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Abstract

Gas fermentation has emerged as a promising technology that converts waste gases
containing CO, CO, and H, (also known as syngas) into fuels and chemical
commodities. Clostridium autoethanogenum is one of the microorganisms known as
acetogens capable of catalyzing such reactions. Employed by LanzaTech Inc. (USA) as
a biocatalyst for industrial gas fermentation, this acetogen naturally converts syngas
into ethanol, 2,3-butanediol (a platform chemical), acetate, and lactate. Metabolic
engineering offers unique opportunities to eliminate side-products, synthesize novel,
high-value molecules as diversification strategies, and increase productivities of
natural products. However, there had been no scientific reports of genetic
manipulation of this acetogen so the overall goal of this PhD project was to develop
genetic tools for this gas-utilizing microorganism and construct a hyper-ethanol
producing strain via metabolic engineering. The formulation of electroporation and
conjugation procedures allowed exogenous DNA to be routinely introduced into the
bacterial host. ClosTron mutagenesis and Allele-Coupled Exchange (ACE) techniques
were fully exemplified in this bacterium during the construction of knockout, in-
frame deletion, and overexpression mutants. Carbon monoxide dehydrogenases
(cooS1, cooS2 and acsA) were specifically targeted to elucidate their roles in
supporting CO oxidation and carbon fixation. In the ethanol formation pathway,
inactivation of bi-functional aldehyde/alcohol dehydrogenases (adhE1 and adhE2)
impaired growth on pure CO but elevated ethanol titres. Conversely, inactivation of
the more highly expressed aldehyde:ferredoxin oxidoreductase (aorl), but not the
weakly expressed aor2, significantly reduced ethanol production, highlighting the
importance of aorl in autotrophic ethanol formation. A double KO mutant of aorl
and aor2 was also generated via ClosTron mutagenesis and pyrE-mediated allelic
exchange. In an effort to engineer a robust biocatalyst, the native chaperone systems
groESL and/or grpE-dnaK-dnaJ were overexpressed in C. autoethanogenum, resulting
in enhanced tolerance towards ethanol, heat and salts. In summary, this study
demonstrated the genetic tractability of C. autoethanogenum and revealed gene

targets for future metabolic engineering of a hyper-ethanol producing acetogen.
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1. Introduction

1 Introduction

1.1 Introduction

From a pre-2008 global financial crisis high of US$134 per barrel (July 2008), the price
of Brent crude oil (per barrel) plunged to US$45 (January 2009) before recovering at
the US$95-125 mark between January 2011 and September 2014 (Figure 1.1).
Imbalance in supply and demand of global oil recently reduced the price to USS48 in
January 2015 (www.indexmundi.com). This level of price volatility not only highlights
the uncertain nature of global oil supply but also contributes significantly to
instability in the global economies. The inherently finite nature of fossil fuels and an
increasing global population (hence demand for fossil fuels) translates into the
inevitable increase in pressure for greater oil supply. This, coupled with the
deleterious environmental impacts that result from the accumulating atmospheric
CO, generated by the burning of fossil fuels, has driven an urgent requirement for

the development of affordable and environmentally sustainable fuels.
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Figure 1.1. Fluctuations of Brent crude oil (grey) and sugar (orange) prices between
June 2005 and June 2015. Source: www.indexmundi.com.
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Amongst the plethora of renewable technologies that aim to reduce the world’s
dependence on fossil fuels, gas fermentation has emerged as one of the more
promising technologies that could have a real impact in tackling this issue. Gas
fermentation is the microbial process which converts synthesis gas (or syngas) into
fuels and chemicals. Syngas consists of CO, H, and CO, and is generated via the
gasification of carbonaceous materials at high temperature. Globally three major
companies (INEOS Bio, Coskata, and LanzaTech) are actively engaged in the
development of gas fermentation technology and are at various stages of
commercialization. For instance, LanzaTech has secured investment from China Steel
Corporation to build a commercial scale facility (34 M gallons ethanol per annum) in
Taiwan (1), and partnered with ArcelorMittal and Primetals Technologies to build a

47000 tons ethanol per annum commercial facility in Ghent, Belgium (2).

This chapter explores the use of syngas and industrial waste gas as feedstocks to
produce not only biofuels, but also other high-value added products. The advantages
and disadvantages of gas fermentation over conventional sugar-based fermentation
and thermochemical conversions will also be discussed. The biochemistry, genetic
and energetic background of the microorganisms that perform this bioconversion
process will be critically examined, together with recent advances in systems biology

and synthetic biology that offer growing opportunities to improve the biocatalysts.

1.2 Overview of Past and Present Biofuels

Biofuels have been defined as solid (bio-char), liquid (bioethanol, biobutanol, and
biodiesel) and gaseous (biogas, biosyngas, and biohydrogen) fuels that are mainly
derived from biomass (3). Liquid biofuels provide a small but growing contribution
towards worldwide fuel usage, accounting for 2.7% of global road transport fuels in
2010 (4). The world’s largest producer of biofuels is the United States (U.S.), followed
by Brazil and the European Union (E.U.) (4). In 2009, U.S. and Brazil accounted for
approximately 85% of global bioethanol production while Europe generated about

85% of the world’s biodiesel (5). The global market for liquid biofuels (bioethanol and
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biodiesel) increased dramatically in recent years, reaching USS$83 billion in 2011 and

is projected to be US$139 billion by 2021 (6).

The advent of beer brewing in Mesopotamia in 5000 B.C. means that the
fermentative production of ethanol has been used for thousands of years. In contrast
the fermentative production of another potential biofuel butanol, was only
discovered just over a century ago. Nevertheless, its discovery and implementation
had significant impact. During the World War 1, Chaim Weizmann successfully
applied a process called ABE (acetone-butanol-ethanol) fermentation using
Clostridium acetobutylicum to generate industrial scale acetone (for cordite, the
propellant of cartridges and shells) from starchy materials (5, 7, 8). His contribution
was later recognised in the Balfour declaration in 1917 and he became the first
president of the newly founded State of Israel (5, 7). Intriguingly, the enormous
potential of butanol produced at that time was not realized and the substance was
simply stored in huge containers (5). ABE fermentation became the second biggest
ever biotechnological process (after the ethanol fermentation process) ever
performed, but the low demand for acetone following the conclusion of the war led
to closure of all the plants (7, 8). Although ABE fermentation briefly made a
comeback during the Second World War, increasing substrate costs and increasing
stable supply of low cost crude oil from the Middle East rendered the technology
economically unviable. Recently, a resurgence of the technology is underway as
some old plants are reopened and new plants are being built or planned in China, the

U.S., the United Kingdom (U.K.), Brazil, France and Austria (5, 7).

Biofuel production has initially focussed on the use of feedstocks that are easily
accessible. Thus, bioethanol production has been reliant on the sugar and/or starch
components of food crops such as sugar beet, sugar cane, corn, wheat and cassava,
whereas biodiesel has been derived from vegetable oils and animal fats. The fuels
produced are generally referred to as first generation biofuels. Although years of
intense R&D have made methods of bioethanol production (typically using the yeast
Saccharomyces cerevisiae) technologically mature, there remain some serious
guestions regarding its sustainability. One of the main concerns is the supply and

sustainability of sugar as feedstock for large scale biofuel production as the world

3
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raw sugar prices have witnessed significant volatility over the last decade (Figure 1.1)
or so, ranging from USS216/ton in year 2000 to a 30 year high of US$795/ton in
February 2011 due to global sugar deficits and crop shortfall (9). The use of food
crops as a source of carbohydrate feedstocks by these processes requires high-
quality agricultural land. The inevitable conflict between the increasing diversion of
crops or land for fuel rather than food production has been highlighted as one of the
prime causes of rising global food prices. Furthermore, corn ethanol producers in the
U.S., have until 2012 enjoyed a 45-cent-a-gallon federal tax credit, costing the
government USS$30.5 billion between 2005 and 2011, raising questions about its

economic competitiveness with gasoline (10, 11).

These arguments have stimulated the search for so-called second generation
biofuels, which utilize non-food lignocellulose biomass such as wood, dedicated
energy crops, agricultural residues and municipal solid wastes as feedstocks. Biomass
consists of cellulose, hemicellulose and lignin, the latter of which is extremely
resistant to degradation. One approach to unlocking the potential in this abundant
feedstock is to separate the lignin from the carbohydrate fraction of the biomass via
extensive pre-treatment of the lignocellulose involving, for example, steam-explosion
and/or acid hydrolysis. These pre-treatments are designed to allow the carbohydrate
portion of the biomass to be broken down into simple sugars, for example by
enzymatic hydrolysis using exogenously added cellulases to release fermentable
sugars (12). Such approaches have been found to be expensive and rate limiting (5,
12, 13). Alternatively, processes using cellulolytic microorganisms (such as
Clostridium  cellulolyticum, Clostridium  thermocellum, and Clostridium
phytofermentans) to carry out both the hydrolysis of lignocelluloses and sugar
fermentation in a single step, termed ‘Consolidated Bioprocessing Process (CBP)’(12)
have been proposed, but the development of these is still at an early stage, and

again low conversion rates seem to be a major limitation that needs to be overcome.



1. Introduction

1.3 The Emergence of Gas Fermentation Technologies

Microorganisms such as acetogens, carboxytrophs and methanogens are able to
utilize the CO, + H,, and/or CO available in syngas as their sole source of carbon and
energy for growth as well as the production of biofuels and other valuable products.
However, only acetogens are described to synthesize metabolic end products that

have potential as liquid transportation fuels.

Due to the flexibility of the microbes to ferment syngas with diverse composition,
virtually any carbonaceous materials can be used as feedstock for gasification. Non-
food biomass that can be employed as feedstock for gasification includes agricultural
wastes, dedicated energy crops, forest residues, and municipal organic wastes, or
even glycerol and feathers (14-18). It has been estimated that out of a global energy
potential from modern biomass of 250 exajoules (EJ) per year in 2005, only 9 EJ
(3.6%) was used for energy generation (15). The use of existing waste streams such
as municipal organic waste also differentiates itself from other feedstocks such as
dedicated energy crops because these wastes are available today at economically
attractive prices, and they are often already aggregated and require less indirect land
use. Alternatively, gasification of non-biomass sources such as coal, cokes, oil shale,
tar sands, sewage sludge and heavy residues from oil refining, as well as reformed
natural gas are commonly applied as feedstocks for the Fischer-Tropsch’ process
(FTP) and can also be used for syngas fermentation (19, 20). Furthermore, some
industries such as steel manufacturing, oil refining and chemical production generate
large volumes of CO and/or CO; rich gas streams as wastes. Tapping into these
sources using microbial fermentation processes essentially converts existing toxic
waste gas streams into valuable commodities such as biofuels. The overall process of

gas fermentation is outlined in Figure 1.2.
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Figure 1.2. Overview of the gas fermentation process.

While biological processes are generally considered slower than chemical reactions,
the use of microbes to carry out syngas fermentation offers several key advantages
over alternative thermo-chemical approaches such as the FTP. First, microbial
processes operate at ambient temperatures and low pressures which offer significant
energy and cost savings. Second, the ambient conditions and irreversible nature of
biological reactions also avoid thermodynamic equilibrium relationships and allow
near complete conversion efficiencies (19, 21). Third, biological conversions are
commonly more specific due to high enzymatic specificities, resulting in higher
product yield with the formation of fewer by-products. Fourth, unlike traditional
chemical catalysts which require a set feed gas composition to yield desired product
ratios, microbial processes have freedom to operate for the production of the same
suite of products across a wider range of CO:H, ratios in the feed gas (16). Fifth,
biocatalysts exhibit a much higher tolerance to poisoning by tars, sulphur and

chlorine than inorganic catalysts (5, 16).

The main challenges associated with commercialization of gas fermentation have
been identified as gas-to-liquid mass transfer limitation, long retention times due to
slow cell growth, sub-optimal substrate utilization efficiency, low alcohol production
rates and broth concentrations, and inefficient product recovery (14, 22, 23). Further

6
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development of the bioreactor is necessary to improve the availability of gas
substrates and maintain high cell density for higher productivity. Improvement in
integrated product recovery technology is also essential to lower the costs of product
recovery and alleviate product inhibition. Besides substrate utilization and
productivity issues, water usage and overall energy footprint of the process

constitute increasingly important environmental considerations.

1.4 The Genus Clostridium

Most of the industrially relevant acetogens belong to the genus Clostridium, which is
one of the largest bacterial genera. To date, more than 300 different species of genus
Clostridium are listed in culture collections ATCC (American Type Culture Collections)
and DSMZ (Deutsche Sammlung von Mikroorganismen und Zelkulturen). The old and
over-simplistic phenotypic criteria for attribution to this genus are anaerobic
metabolism, Gram-positive-type cell wall, endospore formation and inability to
undertake dissimilatory sulfate reduction (24). Molecular markers such as 16S rRNA
sequence homology, DNA/DNA hybridization and genomic DNA fingerprinting
allowed a more sophisticated strain/species differentiation and have led to
reclassification of many formerly described Clostridium species into other genera
such as Moorella, Eubacterium, Syntrophospora, Thermoanaerobacterium and

Oxobacter (24, 25).

Although clostridia are more commonly known for the potent cocktail of toxins they
produce, they are also incredibly metabolically diverse and play crucial roles in
regulation of global carbon cycle, production of industrially important fuels and
chemicals, degradation and bioremediation of complex organic molecules, and
medical applications (26, 27). The cytotoxins produced by C. tetani and C. botulinum
are the most potent natural toxins known to mankind, but even these have
established medical applications ranging from the removal of facial frown lines and
wrinkles, to treatment of muscle spasms affecting vision, cerebral palsy and pain
syndromes (25, 27). A novel antibiotic, closthiomide, was reported to be produced by

C. cellulolyticum as a secondary metabolite (28). Recently, recombinant apathogenic
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Clostridium spores have been explored as a vehicle for targeted delivery of anti-

cancer drugs to anoxic tumour cells (29).

Given that clostridia are found in virtually any anaerobic habitats such as animal guts,
soil, marine sediments, anaerobic digesters, and sewage sludge, it is unsurprising
that they have developed an appetite to utilize an impressively broad spectrum of
substrates or feedstocks (25, 26). Saccharolytic clostridia such as C. thermocellum, C.
cellulolyticum, C. cellulovorans, C. methylpentosum and C. phytofermentans are able
to degrade complex biological polymers cellulose, hemicellulose, xylan, starch and
pectin into the fermentable sugars glucose, xylose, rhamnose, arabinose, galactose,
and mannose (25, 26). Most cellulolytic clostridia produce a cell-wall-bound
multicomponent, multienzyme complex termed the cellulosome. It comprises a
cellulose binding domain, a scaffolding subunit, dockerin modules, cohesion
modules, enzymatic subunits, and an anchoring protein (12, 30). Recent
developments in CBP compressed cellulase production, cellulose hydrolysis and
fermentation into a single process using cellulolytic microorganisms to produce
biofuel and hydrogen gas (12, 30). Conventional bioprocessing of cellulose requires
costly pre-treatment steps such as steam-explosion and/or acid pre-treatment, and

addition of exogenously produced cellulolytic enzymes prior to fermentation (12).

Besides utilization of sugars as substrates, some clostridia are acetogens capable of
growing chemolithotrophically solely on inorganic CO, + H,, and CO. Figure 1.3
depicts the phylogenetic relationship of acetogens and solventogenic clostridia. It is
worth mentioning that acetogens are currently estimated to fix about 20% of the
earth’s CO,, and produce approximately one billion tons of acetate annually (31).
This, coupled with the ability of some clostridia such as C. pasteurianum, C.
acetobutylicum, and C. beijerinckii in nitrogen fixation (32), underlines the
contribution of this diverse genus of bacteria in the earth’s carbon and nitrogen

cycles.
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Escherichia coli K-12
Moorella thermoacetica ATCC 39073
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Figure 1.3. Phylogenetic tree of acetogens, solventogenic Clostridium species and
model bacteria. The tree was constructed using the neighbour-joining method of
Geneious 7.1.7 (Biomatters Ltd) and was based on complete 16S rRNA DNA
sequences. Bootstrap values expressed as a percentage of 100 replications are given
at the branching points. Sequence divergence is represented by horizontal bar.
Acetogens are highlighted in blue.

The fixation of CO, by acetogens requires electron donors such as H, or CO. Recently
C. ljungdahlii, C. aceticum, M. thermoacetica, Sporomusa ovata, and S. sphaeroides
have also been shown to accept electrons derived from electrodes to reduce CO,
into organic compounds such as acetate, formate, and 2-oxo-butyrate (33). Termed
microbial electrosynthesis, this nascent concept offers another route for acetogens
to harvest the electrons generated from renewable strategies (e.g., solar and wind)

to reduce CO, into useful multi-carbon products such as biofuels (34).
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The importance of clostridia is reflected by the increasing number of Clostridium
genome sequencing projects. To date, 52 clostridial genome sequences are publicly
available in the KEGG (Kyoto Encyclopaedia of Genes and Genomes) database. The
genome of C. acetobutylicum ATCC 824 was the first Clostridium to be completely
sequenced (35) and it provided invaluable insights into its metabolic potentials.
Apart from revealing the whole set of solventogenic genes and pathways, it also
brought surprising discovery of previously unknown cellulosome components (35,
36). Despite the demonstration of cellulosome formation in vivo, C. acetobutylicum
remains unable to hydrolyze cellulose (36). The genomes of solventogenic acetogens
C. ljungdahlii (37), C. autoethanogenum (38) and C. carboxidivorans strain P7 (39, 40)
have also recently been released, allowing in-depth examination of their Wood-
Ljungdahl pathway (WLP) and solventogenic capability. Similar to C. acetobutylicum,
C. carboxidivorans strain P7 also harbours an extra-chromosomal 19 kb plasmid but
this plasmid is much smaller in size (C. acetobutylicum megaplasmid pSOL1 is 192 kb)
and does not encode solventogenic genes (39). A selection of mesophilic and

thermophilic acetogens are presented in Table 1.1.

Table 1.1. Acetogens

Species Substrate  Product(s) Topt  PHopt Genome Ref.
(°c) Status
Mesophilic Microorganisms

Acetobacterium woodii H,/CO,, Acetate 30 6.8 Yes (41, 42)
co
Acetonema longum H,/CO, Acetate, butyrate 30- 7.8 (43)
33
Alkalibaculum bacchi H,/CO,, Acetate, ethanol 37 8.0- (44, 45)
CcO 8.5
Butyribacterium H,/CO,, Acetate, ethanol, butyrate, 37 6 (46-48)
methylotrophicum Cco butanol
Clostridium aceticum H,/CO,, Acetate 30 8.3 Under (49-51)
co construction
Clostridium H,/CO,, Acetate, ethanol, 2,3- 37 5.8- Yes (38, 52,
autoethanogenum co butanediol, lactate 6.0 53)
Clostridium H,/CO,, Acetate, ethanol, butyrate, 38 6.2 Draft (39, 54)
carboxidivorans or “P7” co butanol, lactate
Clostridium difficile H,/CO,, Acetate, ethanol, butyrate 35-  6.5- Yes (55-57)
co 40 7.0
Clostridium drakei H,/CO,, Acetate, ethanol, butyrate 25-  3.6- (54, 58,
CcOo 30 6.8 59)
Clostridium co Acetate, formate 37 NR (49, 60,
formicoaceticum 61)
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Species Substrate  Product(s) Topt  PHopt Genome Ref.
(°c) Status
Clostridium glycolicum H,/CO, Acetate 37-  7.0- (62, 63)
40 7.5
Clostridium ljungdahlii H,/CO,, Acetate, ethanol, 2,3- 37 6 Yes (37, 53,
co butanediol, lactate 64)
Clostridium magnum H,/CO, Acetate 30- 7.0 (65, 66)
32
Clostridium mayombei H,/CO, Acetate 33 7.3 (67)
Clostridium H,/CO, Acetate, formate 37 7.4 (68)
methoxybenzovorans
“Clostridium ragsdalei” H,/CO,, Acetate, ethanol, 2,3- 37 6.3 (53, 69)
or “P11” co butanediol, lactate
Clostridium scatologenes  H,/CO,, Acetate, ethanol, butyrate 37- 5.4 (54, 58)
co 40 7.5
Eubacterium limosum H,/CO,, Acetate, butyrate 38-  7.0- Yes (41, 70)
co 39 7.2
Oxobacter pfennigii H,/CO,, Acetate, butyrate 36- 7.3 (71)
CcO 38
Blautia productus H,/CO,, Acetate 37 7 (72)
CcO
Thermophilic Microorganisms
Moorella thermoacetica H,/CO,, Acetate 55 6.5- Yes (73-75)
co 6.8
Moorella H,/CO,, Acetate 58 6.1 (76)
thermoautotrophica co

Notes: NR, Not reported

1.5 The Wood-Ljungdahl Pathway (WLP) and Energy Conservation

Acetogens are defined as obligate anaerobes that utilize the reductive acetyl-CoA
pathway for the reduction of CO, to the acetyl moiety of acetyl-coenzyme A (CoA),
for the conservation of energy, and for the assimilation of CO, into cell carbon (31).
The reductive acetyl-CoA pathway is also known as the ‘Wood-Ljungdahl’ pathway
(WLP), in recognition to the two pioneers, Lars G. Ljungdahl and Harland G. Wood,
who elucidated the biochemistry and enzymology of the pathway using Moorella
thermoacetica (formerly: Clostridium thermoaceticum) as a model acetogen (77).
This ancient pathway is diversely distributed among at least 23 different bacterial
genera: Acetitomaculum, Acetoanaerobium, Acetobacterium, Acetohalobium,
Acetonema, Alkalibaculum, Bryantella, Butyribacterium, Caloramator, Clostridium,
Eubacterium, Holophaga, Moorella, Natroniella, Natronincola, Oxobacter,
Ruminococcus, Sporomusa, Syntrophococcus, Tindallia, Thermoacetogenium,

Thermoanaerobacter, and Treponema (31). Acetogens are able to utilize gases CO, +
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H,, and/or CO to produce acetic acid and ethanol according to the following

stoichiometries:

2CO, +4 Hy, > CH3COOH +2H,0 AH=-753kl/mol (1)
2C0,+6H; > CHsOH+3H,0  AH=-97.3kl/mol  (2)
4 CO +2 Hy0 < CH;COOH +2 CO, AH =-154.9 kJ/mol  (3)
6CO+3H0 > CHsOH+4CO,  AH=-217.9kl/mol (4)

1.5.1 Carbonyl- and Methyl- Branch of WLP

The Acetyl-CoA pathway is essentially a terminal electron-accepting process that
assimilates CO; into biomass (77). It constitutes an Eastern (or Carbonyl) branch and
a Western (or Methyl) branch (Figure 1.4). The Western branch employs a series of
enzymes to carry out a six-electron reduction of CO, to the methyl group of acetyl-
CoA, starting from the conversion of CO, to formate by formate dehydrogenase.
Formyl-THF (tetrahydrofolate) synthase then condenses formate with THF to form
10-formyl-THF, which is then converted to 5,10-methenyl-THF by a cyclohydrolase.
This is followed by a dehydrogenase that reduces methenyl- to 5,10-methylene-THF,
before (6S)-5-CHs-THF is formed by methylene-THF reductase (78). A B12-depedent
methyltransferase (MeTr) then transfers the methyl group of (6S)-5-CHs3-THF to
corrinoid iron-sulphur protein (CoFeSP) of the bi-functional carbon monoxide

dehydrogenase/acetyl-CoA synthase (CODH/ACS) complex (78).

The bi-functional CODH/ACS enzyme complex is formed by two autonomous
proteins, an o,B, tetramer (CODH/ACS) and a y& heterodimer (CoFeSP), and the
encoding genes are often arranged in an operon, together with MeTr (78, 79). In the
Eastern branch, the CODH component catalyzes the reduction of CO, to CO. The
central molecule, acetyl-CoA, is finally generated when CO, methyl group (bound to
CoFeSP) and CoASH are condensed by ACS. Given the pivotal role of CODH/ACS, it is
unsurprising that the genes which encode this complex were found to be the most
highly expressed transcripts under autotrophic conditions in C. autoethanogenum

(53), and can represent up to 2% of the soluble cell protein of an acetogen (80). In
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addition to CODH/ACS, CODH disulfide reductase and NADP or ferredoxin are also
required for the addition of CoASH into acetyl-CoA (81).

co co,

. 10
CODH
2[H]

CO,

2[H]
FDH y

Formate
Forny|-THF AT, THF
Synthase ATP -
Formyl-THF / )

Formyl-THF
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Methy lene-THF ‘V 2H]
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ADP
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Figure 1.4. Wood-Ljungdahl Pathway. Ack, acetate kinase; ACS, acetyl-CoA synthase;
CODH, carbon monoxide dehydrogenase; CoFeSP, corrinoid iron sulfur protein; FDH,
formate dehydrogenase; Pta, phosphotransacetylase; THF, tetrahydrofolate.

1.5.2 Hydrogenase

The reducing equivalents required for fixation of CO, carbon into acetyl-CoA come
from the oxidation of molecular hydrogen, NADH and/or reduced ferredoxin (82, 83).
An extensive review by Calusinska et al. (2010) highlighted the diversity of
hydrogenases that clostridia possess (84), which catalyze the reversible oxidation of

hydrogen:

H, €>2H +2e  (5)
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The direction of the reaction is directed by the redox potential of the components
able to interact with the enzyme. Hydrogen evolution occurs when an electron donor
is available, whereas the presence of an electron acceptor results in hydrogen
oxidation (85). Hydrogenases can be classified into three phylogenetically distinct
classes of metalloenzymes: [NiFe]-, [FeFe]-, and [Fe]-hydrogenases (84). In
Methanosarcina barkeri, the Ech hydrogenase, a [NiFe]-hydrogenase, was
demonstrated to oxidize H, to reduce ferredoxin (86). During acetoclastic
methanogenesis, Ech hydrogenase oxidizes ferredoxin to generate H, (86). Although
genome analysis revealed the presence of Ech-like hydrogenases in C. thermocellum,
C. phytofermentans, C. papyrosolvens, and C. cellulolyticum, their physiological roles

remain unknown (84).

