27.55 mmol/gDCW-h for cell growth rates of
0.04 to 0.13/h, which is close to our MER of 27.19 + 17.75 mmol/gDCW-h for a
growth rate of 0.064 £ 0.049/h in the late exponential phase. Apart from these two
studies, no other data have been reported in the literature for the uptake and pro-
duction rates of M. maripaludis. Thus, our study is the first to give a full range of
comprehensive growth and flux data for M. maripaludis. In fact, we could not find
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similar data for any other methanogen except for one study [12] on M. barkeri,
which reported a maximum H, uptake rate of 41 mmol/gDCW-h with a corre-
sponding CO, uptake rate of 11.61 mmol/gDCW-h and CH, production rate of
8.82 mmol/gDCW-h. Our observed fluxes are one order of magnitude higher than
those reported for M. barkeri, which could be attributed to the doubling time of
M. maripaludis (~2 h) being much shorter than that of M. barkeri (~ 30 h).
From the plot of dry cell weight (g) versus methane produced over time, we
obtained a growth yield of 3.549 £ 0.149 gDCW/molCH, for M. maripaludis
during the exponential phase. Table 4.1 shows a comparison of growth yield and
specific growth rate for different methanogens. The yield of M. maripaludis mat-
ches well with the yield reported for other hydrogenotrophic methanogens growing
on H,/CO, in batch cultures [13, 14]. Although a much higher yield on H,/CO,
(8.7 £ 0.8 gDCW/mol CH,) was reported in M. barkeri [15], the specific growth

Table 4.1 Quantitative comparison of growth yields and specific growth rates for some
methanogens

Organism Substrate Yield, Ycn, Specific Reference
(gDCW/molCH,) | growth rate,
u (/h)
M. thermoautotrophicum | H,, CO, 1.6-3 0.690 [13]
M. bryantii H,, CO,, 24 0.031 [16]
organic
supplements
M. str AZ H,, CO, 2.32 0.110 [17]
M. barkeri H,, CO, 8.7 0.058 [15]
M. formicicum H,, CO,, 3.5 0.060 [18]
organic
supplements
M. maripaludis H,, CO, 3.54 0.346 This study
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rate of M. maripaludis observed in this study (0.346/h) was 5.97-fold higher than
that in M. barkeri (0.058/h) [15]. A high specific growth rate suggests that M.
maripaludis can grow rapidly and have good potentials for industrial and envi-
ronmental applications.

4.3.2 Extracellular Fluxes

Using the data from Fig. 4.3, the extracellular fluxes (CO,, H,, and CH,) are
correlated linearly with specific growth rates in Fig. 4.4. Using these linear corre-
lations, we obtained the following relations among the extracellular fluxes:

VH, /V(jo2 =2.858 + 64.759/\1(;02 (43)
VCH4/VC02 = 0.854+ 1.855/Vc02 (4.4)

Equation 4.4 suggests that the fraction of CO, conversion to CH, decreases with
increase in CO, uptake rate (or equivalently cell growth). This is consistent with the
fact that cell growth competes with methanogenesis for carbon utilization [5]. When
cell growth is low, most of the carbon is diverted to produce energy for mainte-
nance via methanogenesis, resulting in a higher CH, yield, and vice versa. Our
observed conversion rate for maximum growth rate is 0.868, which is higher than
0.810 reported for M. barkeri in a chemostat culture grown on H,/CO, [19].

Gas-to-liquid mass transfer of O,, CO,, H,, N, etc. plays an important role in the
cultivation of microbes [20]. Various factors such as gas-liquid interfacial area,
mixing, temperature, and pressure affect this mass transfer. Thus, we expected
higher uptake rates of CO, and H, in M. maripaludis with enhanced mass transfer.
To confirm this, we tested the effect of mixing and gas-liquid interfacial area on the
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growth and metabolism of M. maripaludis S2 at 37 °C. Increasing the gas-liquid
interfacial area by positioning the bottle reactor from vertical to horizontal roughly
doubled MER, while shaking the reactor increased it multiple folds (data not
shown).

4.3.3 GAM, NGAM, and ATP Gain

Microorganisms carry out catabolic oxidation-reduction reactions to obtain energy
for growth and cell maintenance. These energy usages are captured in a
genome-scale model in the form of two parameters, Growth Associated
Maintenance (GAM mmol ATP/gDCW) and Non-Growth Associated Maintenance
(NGAM mmol ATP/gDCW-h). GAM represents the energy required for the
polymerization of macromolecules, such as DNA, RNA, proteins, and glycogen,
during growth. It appears as the stoichiometric coefficient of ATP in the reaction
representing biomass formation (cell growth) in iIMMS518. In contrast, NGAM
represents the energy (mmol ATP/gDCW-h) required for cell repair, motility,
maintenance of ion gradients etc., which the cell uses in addition to GAM [21, 22].

While it is possible to theoretically estimate GAM, it is not possible to estimate
NGAM. Using a literature procedure [23], we estimated GAM as 30.0 mmol
ATP/gDCW for M. maripaludis. Although literature did not report any values for
GAM and NGAM for M. maripaludis, we were able to estimate them using
iMMS518 and with our comprehensive experimental data in this study. Our earlier
validation of IMMS518 was based on limited biomass growth data and phenotypic
observations on gene knock-outs due to the unavailability of experimentally mea-
sured fluxes [5]. In this study, we are presenting a novel procedure to estimate
GAM and NGAM precisely for M. maripaludis, and validating our model pre-
dictions for extracellular fluxes.

Our experiments indicated that cell growth rate was zero at a CO, uptake of
23.51 mmol/gDCW-h, and the non-growth maintenance energy that gave zero
growth prediction from MM518 was 7.836 mmol ATP/gDCW-h. Thus, NGAM
was calculated as 7.836 mmol ATP/gDCW-h. NGAM was then fixed in the model
and total SSE (TSSE) was calculated for a range of GAM values. Figure 4.5 shows
how TSSE varied with GAM. TSSE was minimum at GAM = 27.14 mmol
ATP/gDCW, which is the best estimate of GAM from our experiments. The devi-
ations in H, uptake predictions contributed the most (67.4 %) to the minimum
TSSE = 0.044, followed by those in CH,4 evolution rates (31.7 %). The prediction of
biomass growth from the model matched almost exactly with the experimental
values. Our estimated GAM of 27.14 mmol ATP/gDCW-h agrees very well with the
theoretical estimate of 30.0 mmol ATP/gDCW-h) [5] for M. maripaludis. Table 4.2
lists GAM and NGAM reported for selected microorganisms in the literature.

A common method for estimating GAM and NGAM is to measure substrate
uptake fluxes (mmol substrate/gDCW-h) at different growth rates and use an esti-
mated ATP gain (mol ATP/mol substrate). However, the difficulty with this
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Fig. 4.5 The variation of TSSE with GAM with the minimum at GAM = 27.14 mmol/gDCW for
NGAM = 7.836 mmol/gDCW-h

Table 4.2 Comparison of our estimated GAM and NGAM for M. maripaludis with those
reported for other model organisms

Organism Substrate GAM NGAM Ref.
(mmol/gDCW) | (mmol/gDCW.h)

Escherichia coli | Glucose 59.81 8.39 [24]
Lactococcus Different sugar substrates 18.15 1 [25]
lactis e.g. mannose, galactose,

sucrose, lactose, etc.
Methanosarcina | Methanol or acetate or Hy/ | 70 1.75 [12]
barkeri CO; or pyruvate
Methanosarcina | CO or methanol 65 2.5 [26]
acetivorans
Methanococcus | Hy/CO, 27.14 7.836 This
maripaludis study

approach is that precise values for ATP gains are unavailable for most microbes
including M. maripaludis, as it is difficult to assess the amount of ATP generation
per mole of substrate or product. In contrast, our approach combines experimentally
measured values along with a genome-scale model to estimate NGAM and GAM
without requiring an ATP gain. In fact, we estimated ATP gains from our NGAM
as 0.33 mol ATP/mol CO,, 0.35 mol ATP/mol CHy, and 0.238 mol ATP/mol H,.
While the ATP gains from CO, and CH, are similar, the ATP gain from H, is much
lower. This could be due to the deviations observed in our flux predictions for H,
in TSSE. The value of 0.35 mol ATP/molCH, is in the acceptable range of
0.3-0.7 mol ATP/molCH, reported for microbes with autotrophic growth on
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H,/CO, [27]. Kaster et al. [28] suggested an ATP gain of less than 1 mol ATP/mol
CH, for methanogens without cytochromes (e.g. M. maripaludis) and more than
1 mol ATP/mol CH4 for methanogens with cytochromes (e.g. M. barkeri). Thus,
our estimate of 0.35 mol ATP/mol CH, is in agreement with the literature.

With GAM = 27.14 mmol/gDCW and NGAM = 7.836 mmol/gDCW-h in
iMMS518, we fixed CO, uptake rate at various values and predicted cell growth,
MER, and H, uptake rate for the maximum biomass growth. Figure 4.6 compares
experimental results with our model predictions. As we can see, our model pre-
dictions and experimental results match very well.

4.3.4 Intracellular Fluxes

Genetic and/or environmental perturbations can change extracellular or intracellular
fluxes in an organism. If a genome-scale model can be used to simulate these
perturbations, then it can help us study phenotypes under various culture condi-
tions, improve microbial strains in bioprocesses, analyze multispecies relationships,
etc. Therefore, we further applied iIMMS518 to study the impacts of various
experimentally studied or hypothetical scenarios on the distribution of intracellular
fluxes in M. maripaludis S2.

4.3.5 Effects of Amino Acids and Vitamins from iMM518

The amino acids are known to stimulate the growth of autotrophic methanococci
[7, 29], but the precise mechanisms behind these stimulations and the effects of
amino acids on methanogenesis are unknown. To study these, we first modeled a
culture with all amino acids. We fixed CO, uptake at 60 mmol/gDCW-h in
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iIMM518, and allowed unlimited uptakes for all amino acids. As compared to the
scenario with no amino acids in the culture, the cell growth increased by 44.4 %, and
MER increased by 11.2 %. The former is consistent with previous experimental
observations [7, 29], while the latter has not been measured in the literature.
M maripaludis prefers alanine overwhelmingly over all other amino acids, as the
uptake distribution was alanine 34.6 mol%, aspartate 14.4 mol%, serine 13.7 mol%,
leucine 5.8 mol%, valine 4.6 mol%, and the rest <5.0 mol%. M. maripaludis avoids
the uptake of glycine, tyrosine, glutamate, and glutamine. These in silico observa-
tions are already confirmed experimentally on autotrophic methanococci [7].

In order to study the effects of amino acids individually, we performed 20 culture
simulations with single amino acid each in iIMM518. Interestingly, the uptakes and
effects were quite different from what we observed with all amino acids in one culture
simulation (Fig. 4.7). This is primarily because the microbe may prefer some amino
acids over others for energetic reasons. Table 4.3 lists the changes in cell growth and
MER due to each amino acid. Alanine proved the most effective for growth and
MER, as it increased growth by 11.37 % and MER by 10.3 %. In contrast to the
earlier scenario with all amino acids, the microbe consumed aspartate, and growth
increased by 11.46 % and MER by 3.0 %. All other amino acids individually
increased growth rate by less than 7 %. To evaluate the differences in the increments
of growth and MER between alanine and aspartate, we examined the distribution of
intracellular fluxes in both cases. Alanine served as the sole nitrogen source which
has been confirmed by previous experiments [7]. On the other hand, aspartate
could not supply the entire nitrogen demands of the cell, but acted as a supplement
to reduce ammonium uptake by 25.9 %. Alanine increased growth primarily by
supplying additional pyruvate via the reaction Alanine + NAD + H,0 <>
pyruvate + NH; + NADH + H, which in turn increased the biosynthesis of cell
growth precursors such as amino acids. Most of the CO, was diverted to methane
production to provide the energy for the additional growth, and hence MER also
increased. The model also predicted that the autotrophic formation of acetyl-CoA
drastically reduced (approx. 65.4 %) with alanine in medium. This is consistent with
previous experimental results that alanine is an efficient means of labeling pyruvate,
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Table 4.3 Individual and combined effects of amino acids on growth rates, H, uptake rates, and
CH,4 evolution rates as predicted by iIMM518

Amino acids % increment in specific % increment in H, % increment in CHy,
growth rates uptake rates evolution rates
Alanine 11.370 1.788 3.349
Glycine 2.205 0.084 0.100
Isoleucine 0.787 0.059 0.144
Leucine 1.543 0.114 0.280
Lysine 1.984 0.055 0.135
Histidine 1.512 0.006 —0.001
Arginine 2.268 —-0.036 -0.070
Proline 0.315 —-0.018 —-0.013
Phenylalanine 6.520 0.102 0.199
Tyrosine 6.520 0.112 0.199
Valine 2.331 0.178 0.421
Tryptophan 0.157 0.002 0.003
Asparagine 3.055 0.108 0.140
Aspartate 11.465 0.691 0.966
Glutamate 0.000 0.000 0.000
Glutamine 1.827 —0.041 —0.081
Cysteine 0.567 0.033 0.051
Methionine 0.472 0.022 0.039
Serine 3.748 0.174 0.255
Threonine 1.890 0.026 0.047
Combined 45.730 2.000 4.890

as only 3-5 % of the carbon in acetyl-CoA was from CO, [30]. On the other hand,
aspartate did not contribute significantly towards the formation of pyruvate and only
10 % drop in the flux was observed for the formation of acetyl-CoA from CO,.

Interestingly, several amino acids such as arginine, histidine, proline and glu-
tamine showed marginally reduced (<0.1 %) MERs. This is because the cell saved
the energy for making these amino acids. Methanogenesis, being the only energy
producing pathway in M. maripaludis, reduced MER accordingly. None of the
vitamins including water-soluble riboflavin, biotin, and vitamin B12 affected
growth at all. This is again validated by a previous experimental study [7], and
needs no repeat experimentation.

4.4 Conclusions

Our experimental measurements of extracellular fluxes were in excellent agreement
with in silico predictions of iMMS518 at GAM = 27.14 mmol/gDCW and
NGAM = 7.836 mmol/gDCW-h, thus allowed us to elucidate the physiological and
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metabolic states of the cells during batch culture. With M. maripaludis, an
instantaneous conversion efficiency of 70-95 % from CO, to CH, was observed at
an optimum temperature of 37 °C, while the conversion efficiency using metal
catalyst did not go beyond 70 % even at 800 °C [31]. Understanding biofuel
production from methanogens will help scientists develop an immobilized enzymes
based bioreactor instead of a whole cell bioreactor. It is also possible to perform
methanogenesis from CO, at a very fast rate and avoids wasteful microbial biomass
without the need for extraction of biofuels.

Biochemical conversion of CO, to biofuels using such strategies provides a
promising route for more efficient renewable energy production. It should be noted
that the cellular objective could be different depending on environmental or
physiological conditions, with considerable implication on the final cellular phe-
notype [32]. For example, maximizing the growth rate during stationary phase may
not be cellular objective. In that case it is important to identify the most plausible
cellular objectives, such as minimization of ATP production, maximization of
metabolite production, and minimization of nutrient uptake, and the predictive
power a genomic-scale model can be greatly improved.
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Chapter 5
Diazotrophy Enhances CO, to Methane
Conversion in M. maripaludis

5.1 Introduction

Flue gases from the combustion of fossil fuels in transport and industrial sectors are
a major source of CO, emissions, and it’s estimated that exhaust flue gases account
for about 59.9 % of the CO, emissions worldwide [1]. Microbes with the ability to
capture CO, from these sources, such as microalgae, cyanobacteria, and metha-
nogens, are of particular interest to researchers in the field of renewable energy
[2-4]. Methanogens have several advantages over other microorganism, as they can
convert CO, to a cleaner fuel such as biogas, and separation of gaseous products do
not need costly equipment. Compared with algae and cyanobacteria, methanogens
do not produce excess cell biomass, i.e., methanogens serve as efficient whole cell
biocatalysts.