Clostridia harbour multiple distinct [FeFe]-hydrogenases, perhaps reflecting their
ability to respond swiftly to changing environmental conditions (84). The monomeric,
soluble [FeFe]-hydrogenase of C. pasteurianum is one of the best studied. It transfers
electrons from reduced ferredoxins or flavodoxins to protons, forming H, (87).
Trimeric [FeFe]-hydrogenases found in C. difficile, C. beijerinckii, and C.
carboxidivorans were hypothesized to couple formate oxidation to reduction of
protons into H, (84). In Thermotoga maritima, an electron-bifurcating, trimeric
[FeFe]-hydrogenase was identified, that was shown to simultaneously oxidize
reduced ferredoxin and NADH to evolve hydrogen under low H; partial pressure (88).
Under high H, partial pressure, the authors hypothesized that the NADH is oxidized
to produce ethanol. In silico analysis revealed homologs of this bifurcating
hydrogenase in a few clostridia including C. beijerinckii and C. thermocellum (88).
Recently, a NADP-specific electron-bifurcating [FeFe]-hydrogenase that forms a
functional complex with formate dehydrogenase was characterized in C.
autoethanogenum. This complex was purified and demonstrated to catalyze both the
reversible reduction of NADP with ferredoxin and formate or H,, and the reversible

production of H, and CO, from formate (89).
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1.5.3 Carbon Monoxide Dehydrogenase (CODH)

Besides CO, and H,, most acetogens are also able to utilize another gas carbon
monoxide. In contrast to CO,, CO can serve as both carbon source and electron
source for acetogens so that hydrogen is not necessarily needed. With a CO,/CO
reduction potential of -524 to -558 mV, CO is about 1000-fold more potent than
NADH in generating extremely low potential electrons, which then reduce cellular
electron carriers such as ferredoxin and flavodoxin (79, 90). The reducing equivalents
generated from CO oxidation can be coupled to reduction of sulphur species to H,S,
evolution of molecular hydrogen from protons, reduction of CO, to acetate, butyrate
and/or methane, reduction of nitrate/nitrite to ammonium, and reduction of
aldehydes to alcohols (77, 91). However, relatively few microorganisms are able to
utilize CO as sole carbon and energy source, probably due to growth inhibition from
sensitivity of their metalloproteins and hydrogenases towards CO (79, 91). CODH has
been reported to be a very rapid and efficient CO oxidizer at rates between 4,000
and 40,000 s}, and reduces CO, at 11 s (92, 93). CODH is able to split water in a
biological water-gas shift reaction into hydrogen and electrons according to the

stoichiometry:

CO + H,0 = CO, + 2H" +2e” (7)

1.5.4 Energy Conservation in WLP

Under chemolithoautotrophic conditions, acetogenesis must not only fix carbon but
also conserve energy. Approximately 0.1 mol of ATP is required for generation of 1g
of dry biomass in anaerobes (90). Through the combined actions of Pta
(phosphotransacetylase) and Ack (acetate kinase), one ATP can be generated via
substrate level phosphorylation (SLP) from central molecule acetyl-CoA. However,
the activation of formate to 10-formyl-THF in the methyl-branch of the Acetyl-CoA
pathway consumes one ATP so no net gain in ATP is achieved via this mechanism (77,
82). Furthermore, the reduction of CO, to the carbonyl group also requires energy,
estimated at one third of ATP equivalent (77). Recent advances indicated that

electron transport phosphorylation (ETP) or chemiosmotic processes that are
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coupled to the translocation of protons or sodium ions are implicated in the energy

conservation of acetogens.

Acetogens such as M. thermoacetica harbour a membrane-associated electron
transport system containing cytochromes, menaquinones, and oxidoreductases that
translocates H* out of the cell (31). A non-cytochrome, non-menaquinone
ferredoxin:NAD*-oxidoreductase termed Rnf complex was demonstrated to play vital
roles in energy conservation in acetogens such as A. woodii, C. ljungdahlii and C.
autoethanogenum (37, 89, 94-97). Using reduced ferredoxin generated by CODH,
carbohydrate and/or hydrogenase, this membrane-bound electron transfer complex
is predicted to reduce NAD" with concomitant translocation of Na*/ H*. The ion
gradient generated from the above processes is harvested by H'- or Na*- ATP
synthase to generate ATP (31, 95). Recently, an energy conservation mechanism
which involves bifurcation of electrons by hydrogenases was proposed for anaerobes
(98) and demonstrated for various enzymes such as hydrogenases (see above; (88,
89, 99-101)), butyryl-CoA dehydrogenase (25, 98), an NADH-dependent reduced
ferredoxin:NADP oxidoreductase Nfn (89, 102), a formate dehydrogenase (103), a
caffeyl-CoA reductase (104) and a dehydrogenase involved in heme biosynthesis
(105). A similar mechanism has also been proposed for the methylene-THF reductase
of the reductive acetyl-CoA pathway, which would enable this highly exergonic
reduction step (AGOI = -22 kJ/mol) to be coupled with the Rnf complex for additional

energy conservation (37). However, no experimental proof has been found to date.

1.5.5 Attempts at Installation of WLP into Non-Acetogens

During glycolysis, the decarboxylation of pyruvate into acetyl-CoA (via PFOR) leads to
the loss of carbon in the form of carbon dioxide, which reduces the theoretical
maximum of substrate utilization in a fermentation process. To maximize sugar-
based feedstock conversion rate, it has been proposed that the installation of WLP

into non-acetogenic chassis may lead to improved productivity and yield (106).

In an attempt to generate an autotrophic E. coli, the genes encoding MeTr, the two

subunits of CODH/ACS, and the two subunits of CoFeSP from M. thermoacetica were
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cloned and overexpressed (107). Although the MeTr was found to be active, the
other subunits misassembled hence no active enzymes were found (107). In contrast,
the purified heterologously expressed CODH/ACS from M. thermoacetica in E. coli
was shown to be functional in both CO oxidation and CO/acetyl-CoA exchange
activities by Loke et al. (2000) (108). Eleftherios Papoutsakis and co-workers
expressed heterologous CODH/ACS and its accessory proteins, Fdh, MeTr and CoFeSP
from C. difficile and C. ljungdahlii in C. acetobutylicum. While heterologous gene
expression was demonstrated using qRT-PCR and some enzymatic activities were
shown, the resultant recombinant C. acetobutylicum was unable to grow

autotrophically (109, 110).

The capability of autotrophic growth is clearly a very complex process that on one
hand involves enzymes such as the CODH/ACS complex and THF pathway that have
delicate metal centres but on the other hand also requires many parts, including
compatible cofactors, electron carriers, specific chaperones and energy conservation
mechanisms. For instance, more than 200 genes are predicted to be involved in

methanogenesis and energy conservation from CO, and H, in methanogens (111).

1.6 Solventogenesis

Acetyl-CoA generated via the WLP, serves as key intermediate for synthesis of
biomass as well as products. All acetogens are reported to produce acetate, in order
to gain energy via SLP to compensate for the energy invested in activating CO, in the
Western branch of the reductive acetyl-CoA pathway. Acetate and ATP are formed
via acetyl-phosphate through the successive actions of Pta and Ack. The respective
encoding genes pta and ack are arranged in the same operon and they were
reported to be constitutively expressed (112). With CO, and H, as substrate, only
acetate has been observed as major product (44), with minor amounts of ethanol
produced in rare cases with C. ljungdahlii (113), C. autoethanogenum (52), or
“Moorella sp.” (114, 115). Using the more reduced substrate CO, production of a
whole range of other products has been reported, such as ethanol, butanol,

butyrate, 2,3-butanediol (53), or lactate (116) (Figure 1.5). Ethanol producers include
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C. ljungdahlii (37, 64), C. autoethanogenum (52, 53), “C. ragsdalei” (“Clostridium
strain P11”) (117, 118), “Moorella sp.” (114, 115), Alkalibaculum bacchii (44), C.
carboxidivorans (“Clostridium strain P7”) (39, 54), or B. methylotrophicum (48, 119).

The latter two have also been described to produce butanol.

Among solventogenic clostridia, sugar- or starch-utilizing C. acetobutylicum, C.
beijerinckii, C. saccharobutylicum, and C. saccharoperbutylacetonicum are known as
the best solvent producers and have been employed in industrial ABE fermentation
(25). Since C. acetobutylicum was the first Clostridium to be fully sequenced (35) and
it remains the most commonly used species for industrial production of solvents to

date (120), it provides a model for study of solventogenesis.

Clostridial solvent production which utilizes sugars as substrate typically undergoes
biphasic fermentation. The first phase is the accumulation of carboxylic acids
(acidogenic), H, and CO, during exponential growth. This is followed by the
solventogenic phase in which part of the produced acids are reassimilated or
reduced into solvents, which usually occurs during stationary growth phase (121).
This shift from acidogenesis to solventogenesis is of industrial importance and
several transcriptional analyses on C. acetobutylicum (112, 122), and C. beijerinckii
(123) have been performed to shed light on this process. In both organisms, the
onset of solventogenesis coincides with an increase in expression of master
sporulation/solventogenesis regulator spo0OA, solventogenic genes such as adhE
(aldehyde/alcohol dehydrogenase), ctfA-ctfB (CoA transferase A and B), and adc
(acetolactate decarboxylase), as well as down-regulation of chemotaxis/motility
genes (112, 122, 123). These solventogenic genes are arranged in the so-called so/
operon in C. acetobutylicum (124), C. beijerinckii  (125) and C.
saccharoperbutylacetonicum (126). In C. acetobutylicum, phosphorylated SpoOA was
shown using gel retardation assays and targeted mutagenesis to bind to the
promoter of adc and sol operons, thus providing a link between sporulation and
solventogenesis (127, 128). Physiologically, the signals that induce solventogenesis
were hypothesized to involve temperature, low pH, high concentrations of
undissociated acetic and butyric acids, limiting concentrations of sulphate or

phosphate, ATP/ADP ratio and/or NAD(P)H levels (129).
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2,3-BDH, 2,3-butanediol dehydrogenase; AAD, aldehyde/alcohol dehydrogenase;
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1.6.1 From Acetyl-CoA to Butyryl-CoA

For a clostridial acetogen such as C. carboxidivorans (39), which harbours the genes
thiolase (thlA), 3-hydroxybutyryl-CoA dehydrogenase (hbd), crotonase (crt) and
butyryl-CoA dehydrogenase (bcd), the two carbon acetyl-CoA can be converted to

four carbon butyryl-CoA (25). ThlA competes with the activities of Pta, Aldh, and
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pyruvate:ferredoxin oxidoreductase (PFOR) to condense two acetyl-CoA into one
acetoacetyl-CoA, and plays a key role in regulating the C2:C4 acid ratio (120, 130).
Since the formation of acetate yields twice as much ATP per mole of acetyl-CoA
relative to butyrate formation, ThIA indirectly affects ATP vyield (130). Under
physiological conditions, Crt catalyzes dehydration of B-hydroxybutyryl-CoA to
crotonyl-CoA (131). Bcd was shown to require a pair of electron transfer
flavoproteins (EtfA and EtfB) to convert crotonyl-CoA to butyryl-CoA (132).
Furthermore, the Bcd was demonstrated to form a stable complex with EtfA and
EtfB, and they were hypothesized to couple the reduction of crotonyl-CoA to butyryl-
CoA with concomitant generation of reduced ferredoxins, which can be used for
energy conservation via Rnf complex (98, 131). Subsequent actions of
phosphotransbutyrylase (ptb) and butyrate kinase (buk) then generate ATP and
butyrate from butyryl-CoA (130).

1.6.2 Reassimilation of Carboxylic Acids

Under low extracellular pH of 4 - 4.5, the secreted undissociated acetic acid and/or
butyric acid diffuse back into cell cytoplasm and then dissociate into salts and
protons once inside the cell because of the more alkaline intracellular conditions.
Without further interventions, the result of this is abolishment of the proton gradient
and inevitable cell death (25). The conversion of acetate and butyrate into solvents
increases the pH, thus providing some time for the organism to sporulate and secure
long term survival. However, the solvents produced are toxic because they increase
membrane fluidity and disrupt critical membrane-associated functions such as ATP
synthesis, glucose uptake and other transport processes (121, 133). In C.
acetobutylicum, it has been demonstrated that the addition of 7-13 g/L of butanol, or

up to 40 g/L of acetone and ethanol resulted in 50% growth inhibition (8).

The reassimilation of acetate and butyrate into the respective acyl-CoA and
acetoacetate is catalyzed by acetoacetyl-CoA:acetate/butyrate CoA transferase (CtfA
and CtfB) (120, 129, 130). Acetoacetate is deconstructed by acetoacetate

decarboxylase (Adc) into acetone and CO,. Interestingly, this enzyme is missing in
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acetogenic C. carboxidivorans compared to the ABE strains (39, 40). Some ABE strains
such as C. beijerinckii NRRL B593 also possess a primary/secondary alcohol
dehydrogenase that converts acetone further to isopropanol (134). Recently, a
NADPH-dependent primary/secondary alcohol dehydrogenase was reported in C.
autoethanogenum. This enzyme catalyzes not only the conversion of acetone or
butanone to the respective alcohols (isopropanol and 2-butanol), but also the
reduction of acetoin to 2,3-butanediol (135). The recycled acetyl-CoA and butyryl-
CoA can be converted to ethanol and butanol through the actions of coenzyme A-
acylating aldehyde dehydrogenase (Ald) and alcohol dehydrogenase (Adh) (120, 130).
Ald converts acyl-CoA to aldehydes, and the enzyme has been purified from C.
beijerinckii NRRL B593 and was shown to be NADH-specific, exhibit higher affinity
with butyraldehyde than acetaldehyde, but possess no Adh activity (136).

1.6.3 Indirect Alcohol Production via Aldehyde:Ferredoxin
Oxidoreductase (AOR)
Besides the direct reduction of acetyl-CoA or butyryl-CoA to ethanol or butanol via
aldehyde intermediates, an alternative route exists for the synthesis of alcohols via
carboxylic acids. Termed ‘aldehyde:ferredoxin oxidoreductase’ (Aor), this enzyme
was shown in whole cell experiments with a number of acetogens to catalyze the
reduction of carboxylic acids to the respective aldehydes (137-139), which can be
further reduced to alcohols via the action of Adh (see Figure 1.5). Under ATP-limited
conditions of acetogenesis, it has been hypothesized that the action of Aor is integral
for ethanol production because this solventogenic route allows a valuable ATP to be
generated during synthesis of acetate via SLP, in comparison to the direct reduction
of acetyl-CoA (140). Supporting this hypothesis, the genomes of prominent ethanol
producers C. ljungdahlii and C. autoethanogenum harbour genes that encode Aor,
which are predicted to couple ferredoxin reduction to CO oxidation via the CODH to
perform the reversible reduction of acetate into acetaldehyde, which can be further
reduced to ethanol (37, 38). Recently, “C. ragsdalei” was shown to use Aor to reduce

n-fatty acids to the corresponding aldehyde intermediates in a ferredoxin- and CO-
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dependent manner (141). The deletion of aor in Pyrococcus furiosus resulted in a

mutant that produced only trace amounts of ethanol from maltose (142).

1.6.4 Alcohol Dehydrogenase (Adh)

The final step of solventogenesis utilizes Adh to reduce acetaldehyde and
butyraldehyde to ethanol and butanol, respectively. For ethanol synthesis,
transposon mutagenesis and enzymatic assay in C. acetobutylicum showed the
involvement of a specific Ald that does not interact with butyryl-CoA, and a NAD(P)H-
dependent Adh (143, 144). The production of butanol in C. acetobutylicum is mainly
due to the actions of butanol dehydrogenase A and B (BdhA and BdhB), and bi-
functional butyraldehyde/butanol dehydrogenase 1 and 2 (AdhE1l and AdhE2) (25).
The gene encoding AdhE1 (adhE1), together with those that code for CtfA (ctfA), and
CtfB (ctfB), resides on the solventogenic mega plasmid pSOL1 (25, 129, 144). The
observations that insertional inactivation of adhE1 significantly diminished butanol
yield (145), and butanol productivity in a solvent-negative mutant can be restored by
transforming plasmid-encoded adhE1 (146) highlighted the role of this enzyme in
butanol formation. Although bdhA and bdhB are highly similar in nucleotide
sequence, and they are arranged in a mono-cistronic operons directly next to each
other in the C. acetobutylicum genome (129, 144), they exhibit very different
properties. BdhB shows significantly higher affinity for butyraldehyde in comparison
to BdhA (147), and reporter assays demonstrated that the bdhB promoter is 17-fold
stronger than the bdhA promoter (148). A second adhE (adhE2) carried by the pSOL1
mega plasmid of C. acetobutylicum was found to be mono-cistronically expressed
under alcohologenic culture but not solventogenic culture, and its expression
successfully restored butanol production in a mutant strain without pSOL1 plasmid
(149). In C. carboxidivorans (39) and C. ljungdahlii (37) both adhE1l and adhE2 are
arranged in tandem and separated by 200 bp of non-coding DNA which contains a
putative terminator (37, 150). This is likely the result of gene duplication (37). gRT-
PCR analysis of C. carboxidivorans fed with syngas showed that the two adhE genes

exhibited differential expression, and the more abundant adhE2 was significantly up-
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regulated over 1000-fold in a time span that coincided with the greatest rate of

butanol production (150).

1.6.5 Production of 2,3-Butanediol

Pyruvate is a central molecule for anabolism and it is predominantly generated from
glycolysis during heterotrophic growth. But under autotrophic conditions, this three
carbon molecule can be synthesized by PFOR and potentially also the pyruvate-
formate lyase (PFL). Two variants of PFOR were reported in C. autoethanogenum,
and transcriptional analysis showed that they were differentially expressed when
grown under commercial waste gases (containing CO, CO, and H,) (53). Unlike PFL
from most other microorganisms that only catalyze the lysis of pyruvate into formate
and acetyl-CoA, clostridial PFL (C. kluyveri, C. butylicum, and C. butyricum) were

reported to readily catalyze the reverse reaction (i.e., pyruvate formation) (151).

Apart from roles in anabolism, pyruvate is also a precursor to other products such as
lactic acid and 2,3-butanediol. Low amount of lactic acid is produced from pyruvate
in acetogens, and the reaction is catalyzed by lactate dehydrogenase (Ldh) (53, 130).
Kopke and co-workers (2011) reported the production of 2mM 2,3-butanediol by
acetogenic bacteria (C. autoethanogenum, C. ljungdahlii, and C. ragsdalei) using
industrial waste gases (containing CO, CO, and H,) as feedstock (53). 2,3-butanediol
is a high value commodity which can be used to synthesize chemical products such as
1,3-butadiene, methyl ethyl ketone (MEK), and gamma butyrolactone, with potential
market sale value of $43 billion (53). Pyruvate is first converted into a-acetolactate
by the enzyme acetolactate synthase (ALS), followed by acetolactate decarboxylase
(ALDC) which splits acetolactate into acetoin and CO,, before a final reduction of
acetoin to 2,3-butanediol by 2,3-butanediol dehydrogenase (2,3-BDH) (53) or the

above mentioned secondary alcohol dehydrogenase (135) (Figure 1.5).
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1.6.6 Production of Acrylate and Propionate

Microorganisms such as C. propionicum possess an acrylate pathway, which allows
the production of acrylate when growing on alanine and/or fermentation of lactate
(152-154). Although the microorganism itself is unsuitable for industrial scale
production of acrylate due to its inability to utilize conventional carbon sources, it
has been demonstrated to produce acrylate from propionate in its resting states
(155). Nonetheless, Mascoma Corporation filed a prophetic patent application which
described the incorporation of the acrylate pathway from C. propionicum into
cellulolytic clostridia such as C. saccharolyticum or C. thermocellum (156). Acrylate is
commonly used in paints, polymeric flocullants, dispersants, adhesives, coatings, and
binders for leather, paper and textiles, with an estimated annual production capacity
of 4.2 million metric tons (154). In addition to acrylate, C. propionicum is also capable

of synthesizing propionate (157).

1.6.7 Biosynthesis of Long-Chain Fatty Acids and Higher Alcohols

In comparison to ABE fermentation, the ability of some butyric-acid producing
clostridia in synthesizing longer chain carboxylic acids and alcohols (C5, C6, and C8)
has attracted less attention. Caproic (C6) and caprylic (C8) acids can be used as
chemicals directly, or converted into biodiesel by ketonization (158, 159). By using a
mixed culture dominated by relatives of C. kluyveri, up to 8.17 g/L of hexanoate
(caproate) and 0.32 g/L of caprylate have been reported (160). Although the
biochemical pathway has not yet been experimentally verified, it is likely to involve
ThIA in condensing one molecule of butyryl-CoA and one acetyl-CoA into 3-oxo-
hexanoyl-CoA, which is then converted into hexanoyl-CoA by Crt, Hbd, Bcd, EtfA and
EtfB (26). C. kluyveri is unique among clostridia in having a second set of non-
clustered crt, hbd, bcd, etfA and etfB in its genome, which might play a role in the
formation of hexanoyl-CoA (131). Furthermore, C. kluyveri has also been reported to
form pentanoate (valerate) when grown on propanol and ethanol, but the

biochemical pathway has not been characterized (161).
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In similar fashion to the formation of butyrate and butanol from butyryl-CoA,
hexanoate and hexanol can be generated from hexanoyl-CoA (26, 161). C.
carboxidivorans P7, which is also a butanol producer, was recently shown to
synthesize 0.52 g/L n-hexanol while growing in H, + CO, (162). In a continuous syngas
fermentor containing mixed culture dominated by A. bacchi strain CP15 (56%) and C.

propionicum (34%), 6 g/L n-propanol and 1 g/L n-butanol were generated (163).

1.7 Genetic Tools for Clostridium

Although the genomes of several solventogenic clostridia have been sequenced since
2001 (35, 37, 39, 40, 131, 164) and an array of transcriptomic (112, 123, 133, 165-
167), proteomic (166) and systems analysis (168-170) are being made increasingly
available, the generation of stable recombinant clostridia has been severely hindered
by difficulty in introducing foreign DNA into cells and a lack of established genetic
tools for this genus of bacteria. From a commercial biofuel production perspective, a
desirable microorganism for the bioprocess might exhibit the following traits: high
product yield and selectivity, low product inhibition, slow strain degeneration,
asporogenous, prolonged cell viability, strong aero-tolerance, high biomass density
and efficient utilization of substrates. For instance, the inherent toxicity of solvents
such as butanol has been identified as a major factor limiting the productivity of ABE
fermentation. Traditional chemical mutagenesis (171-173) and adaption strategies
(174, 175) have been deployed to select for solvent tolerant clostridia but the
outcome has been less than satisfactory. While an increase in butanol tolerance was
achieved in many cases, it was not accompanied by a significant increase in solvent
productivity (174, 175). By applying a targeted genetic approach, Thomas et al.
(2003) over-expressed heat shock proteins GroES and GroEL in C. acetobutylicum
ATCC 824, which resulted in both an 85% decrease in butanol inhibition and also a

33% increase in solvent yield relative to the control strain (176).

A major obstacle in genetic engineering of Clostridium species lies in the difficulty of
introducing foreign DNA into the bacteria. Two methods of DNA introduction have

been successfully applied to some Clostridium species: conjugation (C. difficile, C.
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sporogenes, C. beijerinckii NCIMB 8052 and C. acetobutylicum ATCC 824) (177-180),
and electroporation (C. acetobutylicum ATCC 824, C. ljungdahlii, C. beijerinckii, C.
perfringens, C. cellulolyticum) (37, 181-185), and C. acetobutylicum NI-4081 (186)). In
addition to overcoming the physical barrier of the Gram-positive cell wall, exogenous
DNA also has to ‘survive’ the attack of the restriction and methylation systems
present in most clostridia. For instance, the gene CA_C8241 of C. acetobutylicum
encodes a type Il restriction endonuclease that recognizes the 5'-GCNGC-3’ or 5'-
GGCC-3' site (187). Researchers typically circumvent this problem by carrying out in
vivo methylation of the target plasmid in a strain bearing plasmid pAN1 or pAN2
containing a 3Tl methyltransferase gene from the phage ®3TI of Bacillus subtilis
(188). In 2010, Dong et al. successfully genetically engineered C. acetobutylicum
ATCC 824 to accept unmethylated DNA by inactivating CA_C8241 (187). In similar
fashion, a putative msp/ endonuclease in C. cellulolyticum was recently inactivated
using ClosTron (see below), producing significantly improved transformation

efficiency using unmethylated plasmids (189).