M. maripaludis is a fast growing, mesophilic, hydrogenotrophic methanogen
with some unique characteristics and advantages [5—7]. It reduces CO, (an electron
acceptor) with H, (an electron donor) for growth and methanogenesis. Since
nitrogen gas (N,) is a major component of flue gases, N,-fixation (diazotrophy) by
M. maripaludis is of much interest and has been demonstrated in the literature
[8-11]. M. maripaludis has been shown to switch to N,-fixation in the absence of
ammonia and alanine [10]. However, the major focus of existing literature was
genetics and regulation of diazotrophy rather than its impact on methanogenesis.
Furthermore, the growth rates of methanogens during N,-fixation are usually slow.
We developed a genome-scale model (iIMM518) and predicted significant MER
enhancement during N,-fixation in M. maripaludis [6]. However, this has not been
proven experimentally, and no study has been reported in the literature on MERs
during N,-fixation by M. maripaludis.

The objective of this study was to evaluate the impacts of nitrogen sources on
methane production in M. maripaludis. The growth rates and MERs on N, and
NH,* for M. maripaludis were measured and compared.
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5.2 Materials and Methods
5.2.1 Chemicals and Gases

All chemicals in this study were American Chemical Society (ACS) analytical
reagents from Sigma-Aldrich. Pure gases (N,, Ar) and 80/20 v/v H,/CO, mixtures
were purchased from AIR Liquide, Singapore.

5.2.2 Strain and Media

A pure culture of M. maripaludis S2 (DSMZ-German Collection of Microorganisms
and Cell Cultures with accession number DSM14266) was grown on carbon-free
minimal medium at 37 °C with a headspace pressure of 200 kPa 80/20 H,/CO, and
constant stirring at 180 rpm. The minimal growth medium comprised 0.34 g KCl,
4 ¢ MgCl,-6H,0, 3.45 g MgSO,-7H,O, 0.25 g NH4Cl, 0.14 g CaCl,-2H,0,
0.14 g K,HPO,, 18 g NaCl, 10 ml of trace elements, and 2 mg Fe(NH,),
(SO4),-7TH,0 per liter. The trace element solution was prepared by adding 3 g
MgS0,-7H,0, 0.5 g MnSO,4-H,0, 1 g NaCl, 0.10 g FeSO,4.7H,0, 0.18 g CoSOy-
7H,0, 0.10 g CaCl,-2H,0, 0.18 g ZnSO,4-7H,0, 0.01 g CuSO4-5H,0, 0.02 g
KA](SO4)212H20, 0.01 g H3BO3, 0.01 g N32M004'2H20, 0.03 g N1C126H20,
0.30 mg Na,SeO3-5H,0 to 990 ml distilled water. Cysteine and any other carbon
source were removed from the media so carbon flux can be accurately quantified.
Vitamins were also omitted, as they do not affect the growth of M. maripaludis [12].
For N,-fixation experiments, NH4Cl was omitted from the growth medium, Fe
(NH4)>(504),-7H,0O was replace by Fe(SO,),, and N, was supplied to the head-
space. For N,-free experiments, all possible sources of nitrogen were eliminated
from the media and headspace.

5.2.3 Reactor Setup

A total of 230 ml of medium in 600 ml serum bottles was outgassed with 80/20 v/v
H,/CO, to remove dissolved oxygen, sealed with butyl-rubber stopper and alu-
minum crimp, autoclaved at 121 °C for 20 min, and injected with 1 ml of
125 mg/ml Na,S-7H,O, which was prepared anaerobically and autoclaved sepa-
rately. The growth experiments were initiated by injecting 20 ml of the inoculum,
which was pre-cultured in minimal medium during late exponential phase, and
pressurized with 250 kPa 80/20 v/v H,/CO,, and incubated at 37 °C under constant
stirring at 180 rpm.

Three growth experiments were performed: (1) N-free medium and no Nj in the
headspace, (2) N-free medium but with N, in the headspace, and (3) NH," in the



5.2 Materials and Methods 97

medium with no N, in the headspace. Cell density and CO,, H,, and CH4 con-
centrations in the headspace were measured every hour in a day, until the headspace
pressure fell below 100 kPa. The headspace was outgassed the next day, and
replenished with 250 kPa 80/20 v/v H,/CO,. The procedure was repeated for
several days.

5.2.4 Analytical Procedures

Cellular growth was monitored by measuring optical density (OD) of 1 ml culture
samples every hour during the experiments. OD was recorded at 600 nm using a
double-beam UV/Vis Spectrophotometer (Hitachi Model U-2800). Bottle pressure
was measured using a digital gauge (Cole Parmer, USA, 68873-44) with sensitivity
of 10~ bar. Headspace gases were analyzed via an Agilent 7890A series SRI
Instrument GC equipped with three columns (a Porapak Q 80/100 SS packed
column of size 6 ft L X 1/8” OD X 2 mm ID, a Molecular Sieve 5A 80/100 SS
packed column of size 3 ft L 1/8” OD 2 mm ID, and a Hayesep T 80/100 UM
column of size 0.5 m L 1/8” OD 2 mm ID), and a thermal conductivity detector
with electronic pneumatic control (EPC). The carrier gas (Ar) was continuously
supplied at 100 psig. The GC oven was maintained at 60 °C and its front detector at
150 °C. 1 ml headspace gas samples were drawn in using airtight microsyringes
(Hamilton Samplelock), and analyzed immediately in GC.

5.2.5 Extracellular Fluxes and Maintenance Energy
Estimation

For calculating growth rates and extracellular fluxes from experimental data, we
followed the same approach as described in Sects. 4.2.5 and 4.2.6 of this thesis. The
nitrogen source NH," is replaced by free N, for N,-fixation experiments and
therefore we simulated the initial state of the bottle by mixing sufficient amounts of
pure water (stream 2), 60/20/20 H,/CO,/N, (stream 1), and pure CO, (stream 3).
The fluxes v; = 1/X(¢) - dn(i) /dt for CO, and H, consumption and CH, production
were computed by plotting the time profiles of total moles of CO,, H,, and CHy,
where n(i) is the moles of species i (CO,, H,, or CHy) in the bottle and X(¥) is the
dry cell mass (g DCW) at time .

The procedure described in Sect. 4.2.7 of this thesis was used to estimate energy
parameters during N,-fixation. However, it is to be noted that growth during
N,-fixation is extremely low. The linear CO, flux vs growth rate relationship
showed that cell growth was zero for a CO, uptake rate below 39.62 mmol/
gDCW-h, and we computed NGAM as the amount of energy spent for maintenance
without growth. For estimating GAM, we selected twenty two CO, uptake rates
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(v’éo2 = b’éoz, k=1,2,...,22). Using the CO, flux versus growth rate expression,
we computed respective experimental growth rates (b’(‘;7 k=1,2,...,22). We
estimated the experimental fluxes (b’(‘:H4 and b’{lz, k=1,2,...,22) for CH, and H, at
these b% using the linear expressions for CH, and H, fluxes vs growth rates.
Further, we fixed the CO, uptake rates inside IMM518 to predict cell growth rates
v,k =1,2,...,22) and fluxes for CHy (Vy,) and H, (v ). For varying values of
GAM. For each GAM value, we used these model predictions to compute a
weighted sum of squares of errors (SSE) as follows:

12

5 2 2
SSE(GAM) = Y {yzc(vl(‘; — b5)" 2, (vhn, — V) 0 (v, — Bl ) ]
k=1

(5.1)

where, yg = 3 gDCW/g DCW, vy, = 0.016 g/mmol, and ycy, = 0.002 g/mmol.
The GAM value with the minimum SSE was our best estimation for the growth
energy required by M. maripaludis during N, fixation.