The ability to selectively inactivate gene(s) is an invaluable tool to not only eliminates
competing pathway(s) which lead to the production of undesirable by-products, but
also to allow researchers to assess the roles of specific gene(s) in a reverse genetic
manner. Prior to 2007, only a limited number of insertional mutants were
successfully created in clostridia: C. acetobutylicum, C. beijerinckii, C. perfringens, and
C. difficile (190). For instance, Green and Bennett (1996) were able to independently
inactivate the genes encoding aldehyde/alcohol dehydrogenase (adhE) and butyrate
kinase (buk) of C. acetobutylicum ATCC 824 (145, 191). Another example is the
inactivation of the gene coding for the master regulator of sporulation and
solventogenesis, SpoOA, of C. beijerinckii NCIMB 8052, which abolished spore
formation and solvent production (192). These earlier knockout mutants were almost
exclusively generated from single crossover events via homologous recombination
from a replication defective plasmid (145, 191-196). The resulting mutants are
segregationally unstable and can revert back to wild type because a second crossover
event might occur in the duplicated DNA sequences flanking the integrated plasmid

DNA. An integrant generated via allelic exchange is stable but such a double

26



1. Introduction

crossover event is rare and for a long time this has only been reported in C.
perfringens (197, 198). A negative or counter selective marker is commonly
employed to detect the rare second recombination event, but a reliable counter

selective marker that is not patent restricted has yet to be established in Clostridium.

1.7.1 Knockdown of Target Genes via Antisense RNA (asRNA)

Due to the difficulty in generating stable inactivation mutants, knockdown of target
genes via the actions of plasmid-delivered antisense RNA (asRNA) represents an
alternative route for genetic manipulation. In cases where the target gene is
essential to survival of the microorganism, knockdown is preferred to a complete
knockout. By applying asRNA, up to 90% reduction in gene expression together with
high level of specificity were reported for Clostridium (199-201). Nakayama et al.
(2008) successfully used asRNA to down-regulate hydrogenase hupCBA in C.
saccharoperbutylacetonicum strain N1-4 and significantly reduced the hydrogen
uptake activity to 13% (202). In C. acetobutylicum ATCC 824, the knockdown of ctfB
using asRNA coupled with overexpression of adhE1 resulted in the production of 30

g/L solvents with significantly suppressed acetone yield (203, 204).

1.7.2 Intron-Based Gene Inactivation

To address the lack of reliable mutagenic tools for clostridia, two independent
strategies for stable, targeted insertion into clostridial genomes have recently been
developed. The first approach utilizes the specificity of mobile group Il intron LI./trB
from Lactoccocus lactis to propagate into the specified site via a RNA-mediated,
retro-homing mechanism (205). Heap et al. (2007) adapted such mobile elements for
use in a wide spectrum of clostridia, and the technology is termed ‘ClosTron’.
Without a selection marker, the screening effort necessary for the isolation of the
desired integrant can be immense due to the variability in integration frequency
between target sites. By incorporating a clostridial retro-transposition activating
marker (RAM) based on the ermB gene of the Enterococcus faecalis plasmid pAMB1,

positive selection for the desired integration can be conveniently made by the
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bacteria’s acquisition of erythromycin resistance (190, 206). Thanks to these
properties, this technique is reproducible and has been widely applied to various
clostridia, including C. acetobutylicum ATCC 824 and DSM 1731, C. difficile 630Aerm,
R20291 and VPI 10463, C. sporogenes NCIMB 10696 and DSM 795, C. perfringens, C.
botulinum ATCC 3502 and Beluga E, and C. sordellii ATCC 9714 (190, 206, 207). This
technique was further optimized to generate multiple insertional mutations in the
same strain by recycling of marker through the actions of FLP recombinase, and the
delivery of cargo sequence of up to 1kb was successfully demonstrated in C.

sporogenes (206).

1.7.3 Precise Genetic Manipulation via Allelic-Exchange

In contrast to ClosTron, another method for stable genome insertion into clostridial
genomes proceeds via homologous recombination using a counter-selective marker
originally developed for B. subtilis (208) but modified for use in C. acetobutylicum
(209). The use of UPP (uracil-phosphoribosyl-transferase) as counter selective marker
allows efficient screening for the rare second recombination event, and the presence
of an antibiotic resistance marker between the left- and right- homology arm
facilitates the selection for the appropriate recombination event that produces the
insertional mutants. The flanking of this antibiotic resistance marker by FRT sites (FLP
recombinase target) enables the generation of ‘markerless’ insertional mutants and
also the recycling of markers for creation of multiple insertional mutants in the same
strain (209). This method has been successfully applied to replace the endogenous
[FeFe]-hydrogenase from C. acetobutylicum with an algal hydrogenase for hydrogen
evolution (210). A patent application reported two multiple gene knockout mutants
of C. acetobutylicum that were successfully generated via this technique (211). With
the aim of eliminating by-products, one of the generated mutants had the buk, ctfAB,
Idh, and pta-ack genes deleted, while the other had the buk, ctfAB, Idh, and hydA
genes knocked out. However, no details on yields and growth performance were

given.
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Recently, a novel genetic tool that allows stable genome insertion via homologous
recombination was developed. Termed Allele-Coupled Exchange (ACE), this approach
does not employ a counter selective marker to select for the rare second
recombination event. Instead, it utilizes the activation or inactivation of gene(s) that
result in a selectable phenotype, and asymmetrical homology arms to direct the
order of recombination events (212). For example, a promoterless
primary/secondary adh from C. beijerinckii NRRL B593 coupled to the ermB gene was
introduced into the downstream region of the thl/A gene in the genome of C
acetobutylicum ATCC 824. The native promoter of th/A drives the expression of ermB
and adh, allowing selection for the second recombination event using erythromycin
(or acid-stable analogue clarithromycin for organisms with low pH optimum (213)),
and also creation of a recombinant that reduces acetone to the more desirable
isopropanol (212). Remarkably, the whole genome of phage lambda (48.5 kb minus a
6 kb region) was successfully inserted into the genome of C. acetobutylicum ATCC
824 in three successive steps using this genetic tool. This technique was also
demonstrated in C. difficile strain 630Aerm and C. sporogenes NCIMB 10696,

suggesting it is applicable to other Clostridium spp. (212, 214).

1.7.4 Transposon Mutagenesis

The clostridial genetic tools described so far constitute ‘reverse genetics’, in which a
defined gene(s) is selectively inactivated or introduced to study the phenotype. In
contrast, ‘forward genetics’ does not make any assumptions about the genes
involved and aims to determine the genotype resulting in a particular phenotype. To
achieve this, a random pool of mutants needs to be generated and this can be
accomplished by means of transposon mutagenesis. Earlier efforts of transposon
mutagenesis were demonstrated in C. acetobutylicum P262 (now: C.
saccharobutylicum (215)), C. acetobutylicum DSM 792, C. acetobutylicum DSM 1732,
and C. beijerinckii NCIM 8052, but issues with multiple transposon insertions per
mutant, and non-random distribution of insertions were also reported (216, 217).

Recent developments have seen the successful generation of mono-copy random
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insertion of transposon Tn1545 into C. cellulolyticum (218) and mariner transposon

Himarl into C. difficile (219).

1.7.5 Metabolic Engineering of Solventogenic Clostridia

With established transformation protocols and great familiarity with its physiology, it
is unsurprising that the majority of clostridial metabolic engineering efforts have
been focused on C. acetobutylicum ATCC 824. The acetone that C. acetobutylicum
naturally produces is not suitable as fuel, so a recent effort was made to convert the
acetone into biofuel isopropanol by over-expressing a primary/secondary alcohol
dehydrogenase from C. beijerinckii NRRL B593 and a synthetic adc-ctfA-ctfB operon.
The engineered strain was able to convert almost all of the acetone into 5.1 g/L of
isopropanol in flask culture (220). By inactivating hbd using ClosTron, production of
C4 products such as butyric acid and butanol was diverted into ethanol biosynthesis,
resulting in 33 g/L of ethanol (221). Transformation of C. acetobutylicum with a
plasmid over-expressing acetoin reductase from C. beijerinckii NCIMB 8052
successfully converted acetoin into 22 mM of 2,3-butanediol (222). By
overexpressing the native ribGBAH operon and mutated PRPP amidotransferase
(involved in purine biosynthesis), C. acetobutylicum was able produce up to 190 mM

butanol and 70 mg/L riboflavin, which is a valuable food/health supplement (223).

High aero-tolerance and solvent tolerance are desirable traits for industrial biofuel
production. Both of these traits were improved when glutathione gshA and gshB
genes from E. coli were overexpressed in C. acetobutylicum (224). In C.
cellulolyticum, 8.9 mM isobutanol was successfully produced from cellulose when
kivD, yghD, alsS, ilvC, and ilvD were overexpressed (225). This approach is based on
diverting 2-keto acid intermediates into alcohol production, and demonstrated in
engineered E. coli to produce isobutanol, 1-butanol, 2-methyl-1-butanol, 3-methyl-1-

butanol and 2-phenylethanol (226).

In cellulolytic C. thermocellum, inactivation of Ildh and pta via homologous
recombination using hpt (hypoxanthine phosphoribosyl transferase) as counter

selective marker, followed by evolutionary adaptation increased ethanol yield by
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four fold relative to WT (5.61 g/L vs. 1.3 g/L) (227). Recently, C. tyrobutylicum was
successfully engineered to synthesize 16 g/L n-butanol from mannitol (a more
reduced substrate than glucose), by overexpression of C. acetobutylicum adhE2 in a

Aack knockout mutant (228). A selection of genetically engineered solventogenic

clostridia and acetogens are summarized in Table 1.2.

Table 1.2. Genetically modified solventogenic clostridia and acetogens

Organism Genetic modification Phenotypes/Effects B

Acetogens

C. ljungdahlii Plasmid overexpression of Produced 2 mM butanol from (37)
butanol biosynthetic genes from syngas
C. acetobutylicum (thlA, crt, hbd,
bcd, adhE and bdhA)

C. ljungdahlii Chromosomal deletion of adhE1 Ethanol titre of AadhE1 mutant  (229)
and/or adhE2 was reduced by 6 fold under

heterotrophic conditions

C. ljungdahlii Plasmid expression of acetone Produced 15 mM acetone from  (230)
biosynthetic genes from C. CO when induced
acetobutylicum (thlA, coAt, and
adc) under lactose inducible
promoter

C. ljungdahlii Chromosomal integration (single ~ Produced ~10 mM butyrate (231)
crossover recombination) of th/- under H, + CO, conditions
crt-bed-etfB-etfA-hbd-pth-buk
(from C. acetobutylicum) into pta
promoter region

C. autoethanogenum Plasmid overexpression of Produced 26 mM butanol using  (232)
butanol biosynthetic genes from steel mill gas
C. acetobutylicum (thlA, crt, hbd,
bcd, etfA, &etfB)

C. autoethanogenum Plasmid expression of native Increased alcohol tolerance (233)
groES and groEL

C. aceticum Plasmid overexpression of Produced up to 140 uM (234,
acetone operon from C. acetone using gas 235)
acetobutylicum (adc, ctfAB, thiA)

A. woodii Plasmid overexpression of Increased volumetric acetate (236)
formyl-THF-synthetase, production rate by 14% under
methenyl-THF-cyclohydrolase, H, + CO, conditions in
methylene-THF-dehydrogenase bioreactor
and methylene-THF-reductase of
C. ljungdahlii

M. thermoacetica Genome insertion of Idh from Produced 6.8 mM lactate from (237)
Thermoanaerobacter fructose while no lactate was
pseudethanolicus into pyrF locus detected in WT control

Acidogenesis and Solventogenesis

C. acetobutylicum Inactivation of buk and Produced same amount of (238)
overexpression of aad butanol as control but

relatively more ethanol,
corresponding to a total alcohol
tolerance of 21.2 g/L

C. acetobutylicum Inactivation of hbd using Produced 716 mM ethanol by (221)

ClosTron
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Organism Genetic modification Phenotypes/Effects Ref
C. acetobutylicum Inactivation of ack using ClosTron  Reduction in acetate kinase (239)
activity by more than 97%
resulted in 80% less acetate
produced but similar final
solvent amount
C. tyrobutyricum Inactivation of ack and plasmid Produced 216 mM butanol (240)
overexpression of adhE2 from C. from mannitol
acetobutylicum
C. thermocellum Inactivation of Idh and pta via Showed 4 fold increase in (227)
homologous recombination ethanol yield (122 mM instead
of 28 mM)
C. cellulolyticum Inactivation of Idh and mdh Generated 8.5 times higher (241)
(malate dehydrogenase) using ethanol yield (56.4 mM) than
ClosTron wild type (6.5 mM)
C. acetobutylicum Plasmid overexpression of a Produced 85 mM isopropanol (220)
synthetic acetone operon (adc,
ctfA, ctfB) and primary/secondary
adh from C. beijerinckii NRRL
B593
C. acetobutylicum Genome insertion of adh gene Converted acetone into 28 mM  (212)
from C. beijerinckii NRRL B593 isopropanol without affecting
using Allele-Coupled Exchange the yield of other fermentation
products
Biosynthesis of New Products
C. cellulolyticum Plasmid overexpression of kivD, Produced 8.9 mM isobutanol (225)
yqhD, alsS, ilvC and ilvD by diverting 2-ketoacid
intermediates
C. acetobutylicum Plasmid expression of native Produced 70 mg/I riboflavin (223)
ribGBAH operon and mutated and 190 mM butanol
PRPP amidotransferase
Solvent- and Aero-tolerance
C. acetobutylicum Plasmid overexpression of Improved aero- and solvent- (224)
glutathione gshA and gshB from tolerance
E. coli
C. acetobutylicum Plasmid overexpression of Showed 85% decrease in (176)
chaperone groESL butanol inhibition and 33%
increase in solvent yield
Substrate Utilization
C. acetobutylicum Plasmid expression of codh/acs, Enzymatic activities of acetyl- (109,
CoFeSP, cooC1, cooC2, and metr CoA/CO exchange and CO 110,
from C. ljungdahlii. Genome oxidation demonstrated in 242)
integration of fdh from C. vitro, but the recombinant
ljungdahlii. organism was unable to grow
autotrophically
C. acetobutylicum Plasmid expression of acsC, acsD  Increased incorporation of CO,  (242)
and acsE from C. difficile into extracellular products
C. Knockdown hydrogenase hupCBA  Significantly reduced hydrogen (202)

saccharoperbutylacetonicum
strain N1-4

expression using siRNA delivered
from plasmid

uptake activity to 13% (relative
to control strain)

1.7.6 Recent Developments in Genetic Tools for Acetogens

Despite strong biotechnological interests and a long history of fundamental research,
in particular the elucidation of the WLP, genetic manipulation of acetogens remains

challenging. However, significant progress was made over the last 5 years as the
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reports of recombinant acetogens began to emerge (Table 1.2). A. woodii was shown
to be transformable with shuttle vectors using electroporation or conjugation as
early as 1994 (243), but similar success has not been reported again until the
publication by Straub et al. (2014) (236). In the latter study, the authors
overexpressed the four THF-dependent enzymes from the WLP of C. ljungdahlii in A.
woodii, resulting in 14% increase in volumetric acetate production rate (236). By
delivering a plasmid that overexpresses ctfA, ctfB, adc, and th/A under the control of
the thiA promoter, C. aceticum was demonstrated to produce up to 140 uM acetone
using gas (80% H,/20% CO, or 67% H,/33% CO,) as sole carbon and energy source
(234, 235).

Ethanol producer C. ljungdahlii was first shown to be genetically amenable via
electroporation by Kopke et al. (2010) (37). C. ljungdahlii does not naturally produce
butanol, but by delivering a plasmid that overexpresses butanol biosynthetic genes
(thlA, hbd, crt, bed, adhE and bdhA) from C. acetobutylicum into this acetogen, up to
2 mM of butanol was produced (37). Although there has been no journal publication
reporting recombinant C. autoethanogenum, a patent described the production of
25.7 mM butanol by genetically modified C. autoethanogenum using steel mill gas
(composition 44% CO, 32% N,, 22% CO,, and 2% H,) as the only source of carbon and
energy (232). The acetogen was transformed with plasmid over-expressing thlA, hbd,

crt, bed, etfA, and etfB, from the promoter of the pta-ack operon.

The electroporation procedure for C. ljungdahlii was further improved by Leang et al.
(2013) to reach transformation efficiencies of up to 1.7 x 10 cfu/pg DNA (229). The
publication also reported the generation of chromosomal deletion of adhE1 and/or
adhE2, showing that adhE1 but not adhE2 is required for ethanol formation in C.
ljungdahlii under heterotrophic conditions (229). By introducing a plasmid expressing
adhE1 from a lactose inducible promoter to the AadhE1 mutant, ethanol production
was restored to levels comparable to those in the WT strain (230). Ueki et al. (2014)
was able to integrate (via single crossover recombination) the butyrate-biosynthetic
pathway (thlA-crt-bcd-eftB-etfA-hbd-ptb-buk) from C. acetobutylicum into the
promoter region of pta, resulting in the production of ~10 mM butyrate under H, +

CO, conditions using C. ljungdahlii (231).
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It should be mentioned that the group of Michael Tyurin from Syngas Biofuels Energy
has published 12 articles during 2012-2013 regarding the genetic manipulation of
acetogen Clostridium sp MT 351 (23). Besides the abnormally high recombinant
product titres produced by the engineered strains, a number of other anomalies
were detected in the reports of Tyurin and co-workers so these results should be

examined with a note of caution (23).

1.8 Aims of PhD Project

Motivated by the potential of C. autoethanogenum to produce ethanol and 2,3-
butanediol from waste gases, the overall aim of this PhD project was to develop
genetic tools for this acetogen. Since no genetic manipulation has been reported for
this microbe in the literature, the development of genetic tools including
transformation protocols, plasmid overexpression, intron-based mutagenesis and
homologous recombination were vigorously pursued. Once these tools were in place,
they were deployed to investigate three industrially relevant aspects of C.
autoethanogenum, including carbon fixation, ethanol formation and stress tolerance.
The ambition was to utilize knowledge learnt from these three physiological aspects
to formulate metabolic engineering efforts to construct a hyper-ethanol producing

strain.

The specific aims of this PhD project were:

1. To establish an efficient method for introducing foreign DNA into C.
autoethanogenum host cells.

2. To exemplify the feasibility of ClosTron mutagenesis to rapidly generate
stable knock out mutants in C. autoethanogenum.

3. To demonstrate the utility of Allele-Coupled Exchange (ACE) in C.

autoethanogenum by inactivation and subsequent activation of pyrE allele.
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To generate cooS and acsA knockout mutants using ClosTron mutagenesis
and examine the resulting phenotype under autotrophic and heterotrophic
conditions.

To construct adhE and aor knockout mutants via ClosTron mutagenesis and
investigate their impact on autotrophy and solventogenesis.

To overexpress native chaperones in C. autoethanogenum and determine its
effects on stress tolerance and solventogenesis.

To create acsA and aor overexpression strains and assess outcomes in terms

of autotrophy and product formation.
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CHAPTER 2

MATERIALS AND METHODS
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2. Materials and Methods

2 Materials and Methods

2.1 Materials

Unless stated otherwise, all chemicals and biochemicals were supplied by Sigma-
Aldrich and Fisher Scientific. Bacterial growth media were purchased from Oxoid.
New England Biolabs (NEB) and Fermentas supplied enzymes and buffers for the
purpose of molecular biology. Qiagen Ltd, Life Technologies, and Zymo Research
provided kits for the extraction and purification of nucleic acids. Analytic
consumables were provided by Thermo Scientific. Glassware and accessories for
anaerobic culturing were sourced from Glasgeratebau Ochs GmbH. For genetic
manipulation and cultivation of clostridia, both MG1000 Mark Il Anaerobic Work
Station (Don Whitley Scientific Ltd) and anaerobic chambers (Coy Laboratory Products)
were employed. Inside both anaerobic cabinets, an atmosphere containing 80% N,,
10% CO, and 10% H, was maintained. Research grade gases (CO, CO,, H,, and N,)

were purchased from BOC.

2.1.1 Bacterial Strains

Table 2.1. Bacterial strains used in this work.

Strain Description/Genotype Source/Reference

Escherichia coli TOP10 Plasmid storage strain. F- mcrA A(mrr-hsdRMS- Invitrogen Ltd
mcrBC) ¢80lacZAM15 AlacX74 deoR recAl
araD139 A(ara-leu)7697 galU galK rpsL(StrR)

endAl nupG
Escherichia coli XL1-Blue MRF* Plasmid storage strain. A(mcrA)183 A(mcrCB- Stratagene
Kan hsdSMR-mrr)173 endA1 supE44 thi-1 recAl
gyrA96 relAl lac [F'proAB lacl’ZAM15 Tn10
(Tet")]
Escherichia coli CA434 (HB101  Conjugative transfer strain. thi-l hsdS20 (r5, mg) M. Young, UCW,
+ plasmid R702) SupE44 recAB ara-14 leuB5proA2 lacYl galKl Aberystwyth, UK (178)
rpsL20 (strf) xyl-5 mt1-1
Clostridium acetobutylicum Wild-type isolate N.P. Minton, University of
ATCC 824 Nottingham, UK
Clostridium ljungdahlii DSM Wild-type isolate DSMZ (German Collection
13582 of Microorganisms and
Cell Cultures GmbH)
Clostridium autoethanogenum  Wild-type isolate DSMZ
DSM 10061
Clostridium autoethanogenum  Group Il intron directionally inserted at pyrE This study
pyrE::CTermB-144s (CAETHG_1476) gene locus
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Strain Description/Genotype Source/Reference
Clostridium autoethanogenum  Group Il intron directionally inserted at codA This study
codA::CTermB-532s (CAETHG_4058) gene locus

Clostridium autoethanogenum  Group Il intron directionally inserted at fructose This study
fruA::CTermB-1126s phosphotransferase (fruA) EIIABC subunit
(CAETHG_0142) gene locus

Clostridium autoethanogenum  Group Il intron directionally inserted at mono- This study
c0051::CTermB-601s functional cooS1 (CAETHG_3005) gene locus

Clostridium autoethanogenum  Group Il intron directionally inserted at mono- This study
€00S2::CTermB-529s functional cooS2 (CAETHG_3899) gene locus

Clostridium autoethanogenum  Group Il intron directionally inserted at acsA This study
acsA::CTermB-143s gene locus (CAETHG_1621; encodes CODH

subunit of bi-functional CODH/ACS complex)

Clostridium autoethanogenum  Group Il intron directionally inserted at upstream  This study

adhEla::.CTermB-115s ald domain of adhE1 (CAETHG_3747) gene locus
Clostridium autoethanogenum  Group Il intron directionally inserted at This study
adhE1b::CTermB-541s downstream adh domain of adhE1

(CAETHG_3747) gene locus
Clostridium autoethanogenum  Group Il intron directionally inserted at adhE2 This study
adhE2::CTermB-662s (CAETHG_3748) gene locus
Clostridium autoethanogenum  Group Il intron directionally inserted at aor1 This study
aorl::.CTermB-361s (CAETHG_0092) gene locus
Clostridium autoethanogenum  Group Il intron directionally inserted at aor2 This study
aor2::CTermB-370s (CAETHG_0102) gene locus
Clostridium autoethanogenum  pyrE IFD created via ACE This study
ApyrE in-frame deletion (IFD)
mutant
Clostridium autoethanogenum  pyrE IFD complemented via ACE with concurrent  This study
pyrE complemented mutant insertion of lacZ downstream of pyrE locus
Clostridium autoethanogenum  pyrE IFD corrected via ACE This study

pyrE corrected mutant

Clostridium autoethanogenum  adhE1 IFD in ApyrE strain This study
AadhE1 IFD mutant

Clostridium autoethanogenum  adhE1 IFD with unintended adhE2 promoter This study
AadhE1I™" IFD mutant deletion in ApyrE strain

Clostridium autoethanogenum  adhE1 and adhE2 IFD in ApyrE strain This study
AadhE1+2 IFD mutant

Clostridium autoethanogenum  IFD of aor2 in aor1::CTermB-361s; pyrE allele This study
Aaor2 IFD mutant restored to WT

Clostridium autoethanogenum IFD of cooS1 in cooS2::CTermB-529s; ApyrE strain  This study
AcooS1 IFD mutant
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2.1.2 Plasmids

Table 2.2. Plasmids used in this study

Plasmid

Description

E. coli/Clostridium Shuttle Plasmids

Source/Reference

pMTL82151 E. coli/Clostridium modular shuttle vector, pBP1, Heap et al. (2009) (244)
ColE1+tra, Cm"/Tm"®

pMTL83151 E. coli/Clostridium modular shuttle vector, pCB102, Heap et al. (2009) (244)
ColEl+tra, cm®/Tm®

pMTL84151 E. coli/Clostridium modular shuttle vector, pCD6, Heap et al. (2009) (244)
ColEl+tra, cm®/Tm®

pMTL85151 E. coli/Clostridium modular shuttle vector, pIM13, Heap et al. (2009) (244)
ColE1+tra, Cm"/Tm"®

pMTL500E E. coli/Clostridium shuttle vector, pAMB1, Em" Swinfield et al. (1990)

(245)

pJIR418 E. coli/Clostridium shuttle vector, pIP404, pMB1, N.P. Minton, University
CmR, Em" of Nottingham, UK

Methylation Plasmid

pAN2 Methylation plasmid derived from pAN1 but with S. Cartman, University of

Tet". @3T | methyltransferase gene of Bacillus
subtilis phage ¢3tl, p15a

Nottingham, UK

ClosTron Retargeting Plasmids

pMTLOO7C-E2

Clostridial expression vector for the ClosTron,
containing a directed Group Il intron with Erm
RAM, flanked by FRT sites, ColE1, pCB102,
cm®/Tm®

Heap et al. (2010) (206)

pMTLOO7C-E2:

:pyrE-144s

ClosTron vector targeting Group Il insertional
knockout at the C. autoethanogenum pyrE locus
(CAETHG_1476)

A. M. Henstra, University
of Nottingham, UK

pMTLOO7C-E2::codA-532s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum codA locus
(CAETHG_4058)

pMTLO07C-E2::fruA-1126s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum fruA EIIABC
subunit locus (CAETHG_0142)

pMTLOO7C-E2::c0051-601s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum cooS1 locus
(CAETHG_3005)

pMTLO07C-E2::c0052-529s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum cooS2 locus
(CAETHG_3899)

pMTLOO7C-E2::acsA-143s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum acsA locus
(CAETHG_1621)

pMTLO07C-E2::adhE1a-115s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum adhE1 locus
(upstream Ald domain of CAETHG_3747)

pMTLOO7C-E2::adhE1b-541s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum adhE1 locus
(downstream Adh domain of CAETHG_3747)

pMTLO07C-E2::adhE2-662s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum adhE2 locus
(CAETHG_3748)

pMTLOO7C-E2::a0r1-361s ClosTron vector targeting Group Il insertional This work

knockout at the C. autoethanogenum aor1 locus
(CAETHG_0092)
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Plasmid Description Source/Reference
pMTLOO7C-E2::aor2-370s ClosTron vector targeting Group Il insertional This work
knockout at the C. autoethanogenum aor2 locus
(CAETHG_0102)
Overexpression Plasmids
pMTL83156 Overexpression plasmid with C. autoethanogenum  This work
pfor (CAETHG_3029) promoter cloned between
Notl and Ndel sites
pMTL83157 Overexpression plasmid with C. autoethanogenum  This work
acsA (CAETHG_1621) promoter cloned between
Notl and Ndel sites
pMTL83157-acsA™" Overexpression plasmid of C. autoethanogenum This work
truncated acsA (CAETHG_1621)
pMTL83157-acsAfu” Overexpression plasmid of C. autoethanogenum This work
acsA (CAETHG_1621 and CAETHG_1620)
PMTL83151-P,2-acsA(TGA)- Overexpression plasmid of C. autoethanogenum This work
FLAG acsA (CAETHG_1621 and CAETHG_1620) with
native ‘TGA’ codon. FLAG tag at C-terminus
pPMTL83151- P,.a-acsA(TCA)- Overexpression plasmid of C. autoethanogenum This work
FLAG acsA (CAETHG_1621 and CAETHG_1620) with
mutated ‘TCA’ codon. FLAG tag at C-terminus
pPMTL83151- P, a-acsA(TAA)- Overexpression plasmid of C. autoethanogenum This work
FLAG acsA (CAETHG_1621 and CAETHG_1620) with
mutated ‘TAA’ codon. FLAG tag at C-terminus
pMTL83151-P,,4-FLAG-acsA Overexpression plasmid of C. autoethanogenum This work
acsA (CAETHG_1621 and CAETHG_1620) with
native ‘TGA’ codon. FLAG tag at N-terminus
pMTL83157-aor1 Overexpression plasmid of C. autoethanogenum This work
aorl
pMTL83156-groESL Overexpression plasmid of C. autoethanogenum This work
chaperone groES-groEL (CAETHG_1573-1572)
operon
pMTL83156-grpE-dnaKJ Overexpression plasmid of C. autoethanogenum This work
chaperone grpE-dnak-dnaJ (CAETHG_2890-2892)
operon
pPMTL83156-grpE-dnaki-P,ss- Overexpression plasmid of C. autoethanogenum This work
groESL chaperone grpE-dnaK-dnaJ operon. The second C.
autoethanogenum chaperone operon groES-groEL
is driven by a second promoter, P,
In-Frame Deletion and Correction Plasmids
pMTL84151-ApyrE ACE plasmid for creation of the ApyrE This work
(CAETHG_1476) IFD strain in C. autoethanogenum.
Plasmid contains functional C. acetobutylicum pyrE
pMTL84151-compyrE ACE plasmid for complementation of the ApyrE IFD  This work
strain in C. autoethanogenum with concurrent
insertion of lacZ downstream of pyrE locus
(CAETHG_1476)
pMTL84151-fixpyrE ACE plasmid for repair of the ApyrE This work
(CAETHG_1476) IFD strain in C. autoethanogenum
pMTL84151-adhE1-IFD ACE plasmid for the creation of adhE1 This work
(CAETHG_3747) IFD in C. autoethanogenum.
Plasmid contains functional C. acetobutylicum pyrE
pMTL84151-adhE1&2-IFD ACE plasmid for the creation of adhE1 and adhE2 This work
(CAETHG_3747-3748) IFD in C. autoethanogenum.
Plasmid contains functional C. acetobutylicum pyrE
pMTL84151-cooS1-IFD ACE plasmid for the creation of cooS1 This work

(CAETHG_3005) IFD in C. autoethanogenum.
Plasmid contains functional C. acetobutylicum pyrE
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Plasmid

Source/Reference

pMTL84151-aor2-IFD

Description

ACE plasmid for the creation of aor2

This work

(CAETHG_0102) IFD in C. autoethanogenum.
Plasmid contains functional C. acetobutylicum pyrE

2.1.3 Oligonucleotide Primers

Table 2.3. Oligonucleotides used in this study

DNA Sequence (5°-3°)

Oligonucleotides

Function(s)

General
Univ-0027-F GCGAGAGTTTGATCCTGGCTC

AG Amplification and sequencing of 16s rRNA for
Univ-1492-R CGCGGTTACCTTGTTACGACTT Eubacteria; (Weisburg et al, 1991) (246)
RAM-F ACGCGTTATATTGATAAAAATAA

TAATAGTGGG PCR screening for splicing of ermRAM from
RAM-R ACGCGTGCGACTCATAGAATTAT ClosTron vector

TTCCTCCCG

M13 Forward TGTAAAACGACGGCCAGT
(-20)
M13 Reverse CAGGAAACAGCTATGACC

Sequencing of cloned insert(s) in pMTL modular
plasmids

repHf AAGAAGGGCGTATATGAAAACT
TGT
catR TTCGTTTACAAAACGGCAAATGT

GA

Detection of plasmids with catP resistance marker
and repH replicon

ClosTron Screening Oligonucleotides

pyrE-F TCTGTGGATTTTTCTCCGTGAGC
GT
PCR screening for integration of Intron | into pyrE
pyrE-R TGGCGGGAGCTTATGCAATTCAA
GT
codA-532s-F AGATGTTACAGATCCAGAGCTTA
CAGCATT
PCR screening for integration of Intron | into codA
codA-5325R TTGCCGTAACCTTTTCTCCTATTC ng forintegrat '

CGT

fruA-1126s-F

ACAGGCTTTATACCTTCAAGTGA
AGCAGG

fruA-1126s-R

TGGCATTAAAAGCTTTGATCCTA
AAGATCCG

PCR screening for integration of Intron | into fruA

c00S1-601s-F

TGGAGTGCTGGTGGCCTGTT

c00S1-601s-R

AAAAGCTGTACTAGTAGCTGATG
CCGT

PCR screening for integration of Intron | into
cooS1

€c00S2-529s-F

GAGCTGGTACATATAGCCATCAT
GC

€c00S2-529s-R

CTGTACCATTTCAAGTCCTATTTG
TGC

PCR screening for integration of Intron | into
c00S2

acsA-ClosTron-F

AGGCTACTTTACAATTATTGGAC
AAGGC

acsA-ClosTron-R

GCCCTTGGATATACACCTAATTTT
CTCC

PCR screening for integration of Intron | into acsA

adhEla-115s-F

ACTGCTAAAAATTAGGAAAGAG
GTGTCGCT

adhEla-115s-R

CTGCATCTCTCTCTAAAACTCCAC
AGGT

PCR screening for integration of Intron | into
upstream Ald domain of adhE1

adhE1b-255a-F

ATGTGGACAAAGTTACAAAAGTT
CTTGAGGAAC

PCR screening for integration of Intron | into
downstream Adh domain of adhE1
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Oligonucleotides

adhElb-255a-R

DNA Sequence (5-37)

CTCATAGCTAAATCTTCAAATTTT
ACTTCTGGATGC

Function(s)

adhE2-662s-F

GCTAAGATAGTACTTGATGCAGC
AGTTAAAGC

adhE2-662s-R

CTGACTGCTCTGAAGCACAAATC
ATACCA

PCR screening for integration of Intron | into
adhE2

aorl-559s-F GCACCGCTTACAGGAACTATAG
G . . . )
20r1-5595-R CAGCTAAAGCTATTTITCCAGTTC PCR screening for integration of Intron | into aorl
C
aor2-370s-F GCACCTGTTCCAACAAGCGGAA
PCR ing fori i fl li 2
20r2-370s-R ACTTTTCCCCAGCTGGTCCTATGE CR screening for integration of Intron | into aor.

Oligonucleotides for Construction of Overexpression Plasmids

acsA-Ndel-F GGGAATTAGCCATATGGAAGAA Forward primer for cloning of C.
AAAGC autoethanogenum acsA (CAETHG_1621 or
CAETHG_1621&1620)
acsA-Sacl-R CTTGGAGCTCTTCATTTCAATTCA Reverse primer for cloning of part of C.
GG autoethanogenum acsA (CAETHG_1621)
acsA-SOE-B CAAGAACCCATGTGAAGTACAG  5OE PCR to mutate internal Ndel restriction site in
G downstream CDS of C. autoethanogenum acsA
acsA-SOE-C CCTGTACTTCACATGGGTTCTTG (CAETHG_1620)
acsA-Sacl-R2 ATTTGAGCTCTGGCATGGC Reverse primer for cloning of complete C.
autoethanogenum acsA (CAETHG_1621 & 1620)
P,csa-Sacl-F TTCACCAGAGCTCGTCATAATAG Forward primer for amplification and cloning of C.

TTCCAG

autoethanogenum acsA with native promoter

acsA(TCA)-SOE-B

CAAAATTGCCTTTGATTTCAATTC
AGG

acsA(TCA)-SOE-C

TGAATTGAAATCAAAGGCAATTT
TGGG

To mutate internal 'TGA' codon of C.
autoethanogenum acsA into 'TCA' codon

acsA(TAA)-SOE-B

CAAAATTGCCTTTTATTTCAATTC
AGG

acsA(TAA)-SOE-C

TGAATTGAAATAAAAGGCAATTT
TGGG

To mutate internal 'TGA' codon of C.
autoethanogenum acsA into 'TAA' STOP codon

acsA-FLAG-BamH1-R

TTGGATCCTTATTATTTGTCATCG
TCATCTTTATAATCGATACCTAAT
TTTTTAC

Reverse primer for amplification and cloning of C.
autoethanogenum acsA fused with FLAG tag at C-
terminus

Ncol-FLAG-acsA-F

TTACCATGGATTATAAAGATGAC
GATGACAAAGAAGAAAAAGCAA
AATC

Amplification and cloning of C. autoethanogenum
acsA (CAETHG_1621 & 1620) with FLAG tag fused

acsA-Hindlll-R TTTAAGCTTTGGCATGGCAATTG at N-terminus
C
P.csa-Ncol-R AATCCATGGTAATAATTCCCTCCT Reverse primer for amplification and cloning of
TAAAG native promoter of C. autoethanogenum acsA
aorl-Ndel-F AATTCATATGTATGGTTATGATG
GTAAAGTATTAAG
aorl-SOE-B1 CTAAATCATAAGAACCACAGTCA
GATCC
aorl-SOE-C1 CTGACTGTGGTTCTTATGATTTA

GATGC

aorl-SOE-C2B

ATTCCAGCTTATGATCCAAGGGG

aorl-SOE-B2B

CCCCTTGGATCATAAGCTGGAAT

SOE PCR to mutate two internal Ndel restriction
sites and clone aorl from C. autoethanogenum

aorl-Kpnl-R CTAGGTACCCGAATCAAACTAGA

ACTTACC
Pporor-NotI-F AAGCGGCCGCAAAATAGTTGAT

AATAATGC Amplification and cloning of pfor (CAETHG_3029)
Potor-Ndel-R TACGCATATGAATTCCTCTCCTTT promoter from C. autoethanogenum

TCAAGC
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Oligonucleotides
SOE-groESL-a-Ndel

DNA Sequence (5-37)

GGGTTCATATGAAAATTAGACCA
CTTGG

SOE-groESL-b

TCCCATGTTTTCATAAGGATCTTC
TAATTC

SOE-groESL-c

ATTAGAAGATCCTTATGAAAACA
TGGGAGC

SOE-groESL-d-EcoRl

CTTAGAATTCCTTTTGAATTAGTA
CATTCC

Function(s)

SOE PCR to mutate internal Ndel restriction site
and clone chaperones groES-groEL from C.
autoethanogenum

grpE-Ndel-F GCCATATGTTAAAGGATAAAGG
TGATAATG Amplification and cloning of chaperones grpE-
dnal-Sacl-R CCGAGCTCTATTAGTGGTGATGT dnaK-dnaJ from C. autoethanogenum
TTAAG
Pacsa-Kpnl-F CAAGGTACCAGATAGTCATAATA

GTTCCAG

P.csa-BamH1-R

TTCGGATCCAATAATTCCCTCCTT
AAAG

Amplification and cloning of acsA promoter of C.
autoethanogenum for overexpression of second
chaperone operon

groESL-BamH1-F

ACTATGGATCCAAAATTAGACCA
CTTG

groESL-Sall-R

CTTAGTCGACCTTTTGAATTAGT
ACATTCC

Amplification and cloning of C. autoethanogenum
groES -groEL operon for construction of double
chaperone overexpression plasmid

Oligonucleotides for Screening and Construction of IFD Mutants

IFD-plasmid-F TGAAGTACATCACCGACGAGC Anneal to region prior to left homology arm (LHA)
of IFD plasmid. To be used for screening of single

crossover mutant at LHA
IFD-plasmid-R TTCCCAAATCCTTACATCTCCCC Anneal to region downstream of right homology

arm (RHA) of IFD plasmid. To be used for
screening of single crossover mutant at RHA

ACE-pyrE-SC-F1 (also
known as “P1”)

ACGCTCACGGAGAAAAATCCAC
AGA

ACE-pyrE-SC-R1 (also
known as “P2”)

ACTCTGCTTGGTCGGCTTAGGG

Detection of single crossover at the great
homology arm of pyrE, but also amplify from ACE
plasmid

ACE-pyrE-F3 (also known
as “P3”)

GTTCCTGTAGTTGGAATAGGTGG
AATAGTAAGC

ACE-pyrE-R3 (also known
as “P4”)

TCGAGATCTCCATGGACGCGTGA

Detection of double crossover at the short
homology arm of pyrE

ACE-pyrE-F GAGCTTATGCAATTCAAGTAGGT
ACTGCAAAC Detection and subsequent sequencing of restored
ACE-pyrE-R CATCAAAGCTATACTATTTTCCGT C. autoethanogenum pyrE
ATTTACATTTGGG
adhE1-IFD-F CTAACATCAAGGGGTTTATTTGT
CAC Screening of double crossover and subsequent
adhE1-IFD-R GTTACCTTAGTTACCTTCATTAAT sequencing of C. autoethanogenum adhE1
GACAC
adhEl-seq-F GCAAGATTTCAATAAAGGGTGT .
ATTTTACC Screening of double crossover and subsequent
sequencing of C. autoethanogenum adhE1 +
adhE2-seq-R CAATATATTATAAAATAGGGAGT adhE2
GGAATGTTCC
aor2-seq-F CACCTTTAAGAGATAGAAAAGA
AGATATCCC Screening of double crossover and subsequent
aor2-seq-R TTTTCCTAATGCTTTTACCTCTATT sequencing of C. autoethanogenum aor2
AGTGG
cooS1-seq-F GGAATATCTGAATTGCAAGCTAA
GTC Screening of double crossover and subsequent
cooS1-seg-R ATACATCTTGAATAAACTGCATC sequencing of C. autoethanogenum cooS1

ATCC

adhE1l-ald-LHA-Sacll-F

TATCTTCCGCGGGTATTAAATTG

SOE-PCR to construct homology arms for IFD of C.

43




2. Materials and Methods

Oligonucleotides DNA Sequence (5-37)

TAAAATATCC

adhE1-IFD-LHA-R ATTTAATAATTACATTAATTAGC

Function(s)

autoethanogenum adhE1

GACACCTCTTTCC
adhE1-IFD-RHA-F GGTGTCGCTAATTAATGTAATTA
TTAAATAAAAATGGTG
adhE1-IFD-RHA-Ascl-R TTGGCGCGCCTAGTGATTTAAAT
ATTGC
adhE1&2-SOE-B ATTATATATTTACATTAATTAGCG
ACACCTCTTTCC
adhE1&2-SOE-C CGCTAATTAATGTAAATATATAA SOE-PCR to construct homology arms for IFD of C.
TAAATTGAATATAGTAAAC autoethanogenum adhEl & 2
adhE1&2-RHA-Ascl-R GGTGGCGCGCCTTTATTTCC

cooS1-LHA-Sacll-F TGTCCGCGGAAGTATATATGCC

cooS1-LHA-R CCACCTTCTAAATTTTACATAATA
AAACCTCC SOE-PCR to construct homology arms for IFD of C.
co0S1-RHA-F GGAGGTTTTATTATGTAAAATTT autoethanogenum cooS1
AGAAGGTGG
co0S1-RHA-Ascl-R GTTGGCGCGCCATTTATTCC
aor2-LHA-Sacll-F ACTCCGCGGCTAAAGTAAGTAA
G
aor2-LHA-R CTCTAATTAATCAAACTACATAA
AAACCCTCC SOE-PCR to construct homology arms for IFD of C.
aor2-RHA-F GGAGGGTTTTTATGTAGTTTGAT autoethanogenum aor2
TAATTAGAG

aor2-RHA-Ascl-R TTTGGCGCGCCTATAGTATCTG

Oligonucleotides for Sanger Sequencing

acsA-seq-F GTTATTTCTTTAAGGAGGGAATT
ATTAAAATGG
acsA-seq-R AGCTTTTAAGGCATTTTAACTTTG
GC
acsA-seql CCATTGATACAGAGGCAAATCTT Amplification and sequencing of acsA in C.
GG autoethanogenum
acsA-seq2 AAAGAGGTATATGTGGAGCTAC
AGC
acsA-seq3 GTTGATATAAGTCGTATATTAGA
TTTGGTTGG
grpE-seql CATCAGTAGTATCATTCCAGGC
grpE-seq2 AAATAAGATCATATTAGTTGGTG
G Sequencing of cloned grpE-dnak-dnaJ operon
grpE-seq3 GGAATTACATCTAAAATATATAG
TCAG

Notes: Restriction sites are underlined.

2.2 Bioinformatics Tools

Visualization of genomes, annotations, sequence alignment, oligonucleotide design,

and gene translation were performed using Geneious (Biomatters Ltd). Prediction of

bacterial promoter, operon and gene finding were undertaken with Softberry
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(www.softberry.com). Basic Local Alignment Searches against a nucleotide database

were performed using the BLASTn algorithm provided by NCBI.

2.3 Data Analysis and Presentation
Statistical analysis and graphically presented results were performed using GraphPad
Prism. Two-tailed, unpaired, parametric student’s t-tests were employed for

comparison of means.

2.4 General Microbiological Techniques

2.4.1 Growth Medium

Outlined below are the compositions for all media used in this study. Solid agar
medium was prepared by the addition of 1.5% (w/v) No. 1 bacteriological agar
(Oxoid) to the liquid broth in question prior to autoclaving. All media were sterilised

by autoclaving for 20 min at 121°C unless otherwise stated.

2.4.1.1 Luria-Bertani Medium (LB)
Luria-Bertani (LB) broth contained 10 g of tryptone (Difco Laboratories), 5 g of yeast

extract (Difco Laboratories) and 10 g sodium chloride in 1 L of dH,0.

2.4.1.2 Clostridial Growth Medium (CGM)

For growth experiments of C. autoethanogenum and C. ljungdahlii, clostridial growth
medium (CGM; Table 2.4) was employed. The entire ingredients listed in Table 2.4
except MES were added before microwaving until bubbles were visible
(approximately 10 min in the microwave for 1 L medium). Following the addition of
MES, the solution was bubbled with N, for 2 h before pH adjustment to 5.8 using HCl.
Inside the anaerobic chamber (Coy Laboratory Products), an appropriate amount of
medium was dispensed into serum bottles or Schott bottles and then transferred out

the anaerobic chamber and sterilized by autoclaving. Prior to inoculation, reducing
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agent stock 1 and 2 (Table 2.7) were added to 1x concentration. For heterotrophic

growth experiments, 10 g/L fructose was added prior to microwaving and the

medium was designated ‘CGMF’. When 1 g/L of yeast extract was added the medium

was termed ‘CGMYF’. The medium was designated ‘CGMCF’ when 1 g/L of casein

acid hydrolysate was added.

Table 2.4. Clostridial growth medium (CGM)

Media component Amount per 1 L of media

NH,CI 0.25g
Kcl 0.1g
MgS0,.7H,0 0.2g
KH,PO, 0.2g
CaCl,2H,0 0.02g
NTA (Nitriloacetic acid) 0.05g
Fe(S0,),.7H,0 0.05g
Sodium acetate.3H,0 0.25g
Resazurin 1mg
Trace metal solution 10 mL
Wolfe’s vitamin solution 10 mL
MES (2-(N-morpholino)ethanesulfonic acid) 20g
Yeast extract or casein acid hydrolysate 1lg
Optional: D-Fructose 10g

deo

Uptoll,pH5.8
(adjusted with HCI)

Table 2.5. Wolfe’s vitamin solution

Wolfe’s Vitamin Solution Amount per L of Stock

Biotin 2mg
Folic acid 2mg
Pyridoxine hydrochloride 10 mg
Thiamine.HCI 5mg
Riboflavin 5mg
Nicotinic acid 5mg
Calcium D-(+)-pantothenate 5mg
Vitamin B4, 0.1 mg
p-Aminobenzoic acid 5mg
Thioctic acid 5mg
dH,0 Toll
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Table 2.6. Trace metal solution

Trace Metal Solution Amount per L of Stock

Nitrilotriacetic Acid 2g
MnS0O,.H,0 lg

Fe (SO4)2(NH,4),.6H,0 0.8¢g
CoCl,.6H,0 02g
ZnS0,.7H,0 0.2mg
CuCl,.2H,0 0.02g
NaMo0,.2H,0 0.02g
Na,SeO; 0.02g
NiCl,.6H,0 0.02g
Na,W0,.2H,0 0.02¢g
dH,0 Toll

Table 2.7. Reducing agent stocks

Reducing Agent Stock 1 (100x) Amount per 100 mL of Stock

Cysteine.HCl

4g

deo

To 100 mL

Reducing Agent Stock 2 (200x) Amount per 100 mL of Stock

NTA (Nitrilotriacetic acid) 7.64¢8
Na,CO3 5.33g
TiCl; 62.7 mM
dH,0 To 100 mL

2.4.1.3 YTF and YTG Medium

To prepare 1 L of YT medium, 16 g of tryptone, 10 g of yeast extract, 0.2 g of sodium

chloride, 10 mL of Wolfe’s vitamin solution (Table 2.5), and 10 mL of trace metal

solution (Table 2.6) were added. For YTF medium, 10 g of fructose was added per

litre. For YTG medium, 10 g of glucose was added per litre. The pH was adjusted to

5.8 using 3 M sodium hydroxide. Following autoclave sterilization and immediately

prior to use, 1% (v/v) of cysteine stock solution and 0.5% (v/v) of Ti-NTA were added

to liquid medium. For solid medium, 200 pL of cysteine stock solution was spread on

top of 20 mL solid medium in a plate and was allowed to dry for at least 4 h prior to

use.
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2.4.1.4 Supplements

All media supplements were prepared as stock solutions (Table 2.8) according to the
manufacturer’s instructions, and stored at the appropriate temperature for no longer
than four weeks. Supplements that were dissolved in dH,O and DMSO
(Dimethylsulfoxide) were sterilised by syringe filtration through a 0.2 um membrane

prior to use (Minisart®).

Table 2.8. Antibiotics and supplements used in this study.

Antibiotic/Supplement Stock Solvent Working Working
concentration concentration concentration for
(mg/mL) for E. coli clostridia (ng/mL)
(ng/mL)
Chloramphenicol (Cm) 25 Ethanol 25
Erythromycin (Em) 50 Ethanol 500
Trimethoprim 10 DMSO 10
Spectinomycin 100 dH,0 250*
Tetracycline 5 70% Ethanol 10
Thiamphenicol (Tm) 15 DMSO 7.5-15
Clarithromycin (Cla) 6 DMSO 6
5-Fluoroorotic acid (FOA) 150 DMSO 1500
5-Fluorocytosine (FC) 100 DMSO 100
Uracil 1 dH,0 20

*100 pg/mL for E. coli CA434

2.5 General Molecular Techniques

2.5.1 Generation of Genomic DNA from Clostridial Species

For PCR amplifications, genomic DNA (gDNA) from clostridia was isolated using
DNeasy Blood and Tissue kit (Qiagen) or Purelink Genomic DNA Mini kit (Life
Technologies). For Southern blot analysis, genomic DNA from C. autoethanogenum
was extracted according to Bertram and Diirre (216). A 100 mL overnight culture was
harvested (6,000 x g, 15 min, 4 °C), washed with potassium phosphate buffer (10
mM, pH 7.5) and suspended in 1.9 mL STE buffer (50 mM Tris-HCI, 1 mM EDTA, 200
mM sucrose; pH 8.0). 300 pL lysozyme (~100,000 U) were added and the mixture was
incubated at 37°C for 30 min, followed by addition of 280 uL of a 10% w/v SDS
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solution and another incubation for 10 min. RNA was digested at room temperature
for 10 min by addition of 240 uL of an EDTA solution (0.5 M, pH 8), 20 pL Tris-HCI (1
M, pH 7.5), and 10 pL RNase A (Fermentas). Then, 100 plL Proteinase K (0.5 U) were
added and proteolysis took place for 1-3 h at 37 °C. Finally, 600 pL of sodium
perchlorate (5 M) were added, followed by a phenol-chloroform extraction and an

isopropanol precipitation.