5.3 Results and Discussion

5.3.1 Growth Under Different Nitrogen Sources

The growth profiles of M. maripaludis at various times on day 1, 2 and 5 for the
three experiments are shown in Fig. 5.1. The cells enter the stationary phase on
depletion of CO, and H, in the headspace, and then re-entered the exponential
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phase on the replenishment of headspace (shown by breaks). The daily OD mea-
surements along on each day are shown in Fig. 5.2.

For NH,"-medium, the OD increased from 0.089 &+ 0.007 at time zero to
0.817 £ 0.007 on day 4. However, the growth slowed every day, and OD began
decreasing after day 5. For N,-medium, the OD increased from 0.095 £ 0.007 at
time zero to 0.104 £ 0.007 on day 4. However, from day 5 onwards, OD value
showed noticeable increase on each day for more than 20 days, and reached
0.721 +£ 0.007 on day 20. The cells seemed reaching the stationary phase for the
first four days, and in the exponential phase thereafter. However, the daily OD
increments were far below those observed for NH, -medium during days 1-4. For
N-free experiment, the OD remained constant on day 1, but decreased continuously
thereafter. The cells survived on day 1 in the stationary phase possibly on some
residual nitrogen from the inoculum. After the residual nitrogen source was
exhausted, cells entered death phase. These results confirmed the growth of
M. maripaludis on N, and CO,, which are two main components of flue gases.

The MERs at various times on days 1, 2, and 5 were shown in Fig. 5.3. For
NH,*-medium, the MERs were the highest on day 1 and showed significant
decrease each day. Cell biomass increased with time, but methane production rate
remained constant, which resulted in decreasing MERs. Particularly on days 1 and
2, the MERs dropped sharply during the first few hours, as the cells were in
mid-exponential phase. On day 5, the MER dropped slowly, as the cells reached
late exponential phase. MERs continued to decrease every day, and reached nearly
zero on day 9. The MER curves remained convex on all days.

The MERs on N, were much higher than those with NH," as nitrogen sources.
Interestingly, the MER curves were concave on days 1 and 2, but became convex
on day 5. These shapes suggest that the cells were in stationary phases on days 1
and 2, and entered exponential phases on day 5 and beyond. The difference between
the convexities of the exponential phases for N,-growth on day 5 and NH,*-growth
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on day 1 confirmed the slower nature of cell growth with the former than the latter.
Once the cells entered into exponential phase, the MERs continued to decrease
every day at a very slow pace and did not become zero even after 20 days. No
growth on N-free medium was observed, and hence the corresponding MERs were
not reported. The foregoing discussion suggests interesting applications of dia-
zotrophy in carbon utilization. The much lower growth of M. maripaludis during
N,-fixation had little effect on methane evolution. Given the same amounts of
nutrients other than CO, and H,, the cells produced methane for more than 20 days
on N,, while only 8 days on NH,*. During diazotrophy, M. maripaludis can capture
and convert much higher CO, per gDCW to methane at the expense of less
nutrients. This is an ideal scenario for carbon utilization from flue gases, which
contain both N, and CO,.

5.3.2 Comparison with Other Diazotrophic Methanococci

Diazotrophy is critical for methanogens in high-carbon low-nitrogen environments
such as landfills. Previous studies on methanococci have indicated that
Methanotorris formicicus, Methanococcus aeolicus, Methanothermococcus ther-
molithotrophicus, and Methanococcus maripaludis are known to fix N, [13], and
therefore it is be interesting to compare the diazotrophic abilities of other strains
with M. maripaludis. No growth yield and MER data have been reported for
Methanotorris formicicus and Methanococcus aeolicus. On the other hand, the
thermophilic M. thermolithotrophicus showed a cell yield of 0.94 g dry cell
weight/mol CH,4 and a methanogenesis flux of 20.2 umol/min-mg protein using
NH," as the nitrogen source [14], which was possibly due to its short doubling time
(~0.6 h) and high growth temperature (65 °C). During N,-fixation, the cell yield
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and methanogenesis flux of M. thermolithotrophicus decreased by 61.7 and 43.1 %,
respectively. In our study, M. maripaludis showed a cell yield of 2.82 g dry cell
weight/mol CH,4 and a methanogenesis flux of 1.55 umol/min-mg protein using
NH," as the nitrogen source. During N,-fixation, the cell yield of M. maripaludis
decreased by 69.9-0.85 g dry cell weight/mol CH,, but its methanogenesis flux
surprisingly increased by 27.1-1.97 pumol/min-mg protein. The results of dia-
zotrophy enhancing CO, to methane conversion in M. maripaludis have great
potentials for industrial application on carbon capture and utilization. The low cell
growth yield and increased methanogenesis flux of M. maripaludis enabled it as an
ideal whole cell biocatalyst, and its low growth temperature (35 °C) is also bene-
ficial as less energy is needed to heat up the conversion system as required for
M. thermolithotrophicus.

5.3.3 Growth, Extracellular Fluxes During N,-Fixation
and Maintenance Energy Estimation Using iMM518

As the headspace pressure decreased with time, both growth rates and extracellular
fluxes decreased. Figure 5.4 shows the time profiles of specific growth rates and
extracellular fluxes during N,-fixation. On a particular day, an increase in OD was
observed during first few hours but no noticeable increase was seen after 3 h and
hence could not be quantified. As shown, growth rates for all those time point are
zero. As discussed previously, zero growth rates during N,-fixation did not affect
CO, and H, utilization rates and CH, evolution continued to occur. It suggests that
the cell is producing energy continuously even when the growth is zero. Now the
question arises: is the surplus energy used for only cell maintenance and survival?
OR is there any other energy consuming mechanism during zero growth?

To understand this, we correlated CO, utilization fluxes with H, uptake rates and
CH, evolution fluxes during growth phase and stationary phase. Fraction of the
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carbon flux diverted towards methane production is observed to be 0.759 during
growth phase while fraction of the carbon flux diverted towards methane production
is 0.701 during stationary phase. Energy generated via methanogenesis during
growth phase is utilized for growth associated maintenance, non-growth associated
maintenance, N,-fixation, biomass growth, etc. However energy generated during
stationary phase possibly constitutes a major fraction for non-growth associated
maintenance as cell growth is zero. Assuming that all the energy generated during
stationary phase is used for cell maintenance and cell survival, it remains unclear
where the remaining fraction of carbon flux i.e. 0.299 is getting diverted and needs
to be investigated. Keeping this in mind, IMM518, a genome-scale metabolic model
of M. maripaludis, was utilized to estimate maintenance energy during N,-fixation
and to study the flux distributions.

In order to estimate the maintenance energy during N,-fixation, we used our
novel approach reported earlier in Sect. 4.2.7. Our experiments indicated that cell
growth rate was zero at a CO, uptake of 39.62 mmol/gDCW-h (Fig. 5.5), and the
non-growth maintenance energy that gave zero growth prediction from iMMS518
was 13.2 mmol ATP/gDCW-h. Thus, NGAM was estimated as 13.2 mmolATP/
gDCW-h. The high value of NGAM during N,-fixation is expected because cell
growth is extremely low on N, and most of the energy is possibly used for
non-growth associated maintenance. NGAM was then fixed in the model and TSSE
was calculated for a range of GAM values. TSSE was minimum at a GAM value
of nearly 0.001 mmol ATP/gDCW, which is the best estimate of GAM from
our experiments. With GAM = 0.001 mmol/g DCW and NGAM = 13.2 mmol/
gDCW-h in iIMM518, we fixed CO, uptake rate at various values and predicted cell
growth, MER, and H, uptake rate for the maximum biomass growth. Figure 5.6
compares experimental results with our model predictions.