2.5.2 Southern Blot Analysis

Each DNA sample (1 pg) was digested overnight with Hindlll restriction enzyme
according to 2.5.6 and was run on a 0.8% agarose gel as described in 2.5.4. DNA was
transferred to a piece of Amersham Hybond ECL nitrocellulose membrane (GE
Healthcare) by pressure-driven capillary action using filter paper (Whatman) soaked
with 0.4 M NaOH. Following 2 — 3 h of transfer, the membrane was wrapped in cling
film and exposed to UV light for 2 min on each side to crosslink the DNA, and then
rinsed in 2x SSC (300 mM sodium chloride, 30 mM sodium citrate, pH 7) to remove
excess NaOH. Blots were incubated in 10 mL DIG Easy Hyb (Roche) in Techne
Hybridiser oven HB- 1D at 42°C for 1 h. The Easy Hyb solution was discarded and
replaced with 10 mL DIG Easy Hyb containing 1 pg DIG-labelled DNA probe which had
been boiled for 10 min and chilled on ice prior to use. Probes were generated by PCR,
followed by purification and labelling by incorporating DIG-labelled dUTPs using DIG

High Prime (Roche). The probe solution was incubated overnight at 42°C.

The membrane was subjected to two low stringency washes (2 X SSC, 0.1% w/v SDS)
for 5 min at room temperature and then two high stringency washes (0.5 X washing
solution) for 15 min at 68°C. It was then equilibrated in washing buffer (0.1 M maleic
acid, 0.15 M NaOH, pH 7, 0.3% v/v tween 20) for 1 min at room temperature and
blocked in blocking buffer (part of Easy Hyb kit) for 30 min at room temperature. The
membrane was incubated in blocking buffer containing 1:10,000 diluted anti-
digoxigenin antibody (Roche) for 30 min at room temperature, followed by two
washes in washing buffer for 15 min at room temperature. After equilibration in

detection buffer (100 mM Tris HCI, pH 9.5, 100 mM NaCl) for 2 min at room
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temperature, the membrane and 1 mL of chemi-luminescent substrate CSDP Star
(Roche) was sandwiched between two acetate sheets and incubated for 5 min at
room temperature, followed by 10 min at 37°C and exposed to Amersham Hyperfilm

ECL (GE Healthcare).

2.5.3 Preparation of Plasmid DNA from E. coli and Clostridial Species

Plasmid DNA was extracted from overnight E. coli or 1 — 3 day old Clostridium spp.
Cultures using QIAprep Spin Miniprep kit (Qiagen) or Purelink Quick Plasmid
Miniprep kit (Life Technologies) according to manufacturers’ instructions. For
clostridial samples, 20 mg/mL of chicken lysozyme was freshly added to resuspension
buffer and allowed to incubate at 37°C for 30 min before proceeding to downstream

lysis and purification steps.

2.5.4 Quantification, Separation and Visualization of Nucleic Acids

The concentration and purity of nucleic acids were quantified using Nanodrop
ND1000 (Thermo Scientific). To visualize nucleic acids, samples were electrophoresed
in 0.7 — 1.2% w/v agarose gel (MP Biomedicals) in TAE buffer (40 mM Tris, ImM
EDTA, 0.1% Glacial acetic acid). SYBR Safe (Life Technologies) was added immediately
prior to pouring. DNA fragments and plasmids were combined with NEB loading
buffer (6X concentration) prior to loading onto the gel, and separated by
electrophoresis at 90 — 120 V for 40-60 min in TAE buffer. DNA was subsequently
visualized in Odyssey Fc Imager (LI-COR, Inc.) or Gel Doc EZ™ System (Bio-Rad

Laboratories, Inc.).

2.5.5 Polymerase Chain Reaction (PCR)

Oligonucleotides (Table 2.3) were designed using Geneious (Biomatters Ltd) and
synthesized by Eurofins MWG Operon or Sigma-Aldrich. Phusion® High-Fidelity DNA
Polymerase (NEB), Q5® High-Fidelity DNA Polymerase (NEB) and iProof High-Fidelity

DNA Polymerase (Bio-Rad Laboratories Ltd) were employed for polymerase chain
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reaction (PCR) and performed as per manufacturers’ instructions. Standard PCR was
carried out in T3000 Thermocycler (Biometra) while PCR with varying annealing
temperature (T,) was undertaken in SensoQuest Gradient Labcycler (Geneflow Ltd).
A typical PCR reaction involved an initial denaturation step of 98°C for 30 sec,
followed by 35 cycles of 98°C for 10 sec, 58°C for 30 sec and 72°C for 30 sec/kb. This

was followed by an extension step of 72°C for 2 minutes before holding at 15°C.

All IFD clusters (and their subsequent complementations), consisting of two precise
regions of homology to the host genome located adjacent to each other and flanked
by incorporated restriction sites, were generated by Splicing by Overlap Extension
(SOE) PCR (247). The same procedure was also applied for the mutation of internal
base(s), such as alteration of codon(s) and the mutation of Ndel restriction site(s)

which may interfere with cloning strategies.

2.5.6 Restriction Digest, Dephosphorylation and Ligation of DNA
Fragments
DNA was subjected to restriction digests (NEB or Fermentas) as per manufacturers’
instructions for diagnostic purposes or cloning. To minimize re-circularisation of
restriction digested vectors, dephosphorylation using Antarctic Phosphatase (NEB)
was carried out to remove 5-phosphate from DNA. For the assembly of DNA
fragments and plasmid constructions, T4 DNA ligase (NEB) was added to (gel)
purified and linearised DNA fragments that were combined in a reaction at insert to
vector ratios of 1:1, 3:1 and 5:1. Ligation reactions were incubated at 16°C overnight

before transformation into chemically competent E. coli.

2.5.7 DNA Fragment Sequencing

All Sanger sequencing of amplicons and plasmids was performed by Source
Bioscience (UK) and Massey University (NZ) using supplied oligonucleotides (Table
2.3). Amplicons were purified using DNA Clean and Concentrator kit (Zymo Research)

or PureLink PCR Purification Kit (Invitrogen) prior to sequencing.
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2.5.8 Preparation and Transformation of Chemically Competent E. coli
Cells
The procedures for the preparation and transformation of chemically competent E.
coli cells were derived from Sambrook et al. (2001) (248). One mL of E. coli overnight
culture was inoculated into 100 mL LB medium (in conical flask) and incubated at
37°C with agitation until optical density at 600 nm (ODgg) reached 0.4 - 0.6. Bacterial
cultures were then transferred into 50 mL Falcon tubes and chilled on ice for 10 min,
followed by centrifugation at 2700 x g at 4°C for 10 min. Supernatant was removed
and the cell pellet was gently resuspended in 20 mL ice-cold calcium chloride buffer
(100 mM CaCl,, 20% v/v glycerol) and chilled on ice for 15 min. The cell suspension
was subjected to another centrifugation under the same conditions as previously and
the harvested cell pellet was gently resuspended in 4 mL ice-cold calcium chloride
buffer and chilled on ice for 1 — 2 h. Finally, 100 pL aliquots of chemically competent

cells were stored in -80°C freezer.

For transformation, 10 uL DNA ligation mixture or 0.2 - 1 uL of intact plasmid was
added to aliquots of competent cells that had been thawed on ice for 10 min.
Following 60 sec of heat shock at 42°C, the cells were immediately chilled on ice for 5
min before 1 mL of LB medium was added and incubated at 37°C with agitation for 1
h. At the end of the recovery period, cells were centrifuged at 13,523 x g for 30 sec
and 900 pL of supernatant was discarded. The remaining ~200 uL supernatant was
used to resuspend the pellet by gently vortexing before plating onto selective LB

agar.

2.6 Serum Bottle Growth Experiments of C. autoethanogenum

Unless otherwise stated, C. autoethanogenum wild-type (WT) and mutant strains
were cultivated in triplicates of 250 mL serum bottles containing 50 mL CGMY
(section 2.4.1.2) for strain characterisation purposes. Inocula were prepared in CGMY
inside the anaerobic workstation and ODgg of 0.5 equivalent of active culture was
inoculated into each serum bottle. For instance, a preculture with ODgyo of 2.0 will

have 0.25 mL used as inoculum. Depending on the aim of the experiments, five
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different substrates were provided: (i) 10 g/L fructose, (ii) 2 bar CO, (iii) 10 g/L
fructose + 2 bar CO, (iv) 0.7 bar CO, + 1.3 bar H,, or (v) 2 bar blast oven furnace (BOF)
gas (52.6% CO, 12.2% CO2, 3.2% Hz2 and 31.9% N; collected from Glenbrook Steel
Mill, New Zealand).

Incubations of upright serum bottle cultures were carried out inside New Brunswick
Innova 44 shakers (Eppendorf) at 37°C with agitation at 225 rpm. Up to 1 mL of liquid
samples were harvested at various time points for optical density measurement
using Jenway 7300 Spectrophotometer (Bibby Scientific Ltd) and High-Performance
Liquid Chromatography (HPLC) analysis (section 2.8.1). Headspace pressure was
measured using Rugged Digital Pressure Gauge DPG120 (Omega Engineering, Inc.)
and gas composition analysed using gas chromatography (section 2.8.2). The HPLC
and gas data allowed the calculation of percentage carbon recovery. Percentage of
carbon recovery was calculated by dividing the molar sum of production of biomass,
acetate, ethanol, 2,3-butanediol, lactate, CO and CO: by the molar sum of
consumption of fructose, CO, and CO.. As quality control, microscope inspection
and/or PCR were performed using 16S rRNA validation primers to verify the identity

of the cultures.

2.7 Ethanol Tolerance Assay of C. autoethanogenum

To examine ethanol tolerance of C. autoethanogenum mutant and plasmid control
strains, the bacteria were cultured in serum bottles according to section 2.6 in the
presence of 7.5 pg/mL thiamphenicol and 2 bar CO. When the ODggg reached 0.2,
anaerobic ethanol was injected to bacterial cultures to reach final ethanol challenge
concentrations of 20 g/L and 40 g/L. As unchallenged controls, equal volume of
media blank was added. After 12 h of incubation in shakers, 1 mL of bacterial culture
was harvested inside the anaerobic workstation and serially diluted before plating
onto CGMY supplemented with 10 g/L fructose and 7.5 pg/mL thiamphenicol. The
colony forming units (cfu) after five days of incubation were recorded for comparison

of ethanol tolerance capability between the bacterial strains. In parallel, serum bottle
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liquid samples were periodically taken up to 50 days for ODgyy measurements and

metabolite analysis using HPLC (section 2.8.1).

2.8 Analytical Chemistry

2.8.1 High Performance Liquid Chromatography (HPLC)

Analysis of metabolites was performed using Varian ProStar HPLC system equipped
with a RID (Refractive Index Detector) operated at 30°C and a Aminex HPX-87H
column (1300 x 7.8 mm, particle size 9 um) (Bio-Rad Laboratories) kept at 30°C.
Slightly acidified water was used (0.005 M H,S04) as mobile phase with a flow rate of
0.5 mL/min. To remove proteins and other cell residues, samples were centrifuged at
20,238 x g for 5 min and the supernatant was filtered with Spartan 13/0.2 RC filters.

10 pL of the supernatant was then injected into the HPLC for analyses.

2.8.2 Gas Chromatography

Measurements of headspace gas compositions were carried out on a Varian CP-4900
micro GC with two installed channels. Channel 1 was a 10 m Mol-sieve column
running at 70°C., 200 kPa argon and a backflush time of 4.2 sec, while channel 2 was
a 10 m PPQ column running at 90°C., 150 kPa helium and no backflush. The injector
temperature for both channels was 70°C. Runtimes were set to 120 sec, but all peaks

of interest would elute before 100 sec.

2.9 Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-

PCR)

2.9.1 Harvest of C. autoethanogenum Cultures for qRT-PCR Analysis

C. autoethanogenum cultures used for qRT-PCR analysis were cultivated in 500 mL
Schott bottles containing 200 mL CGMF supplemented with 7.5 ug/mL thiamphenicol
and incubated in 37°C shakers. Approximately the equivalent of 12 ODgy worth of

cells were harvested by centrifugation at 4°C and 3,220 x g for 10 min. Supernatant
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was removed and the cell pellet was resuspended in 1 mL RNAlater Stabilization
Solution (Ambion) by pipetting. After overnight incubation at 4°C, the cell suspension
was centrifuged at 3,220 x g at 4°C for 10 min and supernatant discarded before

storage at -80°C until RNA extraction.

2.9.2 Total RNA Extraction

Following the addition of 1.5 mL cold TRIzol (Ambion), the frozen cell pellet was
allowed to thaw on ice for 5 min before being divided into two pre-chilled 2 mL
microfuge tubes, each containing 1 g of dnature 0.1 mm diameter Zirconia/Silica
beads (dnature Ltd). Cell disruption was performed in 3 cycles of 1 min bead beating
using Mini Beadbeater-16 (dnature Ltd), with 1 min chilling on ice in between the
cycles. Following 1 min of 4°C centrifugation at 20,238 x g, the supernatant was
transferred to pre-chilled 1.5 mL microfuge tubes. 100 L of chloroform was added,
vortexed for 20 sec and then incubated at room temperature for 15 min with
occasional mixing. After the centrifugation at 20,238 x g (4°C) for 15 min, the
aqueous phase was transferred into a new microfuge tube and 0.7 volume of

isopropanol was added and mixed using pipette actions.

The samples were incubated at room temperature for 10 min before centrifugation
at 20,238 x g (4°C) for 10 min. Supernatant was removed and the nucleic acid pellet
was washed with 700 pL of ice-cold 70% (v/v) ethanol before another round of
centrifugation 20,238 x g (4°C) for 10 min. After the careful removal of supernatant,
the nucleic acid pellet was dried inside a Type Il biological safety cabinet (Thermo
Scientific) for 15 min before resuspension in 100 puL of RNase-free water and 1 uL of
RNaseOUT (Invitrogen). gDNA was removed by the addition of 2 uL TURBO DNase
enzyme (Ambion) and 37°C incubation for 30 min. The DNase treated RNA was
purified using RNA Clean and Concentrator Kit (Zymo Research) as per
manufacturer’s instructions and stored at -80°C. The concentration and purity of
isolated RNA was analyzed spectrophotometrically using Nanodrop (Thermo

Scientific).
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As quality control, 1 uL of the RNA samples were subjected to PCR analysis (reaction
volume 20 pL) using primer pair “adhE2-662s-F” and “adhE2-662s-R” (Table 2.3) and
gel electrophoresis to detect residual gDNA. WT gDNA was used as positive control.
Occasionally gDNA was detected so the RNA samples were subjected to another
round of DNase treatment followed by RNA extraction and purification (as above).
The quality of RNA was examined using 2100 Bioanalyzer (Agilent Technologies) and
RNA samples with RNA integrity number (RIN) greater than 7 were used for cDNA

synthesis.

2.9.3 cDNA Synthesis

cDNA synthesis was performed using SuperScript I[ll Reverse Transcriptase
(Invitrogen) and random hexamers according to manufacturer’s instructions. Two ug
of total RNA was used per 20 ulL reverse transcriptase reaction and diluted 10 fold

with RNase-free water prior to qRT-PCR analysis.

2.9.4 Design and Testing of TagMan Primers and Probes

Primers and probe sets for target genes (grpE, dnaKk, dnal, groES, groEL, aorl and
adhE2) and housekeeping genes (gyrA and rho) were designed using the Custom
TagMan Assay Design Tool and purchased as Single-Tube Custom TagMan Gene
Expression Assays from Applied Biosystems. gyrA (CAETHG_2130; encodes DNA
gyrase subunit A) and rho (CAETHG_2327; encodes transcriptional termination
factor) were chosen as housekeeping genes because they exhibited the most stable
gene expression levels in different carbon sources and stresses in the closely related
acetogen C. ljungdahlii DSM 13528 (249). Each Custom TagMan Gene Expression
Assay consisted of a forward and reverse unlabelled PCR primer (18 uM each), and a
fluorescent reporter FAM-labelled TagMan MGB probe (5 uM) (Table 2.9). To
determine the amplification efficiencies of TagMan probes and primers, standard
curves using 3.333x serially diluted cDNA (20 ng, 6 ng, 1.8 ng, 0.54 ng, 0.162 ng,
0.0486 ng, and 0.0146 ng total RNA) were constructed in technical triplicates. All the

examined TagMan probe and primers have excellent amplification efficiencies
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between 94.2% and 99.7% (R® = 0.998) (Figure 2.1). Amplification efficiencies (E)

were determined from the slope of the curve and the formula E (100%) = (10¢Y/s/°P¢) -

1)*100%.

Table 2.9. Primers and TagMan MGB probes used in this study.

Assay ID Forward Primer Sequence Reverse Primer Sequence Reporter 1
Sequence
AI89K3D gyrA GAATTGATGGAAACAATAAAAC  AGTTTTTCTTTCATCACCATATTTAT TCAGCAGCAATTC
ATCTCAAGGA CTCTTATCTCAATTA TTT
AIAAZ86 rho GGCATTATTGTATGTTGAAAAAG  ACAGGAGTGAGTGTTTCAAAAGG  TCCCACTGCCCTT
TAAATGGAGA T TCT
AIBJYFE groES AAGAAGCAGAAGTTGTGGCAGT  TCCTACTTTTACTTCCATTTTAACTT  CTGTTCCACCAAT
A CTTTTCCA TCC
AICSWLM groEL TTAAGAGGAACATTTACTTGTGT  TCCTGAAGCATTTCTTTTCTTCTGT  AAGGCACCTGGA
AGCAGT CA TTTG
AID1URU grpE GCAGAAGATTTGAAAAAAGGTA  CCTTCGCAAGGAATTTCCTCTACAT  ATGCCCTTTCAAA
TAGAGATGAC ATT
AIFASX2 dnak GGGAGTTAACCCTGATGAATGT GGTGTAACATCAAGGAGTAATAC ACTCCGGCCTGA
GT GTCTT ATTG
AIGJQ4A dnal GGAACAGGACAGATGAGAACTC  CTCTTCCACCACATTTATCACAAGT  CCAAGAGGCGTA
AGA G TTCC
AIHSPAI aorl AACTTGCAAATCAGAAAATTTAG  CTGGTGATAATGCATCTATTTTAG  CCTAGTCCCCTAC
ATTTAGATAAAGCT GATCTATTTCA AACCTA
AlIINGQ adhE2 CCTGAAGAAGAGCCCTTTGCT AGTGCTTCATCAAAATCTTTTGCTT  CTGGAGACAGCT
TGT TTTC
(A) 30 g suml:rucunu (B) i I i i ShndrurdCurve i i i
28 8 28 1
2 | ENG g 26 e
el B N . 2l - .
o . U § Q l o) S
5= ol RN
20+ IR 8.
wl O~ ; 18 _! ‘ , \Q ]
20 45 a0 -o‘l_s 00 05 10 20 45 10 08 00 05 10
Log Starting Quantity Log Starting Quantity
©  Standard O Standard
% Unknown . Unknown

ADR1  E=085% R*2=0098 Slope=-3 408 y-int=23 014
dnal E=97.6% R"2=0.998 Slope=-3 380 y-int=22 278
dnak E=98.0% R"2=0.998 Slope=-3.370 y-ini=21 863
gpE  E=97.6% R*2=0.996 Slope=-3.380 y-int=22 505

gioEL  E=97.3% R"2=1.000 Slope=-3369 y-int=21 876
GIOES  E=959% R*2=0 999 Slope=-3 425 yint=21 851
gy E= 042% R*2=0999 Slope=-3 460 y-int=22 565

—— tho  E=985% R2=0990 Slope=-3 358 y-int=21 791

Figure 2.1. Standard curves of gRT-PCR with various amount of cDNA template for
assessments of amplification efficiency of each TagMan probe and primers. (A)
Standard curves for aorl, dnaJ, dnaK and grpE; (B) Standard curves for groEL, groES,
gyrA and rho. E = amplification efficiency. N = 3.
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2.9.5 Real-Time PCR

All RT-PCR reactions were set up in 96-well Microseal PCR plates (Bio-Rad
Laboratories) and performed in triplicates of 20 pL volume containing 1 uL diluted
cDNA, 1 L of 20x Custom TagMan Gene Expression Assay, 10 uL of 2x TagMan Gene
Expression Master Mix (Applied Biosystems) and 8 pL nuclease-free water. For each
cDNA sample, TagMan probe and primers for two housekeeping genes (gyrA and
rho) were included for normalization purposes. Non-template controls (NTC) were
also included for each TagMan probe and primer gRT-PCR master mix. Each qRT-PCR
run comprised an initial denaturation and polymerase activation at 95°C for 12 min,
followed by 40 cycles of denaturation at 95°C for 15 sec and combined annealing and
extension at 60°C for 60 sec. The CFX connect Real-Time PCR Detection System (Bio-
Rad Laboratories) was employed to record the accumulation of signals in each well
within the PCR plate, and the accompanying CFX Manager Software was used to

perform normalized gene expression analysis.

2.10 Preparation of Crude Lysates

Transformed E. coli strain XL1-Blue MRF’, C. autoethanogenum and C. acetobutylicum
were cultured in 50 mL Falcon tubes inside the anaerobic cabinet. Transformed E.
coli was cultivated in 50 mL LB medium supplemented with 20 mM glucose, 10 uM
Na,SeOs3;, and 25 pg/mL chloramphenicol for 23 — 28 h. C. autoethanogenum
transconjugants were cultivated in 10 mL YTF medium supplemented with 15 pg/mL
thiamphenicol for 44 — 51 h. Electroporated C. acetobutylicum was cultured in 50 mL

YTG medium supplemented with 15 pug/mL thiamphenicol for 28 h.

Cell pellets were harvested by centrifugation at 4°C at 7197 x g for 10 min and then
resuspended in 300 pL lysis buffer (50 mM Tris-HCI, pH 7.4, 100 mM NacCl) containing
fresh 20 mg/mL chicken lysozyme. Following incubation at 37°C for 45 min, the cell
suspensions were sonicated using Bioruptor® Plus (Diagenode) for 60 cycles (in
rounds of 30 sec sonications/30 sec rest per cycle) at 4°C. Following
ultracentrifugation at 20,238 x g for 5 min at 4°C, the supernatant was harvested as

the soluble fraction whereas the pellet represents the insoluble fraction and was
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resuspended in 300 pL lysis buffer without chicken lysozyme. Protein contents were
qguantified using Bradford reagent (Sigma-Aldrich) with bovine serum albumin (BSA)
as standard. Both soluble and insoluble fractions of crude lysates were stored at -

20°C for further analysis.

2.11 Sodium Dodecyl Sulphate -Poly-Acrylamide Gel Electrophoresis (SDS-
PAGE) and Western Blot Analysis
Cell lysates and purified proteins were analysed by SDS-PAGE. NuPAGE LDS sample
buffer (Invitrogen) and 83.3 mM Dithiothreitol (DTT; final concentration) were added
to each sample and boiled at 100°C for 5 min to denature the proteins. The samples
and Precision Plus Protein Kaleidoscope Standards (Bio-Rad Laboratories) were then
loaded onto 4-12% NuPage Bis-Tris gels (Invitrogen) in XCell SureLock Mini-Cell
Electrophoresis System (Life Technologies), and NuPage MES Running Buffer
(Invitrogen) was added to cover the electrodes. The samples were then subjected to
electrophoresis at 150 V for 140 min to separate the proteins, after which the gel
was removed from the cast, laid onto Amersham Hybond ECL nitrocellulose
membrane (GE Healthcare) and then fitted into XCell Il Blot Module (Life
Technologies). To transfer proteins to the membrane, Novex transfer buffer (10% v/v
methanol) was added to the blot module and subjected to electrophoresis at 30 V for

2 h.

Following disassembly of the blot module, the membrane was blocked in 30 mL of
TBS buffer (50 mM Tris-HCI, 150 mM NacCl, pH 7.5, 3% w/v skim milk) at room
temperature for 1 h with mild agitation on a shaker. After removing the used TBS
buffer, the membrane (covered in foil to protect from light) was subjected to
overnight incubation in 30 mL of TBS buffer containing 10 pL monoclonal Anti-FLAG
M2-Peroxidase (HRP) antibody (Sigma-Aldrich) at room temperature with mild
agitation. Following 3 washes of 5 min in TBST (50 mM Tris-HCI, 150 mM NaCl, 0.1%
v/v Tween, pH 7.5), 4 mL of 3,355 -Tetramethylbenzidine (TMB) detection

substrate (Sigma-Aldrich) was added onto the membrane, and incubated at room
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temperature for 5 min before gentle rinsing with dH,0. The membrane was air dried

for 30 min before an image was captured using EOS 600D DSLR camera (Canon).

2.12 Development of Transformation Protocols for Clostridium spp.

2.12.1 Preparation of Electro-Competent C. autoethanogenum and C.
ljungdahlii, and Electroporation
For preparation of electro-competent C. autoethanogenum and C. ljungdahlii cells,
300 mL of CGMYF was inoculated with 10% (v/v) of active culture and incubated
overnight in the anaerobic workstation. Cells were harvested via centrifugation at
4226 x g for 5 min at room temperature inside the anaerobic workstation when the
ODggo reached 0.3-0.5. The process of washing the cell pellet by resuspending in 30
mL anaerobic SMP buffer (7 mM phosphate, 1 mM MgCl,, 270 mM sucrose, pH 5.8)
followed by centrifugation at 4226 x g for 5 min at room temperature was repeated
twice, before a final resuspension in 2 mL SMP buffer and 250 plL anaerobic DMSO.
Aliquots of 400 pL electro-competent cells were made in 2 mL microfuge tubes and

stored at -80°C.

Inside the anaerobic workstation, 100 uL of thawed electro-competent cells were
transferred into prechilled sterile electroporation cuvettes (2 mm electrode gap; Bio-
Rad Laboratories) containing 1-5 ug plasmid DNA. The suspensions were subjected to
1 kv discharge from a 50 pF capacitor using the Gene Pulser Xcell electroporation
system (Bio-Rad Laboratories). The cells were immediately transferred to 10 mL of

CGMYF and incubated for 20 h before plating onto solid selective CGMYF.

2.12.2 Preparation of C. acetobutylicum Electro-Competent Cells and
Electroporation

Preparation of C. acetobutylicum electro-competent cells and the subsequent

electroporation procedures were carried out according to Mermelstein et al. (1992)

(183). Plasmid DNA was in vivo methylated by a methylase encoded in plasmid pAN2

in E. coli Top10 prior to electroporation.
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2.12.3 Conjugation

Plasmids were conjugated into C. autoethanogenum according to a protocol
modified from Purdy et al. (2002) (250). Briefly, 1.5 mL of overnight E. coli CA434
harbouring plasmid growing on LB medium was washed in phosphate-buffered saline
(PBS) and transferred to the anaerobic workstation. 200 pL of overnight C.
autoethanogenum culture grown in YTF medium was used to gently resuspend the
washed donor pellet and spotted onto YTF solid media. After 20-24 h of incubation at
37°C in the anaerobic workstation, the conjugation mixture was harvested into 500
uL of anaerobic PBS and spotted onto selective YTF agar containing 10 ug/mL
trimethoprim and 15 pg/mL Tm or 6 pg/mL Cla. Transconjugant colonies that

emerged within the first 5 days were picked and restreaked.

2.12.4 Verification of Clostridium spp. Transformants

After at least one round of restreak on selective solid YTF medium, putative
Clostridium spp. transformed colonies were transferred into 300 pL selective liquid
medium (YTF or YTG) inside the anaerobic workstation at 37°C. These 300 uL
bacterial cultures were further up-scaled to 2 mL volume for the preparation of
glycerol stocks and also plasmid DNA miniprep extractions. Because the quality of
the isolated plasmid DNA from Clostridium spp. (section 2.5.3) was not sufficient for
most molecular applications, plasmid verification was carried out by PCR or by
retransformation into E. coli strains XL1-Blue or Top10 followed by plasmid miniprep
and restriction digest analysis (“plasmid rescue”). The identity of the transformants
was verified by amplification and sequencing of 16S rRNA using primer pairs Univ-

0027-F and Univ-1492-R (Table 2.3).

2.13 Generation of C. autoethanogenum ClosTron Mutants

2.13.1 Intron Design and Synthesis of ClosTron Plasmids
Appropriate Intron targeting regions within genes of interest were generated in silico
at www.ClosTron.com using Perutka algorithm (251). DNA 2.0 Inc. then synthesized

the 344 bp intron targeting region and cloned it into ClosTron vector pMTLO07C-E2
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using restriction sites Hindlll and BsrGl. The mechanism of ClosTron mutagenesis is

described in Kuehne and Minton (2012) (252) and is summarized in Figure 2.2.

.‘III' JE%ELW erm II'FII'} Chrf
[ Tintron Sl > >—C

mMRNA -
EmR [MUTAN

Figure 2.2. The overall steps involved in the generation of ClosTron insertional
mutants using plasmid pMTLO07C-E2. The group Il intron (shown in vyellow)
encompasses an erm marker (shown in blue) to facilitate selection using antibiotics
erythromycin or clarithromycin. A small fragment of DNA containing phage td group |
intron (shown in black) is incorporated within the erm gene for inactivation
purposes, but is spliced out (self-catalyzed) under the correct orientation during
association with the LtrA protein to form a ribonuclear protein (RNP) complex.
Following RNP recognition and binding to the target gene within the chromosome,
the LtrA protein (shown in green) ‘nicks’ the DNA target, inserts the RNA, and
synthesizes the complementary DNA strand via its reverse transcriptase activity.
Finally, the host ligases seal the gaps which leads to functional expression of the erm
gene. This figure was obtained from Kuehne and Minton (2012) (252).
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2.13.2 Generation and Verification of C. autoethanogenum ClosTron
Mutants
Following conjugation of ClosTron plasmids into C. autoethanogenum and selection
with 7.5 pg/mL thiamphenicol on solid CGMF, colonies were transferred onto solid
CGMF supplemented with 6 pug/mL clarithromycin to select for Intron insertion into
the target locus. Cla® colonies were inoculated into selective liguid medium for gDNA
isolation (section 2.5.1) and PCR verification using locus flanking primers (Table 2.3).
WT controls were included for these PCRs and successful Intron integrants produced
amplicons that were 1.8 kb larger than the WT controls. Occasionally a screened
colony generated both a WT band and ClosTron band so these colonies were
subjected to further rounds of purification by restreaking onto selective plates until
the WT band was no longer detected. Successful ClosTron amplicons were purified
and sent for Sanger sequencing (section 2.5.7). Cla® colonies were then tested for
thiamphenicol sensitivity to check that the ClosTron plasmid has been lost, before a
final verification by Southern Blot analysis (section 2.5.2) to ensure that only one
ClosTron insertion has occurred in the mutants. Glycerol stocks (15% v/v glycerol)
were made for clones that satisfied all the above verification procedures, and stored

at -80°C.

2.14 Allele-Coupled Exchange (ACE)

Allele-Coupled Exchange (ACE) is a genetic tool developed by Heap et al. (2012) (212)
which allows the selection of rare second recombination events without the use of
counter-selectable marker. This technique can be used for the generation of IFD
mutants and integration of foreign DNA into the genome, and it is a major focus of
the project. Although a counter-selectable marker is not required for ACE, the
generation of a ApyrE strain using ACE is valuable because pyrE is both a negative

and positive selectable marker for genetic manipulation work.

2.14.1 Generation of C. autoethanogenum ApyrkE Strain
The plasmid used for deletion of pyrE C-terminus in C. autoethanogenum,
pPMTL84151-ApyrE (Figure 2.3), was provided by Dr. Anne M. Henstra (University of

Nottingham). It comprises a 303 bp short homology arm and a 1219 bp long
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homology arm with lacZa in between, for replacement of 227 bp at the C-terminus of
pyrE with lacZa. Furthermore, a heterologous pyrE from C. acetobutylicum ATCC 824
(CAC_0027) with a ribosomal binding site (RBS) is also included 18 bp downstream of
the catP gene to facilitate the loss of the plasmid using 5-fluoroorotic acid (FOA) as
counter-selectable marker. The pyrE gene of C. acetobutylicum shares only 45%
nucleotide identity with the corresponding gene in C. autoethanogenum, minimizing
the probability of unintended homologous recombinations between the two

homologs.

Following the conjugation of plasmid pMTL84151-ApyrE into C. autoethanogenum,
colonies that emerged on solid YTF supplemented with 7.5 pg/mL thiamphenicol and
10 pg/mL trimethoprim were subjected to further rounds of streaking onto YTF
supplemented with 7.5 pug/mL thiamphenicol. Clones in which the single crossover
integration event had occurred at the large homology arm were identified by an
increased growth rate relative to non-integrant plasmid carriers. gDNA was isolated
from several of these fast-growing Tm® colonies and subjected to PCR screening
using primer pairs ‘ACE-pyrE-SC-F1’ and ‘ACE-pyrE-SC-R1’ to confirm the integration

event had occurred.

j 500
WL
traJ ‘ 4

lacz balpha

& — C.acetobutylicum pyrE
pMTL84151-ApyrE

Figure 2.3. Vector map of pMTL84151-ApyrE for the deletion of pyrE gene in C
autoethanogenum.
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After PCR confirmation of the single crossover event, the clones were inoculated into
3 mL liquid CGMYF supplemented with 7.5 pg/mL thiamphenicol and allowed to
grow inside the anaerobic workstation for 2 days. 80 uL of undiluted, 10x diluted and
100x diluted (with anaerobic PBS) culture was spread onto solid CGMF medium that
had 1 g/L yeast extract replaced with 1g/L casein acid hydrolysate (CGMCF), and
supplemented with 1.5 mg/mL FOA and 5 ug/mL uracil to select for the double
crossover event. The efficacy of FOA is reduced by the presence of uracil and yeast
extract contains substantial amounts of uracil so a less enriched supplement such as
casein acid hydrolysate was used instead. The plates were covered in foil to protect
from light during incubation, and they were closely monitored to detect early
emerging colonies (24 - 48 h), which were then screened by PCR for the double
crossover event using primer pairs ‘ACE-pyrE-F3’ and ‘ACE-pyrE-R3’. Sanger
sequencing of the pyrE amplicon was carried out to confirm replacement of the 3°
end of pyrE gene with lacZa. Serial passage on non-selective solid CGMYF medium
was then performed until the plasmid has been lost, confirmed by replica plating

onto CGMYF agar medium supplemented with 7.5 pg/mL thiamphenicol.

2.14.2 Construction of In-Frame Deletion Plasmids and pyrE Restoration
Plasmids

All IFD plasmids and pyrE complementation or correction plasmids were constructed
using plasmid pMTL84151-ApyrE by substitution of the homology arm cassettes using
restriction sites Sacll and Ascl (Figure 2.3). The IFD cassettes for adhEl,
adhEl+adhE2, cooS1, and aor2 consisted of two homology arms of similar lengths
(518 — 580 bp), and were assembled using SOE-PCR (section 2.5.5) and
oligonucleotides in Table 2.3. All the IFD cassettes retained only the start and stop
codons of the target loci without affecting the 5°-UTR (Un-translated region) and 3'-
UTR.

For the restoration of pyrE, two slightly different plasmids were used: pMTL84141-
fixpyrE and pMTL84141-compyrE (both provided by Dr. Anne M. Henstra, University

of Nottingham). However, these plasmids lacked the traJ gene for conjugation so the
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colE1 module was replaced by colE1 + traJ module, which was obtained from a Pmel
and Sbfl fragment of plasmid pMTL83151. The resultant plasmids pMTL84151-fixpyrE
and pMTL84151-compyrE have the same long homology arm as pMTL84151-ApyrE
but an extended short homology arm (526 bp instead of 303 bp) to cover the deleted
pyrE portion. Importantly, unlike pMTL84151-ApyrE, both restoration plasmids lack
the heterologous pyrE from C. acetobutylicum which may interfere with selection for
uracil prototrophy. Plasmid pMTL84151-fixpyrE is used for complete restoration of
pyrE back to its original state in a scar-less fashion. In contrast, plasmid pMTL84151-
compyrE has lacZa incorporated between the short and long homology arms, so
lacZa is concurrently integrated into the genome during restoration of the pyrE

locus.

2.14.3 Implementation of In-Frame Deletion Protocol using pyrE as
Selectable Marker
In order to exploit the use of pyrE as a counter-selectable marker, C.
autoethanogenum ApyrE strain (section 2.14.1) was used to construct all IFD mutants
in this project. Following conjugation of IFD plasmids (Table 2.2) into C
autoethanogenum ApyrE strain, single crossover mutants were identified by faster
growth rate in the presence of 7.5 pug/mL thiamphenicol relative to non-integrant
plasmid carrier. PCR screening using oligonucleotides in Table 2.3 was carried out to
confirm that a single crossover event had occurred. These single crossover clones
were then subjected to FOA selection according to section 2.14.1 to select for the
double crossover event. PCR screening using locus flanking oligonucleotides
specifically designed outside of the homology arm (so the primers will not anneal to
the homology arms in the IFD plasmids) (Table 2.3) was performed to identify the
double crossover event. Sanger sequencing of the PCR products were undertaken to
confirm the IFD event. Serial passage on solid CGMCF medium supplemented with
1.5 mg/mL FOA and 5 pg/mL uracil was then performed to trigger plasmid loss,
tested by replica plating onto solid YTF medium supplemented with 7.5 pg/mL

thiamphenicol.
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2.14.4 Restoration of pyrE Locus

For restoration of pyrE locus, plasmid pMTL84151-fixpyrE or pMTL84151-compyrE was
conjugated into C. autoethanogenum ApyrE strain, and transconjugants were selected
on the basis of resistance to thiamphenicol. Faster growing colonies were
preferentially selected and streaked onto selective solid YTF to obtain single
crossover integrants at either homology arm, followed by streaking onto solid CGMF
without uracil supplementation to select for uracil prototrophs. These clones were
streaked onto the same medium before PCR screening using oligonucleotides ‘ACE-
pyrE-F' and ‘ACE-pyrE-R’ was performed to detect the second crossover event.
Sanger sequencing of the resultant amplicons confirmed successful restoration of
pyrE with or without concurrent integration of lacZa into the 3'-UTR of the pyrE

locus.
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3 Development of Genetic Tools for Clostridium autoethanogenum

3.1 Introduction

Successful industrial application of gas fermentation technology requires a robust
microbial catalyst that exhibits the following traits: high product yield and selectivity,
low product inhibition, no strain degeneration, asporogenous, prolonged cell
viability, strong aero-tolerance, high biomass density and efficient utilization of gas
substrates. Given that microorganisms isolated from nature generally display low
product yield and selectivity, significant strain improvement is often necessary to
select for these traits. Traditionally this has been achieved by directed evolution
(174, 175) and/or chemical mutagenesis (173, 253, 254) but these strategies are
limited and often come with the expense of unwanted events. Rational genetic
engineering offers not only the opportunity to enhance existing traits but also the

unique opportunity to expand the product suite and substrate range.

Motivated by the demonstrated ability of C. autoethanogenum in producing ethanol
and 2,3-butanediol at semi-commercial scale (Dr. Sean Simpson, LanzaTech Inc;
personal communications), this acetogen was selected as chassis for the
development of genetic tools in this work. To date, no report of genetic engineering
for C. autoethanogenum has been published in the scientific literature despite strong
biotechnological interests, suggesting that there are some obstacles that make
genetic engineering of this microbe particularly challenging. This chapter reports the
development of transformation methodologies, exemplification of ClosTron
mutagenesis, demonstration of three counter-selectable markers for genetic
manipulation, and the deletion and subsequent restoration of the pyrE locus using

the ACE method.

3.2 Development of Transformation Methodologies for C
autoethanogenum
The establishment of an efficient protocol to introduce foreign DNA into a microbial

host is frequently the most challenging step in any genetic engineering endeavour.
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This is especially true for Gram-positive bacteria such as clostridia due to the physical
barrier of thick peptidoglycan cell wall and highly active restriction-modification (RM)
systems (255). Due to these reasons, the advancement of genetic tools in this
important genus has been severely hindered and lagged behind model organisms
such as E. coli, B. subtilis, and S. cerevisiae. Some of the well-studied clostridia such
as the ABE model organisms C. acetobutylicum (183) and C. beijerinckii (181), and
important pathogens such as C. difficile (256) and C. botulinum (257), have
transformation protocols that were established as early as 1988. In contrast,
methods for genetic manipulation in acetogens are only beginning to emerge since
2010, including for C. ljungdahlii (37, 229), C. aceticum (234), M. thermoacetica (237),
and A. woodii (236). Notable absentees from the list of transformed acetogens are C.

carboxidivorans, C. ragsdalei, C. scatologenes, C. drakei, E. limosum, and O.

pfennigii.

3.2.1 Electroporation of C. ljungdahlii

At the beginning of this PhD project (November 2011) and prior to the publication of
Leang et al. (2013) (229), a novel and reliable electroporation protocol was
developed for C. ljungdahlii by Dr. Anne M. Henstra and Dr. Elizabeth Steiner

(unpublished results) in this laboratory.

As a proof of concept, four E. coli-clostridia shuttle vectors (pMTL82151, pMTL83141,
pMTL84141 and pMTL85141) (244) were electroporated into C. ljungdahlii according
to section 2.12.1. In contrast to Clostridium strains such as C. acetobutylicum,
electroporation of C. ljungdahlii appears to be achievable without methylation, so
the electroporation plasmids were harvested from E. coli strain Top10 (Invitrogen)
without a methylation plasmid such as pAN2. Following electroporation using 3 ug of
plasmid and plating onto selective solid media, the number of colonies was recorded
within 5 days of incubation and the electroporation efficiencies achieved are shown
in Table 3.1. The electroporation efficiency appears to depend on the type of Gram-
positive replicon rather than size of plasmid. Both replicons pCB102 and pBP1

produced the highest electroporation efficiencies, followed by pCD6, while no
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colonies were obtained for pIM13. It was observed that the transformants with
replicon pCD6 also grew slower on solid agar in comparison to those with other
replicons (data not shown). These results are consistent with observations made by
Dr. Anne M. Henstra and Dr. Elizabeth Steiner (unpublished results). The
transformation efficiencies for replicons pCB102 (2.5 x 10> cfu/pg DNA) and pBP1
(2.7 x 10°® cfu/ug DNA) in this study are comparable to the report by Leang et al.
(2013) (229): 3.8 x 10*and 3.1 x 10° cfu/pg DNA, respectively. The same set of Gram-
positive replicons (pBP1, pCB102, pCD6 and pIM13) exhibit conjugation efficiencies
that vary by 30-fold in C. tyrobutyricum (258).

Table 3.1. Electroporation efficiency of C. ljungdahlii

pMTL82151 pBP1 5254 2488
pMTL83141 pCB102 3710 2667
pMTL84141 pCD6 5531 388
pMTL85141 pIM13 2963 0

3.2.2 Electroporation of C. autoethanogenum

Given the phylogeny proximity between C. ljungdahlii and C. autoethanogenum with
100% sequence identity in 16S rRNA and high similarity on a genome level (38), there
was reason to expect that the electroporation protocol would be applicable to C.
autoethanogenum. Surprisingly, the same protocol did not work as well in C
autoethanogenum. In 11 attempts, only 2 electroporation experiments successfully
resulted in transformed colonies. In the fifth attempt, very low electroporation
efficiencies were obtained for plasmids pMTL82151 (0.3 cfu/ug DNA) and pJIR418 (1
cfu/ug DNA). In the eleventh attempt, 3.8 cfu/ug DNA and 0.2 cfu/ug DNA were
achieved for plasmids pMTL82151 and pMTL83141, respectively. The identity of
these transformants were validated by 16s rRNA sequencing and the presence of
electroporation plasmids were confirmed by plasmid rescue into E. coli followed by

restriction digest analysis.
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Various factors were investigated in these electroporation experiments but none
resulted in significant improvement in electroporation efficiencies. These variables
included: stage of culture for preparation of competent cells, other plasmids
(PMTL500E with pAMB1 replicon; and pJIR418 with pIP404 recplicon), E. coli strain
(XL1-Blue MRF Kan) for propagation of plasmids, fresh competent cells without
freezing, with and without DMSO, in vitro plasmid methylation using

methyltransferase GpC or Tagl (NEB), recovery medium, and recovery duration.

To explain the marked differences in electroporation efficiencies between C.
autoethanogenum and C. ljungdahlii, genome comparison of their RM systems was
performed (Table 3.2). The genome of C. autoethanogenum encodes 12 putative RM
systems that are absent in C. ljungdahlii. It is tempting to speculate that these
differences contribute to difference in electroporation efficiencies between the two
species. In agreement with this hypothesis, re-electroporation of plasmids
(pPMTL82151 and pJIR418 from the fifth experiment) isolated from transformed C.
autoethanogenum resulted in higher electroporation efficiencies. The
electroporation efficiencies for plasmids pJIR418 and pMTL82151 showed an
increase of 80-fold and 20-fold, respectively, when the electroporation plasmids
were propagated in C. autoethanogenum instead of E. coli. Gel electrophoresis of
undigested plasmids isolated from C. autoethanogenum showed that the plasmid
pMTL82151 was already heavily degraded by the host’s RM systems while pJIR418
was rather intact prior to the electroporation experiment (data not shown),
suggesting that the actual improvement in electroporation efficiency might be

significantly greater.

In addition to the differences in RM systems between C. autoethanongeum and C.
ljungdahlii, the former also contains CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats) systems whereas the latter contains none (38). CRISPR has
been demonstrated experimentally to prevent the transfer of plasmid DNA via

conjugation (38).
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Table 3.2. Comparison of Restriction-Methylation systems between C
autoethanogenum (CAETHG) and C. ljungdahlii (CLJU_c).

Putative Restriction-Methylation Systems CAETHG* CUU_cA

Type Il restriction enzyme and methyltransferase 0535 24700
Type Il methyltransferase 1296 33980
Type |l restriction enzyme 1649 -
Type Il N4-cytosine or N6-adenine DNA methyltransferase 1650 -
Type Il methyltransferase 2939 8460
Type lll restriction enzyme 1021 -
Type IV methyl-directed restriction enzyme 3519 -
Type IV methyl-directed restriction enzyme 3525 -
Type IV methyl-directed restriction enzyme 3526 -
Type IV methyl-directed restriction enzyme 3527 -
Type IV methyl-directed restriction enzyme 3547 -
Type IV methyl-directed restriction enzyme 3557 -
Type IV methyl-directed restriction enzyme 3559 -
Type IV methyl-directed restriction enzyme 3560 -
Type IV methyl-directed restriction enzyme 3577 35160
Type IV methyl-directed restriction enzyme 3617 15150
Type IV methyl-directed restriction enzyme 3757 -

*CAETHG is the coding sequence number of C. autoethanogenum
ACLJU_c is the coding sequence number of C. ljungdahlii

3.2.3 Conjugation of C. autoethanogenum

Since attempts at improving electroporation efficiencies of C. autoethanogenum
were not fruitful, conjugation was evaluated as an alternative method of introducing
foreign DNA into the bacterium. Although conjugation requires the use of counter-
selective agents for donor cells, this method can be advantageous for overcoming
high extracellular nuclease activities of the recipient cells (259). Conjugation plasmids
pMTL82151, pMTL83151, pMTL85151, pMTLOO7C-E2::pyrE-144s, and pMTL84151-
ApyrE were first transformed into E. coli donor CA434, and the resulting donors were

used to conjugate C. autoethanogenum.

After 2-4 days incubation in the presence of 7.5 pg/mL thiamphenicol and 10 pg/mL
trimethoprim (counter selective agent against donor CA434), colonies emerged and
they were streaked onto the same selective medium at least once before
confirmation via plasmid rescue and restriction digest analysis, and 16S rRNA

amplification and sequencing. With the exception of pMTL85151, all the plasmids
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were successfully conjugated into C. autoethanogenum with conjugation efficiencies
ranging from 2.8 x 10 to 5.2 x 10°® mean cfu per donor (Table 3.3). These results are
consistent with the electroporation results of C. ljungdahlii in which transformation
using plasmids with Gram-positive replicons pBP1, pCB102 and pCD6 are attainable,
but not pIM13 (Table 3.1). It is worthwhile to mention that two out of the five
attempts of conjugating plasmid pMTL85151 into C. autoethanogenum did produce
Tm® and Trim" colonies (2.0-6.8 x 10™ cfu per donor) on the initial selective plates,
but none of the screened colonies was able to grow when streaked onto the same
selective medium. This observation can be interpreted as pMTL85151 (with the
pIM13  Gram-positive replicon) being segregationally unstable in C

autoethanogenum.

Table 3.3. Conjugation efficiencies for C. autoethanogenum using E. coli CA434 as
donor

Plasmid Gram-positive Mean cfu per Standard error
replicon donor of mean
pMTL82151 pBP1 3.9x10° 1.1x10° 5
pMTL83151 pCB102 2.8x10° 1.3x10° 5
pMTLO07C-E2::pyrE_144s pCB102 5.2x10° 2.7x10° 4
pMTL84151-ApyrE pCD6 8.3x10° 3.0x10° 4
pMTL85151 pIM13 0* N/A 5

*Two of the five conjugation attempts did produce colonies on the initial selective plate but the colonies were
unable to grow when streaked onto a second selective plate.

Throughout this project, conjugation was the method of choice for introduction of
foreign DNA into C. autoethanogenum. Overexpression plasmids (based on
pMTL83151), ClosTron plasmids (based on pMTLO07C-E2) and IFD plasmids (based on
pMTL84151) were routinely conjugated into C. autoethanogenum with high success
rates (estimated at around 80%). The largest plasmid that was attempted and
successfully conjugated into C. autoethanogenum in this project is pMTL83156-grpE-
dnaK-dnal-P,csa-groESL, which is 11,494 bp.
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3.2.4 Exemplification of ClosTron Mutagenesis by Targeting fruA

Since its inception in 2007 by Dr. John Heap, ClosTron mutagenesis (190, 206) has
proven to be an invaluable tool for rapid generation of stable knock-out mutants
across the Clostridium genus. The ability to stably knock out gene(s) by insertion of a
group Il intron is useful for elimination of unwanted product(s), diversion of carbon
and/or electron fluxes towards the desired product(s), and also fundamental
research by studying the resulting phenotype from inactivation of a gene. To
investigate the feasibility of ClosTron mutagenesis in C. autoethanogenum, the
EIIABC subunit of the fructose-specific phosphotransferase system (fruA) was chosen
as target for proof-of-principle study because the resultant knock out mutant is likely
to display an easily identifiable phenotype: inability to grow using fructose as a

substrate.