The deviations in CH,4 evolution rates contributed the most (76.1 %) to
the minimum TSSE = 1.071, followed by those in H, uptake rates (15.9 %).
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The prediction of biomass growth from the model contributed least (7.8 %) to the
minimum TSSE. Our estimated GAM value (nearly 0.001 mmol ATP/gDCW) for
M. maripaludis during N,-fixation is extremely low compared to that predicted with
growth on NH,* (27.14 mmolATP/gDCW-h). In addition, unlike excellent model
predictions for growth on NH,*, iMM518 was unable to predict the accurate fluxes
during N,-fixation which could be due to reasons such as absence of certain reg-
ulatory mechanism/reactions taking place during N,-fixation, a different objective
function of the cell, specificity of a model for substrates, etc. and hence require
further understanding.

5.4 Conclusions

The necessity for diazotrophy in methanogens to survive in nitrogen-poor envi-
ronment can be exploited to fix carbon and nitrogen simultaneously from flue gases.
This study has demonstrated that M. maripaludis can produce methane for at least
20 days in N,—CO,-H, environment and fix 250 % more carbon compared with
NH,;*-CO,-H, environment. No such data exist for any other methanogens in the
literature. Although N,-fixation is energy demanding, this study shows that slow
growth and high methanogenesis flux under diazotrophy is in fact beneficial for
carbon capture and utilization in flue gases, as it enhances methane yield signifi-
cantly. We further observed that NGAM is higher during N,-fixation compared to
growth on NH4" and GAM value is very low due to extremely slow growth.
However, the comparison of experimental and simulation fluxes at estimated
NGAM and GAM raises a doubt on model predictions during N,-fixation and needs
further improvement.
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Chapter 6
Contributions and Future
Recommendations

6.1 Contributions

Rapid depletion of fossil fuel-based resources has caused energy and environmental
concerns and encourages production of renewable chemicals and fuels from CO,
consuming microorganisms. Attempts have been made in the past to capture CO,
from flue gases using algae and cyanobacteria. However space, harvesting and
sunlight remains to be a challenging problem. Thus, it is important to explore other
CO, fixing microbes. In this work, we used a modeling approach to understand
methanogenesis from CO, from a methanogenic archaea, M. maripaludis S2. In
addition to CO,, M. maripaludis also possesses a unique capability to fix N, and
hence provides an ideal scenario to capture two major components of a flue gas.
The following section presents some of the key contributions from this work.

6.1.1 Consolidated Review of M. maripaludis Metabolism

In spite of more than 100 publications on the biochemistry of M. maripaludis, a
consolidated review was missing in the literature. This work reviewed existing
literature on M. maripaludis, and explored its potential industrial and environmental
applications. Our review of its metabolic processes, energy production, and
genome-scale models suggested that more efforts are required towards metabolic
cycle regulations, acetate biosynthesis, value-added chemicals/fuels production,
metabolism under stress, carbon capture and utilization applications, and systems
biology models. Recent tools such as next generation sequencing, omics, and
systems biology technologies can facilitate our understanding at the molecular level
and promote further research into this interesting microbe.
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6.1.2 iMMS518, Development of First Constraint-Based
Genome-Scale Metabolic Model of M. maripaludis S2

iIMMS518, the first genome-scale metabolic model of M. maripaludis S2 was con-
structed, validated, and analyzed in this work. The model allowed us to study
methanogenesis, N,-fixation, and other metabolic pathways at genome-scale in
M. maripaludis S2. The developed model is robust, and successfully predicted
various observed phenotypes under different experimental conditions. The model
enabled the identification of essential genes/reactions for growth and mutant strains
capable of enhancing methanogenesis. Its comparison with the in silico models of
Methanosarcina barkeri, Methanosarcina acetivorans, and Sulfolobus solfataricus
P2 showed M. maripaludis S2 to be a better organism for producing methane.

6.1.3 Experimental Measurement of Fluxes and Estimation
of Maintenance Energy Parameters

In this study, we performed batch culture experiments on M. maripaludis S2 using
CO; as the sole carbon substrate to quantify three key extracellular fluxes (CO,, H,,
and CH,) along with specific growth rates. This is the first study to report exper-
imental gas consumption and production rates for the growth of M. maripaludis on
CO; and H; in minimal media. A systematic process simulation and optimization
procedure was successfully developed to precisely quantify extracellular fluxes
along with cell growth and maintenance energy parameters. Our growth yields,
ATP gain, and energy parameters fall within acceptable ranges known in the lit-
erature for hydrogenotrophic methanogens.

6.1.4 Effect of Diazotrophy on Methanogenesis
by M. maripaludis

Few methanogens demonstrate metabolic capabilities of N,-fixation (diazotrophy)
along with CO, capture in the absence of external nitrogen sources, however the
growth rates during N,-fixation are usually slow. In this study, the impacts of
nitrogen sources on methane production in M. maripaludis were evaluated with
batch reactors. Our results indicated that diazotrophy in M. maripaludis with
reduced growth rates is in fact beneficial for CO, conversion, suggesting that
diazotrophic methanogens are ideal biocatalysts to efficiently capture both carbon
and nitrogen in flue gases to produce renewable energy. However, the comparison
of experimental and simulation fluxes at estimated NGAM and GAM raised a doubt
on model predictions during N,-fixation and needs further improvement.
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6.2 Future Recommendations

6.2.1 Electromethanogenesis

Electromethanogenesis is the bio-catalyzed reduction of CO, to CH4 where, instead
of H,, electricity is supplied as the source of electrons. Direct extracellular electron
transfer is represented as follows:

CO, +8H™" +8e~ — CHy + 2H,0 (Ecyhode = —0.24 V vs. NHE)
4H,0 — 20, +8H™' +8e” (Eanode = 0.81 V vs. NHE)
CO, +2H,0 — CH4+ 20, (Ecell = —1.05vs. NHE)

Literature reported an efficiency up to 96 % [1] on a biocathode where electrons
can be captured by methanogen to form methane and thus, allows storage of
electrical energy in a stable form as carbon-neutral methane. In order to study the
direct uptake of electrons by M. maripaludis, two-chamber electromethanogenesis
was demonstrated in M. maripaludis by Lohner et al. [2]. They demonstrated
H,-independent electromethanogenesis from CO, in both wild-type M. maripaludis
strain MM901 and hydrogenase mutant strain MM1284. However, as discussed
earlier, two-chamber electromethanogenesis require membranes such as Nafion.
The membranes are expensive, increase the pH gradient across two chambers and
contribute to potential losses. In addition, maintaining pressure is very difficult in a
two-chamber set-up. The single-chamber membraneless MEC decreases the internal
resistance and hence increases energy recovery.

It is interesting to study single-chamber membrane-free electrosynthesis for direct
uptake of electrons by M. maripaludis and to compare the results with two-chamber
MECs. As a preliminary work, we designed single-chamber membrane-free MECs
to study the electromethanogenesis by a pure culture of M. maripaludis S2 and
investigated methane production at varying voltages.

Single-Chamber MEC set-up

A membraneless MEC set-up (Fig. 6.1) used to study electromethanogenesis in
M. maripaludis S2 consists of a 600 ml serum bottle that contained 250 ml of
anaerobic growth medium and 350 ml of headspace. It is easy to maintain anaer-
obic environment in serum bottles as they can be easily sealed and autoclaved. Two
graphite electrodes (5 cm X 1 cm X 0.3 cm) acted as anode and cathode and
spaced approx. 2 cm apart using rubber fixture. Titanium wires were used to
connect the electrodes to the circuit and a power supply (HM7042-5, RS Singapore)
is used to provide an overall potential ranging from 1.0 to 1.6 V.
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Headspace gas
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Minimal media

Fig. 6.1 Single-Chamber Membrane-Free MEC set-up

Growth conditions

The minimal growth medium was prepared as described in Sect. 4.2.2 of this thesis.
20 ml inoculum (cells in late exponential phase) was added to 230 ml of growth
media and anaerobic conditions were maintained by flushing the reactor with 80/20
v/v NL/CO, and to remove dissolved oxygen. The MECs were pressurized with
80/20 v/v N,/CO, usually up to 2.0 bars and incubated at 37 °C. Each experiment
was performed in duplicates.