Similar to many anaerobic bacteria, clostridia rely heavily, but not exclusively, on a
phosphoenolpyruvate (PEP)-dependent phosphotransferase system (PTS) to import
specific sugars and sugar derivatives necessary for heterotrophic growth. PTS
transport of monosaccharides (e.g., glucose, fructose, and galactose) and
disaccharides (e.g., sucrose, lactose and maltose) have been characterized in a few
clostridia, including C. acetobutylicum ATCC 824, C. beijerinckii, C. thermocellum, C.
saccharobutylicum, and C. difficile (25). However, the prevalence of ATP- and ion-
dependent transport systems in the genome of several sequenced clostridia and
biochemical evidence from C. pasteurianum and C. beijjerinckii also highlighted the
importance of non-PTS mechanisms in the transport of sugar substrates (25).
Furthermore, pentoses (e.g., xylose, arabinose and ribose) are not known to be

substrates of the PTS in bacteria so a non-PTS process must exist.

The PTS is a multi-protein complex consisting of various phosphoryl transfer chains,
which transfer phosphate between PEP and the sugar substrates (Figure 3.1A). The
end result is the concomitant uptake and activation of sugar substrates. Genome
analysis of C. autoethanogenum revealed the presence of 2 putative PTS: One has all
three EIl subunits (EIIA, EIIB, and EIIC) fused into one coding sequence
(CAETHG_0142) and is located directly downstream of the phosphofructokinase

catalysing the next step in the Embden-Meyerhof-Parnas pathway, and is annotated
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as fructose-specific transporter PTS (Figure 3.1B); the second PTS has all Ell subunits
separated into three coding sequences (CAETHG_0674-0676), and the substrate
specificity is predicted to be fructose/mannose-specific (Figure 3.1C). In this project,
the first PTS (CAETHG_0142; fructose-specific, and termed ‘fruA’) from C.

autoethanogenum was selected for gene knockout using ClosTron mutagenesis.
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Trans-1 ,2-dih31drobenzene-1 ,2-diol dehydrodc;enase gCAETHG_067Sg
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transcriptional regulator, DeoR family (CAETHG_0677) \
fructose/mannose-specific PTS subunit EIIB (CAETHG_0674)

Figure 3.1. Putative phosphotransferase systems (PTS) in C. autoethanogenum. (A) A
schematic diagram showing the roles of various PTS components in importing sugar
substrate (Figure obtained from (25)); (B) Gene arrangement of a putative fructose-
specific PTS transporter (fruA). The ClosTron intron | targeting site at position 1126s
(sense orientated from start codon) is shown by a yellow triangle; (C) Gene
architecture of a putative fructose/mannose-specific PTS transporter operon; Figures
are not drawn to scale.

The Intron targeting region of fruA was in silico generated using Perutka algorithm
(251), synthesized and cloned into a pMTLO07C-E2 plasmid by DNA 2.0 Inc. (Section
2.13.1). The resultant plasmid pMTLO07C-E2:fruA-1126s was transformed into E. coli
CA434 donor and conjugated into C. autoethanogenum as described before. The
transformed colonies were re-streaked once on solid media containing 7.5 pug/mL Tm
and 10 pg/mL trimethoprim, and then three times on solid YTF media containing 6

ug/mL clarithromycin before screening. Usually this re-streaking regime is sufficient
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to isolate pure mutants that have also lost the ClosTron plasmid, but occasionally
more re-streaking is necessary. For screening of intron Il insertion into the specified
locus, genomic DNA was extracted from overnight culture and two combinations of
PCR were carried out. The first set of primers binds to genomic regions outside the
intron Il insertion site (termed ‘gene specific exon-spanning’), so successful
integrants can be differentiated from wild-type (WT) by a PCR product that is ~1800
bp larger than a ~300 bp WT amplicon (Figure 3.2A). The second set of primers
targets the RAM (retrotransposition activated marker) cassette of the ClosTron
plasmid: the excision of Td group | intron from the RAM will generate a 900 bp
amplicon whereas the retention of the group | intron will produce a 1200 bp PCR
product (Figure 3.2A). The presence of Td intron within the RAM prevents functional
expression of ermB prior to intron Il insertion (as shown in Figure. 2.2). In some
cases, a mixture of WT and integrant bands of the same PCR reaction were detected
in gel electrophoresis (data not shown), indicating the PCR conditions were able to

amplify both short and long fragments in the same PCR reaction.

All the screened fruA::CTermB-1126s colonies showed the expected ClosTron
insertion and splicing event from PCR analyses using both fruA-specific primers
(“fruA-1126s-F" and ‘fruA-1126s-R’) and RAM primers (‘RAM-F and ‘RAM-R’) (Figure
3.2B). The PCR product from fruA-specific primers was subjected to Sanger
sequencing to confirm the identity of the disrupted locus. ClosTron plasmid loss is
essential for the stability of sense-strand targeted mutants because the continued
presence of LtrA in the plasmid may lead to splicing of the intron encoding region
from the RNA. Plasmid loss was demonstrated by the inability of the mutants in
forming colonies on solid YTF medium containing 7.5 pg/mL thiamphenicol after
several re-streaking steps (data not shown). Finally, to ensure that only one copy of
intron Il had inserted into the genome, Southern Blot analysis using probes that
target the RAM (Section 2.5.2) was carried out and all the screened clones showed a

single band of the expected size (Figure 3.2C).
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Figure 3.2. Screening for C. autoethanogenum fruA::CTermB-1126s mutants. (A) The
genomic context of a ClosTron mutant is schematically presented, showing annealing
sites for exon-spanning PCR primers (Red arrows) and RAM PCR primers (Short
purple arrows), including the possible PCR product sizes; (B) Gel electrophoresis
showing PCR products of screened colonies using fruA-specific exon-spanning
primers (Lanes 1-6) and RAM primers (Lanes 7-13). (C) Southern Blot analysis of
Hindlll digested genomic DNA of fruA::CTermB-1126s mutants. Lanes: M, molecular
marker; 1, non-template control; 6, 12 & 17, wild-type; 13, unspliced ClosTron
plasmid control; 2-5, 7-11, 14-16, clones of fruA::CTermB-1126s mutants.

Following generation and validation of pure fruA mutants, growth experiments in
both solid and liquid media were carried out to determine whether the mutants
suffer from any deficiency in fructose utilization. A 10 plL aliquot of active culture
from three independent fruA mutants and one WT were spotted onto solid media
CGMC with 40 mM of fructose. Following 12 days of incubation inside an anaerobic
cabinet, the WT was found to grow normally but all three fruA mutants were unable
to form colonies (Figure 3.3A). In parallel, the same group of biological samples were
also spotted onto solid media CGMC supplemented with 80 mM pyruvate (instead of

fructose) and incubated for the same duration as positive controls. All three fruA

78



3. Genetic Tools

mutants and the WT were able to show some growth with pyruvate as substrate,

indicating they were all viable (Figure 3.3A).

In similar fashion, these biological samples were also cultivated in technical
duplicates of 3 mL liquid medium, CGMC supplemented with either 40 mM fructose
or 80 mM pyruvate (Figure 3.3B). After five days of incubation, all three mutants
showed little or no growth in liquid media CGMC containing fructose, while the WT
achieved mean ODgg of 1.4 (Figure 3.3B). Despite great variability between the three
fruA mutants, they appear to grow better than the WT when using pyruvate as
substrate (Figure 3.3B). This observation indicates inactivation of fruA might have a
compensatory effect on pyruvate uptake and utilization in C. autoethanogenum, but
more experiments need to be conducted to test this hypothesis. Given the (near)
complete deficiency in fructose uptake and utilization phenotypes of these mutants,

fruAis very likely the main transporter for fructose in C. autoethanogenum.
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Figure 3.3. C. autoethanogenum fruA mutants are unable to utilize fructose as
substrate. (A) Spotting of three fruA mutants (labelled 1, 2, & 3) and one wild-type
(WT) onto solid media CGMC supplemented with either 80 mM pyruvate or 40 mM
fructose; Incubation duration = 12 days; (B) Comparison of end-point ODgqg in CGMC
liqguid medium supplemented with either 80 mM pyruvate (yellow) or 40 mM
fructose (green) between three fruA mutants (labelled M1, M2 and M3) and one WT;
Incubation duration = 5 days; Error bars = standard deviations derived from two
technical repeats.
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3.2.4.1 Exploration of fruA as Counter-Selectable Marker
It has been reported in the literature that certain bacterial strains, but not PTS

strains, are sensitive to xylitol or D-arabitol (260-263). In Salmonella typhimurium,
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mutants lacking mannitol-phosphate dehydrogenase activity are inhibited by D-
mannitol concentration as low as 10° M (264). In many cases, carbohydrate toxicity
in bacteria is due to lethal synthesis of phosphorylated intermediates (264, 265).
Utilization of xylitol or D-mannitol has not been examined in either C
autoethanogenum (52) or C. ljungdahlii (64), but genome sequencing revealed the
absence of xylitol-phosphate dehydrogenase or mannitol-phosphate dehydrogenase

in these acetogens (37, 38).

The gene fruA has the potential to be utilized as a valuable counter-selectable
marker for C. autoethanogenum if WT cells display sensitivity towards xylitol or D-
mannitol whereas a fruA knockout mutant conferred resistance. To investigate this,
C. autoethanogenum WT and fruA::CTermB-1126s mutants were cultivated in 3 mL
CGMY supplemented with 80 mM pyruvate containing varying concentrations of
xylitol or D-mannitol (0, 0.5, 10 & 100mM) inside the anaerobic workstation and
incubated statically for 3.2 days. Pyruvate was chosen as the growth substrate
because fructose has been shown to have a protective effect against xylitol toxicity
(260), and also because the fruA mutants are unable to utilize fructose. The end-
point ODgyo of the WT decreased by 55% from 0.696 (no xylitol) to 0.314 (100 mM
xylitol) (Figure 3.4A). In contrast, the fruA mutant showed only a 5% decrease in end-
point ODggo from 0.64 (no xylitol) to 0.607 (100 mM xylitol) (Figure 3.4A). No
significant difference in end-point ODgyy was detected for either WT or fruA mutant

due to the supplementation of D-mannitol (Figure 3.4B).

To test the sensitivity of C. autoethanogenum and fruA mutant towards xylitol on
solid medium, 20 pL of active cultures (normalized to the same ODgqg) were plated
onto solid CGMC medium (with 80 mM sodium pyruvate) containing 0 mM, 100 mM,
200 mM or 300 mM xylitol. Incubation was carried out at 37°C inside the anaerobic
workstation for up to 10 days. In the presence of 100 mM xylitol, small colonies of C.
autoethanogenum WT were detected whereas the fruA mutant was able to form
large colonies after 7 days of incubation (Figure 3.4C). At 200 mM and 300 mM xylitol
levels, WT colonies were not detected after 7 days and 10 days of incubation,
respectively (Figure 3.4D & E). In contrast, the fruA mutant was able to form large

colonies in the presence of these xylitol concentrations (Figure 3.4D & E). In the
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absence of xylitol, WT formed colonies within 5 days of incubation but the size of the
colonies was smaller than for the fruA mutant (data not shown), which is consistent
with previous findings that fruA mutants grow better than WT on pyruvate (Figure

3.3B).

(A)

End-Point OD600
End-Point OD600

0 0.5 10 100 0 0.5 10 100
Xylitol Concentration (mM) D-Mannitol Concentration (mM)

Figure 3.4. Testing of xylitol and D-mannitol toxicity in C. autoethanogenum WT and
fruA mutant. (A) Effect of xylitol supplementation on end-point ODggo of WT (black)
and fruA mutant (red) after 3.2 days of incubation; (B) Effect of D-mannitol
supplementation on end-point ODgyo of WT (black) and fruA mutant (red) after 3.2
days of incubation; (C) Plating assay with 100 mM xylitol and incubation duration of 7
days; (D) Plating assay with 200 mM xylitol and incubation duration of 7 days; (E)
Plating assay with 300 mM xylitol and incubation duration of 10 days; N = 1.

3.2.5 Testing of Counter-Selectable Markers

Precise, unmarked genetic manipulation often involves the replacement of a locus by
an in vitro modified allele. This fundamental approach is easy to perform in many
bacteria, but it remains practically very challenging for some due to low
transformation efficiency and low recombination frequency (212, 266). In genetically
more intractable microorganisms such as clostridia, counter (negative) selectable

marker is instrumental for allelic exchange by facilitating the identification of rare
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recombination events. Under certain growth conditions and/or the presence of
counter-selective agent, a counter-selectable gene causes death in microorganisms
harbouring it. Commonly used counter-selectable markers in microorganisms are
pheS (267), ura3 (268), upp (208), sacB (269), codA (270, 271), mazF (109, 272, 273),
hpt (274), tetAR (275), ccdB (276), trpl (277), rpsL (278), lacY (279) and pyrE/pyrF
(212, 214, 280). The mechanism of negative selection can occur via sensitivity to
otherwise tolerable compounds, incorporation of toxic analogs into cell components,
toxin-antitoxin systems and sensitivity towards antibiotics. In this PhD project, pyrE
was chosen for investigation due to its suitability as both positive and negative
selectable marker and inhouse expertise whereas codA was investigated as an
alternative marker in case pyrE did not produce the expected phenotypes in C.

autoethanogenum.

3.2.5.1 pyrE

The gene  pyrE  encodes pyrimidine synthesis enzyme orotate
phosphoribosyltransferase and inactivation of this gene should render the
microorganism uracil auxotrophic, so its presence can be used as a positive
selectable marker. In addition to pyrimidine biosynthesis, pyrE and pyrF (orotidine 5-
phosphate decarboxylase) in several Clostridium species are also able to convert an
innocuous pro-drug ‘5-fluoroorotic acid’ (FOA) into the highly cytotoxic compound ‘5-
fluorouracil’ (FU) (212). The ability of pyrE or pyrF to confer cytotoxicity has been
exploited as a counter-selectable marker in a number of clostridia including C.

acetobutylicum ATCC 824, C. difficile, C. sporogenes, and C. thermocellum (212, 280).

To investigate the suitability of pyrE as a positive and negative selectable marker in C.
autoethanogenum, pyrE (CAETHG_1476) was disrupted using ClosTron plasmid
PMTLOO7C-E2::pyrE-144s. PCR screening using exon-spanning primers ‘pyrE-F’ and
‘pyrE-R’ successfully produced the expected 2612 bp ClosTron band while WT control
produced an 812 bp product (Figure 3.5A). The PCR products were verified by Sanger
sequencing and plasmid loss was demonstrated by inability of streaked mutants to

grow on YTF solid medium containing 7.5 ug/mL thiamphenicol (data not shown).
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Finally, genomic DNA of four pyrE mutants was subjected to Southern Blot analysis
using probes that target RAM (Section 2.5.2) and single bands of the expected size

were detected (Figure 3.5B).
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Figure 3.5. Screening and validation of C. autoethanogenum pyrE::CTermB-144s
mutants. (A) Gel electrophoresis showing PCR of pyrE mutants using exon-spanning
primers ‘pyrE-F’ and ‘pyrE-R’. ClosTron insertion = 2612bp; WT = 812bp; Lane 1 =
NTC; Lanes 2-11 = pyrE mutants; Lane 12 = WT control. (B) Southern Blot analysis of
Hindlll digested genomic DNA of pyrE mutants (lanes 13-16).

To investigate uracil prototrophy, 7 ul of active culture from one WT and four
independent pyrE mutants were spotted onto solid medium CGMCF with five
different concentrations of uracil (0, 10, 20, 50 & 100 pg/mL). Following four days of
incubation inside the anaerobic cabinet, the WT was able to grow with and without
uracil supplementation. In contrast, all four independent pyrE mutants were unable
to grow without uracil supplementation, but able to grow when uracil was
supplemented (Figure 3.6). Some variations in the level of growth were observed
between the four mutants, which could be explained by differences in the state of
inoculum. These results showed that pyrE can be used as a positively selectable

genetic marker in a pyrE mutant background.
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‘Ura=0 Ura=10‘ Ura =20

Figure 3.6. C. autoethanogenum pyrE::CTermB-144s mutants exhibit uracil
auxotrophy. Uracil concentrations (ug/mL) clockwise from top left: 0, 10, 20, 100 and
50. Within each plate, WT = wild-type; 1-4 are four independent pyrE mutants.
Incubation time = 4 days.

To determine whether C. autoethanogenum pyrE mutants are resistant to FOA, 7 ul
of active culture from the same four independent pyrE mutants (as above) and one
WT were spotted onto solid medium CGMCF and 20 pg/mL of uracil, with eight
different concentrations of FOA (0, 10, 100, 500, 1000, 2000, 3000, and 4000 pg/ml).
Following five days of incubation inside the anaerobic cabinet, the WT struggled to
grow in the presence of 100 pg/ml of FOA and there was no growth for FOA
concentrations 2500 pg/ml (Figure 3.7). The spot of WT at 500 ug/mL FOA appears to
show some growth, but this is an artefact due to accidental stabbing of pipette tip
onto solid media while spotting the inoculum (Figure 3.7). In contrast to the WT, all
four pyrE mutants were able to grow normally up to 1000 pg/mL of FOA (Figure 3.7).
No growth was detected at 2000, 3000, and 4000 pg/mL FOA (data not shown).
These results indicated that pyrE is a suitable positively and negatively selectable

genetic marker for C. autoethanogenum, and it can be employed for ACE (section
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3.2.6) to integrate foreign DNA into the genome by sequential activating and

inactivating the marker (212).

FoA =0 Y A0 OA = 100

'FOA =500 | FOA = 1000

Figure 3.7. C. autoethanogenum pyrE::CTermB-144s mutants are resistant to FOA.
The FOA concentrations (pug/mL) clockwise from top left: 0, 10, 100, 1000 and 500.
Within each plate, WT = wild-type; 1-4 are four independent pyrE mutants.
Incubation time = 5 days.

3.2.5.2 codA

The gene codA encodes cytosine deaminase which catalyzes the conversion of
cytosine to uracil and ammonia. Besides its physiological role, CodA also converts the
harmless pro-drug 5-fluorocytosine (FC) into highly cytotoxic FU. In many
prokaryotes, codA is absent from the genome so it has the potential to be employed
as a heterologous/exogenous counter-selectable marker without the need to first
generate a mutant strain (e.g., pyrE). The feasibility of codA as exogenous counter-

selectable marker has been demonstrated in C. difficile (270). Like C. ljungdahlii, C.
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sporogenes, and C. botulinum, the genome of C. autoethanogenum encodes a

putative codA (CAETHG_4058).

To investigate the possibility of using codA as a counter-selectable marker in C.
autoethanogenum, codA knockout mutants were generated using ClosTron
mutagenesis with plasmid pMTLO07C-E2::codA-532s. PCR screening using exon-
spanning primers ‘codA-532-F and ‘codA-532-R’ successfully produced the expected
2165 bp ClosTron band while the WT control produced 365 bp product (Figure 3.8A).
The PCR products were verified by Sanger sequencing and plasmid loss was
demonstrated by inability of streaked mutants to grow on YTF solid medium
containing 7.5 pug/mL thiamphenicol (data not shown). Finally, genomic DNA of four
codA mutants was subjected to Southern Blot analysis using probes that target RAM

(Section 2.5.2) and single bands of the expected size were detected (Figure 3.8B).
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Figure 3.8. Screening and validation of C. autoethanogenum codA::CTermB-532s
mutants. (A) Gel electrophoresis showing PCR of codA mutants using exon-spanning
primers ‘codA-532-F and ‘codA-532-R’. ClosTron insertion = 2165bp; WT = 365bp;
Lane 1 = NTC; Lanes 2-6 = codA mutants; Lane 7 = WT control. (B) Southern Blot
analysis of Hindlll digested genomic DNA of codA mutants (lanes 8-11).

For assessment of FC sensitivity, 10 uL of active culture from three independent codA

mutants and one WT were spotted onto solid medium CGMCF with different
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concentrations of FC (0, 1, 10, 50, 100, and 1000 pg/mL). Following 12 days of
incubation inside the anaerobic workstation, the WT struggled to grow at 10 pug/mL
of FC, and exhibited no growth at 50, 100 and 1000 pg/mL FC (Figure 3.9). In
contrast, codA mutants 1 and 3 were able to grow normally at 1000 pg/mL FC (Figure
3.9). codA mutant 2 was able to grow up to 100 pg/mL FC but not 1000 pg/mL FC,
suggesting 100 pg/mL might be the upper threshold at which the codA mutants are
able to tolerate FC. These results showed that C. autoethanogenum WT and codA
mutant exhibited different sensitivities towards FC, raising the possibilities that codA

can be employed as a counter-selectable marker.

B FC 50 ) FC 100 FC 1000

Figure 3.9. C. autoethanogenum codA::CTermB-532s mutants are resistant to FC. FC
concentrations (ug/mL) clockwise from top left: 0, 1, 10, 1000, 100 and 50. Within
each plate, WT = wild-type; 1-3 are three independent codA mutants. Incubation
time = 12 days.
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3.2.6 Generation of ApyrE Mutant using ACE

Recently, a new genetic tool which allows multi-step integration of foreign DNA
fragments into Clostridum spp. was developed in this laboratory. Termed “Allele-
Coupled Exchange (ACE)”, this technology does not rely on counter-selectable
marker but exploits the activation and inactivation of genes leading to a selectable
phenotype (212). Allelic-exchange allows a range of genome modifications, including
insertion, (in-frame) deletion, and alteration of specific codons. ACE has been
exemplified in C. acetobutylicum, C. sporogenes, C. difficile (212) and C. ljungdahlii
(Dr. Anne M. Henstra, University of Nottingham; unpublished results) but not yet in
C. autoethanogenum. Although the generation of a pyrE deletion mutant via allelic
exchange is not an absolute prerequisite for this technique, construction of this
mutant allows the use of pyrE as a positively and negatively selectable marker in

downstream allelic exchange(s).

In this project, the 3" end of pyrE (227 bp) of C. autoethanogenum was replaced by
lacZa using plasmid pMTL84151-ApyrE (Figure 3.10A). This plasmid was constructed
by Dr. Anne M. Henstra and consists of a heterologous pyrE from C. acetobutylicum
(whose pyrE only shares 335/732 or 45% nucleotide identity with C
autoethanogenum) to facilitate plasmid loss via FOA selection, in addition to the
asymmetric homology arms targeting the pyrE region (Section 2.14.1). The process
involved in generating the double crossover ApyrE mutant can be found in Section
2.14.1. Figure 3.10B shows the detection of “single crossover” mutants by PCR using
primer pairs ‘P1’ and ‘P2’, resulting in a PCR product of 1946 bp. However, due to an
error in designing the forward primer ‘P1’, PCR using primers ‘P1’ and ‘P2’ was also
capable of generating the same product if any pMTL84151-ApyrE plasmids were
retained after genomic DNA extraction using the DNeasey Blood and Tissue kit
(Qiagen), resulting in potentially false positive results. Primer ‘P1’ should have been
designed to anneal to the 5-UTR of pyrE to avoid this cross reaction. Nonetheless,
these putative “single-crossover” mutants were subjected to FOA selection and
double crossover ApyrE mutants were detected by PCR using primer pairs ‘P3’ and

‘P4’ (Figure 3.10C).
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Figure 3.10. Deletion of pyrE using ACE in C. autoethanogenum. (A) Schematics
showing the replacement of 3" end of pyrE with lacZ using ACE. Event one illustrates
the first crossover at the great homology arm and was screened by PCR using primers
‘P1’ and ‘P2’. Event 2 describes the reversion back to wild-type. Event 3 explains the
second crossover at the short homology arm and was screened by PCR using primers
‘P3’ and ‘P4’. FOA = 5-fluoroorotic acid; GHA = great homology arm; pyrE®® = pyrE
from C. acetobutylicum ATCC 824; SHA = short homology arm; Tm = thiamphenicol;
ura = uracil; (B) PCR screening of first crossover using primers ‘P1’ and ‘P2’. Lanes 1-
10 are fast-growing thiamphenicol resistant colonies; (C) PCR screening of second
crossover using primers ‘P3’ and ‘P4’; Lanes 11-30 are FOA resistant colonies; Lane
31 = WT control; NTC = non-template control; M = NEB 2-log DNA ladder.

Surprisingly, a large proportion (8/20) of the FOA-resistant colonies failed to produce
the double-crossover PCR bands of 647 bp during gel electrophoresis analysis. In
previous failed attempts at detecting double crossover events during this PhD study,
DNA sequencing of the pyrE region from FOA-resistant colonies showed random
single point mutation(s) within the pyrE coding region or completely intact pyrE gene

and its promoter, indicating random mutation(s) elsewhere conferred FOA

89



3. Genetic Tools

resistance. Since FOA is known in this laboratory to have a limited efficacy period of
around 3 days on solid medium at 37°C, it is possible that some of the screened
colonies emerged after the effect of FOA had worn off. The eventual double-
crossover ApyrE mutants were verified by DNA sequencing to confirm the
replacement of the 3" end of pyrE with lacZa, and thiamphenicol sensitivity was
demonstrated to verify the loss of ACE plasmid (data not shown). Furthermore, these

mutants were also unable to grow without uracil supplementation (data not shown).

3.2.7 Restoration of pyrE using ACE

In comparison to plasmid-based complementation strategies, the repair of knock out
mutants back to their original state via allelic exchange eliminates gene dosage
mismatch and avoids the need to include a plasmid control and antibiotic for plasmid
maintenance. In the case of a ApyrE mutant, restoration can be achieved by
transformation of a plasmid with an allele containing the missing 3'-end of pyrE

followed by selection for uracil prototrophs.

In this study, two slightly different versions of pyrE restoration plasmids were
constructed (Section 2.14.2). The first plasmid, pMTL84151-fixpyrE, was designed to
completely “fix’ pyrE back to its original state without introduction of foreign DNA
into the genome of C. autoethanogenum. The second plasmid, pMTL84151-compyrE,
has lacZa incorporated between the short and great homology arms, so lacZa is

concurrently integrated into the genome during ‘complementation’ of the pyrE locus.