Analytical Procedures

Bottle pressure was measured periodically using a digital gauge (Cole Parmer,
USA, 68873-44) with a sensitivity of 10~* bar. Headspace gas samples were taken
at regular intervals and analyzed immediately using GC as described in Sect. 4.2.4.

Cellular growth was monitored by measuring optical density (OD) of 1 ml
culture samples. OD was recorded at 600 nm using a double-beam UV/Vis
Spectrophotometer (Hitachi Model U-2800).

Coulombic efficiency was determined using the method described by
Eerten-Jansen et al. [3]. Cumulative electric charge i.e. the amount of electrons
consumed, was calculated by integrating the current profile logged by the poten-
tiostat and efficiencies were then determined as the ratio of the electrons theoreti-
cally needed to form the measured product (8¢~ for CH4 and 2e¢~ for H,) and the
cumulative electric charge measured as the current by the potentiostat.

Preliminary results and future work

Four MECs were setup each with a different E_, (—0.10, —0.20, —0.35, and —0.49 V)
versus Ag/AgCl. As shown in Fig. 6.2, methane production at —0.49 V is highest
compared to —0.20 and —0.35 V. Almost negligible methane was seen in MEC
operated at E.,; = —0.10 V. High voltage produced more H, during water splitting
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which is then used by M. maripaludis for CH, production. However the coulombic
efficiencies from these MECs were less than 1 %. The reason for low coulombic
efficiencies could be deposition of salts on the cathode surface, causing a significant
voltage drop. Shaking the reactors at low rpm would increase the mass transfer,
reduce the rate of salt deposition and may lead to increase in coulombic efficiency.
Thus, more work is required to comment on the direct or indirect uptake of electrons
by M. maripaludis in a single-chamber MEC.

We need to optimize single-chamber MECs for CH4/H, production at varying
voltages, temperature, shaking speed, etc. Once optimized, a comparison with
two-chamber MECs can be made. To study direct electron transfer we also need
further investigation by employing a hydrogenase mutant strain.

6.2.2 Model-Driven Approaches for Production of Desired
Fuels/Chemicals

A systematic model-driven approach is required to evaluate the production potential
of M. maripaludis for other fuels such as methanol, butanol, etc. and value-added
products such as isoprenoids, terpenes, etc. from CO, through coupling metabolite
production to growth rate. Specific metabolic interventions i.e. strain designs for
production strains that can be experimentally implemented, characterizes the
potential of M. maripaludis and its other strains, to produce novel compounds is
needed. iIMMS518 will enable the genome-scale study of M. maripaludis as a useful
biocatalyst. In addition, the predictability of the model can be improved by adding
the regulatory information. In order to account for the impact of gene expression
and regulation on metabolism, a genome-scale model should integrate some reg-
ulatory mechanisms such as activity of RNA polymerase, transcription factors and
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its binding sites, promoters, sigma factors, etc. The approach that includes regu-
latory information with the cellular metabolism will significantly improve our
understanding of metabolism in M. maripaludis.

6.2.3 Co-culture Modeling/Experimentation

Stolyar et al. [4] developed a first multispecies stoichiometric metabolic model of
M. maripaludis and D. vulgaris to study methane production during mutualistic
interactions. The model could successfully predict metabolic fluxes and growth
phenotypes. In a similar manner, other co-culture models of M. maripaludis can be
developed to study CO, conversion to a useful fuel such as acetate, methanol,
butanol, etc. For instance, during microbial conversion of CO, to methanol, we
need to identify the similar growth conditions of a methanogen and methanotroph
to grow them in co-cultures. Quantifying the products using GC/HPLC and com-
paring the results among different pairs of methanogens and methanotrophs can
helps us identify the best co-culture for production of methanol. The experimental
data can then be integrated with modeling to further enhance its production.
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Summary

Exhaust flue gas generated during combustion of fossil fuels such as coal accounts for
about 59.69 % of the CO, emissions worldwide [1]. To capture the CO, from flue gas
and convert it into a relatively cleaner and sustainable fuel such as methane
cost-effective, clean and efficient approaches are needed. One such approach is
biochemical conversion of CO, which drew numerous attentions over the past few
years. Methanogens play a key role in the biochemical conversion of CO, by not only
capturing it but simultaneously converting it to a relatively cleaner fuel, methane.

M. maripaludis is a fast growing, mesophilic, hydrogenotrophic methanogen
with some unique characteristics and advantages [2—4]. It reduces CO, (an electron
acceptor) with the help of H, (an electron donor) for growth and methanogenesis.
Despite several decade of research on M. maripaludis, a consolidated review on its
metabolic processes and applications was lacking in the literature. In addition,
efforts to generate a systems biology model for M. maripaludis have not been
successful. In this thesis, we fill these gaps and experimentally measure specific
growth rates and extracellular fluxes (CO,, H, uptake and CH4 evolution) during
growth in a batch reactor. To minimize errors in the flux measurements, we propose
a novel process simulation approach. Furthermore, we show that how flux data
from experiments and genome-scale model can be integrated to estimate the
maintenance energy parameters i.e. Growth Associated Maintenance (GAM) and
Non-Growth Associated Maintenance (NGAM) for a cell. We further explore the
N,-fixing ability of M. maripaludis and demonstrate an ideal scenario for CO,
capture from flue gas, which has both N, and CO,.

Briefly, the thesis has four major parts. The first part reviews the biochemistry
and genetics of M. maripaludis S2 and describes the approach for constraint-based
genome-scale metabolic modeling. Second, to initiate the system level analysis we
successfully reconstruct the first genome-scale metabolic model ((IMM518, [3]) of
M. maripaludis based on the available genomics and biochemical data. Notably,
this model comprises 570 reactions, 556 distinct metabolites, and 518 genes along
with Gene-Protein-Reaction (GPR) associations, and covers 30 % of Open Reading
Frames (ORFs). iIMM518 was validated using biomass growth data and gene
knockout studies from the literature. The model successfully predicts all the known
metabolic phenotypes and shows the superiority of M. maripaludis compared to
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three other modeled archaea. Using iMMS518, we identify the essential/non-
essential genes for growth and study the efficacy of alternate carbon, hydrogen and
nitrogen sources.

Third, although iIMM518 was validated using available biomass growth data, the
validation was inadequate due to unavailability of quantitative data on uptake and
production rates. Therefore, we perform batch culture experiments and quantify
three key extracellular fluxes (CO,, H,, and CH,) along with specific growth rates of
M. maripaludis. A novel process simulation approach was developed to accurately
estimate such fluxes. Consumption and production rates were reported for
M. maripaludis with a growth yield of 3.549 4+ 0.149 gDCW/mol CH,. The
experimental results indicated that M. maripaludis was capable of reducing 70-95 %
of CO, to CH4 during the exponential phase. We estimated maintenance energy
parameters to be NGAM = 7.836 mmol/gDCW-h and GAM = 27.14 mmol/gDCW
for M. maripaludis using a genome-scale in silico metabolic model (MM518) and
experimentally measured compositional data. A thoroughly validated IMM518 was
then used to study the effect of amino acids on microbial growth and CH, production
rates by investigating the intracellular flux distributions.

Fourth, iMMS518 has predicted significant MER enhancement during N,-fixation
in M. maripaludis. However, this required an experimental proof. Thus, we perform
batch culture studies on M. maripaludis to compare the effect of NH,* or N> on
methane production. Our results show that with the same amount of nutrients in
both the reactors, N,-fixation allows methane production up to 20 days while it
stops after 8 days in the presence of NH,". Clearly, the amount of carbon fixed to
methane in N,-fixing reactor is approx. 250 % higher compared to NH4" and hence
provide an ideal scenario for dual capture of carbon and nitrogen from flue gas.
Furthermore, we used the experimental data for growth and extracellular fluxes to
study the effect of N,-fixation on maintenance energy.

Overall, this work provides a systematic computational framework to study
metabolism in M. maripaludis at genome-scale by combining constraints-based
metabolic modeling and flux data under different culture conditions. With the ever
increasing genomics and biochemical data, the developed framework can be applied
to any other CO, fixing methanogen for analyzing its metabolism in a systematic
way.
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Appendices

A. SBML File of a Genome-Scale Metabolic Model
of M. maripaludis (iIMMS518) Available in BioModels
Database

http://www.ebi.ac.uk/compneur-srv/biomodels-main/MODEL1304 120000

B. List of Metabolic Reactions Used for iMM518

http://www .rsc.org/suppdata/mb/c3/c3mb70421a/c3mb70421al .xls

C. Biomass Composition of M. maripaludis Used in iMMS518

http://www.rsc.org/suppdata/mb/c3/c3mb70421a/c3mb70421a2.pdf
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D. Implementation Code of iMMS518 in GAMS Build
38380/38394

$Title

$Ontext

Source:

$Offtext

Set i all metabolites /
$include "metabolites.txt"
/

Set e(i) external metabolites /
$include "externals.txt"
/s

Set j reactions / Rxn1*Rxn572 / ;

Set r(j) reversible reactions /
$include "reversibles.txt"

/

Set t time /t1, t2, t3, t4, t5, t6, t7, t8, 19, t10, t11, t12 /;
Set tf(t) /t1, t2, t3, t4, t5, t6, t7, t8, t9, t10, t11, t12/;

Parameter S(i,j) stoichiometric coefficient of metabolite i in reaction j /
$include "coefficients].txt"
/5

*Select Objective function

Parameter mw(e) / CO2 0.044, h2 0.002, ch4 0.016, biomass 3.0/
Parameter bexp(t,e), ss(e), tss;

Parameter bco2(t) /t1 -30, t2 -40, t3 -50, t4 -60, t5 -70, t6 -80, t7 -90,
t8 -100, t9 -110, t10 -120, t11 -130, t12 -23.5106 /;

Variables
v(t,j) Flux of reaction j in network
b(t,i) Net flux of metabolite i
obj  Objective function;

Parameter
ngam  non growth substrate flux / 7.836 /
gam  growth substrate flux / 27.14/;

v.lo(t,j) = -1000.0 $r(j);
vaup(t,j) = 1000.0;
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bexp(t,"co2") = bco2(t);

bexp(t,"biomass") = (bco2(t)+23.5106)/(-203.2507);
bexp(t,"h2") = -580.8699*bexp(t,"biomass")-131.95;
bexp(t,"ch4") = 173.5926*bexp(t,"biomass")+21.9355;

b.lo(t,i) = -1000.0 $e(i);
b.up(t,i) = 1000.0 $e(i);
b.lo(t,"n2") = 0.0;
b.lo(t,"biomass") = 0.0;
b.lo(t,"btn_e") = 0.0;
b.fx(t,"hco3_e")=0.0;
b.fx(t,"h_e")=0.0;
b.lo(t,"cys_e") =0.0;
b.lo(t,"lys") = 0.0;
b.fx(t,"cd2_e")=0.0;
b.lo(t,"formate") = 0.0;
b.lo(t,"acetate_e") = 0.0;
b.fx(t,"selt") = 0.0;
b.fx(t,"oxygen") = 0.0;
b.lo(t,"ala_e") =0.0;
b.lo(t,"pro_e") = 0.0;
b.lo(t,"csn_e") = 0.0;
*reactions that were forming the loop
v.fx(t,"Rxn26") = 0.0;
v.fx(t,"Rxn27") = 0.0;
v.fx(t,"Rxn59") = 0.0;
v.fx(t,"Rxn81") = 0.0;
v.fx(t,"Rxn82") = 0.0;
v.fx(t,"Rxn140") = 0.0;
v.fx(t,"Rxn243") = 0.0;
v.fx(t,"Rxn252") = 0.0;
v.fx(t,"Rxn266") = 0.0;
v.fx(t,"Rxn283") = 0.0;
v.fx(t,"Rxn317") = 0.0;
v.fx(t,"Rxn359") = 0.0;
v.fx(t,"Rxn360") = 0.0;
v.fx(t,"Rxn463") = 0.0;
v.fx(t,"Rxn475") = 0.0;
v.fx(t,"Rxn555") = 0.0;
v.fx(t,"Rxn493") = 0.0;
v.fx(t,"Rxn494") = 0.0;
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*reactions that have been used as transport
v.fx(t,"Rxn135") = 0.0;
v.fx(t,"Rxn145") = 0.0,
v.fx(t,"Rxn235") = 0.0;
v.fx(t,"Rxn258") = 0.0;
v.fx(t,"Rxn259") = 0.0;
v.fx(t,"Rxn268") = 0.0;
v.fx(t,"Rxn282") = 0.0;
v.fx(t,"Rxn316") = 0.0;
v.fx(t,"Rxn439") = 0.0;
v.fx(t,"Rxn450") = 0.0;
v.fx(t,"Rxn458") = 0.0;
v.fx(t,"Rxn462") = 0.0;
v.fx(t,"Rxn487") = 0.0;
v.fx(t,"Rxn501") = 0.0;
v.fx(t,"Rxn513") = 0.0;
v.fx(t,"Rxn521") = 0.0;
v.fx(t,"Rxn523") = 0.0;
v.fx(t,"Rxn525") = 0.0;
v.fx(t,"Rxn536") = 0.0;
v.fx(t,"Rxn556") = 0.0;
v.fx(t,"Rxn559") = 0.0;
v.fx(t,"Rxn569") = 0.0;
v.fx(t,"Rxn572") = 0.0;
v.fx(t,"Rxn561") = 0.0;

b.fx(t,"c02") = bexp(t,"co2");

Equations
Flux(t,i)  Flux for metabolite i
atp(t) atp consumption

Objfun Desired physiological property (objective function);

Flux(t,i) $tf(t) .. sum(j,S(i,j)*v(t,j)) =e= b(t,i) Se(i);
Objfun.. obj =e= sum( t $tf(t),v(t,"Rxn136"));
atp(t) $tf(t).. v(t,"Rxn459") =g= ngam + gam*v(t,"Rxn136");

Model FBA /Flux, atp, Objfun /;
option nlp = baron;

option opter = 0.000001;

solve FBA using Ip maximizing obj;
mw("biomass") = 3.0;
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ss(e) = 1000*sum( t $tf(t), sqr(mw(e)*(b.1(t,e)-bexp(t,e))));
tss = sum(e, ss(e));
display obj.l, ngam, gam, b.1, ss, tss;

file res /mbiol.txt/;
put res;

put /'Objective Funcion:', obj.1:10:5 /;
put /'Overall Reaction:'/

loop( (t,e), pute.tl, @15, b.1(t,e):10:5 /);
put /'Flux Distribution:'/

loop( (t,j), putj.tl, @15, v.1(t,j):10:5 /);

Results-Display

---—- 2740 VARIABLE obj.L = 3.040 Objective function
PARAMETER ngam = 7.836 non growth substrate flux
PARAMETER gam = 27.140 growth substrate flux

---- 2740 VARIABLE b.L Net flux of metabolite 1
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E. Raw Experimental Data
Growth on NH}

Sample 1 Headspace composition Biomass
Time | Temp. (°C) | Pressure | Volume Volume of | CO, H, (%) | CHy4 (%) oD

(h) (COy/H,) | of culture | headspace (%) (600 nm)

(ml) (ml)

1 37 1.3858 | 248 352 16.343 | 81.079 7.51E-01 |0.059

2 37 1.2214 | 247 353 16.433 | 79.353 2.556 0.088

3 37 0.9456 | 246 354 16.221 |77.0162 | 6.353 0.132

4 37 0.6428 | 245 355 15.469 | 70.388 11.882 0.174

5 37 04115 | 244 356 14.852 | 64.515 17.721 0.209

6 37 0.232 243 357 13.990 |57.585 |23.415 0.221

7 37 0.0847 | 242 358 13.405 | 51479 |29.751 0.23

8 37 -0.312 241 359 12.599 |44.912 |35.561 0.242
Sample 2 Headspace composition Biomass
Time | Temp. (°C) | Pressure | Volume Volume of | CO, H, (%) | CHy (%) OD

(h) (COy/H,) | of culture | headspace (%) (600 nm)

(ml) (ml)

1 37 1.417 248 352 16.555 | 82.532 6.59E-01 |0.041

2 37 1.2633 | 247 353 16.374 | 79.309 2.261 0.072

3 37 0.9963 | 246 354 16.164 | 76.932 5.763 0.118

4 37 0.7138 | 245 355 15.706 | 72.033 10.691 0.155

5 37 0.486 244 356 15.216 | 66.867 16.124 0.198

6 37 0.3022 | 243 357 14.475 | 60.580 |21.640 0.209

7 37 0.1569 | 242 358 13.735 | 55.011 26.903 0.232

8 37 0.032 241 359 13.144 | 48.605 |33.172 0.238
Growth on N,

Sample 1 Day 1 Headspace composition Biomass
Time | Temp. (°C) | Pressure Volume Volume of | CO, H, CH, N, OD

(h) (COy/Hy/ | of culture | headspace (%) (%) (%) (600 nm)

N>) (ml) (ml)

1 37 1.419 249 351 11.200 | 65.387 2379 | 11.518 |0.214

2 37 1.098 248 352 11.090 | 60.153 6.628 | 13.988 | 0.224

3 37 0.8041 247 353 9.733 | 52999 | 11.440 | 15.858 |0.247

4 37 0.6493 246 354 9.247 | 49.787 | 14.770 | 17.682 | 0.249

5 37 0.4663 245 355 8.069 |43.542 |19.287 | 19.663 | 0.252

6 37 0.3386 244 356 7.179 | 38.965 |23.405 |21.617 |0.253

7 37 0.2312 243 357 5.651 |29.810 |24.673 |21.375 |0.251

8 37 0.139 242 358 5.169 |26.869 |29.746 |24.201 |0.257

(continued)



Appendices 121
(continued)
Sample 1 Day 2 Headspace composition Biomass
Time | Temp. (°C) | Pressure Volume Volume of | CO, H, CH, N, oD
(h) (COy/Hy/ | of culture | headspace (%) (%) (%) (600 nm)
N») (ml) (ml)
1 37 1.5247 240 360 11.778 | 64.847 | 4.587 |12.414 |0.275
2 37 1.2115 239 361 10.871 | 59.585 8.666 | 14.166 | 0.291
3 37 0.9797 238 362 9.541 |53.855 | 11.941 | 15.200 |0.317
4 37 0.7851 237 363 8.880 | 49.056 |16.083 | 17.334 |0.312
5 37 0.609 236 364 7.834 |43.753 |20.290 | 19.109 |0.317
6 37 0.4723 235 365 6.830 | 38.431 |23.984 |20.632 |0.315
7 37 0.3557 234 366 5.445 |31.994 |25982 |20.848 |0.319
8 37 0.266 233 367 4964 |28.966 |31.027 |23.601 |0.321
Growth on N,
Sample 2 Day 1 Headspace composition Biomass
Time | Temp. (°C) | Pressure | Volume Volume of | CO, H, CH,4 N, OD
(h) (COy/Hy/ | of culture | headspace (%) (%) (%) (600 nm)
N>) (ml) (ml)
1 37 1.3585 249 351 11.800 | 67.293 3.203 | 13.350 | 0.206
2 37 1.0402 248 352 10.112 | 57.833 | 11.967 | 15.533 | 0.218
3 37 0.7571 247 353 9.507 |52.159 | 12.465 |17.618 |0.241
4 37 0.6041 246 354 8777 | 48225 |15.719 |19.233 |0.243
5 37 0.4346 245 355 7.363 |39.444 | 19.260 |20.607 | 0.254
6 37 0.3149 244 356 6.890 | 37.927 |24.559 |23.609 |0.25
7 37 0.215 243 357 5.608 | 30.031 |26.583 |24.058 |0.248
8 37 0.1305 242 358 4.710 |24.599 |29.504 |25.276 |0.253
Sample 2 Day 2 Headspace composition Biomass
Time | Temp. (°C) | Pressure Volume Volume of | CO, H, CH, N, OD
(h) (COy/Hy/ | of culture | headspace (%) (%) (%) (600 nm)
N») (ml) (ml)
1 37 1.3912 240 360 11.136 | 62.574 | 6.379 | 14.405 | 0.272
2 37 1.085 239 361 10.049 | 56.633 | 10.967 | 16.533 | 0.301
3 37 0.8568 238 362 8.930 | 50.479 |14.978 | 18.376 |0.315
4 37 0.667 237 363 7.858 |44.414 | 19.165 |20.276 |0.314
5 37 0.5059 236 364 6.784 | 39.412 |23.872 |22.559 |0.303
6 37 0.3855 235 365 5.631 |33.396 |27.097 |23.778 | 0.306
7 37 0.2825 234 366 4759 |28.889 |31.718 |26.081 |0.313
8 37 0.2046 233 367 3.984 | 24.422 |34.685 |27.372 | 0312
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Sample 3 Day 1 Headspace composition Biomass
Time | Temp. (°C) | Pressure | Volume Volume of | CO, H, CH,4 N, OD

(h) (COy/ of culture | headspace | (%) (%) (%) (600 nm)

Ho/N>) (ml) (ml)

1 37 1.2786 249 351 11.364 | 64.081 4.183 | 14.942 | 0.211

2 37 0.9824 248 352 10.280 | 57.193 | 8.443 | 17.069 |0.222

3 37 0.7193 247 353 10.045 | 55.803 | 12.611 | 18.243 | 0.249

4 37 0.5688 246 354 8.191 |45.430 | 16.506 |21.076 |0.244

5 37 0.4062 245 355 7.123 |39.562 |21.134 |23.490 | 0.241

6 37 0.296 244 356 6.080 | 34.144 | 24355 |24.945 |0.245

7 37 0.2004 243 357 5.249 |29.492 |27.946 |26.751 |0.251

8 37 0.1197 242 358 4387 |24.413 |31.360 |28.435 |0.257
Sample 3 Day 2 Headspace composition Biomass
Time | Temp. (°C) | Pressure | Volume Volume of | CO, H, CH, N, OD

(h) (CO/ of culture | headspace | (%) (%) (%) (600 nm)

Ho/N>) (ml) (ml)

1 37 1.3366 240 360 11.164 | 63.525 | 6.512 | 13.840 |0.274

2 37 1.0172 239 361 10.004 | 57.526 | 11.227 | 15.974 |0.291

3 37 0.802 238 362 8.868 |51.172 | 15.338 | 17.714 |0.303

4 37 0.62 237 363 7.585 | 44.076 |18.994 | 19.112 | 0313

5 37 0.4616 236 364 6.674 | 39.811 | 24251 |21.685 |0.309

6 37 0.3415 235 365 5.567 | 34.258 |27.946 |23.211 |0.315

7 37 0.2386 234 366 4.549 |28.763 |31.883 |24.919 |0.325

8 37 0.1633 233 367 3.767 |24.027 |35.053 |26.289 |0.321
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