Following conjugation of pyrE restoration plasmids into a ApyrE mutant, fast-growing
Tm® colonies were preferentially streaked onto solid CGMCF medium without uracil
supplementation to select for uracil prototrophs according to Section 2.14.4. Uracil
prototrophs were subjected to PCR screening using primer pairs ‘ACE-pyrE-F’ and
‘ACE-pyrE-R’. Figure 3.11A shows that all the screened ‘fixed’ colonies have been
fully restored back to the original pyrE locus, evident in the presence of a 2059 bp
band. Similarly, all the screened ‘complemented’ colonies produced a 2338 bp

amplicon, which is 279 bp larger than the WT band, indicative of lacZa insertion

90



3. Genetic Tools

(Figure 3.11B). The resultant PCR products were also sequenced to verify the

restoration of the pyrE genotype (data not shown).
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Figure 3.11. Restoration of C. autoethanogenum pyrE mutants. (A) PCR screening of
fully restored pyrE mutants (lanes 1-6); (B) PCR screening of complemented pyrE
mutants with concomitant integration of lacZa (lanes 7-12); For (A) & (B), forward
primer = ‘ACE-pyrE-F’, reverse primer = ‘ACE-pyrE-R’; WT= Wild-type; NTC = non-
template control; M = NEB 2-log DNA ladder.

3.3 Discussion

3.3.1 C. autoethanogenum is Genetically Tractable via Conjugation (and

Electroporation)

Pivotal to any genetic engineering effort is a reliable method of introducing foreign
DNA into the host cells. Despite strong biotechnological interests and their discovery
and characterization more than two decades ago, acetogens such as C. ljungdahlii
(37, 229), M. thermoacetica (237), A. woodii (236), and C. aceticum (234) have only
very recently been demonstrated to be genetically tractable. The formulation of a
reliable transformation protocol is often one of the most challenging tasks in genetic
tools development. For the microorganism of interest in this study, C.
autoethanogenum, two transformation strategies were explored: electroporation

and conjugation.

Due to its technical simplicity, higher reproducibility, greater transformation

efficiency and independence from donor species, electroporation is the most
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commonly explored method of transformation in clostridia. Transformation
efficiencies of 10% — 10° have been reported for C. acetobutylicum ATCC 824 (183), C.
saccharoperbutylacetonicum NI-4 (281), C. ljungdahlii DSM 13528 (229) and C.
pasteurianum ATCC 6013 (282). In this laboratory, an efficient electroporation
protocol for C. ljungdahlii was developed by Dr. Anne M. Henstra and Dr. Elizabeth
Steiner (unpublished results) prior to the report by Leang et al. (2013) (229). The
transformation efficiencies for modular plasmid pMTL83151 (2.5 x 10° cfu/pg DNA)
and pMTL82151 (2.7 x 10° cfu/ug DNA) in this study are comparable to the report by

Leang and co-workers (229): 3.8 x 10%and 3.1 x 10 cfu/pug DNA, respectively.

Given the phylogenetic relatedness between C. ljungdahlii and C. autoethanogenum,
it was surprising that the same electroporation protocol only resulted in very low
transformation efficiencies (up to 3.8 cfu/ug DNA) and also low reproducibility (2/11
attempts vyielded transformants). Various electroporation parameters were
investigated but none ameliorated the poor transformation efficiencies. These
factors included growth stage of competent cells, in vitro plasmid methylation,
recovery medium and duration, E. coli host for propagation of plasmids and testing
of other plasmids. Comparison of RM systems between the two acetogens revealed
the presence of 12 putative RM systems that are unique to C. autoethanogenum. It is
likely that the difference in RM systems contributed to the contrasting
electroporation efficiencies. To test this hypothesis, the unique RM systems in C.
autoethanogenum can be systematically inactivated and their impacts on
electroporation efficiencies can be evaluated. For instance, a type Il restriction
endonuclease in C. acetobutylicum DSM 1731 was inactivated using ClosTron,
resulting in a mutant that can be transformed with unmethylated DNA as efficiently
as methylated DNA (187). Furthermore, next generation sequencing (NGS)
technologies such as Single Molecule Real-Time (SMRT) sequencing can be employed
to reliably detect certain methylation signatures (283, 284), which can be used to
formulate in vitro or in vivo methylation strategies to protect foreign DNA from the

host’s restriction barrier.

The transfer of foreign DNA into host cells via conjugation represents an alternative

transformation strategy. This method requires direct cell-to-cell contact during the
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transfer of DNA from donor to recipient so this approach is limited by the host range
of the donor. However, transfer of DNA via conjugation has been reported to occur
in single strand, from which means the incoming DNA can evade the recipient’s

restriction endonucleases (185, 250).

In this study, a range of modular plasmids with different Gram-positive replicons
(pBP1, pCB102 and pCD6) were successfully conjugated into C. autoethanogenum
using E. coli CA434 donor (250) with conjugation efficiencies ranging from 2.8 x 10°
to 5.2 x 10® cfu per donor. These conjugation efficiencies are similar to the DNA
transfer frequencies obtained for C. acetobutylicum (10 to 10™° cfu per donor) (178)
but lower than C. difficile (10° to 107 cfu per donor) (250). Nonetheless, they
represent a significant improvement for C. autoethanogenum in terms of
transformation efficiency and reproducibility over electroporation. In Neisseria
gonorrhoeae, the transfer of DNA via conjugation was also found to be more efficient

than electroporation (285).

For plasmid pMTL85151 (with pIM13 Gram-positive replicon), some transconjugants
were detected occasionally on the initial selective plate, but they failed to grow
when streaked onto a second selective plate. This result indicates that this plasmid
may be segregationally unstable in C. autoethanogenum, and is consistent with the
inability to obtain electrotransformants in C. ljungdahlii using this plasmid on a
regular basis by others in this laboratory. However, pIM13-based plasmids have been
successfully transformed into C. ljungdahlii by two independent research groups (37,
229). Throughout this project, the Gram-positive replicon pCB102 was utilized for the
construction of ClosTron mutants and also over-expression plasmids. Plasmids based
on pCD6 Gram-positive replicon were used for the construction of deletion mutants

using ACE.

3.3.2 Exemplification of ClosTron Mutagenesis by the Construction of a
fruA Mutant
ClosTron mutagenesis offers a quick, stable and reproducible way of inactivating a

gene to study its functions. To exemplify this technique in C. autoethanogenum, one
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EIIABC subunit of fructose-specific PTS (fruA) was selected for disruption because of
the anticipated clear-cut phenotype: inability to grow using fructose as substrate.
According to the literature, C. autoethanogenum is able to utilize fructose, pyruvate,
xylose, arabinose, rhamnose and L-glutamate as substrate, in addition to its ability to

grow autotrophically (52).

The intron targeting region for fruA was designed using the Perutka algorithm (251)
(freely available from www.clostron.com), and then synthesized and cloned into
ClosTron plasmid pMTLO07C-E2 by DNA2.0, Inc. This process takes 1-2 weeks, and
costs USS150 per target to synthesize and clone the intron targeting region without
involving any cloning work from the end user. Following conjugation of ClosTron
plasmid into host cells, Tm® colonies were streaked onto plates containing
clarithromycin to select for intron integrants. PCR screening and subsequent Sanger
sequencing showed that all the screened Cla® clones had the intron successfully
inserted into the target region of fruA. Southern Blot analysis confirmed there was
only one intron insertion event per mutant. As expected the fruA mutants were
unable to grow using fructose as substrate in both liquid and solid medium. In
parallel, the same set of biological samples was capable of growing on medium
supplemented with pyruvate as carbon source, indicating that the mutants were
viable. Although the genome of C. autoethanogenum encodes one other putative PTS
of unknown substrate specificities, the knocked out fruA (CAETHG_0142) is likely to
be the main, if not the only, fructose transporter in C. autoethanogenum based on

the clear-cut phenotype this mutant exhibited.

In this PhD project, a total of 11 Southern Blot verified ClosTron mutants were
generated and most of the screened Cla® colonies were shown to contain ClosTron
insertion at the targeted locus. These results highlighted the credentials of ClosTron
as a routine genetic tool for generation of KO mutant in C. autoethanogenum.
However, it has its limitations including undesirable polar effects and the apparent
inability to recycle the ermRAM marker in this acetogen using flippase (see section

4.7) prevented its use for construction of multiple KO mutants.
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3.3.3 Exploration of fruA as Counter-Selectable Marker

In some bacteria, the accumulation of phosphorylated sugar alcohol intermediates
following the import of sugar alcohol via the PTS, exerts toxicity on the cells. For
instance, S. typhimurium mutants that lack functional mannitol-phosphate
dehydrogenase are inhibited by D-mannitol (264). It has been hypothesized that fruA
can be employed as a counter-selectable marker if WT displays toxicity towards a
sugar alcohol, while the fruA mutant confers resistance. Growth experiments in
pyruvate-based liquid medium showed that C. autoethanogenum WT displayed some
sensitivity towards xylitol at 100 mM concentration (55% reduction in optical
density) while the fruA mutant were not growth inhibited. Consistent with this
finding, plating assays also showed that the WT was able to form tiny colonies at 100
mM xylitol. At 200 mM and 300 mM xylitol concentrations, the WT was completely

growth inhibited but the fruA mutant was able to form colonies.

These results showed that fruA, in combination with xylitol, is a potential counter-
selectable marker for C. autoethanogenum. Since the toxic effect of xylitol is more
stable than FOA (which begins to lose activity after 3 days at 37°C), fruA is potentially
a better negative selectable marker than pyrE. Moreover, pyrE is involved in
pyrimidine biosynthesis so it has to be restored back to WT allele if the mutant is to
be utilized in industrial gas fermentation without costly uracil supplementation
whereas fruA is not expected to be required for autotrophic growth so fruA may not
have to be corrected back to WT allele. However, the drawback and challenges of
fruA as a selectable marker are that many clostridia possess several PTS genes (56,
286-288) so multiple KO may be required to completely disrupt the ability to
consume a sugar substrate or import sugar alcohols. Furthermore, the toxicity of
sugar alcohols such as xylitol and D-mannitol is unknown for other clostridia so its

applicability across the genus Clostridium remains to be tested.

3.3.4 Testing of Counter-Selectable Markers pyrE and codA
In genetically more intractable microorganisms like clostridia, counter-selectable

markers are invaluable during the construction of allelic exchange mutants by
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facilitating the identification of rare recombination events. The gene pyrE has been
employed as a counter-selectable marker in a number of microorganisms including C.
acetobutylicum ATCC 824, C. difficile, C. sporogenes, and C. thermocellum (212, 280),
due to its ability to catalyze the conversion of pro-drug FOA into the highly cytotoxic
compound FU. Furthermore, because of its role in pyrimidine biosynthesis, pyrE can

also be utilized as a positive selectable marker by selecting for uracil prototrophs.

To evaluate the suitability of pyrE as both a positive and negative selectable marker
in C. autoethanogenum, a pyrE mutant was constructed using ClosTron. As expected,
the pyrE mutant was unable to form colonies when plated onto solid medium devoid
of uracil. Importantly, the ability of C. autoethanogenum WT to form colonies was
found to be inhibited by FOA at 500 pg/mL while the pyrE mutant was able to form
colonies up to 1000 pg/mL FOA. Collectively, these results show that pyrE can be
utilized as both a positive and negative selectable genetic marker for C.

autoethanogenum.

Similar to pyrE, cytosine deaminase codA has also been employed as a counter-
selectable marker in C. difficile (270) due to its ability to convert an innocuous pro-
drug FC into cytotoxic FU. However, unlike its pyrE counterpart, codA is relatively
rare in prokaryotes so codA can be utilized as an exogenous negative selectable
genetic marker. This means there is no native codA to be inactivated before a
heterologous codA is used as a counter-selectable marker. Unfortunately the
genome of C. autoethanogenum, like C. ljungdahlii, C. sporogenes and C. botulinum,
encodes a codA (CAETHG_4058). Nonetheless, a ClosTron mutant of codA in C.
autoethanogenum was generated. During FC cytotoxic assay, C. autoethanogenum
WT was found to be sensitive to FC at 50 pg/mL, while codA mutants were able to
grow at 100 pg/mL FC (some up to 1000 pg/mL). This leads to the conclusion that

codA can also be applied as a counter-selectable marker in C. autoethanogenum.
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3.3.5 Generation of ApyrE Mutant and Its Subsequent Restoration using
ACE
While ClosTron mutagenesis is rapid, stable, not labour intensive and has been
demonstrated in a wide selection of clostridia, it has major limitations such as
unintended polar effect from intron insertion and the generation of double mutant
by recycling of the ermB RAM marker has only been demonstrated in C
acetobutylicum ATCC 824 (206). For precise genetic manipulations such as base
substitutions, IFD, and integration of large DNA fragments, allelic-exchange
approaches are often employed. The use of a counter-selectable marker is often
necessary to detect and select for the rare second recombination event during
allelic-exchange. A recently developed allelic-exchange tool, termed ‘ACE’, does not
rely on a counter-selectable marker. Instead it utilizes asymmetric homology arms to
direct the sequence of recombination events and also the activation and inactivation

of gene(s) that result in a selectable phenotype (212).

For this project, the creation of a ApyrE mutant in C. autoethanogenum using the ACE
technique was desirable as the state of pyrE can be subsequently activated and
inactivated to drive precise genetic manipulations such as the integration of novel
biosynthetic pathways, IFD and specific base substitutions. After conjugation of
pMTL84151-ApyrE into C. autoethanogenum, putative single-crossover mutants at
the GHA were selected based on faster growth rate on thiamphenicol plates. PCR
screening showed the single-crossover event had occurred but due to an error in
primer design, the primer pairs could also amplify any carryover plasmid from the
genomic DNA extraction process, resulting in false positives. Nonetheless, these
putative single-crossover mutants were subjected to FOA negative selection, in
conjunction with the heterologous pyrE from C. acetobutylicum in the plasmid

backbone, to select for the second recombination event at the SHA.

When PCR screening was carried out, slightly more than half (12/20) of the FOA®
colonies produced the expected double-crossover PCR product during gel
electrophoresis analysis. This low frequency can be explained by the potential false
positive single-crossover mutants (as mentioned above) and random mutations that

occurred in the promoter or coding region of pyrE. Sanger sequencing of positive
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amplicons verified the successful replacement of the 3° end of pyrE with lacZa.
Importantly, the loss of the plasmid was also demonstrated by replica plating onto

thiamphenicol solid medium.

The inactivated pyrE in the chromosome of C. autoethanogenum enabled the use of
a heterologous pyrE as a counter-selectable marker to construct allelic exchange
mutants in other loci. Subsequently, these mutants can be complemented via allelic
exchange concomitant with correction of pyrE allele to WT. As a proof-of-principle
study, two slightly different restoration approaches were applied to the ApyrE
mutant in C. autoethanogenum. The first approach aimed to fully ‘fix’ pyrE back to its
original state, using plasmid pMTL84151-fixpyrE. The second approach intended to
not only complement the missing 227 bp at the 3" end of pyrE, but also integrate
lacZa at the 3-"UTR of pyrE, using plasmid pMTL84151-compyrE. Novel biosynthetic
pathways can be cloned into the lacZa using the multiple cloning site and be stably

integrated and expressed in C. autoethanogenum.

After conjugation of restoration plasmids into the ApyrE mutant, single-crossover
integrants were selected over plasmid carriers by preferentially streaking faster-
growing colonies on thiamphenicol plates. In this study, the first crossover event was
not confirmed by PCR but these faster-growing Tm" colonies were immediately
streaked onto medium without uracil supplementation to select for uracil
prototrophs. As shown in the PCR screening results (Figure 3.11), all the examined
clones produced the expected double-crossover PCR product. Sanger sequencing of
these amplicons confirmed that the missing 3° end of pyrE had been successfully

restored, with and without the concomitant integration of lacZa.

3.4 Chapter Summary

In summary, C. autoethanogenum was shown to be genetically tractable, overcoming
one major obstacle of genetic tools development. Although both electroporation and
conjugation were demonstrated to introduce foreign DNA into C. autoethanogenum,
the latter method was found to be more efficient and reproducible. Twelve unique

putative RM systems were found in the genome of C. autoethanogenum but not C.
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ljungdahlii, suggesting that they may contribute to the big differences in
electroporation efficiencies (or deficiencies) between the two closely related
acetogens. ClosTron mutagenesis was exemplified in C. autoethanogenum, as
demonstrated in the creation of fruA mutants, pyrE mutants, and codA mutants. In
addition to the abolishment of ability to grow on fructose, the fruA mutant was also
shown to be resistant to xylitol whereas the WT strain was demonstrated to be
sensitive to xylitol at a concentration of 200 mM. Further studies are warranted to

explore the use of fruA as a counter-selectable marker.

The pyrE allele was demonstrated to be a suitable positive- and negative-selectable
genetic marker in C. autoethanogenum, due to its role in pyrimidine biosynthesis and
conversion of pro-drug FOA into cytotoxic FU. Similarly, codA was also shown to be
an applicable counter-selectable marker because of its ability to convert pro-drug FC
into cytotoxic FU. Lastly, ACE technology was exemplified during the creation and
subsequent restoration of the ApyrE mutant. Collectively, these results provided the
necessary genetic tools to carry out the remainder of this PhD project, including the
creation and characterization of knock-out, IFD, and overexpression mutants in this

acetogen.
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4 Generation and Characterization of Carbon Monoxide Dehydrogenase

Mutants

4.1 Introduction

Carbon monoxide dehydrogenase (CODH) catalyzes the interconversion between CO
and CO,. CODH enzymes are present in physiologically and phylogenetically diverse
microorganisms from Archaea and Bacteria domains (289). CODH can be broadly
categorized into two classes (78, 289): (i) the aerobic Cox-type Mo-Cu-Se CODH from
aerobic carboxydotrophic bacteria, which comprises a highly conserved molybdenum
active site and uses oxygen (sometimes nitrate) as terminal electron acceptor (290-
293); and, (ii) the anaerobic-type Ni-CODH, which catalyzes the transfer of the
electrons liberated from CO oxidation to a range of physiological electron acceptors
including ferredoxin, cytochromes, flavodoxin, rubredoxin, and NAD(P)+ or it’s
reverse reaction (78-80, 294-298). Carbon monoxide is a potent electron donor
(CO,/CO reduction potential of =558 mV (pH 7.0)) (299). The reducing equivalents
derived by CO oxidation can then be harnessed in several pathways including
acetogenesis, methanogenesis, sulphate reduction, hydrogenogenesis, and metal

reduction (78, 289, 300, 301).

The O,-sensitive Ni-CODH can be further divided into two groups: (i) mono-functional
CODH which functions physiologically in CO oxidation; and (ii) CODH as part of a bi-
functional CODH/ACS (acetyl-CoA synthase) complex that couples the reduction of
CO, to a [CO] moiety used by the ACS for acetyl-CoA biosynthesis. Genome
sequencing has revealed that many anaerobes encode multiple Ni-CODH whose
functions are associated with neighbouring gene clusters (300). For instance,
Carboxydothermus hydrogenoformans encodes 5 CODHs (297), Methanosarcina
acetivorans possesses 3 CODHs (302) and M. thermoacetica has two CODHs (73). The
sequences and functions of CODH have been shown to be diverse (303) and
horizontal gene transfer has been implicated in the dispersion of CODHs (300).
Besides the interconversion of CO and CO,, Ni-CODH have been reported to produce

formate during CO, reduction (304), to convert nitrous oxide to dinitrogen (305), to
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undertake the reduction of 2,4,6-trinitrotoluene (a pollutant) (306) and to catalyse

the oxidation of n-butyl isocyanide to n-butyl isocyanate (307).

X-ray crystallography has revealed that the crystal structures of mono-functional Ni-
CODH and Ni-CODH of bi-functional CODH/ACS complexes are very similar, despite
their sequence and functional diversity (308-313). Both Ni-CODHs exist as
homodimers that comprise five metal clusters per homodimeric enzyme: 2 C-
clusters, 2 B-clusters and 1 bridging D-cluster (Figure 4.1). The C-cluster contains Ni-
Fe-S and is the site of CO oxidation (78, 309). The [4Fe-4S] B- and D-clusters form the
internal redox chain within the homodimeric enzyme (312). The bi-functional
CODH/ACS complex is encoded by acsA and acsB. The assembly of CoA, [CO] moiety
and methyl-group of the methylated CoFeSP into the central molecule acetyl-CoA

occurs at the A-cluster of ACS (308-310) (Figure 4.1).

SCoA

Figure 4.1. Structures of (A) mono-functional CODH; and (B) bi-functional CODH/ACS
complex. (A) Coupling of Rhodospirillum rubrum CODH activity with hydrogen
evolution via hydrogenase and Fe-S protein CooF. Figure was adapted from Ensign
and Ludden (1991) (314). (B) Structure of bi-functional CODH/ACS complex from
Moorella thermoacetica and its role in acetyl-CoA synthesis. Figure was modified
from Doukov et al. (2008) (315). ACS, acetyl-CoA synthase; CODH, carbon monoxide
dehydrogenase; CoFeSP, corrinoid iron sulphur protein. The numbers 1 to 10 in (B)
represent the path of internal CO,/CO channel within the CODH/ACS complex.
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Ni-CODH has been reported to catalyze rapid CO oxidation at rates between 4,000
and 40,000 (mol CO) (mol enzyme)'1 s1(295, 314, 316), and CO, reduction at 11 (mol
CO,) (mol enzyme)™ s™* (317). However, relatively few anaerobes are able to grow on
CO alone due to growth inhibition resulting from sensitivity of metal-containing

enzymes towards CO (91).

C. autoethanogenum is able to grow autotrophically using CO as the sole source of
carbon and energy (52). Genome sequencing uncovered three putative Ni-CODH in
this acetogen: CAETHG_3005 (cooS1), CAETHG_3899 (cooS2) and CAETHG_1620-
1621 (acsA, which encodes the CODH component of the bi-functional CODH/ACS
complex) (38). The neighbouring gene clusters of these CODH are depicted in Figure
4.2. cooS1 is genetically localized upstream of a gene encoding a putative 4Fe-4S
ferredoxin Fe-S binding protein and ferredoxin-NAD(+) reductase, while cooS2
appears to be an orphan (Figure 4.2A & B). The acsA gene is the first of the Wood-
Ljungdahl cluster in C. autoethanogenum and when compared to other organisms
that carry this pathway, such as C. ljungdahlii, uniquely contains an in-frame ‘TGA’
stop codon at nucleotide position 1201. The encoded enzyme is, therefore, truncated
by some 231 amino acids, and the gene effectively split into two, CAETHG_1621 and
CAETHG_1620 (Figure 4.2C and Figure 4.12B).

losTron_601s_site Ferredoxin--NAD(+) reductase (CAETHG_3003)
1 500 1,000 7,500 2,000 2,500 3,000 3,500 | 4,000 47300

0051 (CAETHG_3005)

4Fe-4S ferredoxin, iron-sulpur binding domain-containing protein (CAETHG_3004)
DEAD/DEAH box helicase domain protein (CAETHG_3006)

4,917

(A)

1 250 500 750 71,000 T 12250 1,500 1,750 2,000 2,250 2,500 2,750 3,000 3,189

(B)

d
Amino acid permease-associated region (CAETHG_3898) Ethanolamine utilization protein (CAETHG_3900)

ClosTron_143s_site
1 5Q0 1,000 1,500 2,000 2,500 3,000

(€ |

acsA (CAETHG_1621) L

Formate--tetrahydrofolate ligase (CAETHG_1618)
3,500 4,000 45p0 5,000 5589

MethenyltetraLydrofolate cyclohydrolase (CAETHG_1617)

HG_1620) Cobyrinic acid ac-diamide synthase (CAETHG_1619)

|
UspA domain-containing protein (CAETHG_1622)
acsA (CAE

Figure 4.2. Gene arrangement of (A) cooS1; (B) cooS2; and (C) acsA in C.
autoethanogenum. ClosTron insertion sites are highlighted by yellow arrows. Lengths
of DNA fragments (in bp) are shown in grey. Figure is not drawn to scale and is
generated using Geneious 6.1.7 (Biomatters Ltd).

103



4. cooS and acsA Mutants

To gain a better understanding of the roles of CODH in C. autoethanogenum, all
three CODHs were independently inactivated using ClosTron mutagenesis. The
resultant knockout mutants and WT were characterized under autotrophic and
heterotrophic conditions to assess the impact of CODH inactivation on autotrophy,
biomass formation and metabolite profile. The apparent truncation event of acsA
was also investigated by examining translation of FLAG-tagged acsA variants. In an

attempt to improve autotrophic capability, acsA was also overexpressed.

4.2 Generation of ClosTron Knockout Mutants of cooS1, cooS2 and acsA

To generate independent knockout mutants of cooS1, cooS2 and acsA, ClosTron
plasmids pMTLO07C-E2::c0051-601s, pMTLO07C-E2::c00S2-529s, and pMTLOO7C-
E2::acsA-143s, respectively, were conjugated into C. autoethanogenum according to
section 2.12.3. The ClosTron insertion sites are highlighted in Figure 4.2.
Clarithromycin resistant colonies were subjected to PCR screening using primer pairs
‘c00S1-601s-F’ and ‘cooS1-601s-R’ for cooS1 mutants, ‘cooS2-529s-F' and ‘cooS2-
529s-R’ for cooS2 mutants, and ‘acsA-ClosTron-F’ and ‘acsA-ClosTron-R’ for acsA
mutants. The screened clones showed the expected 2.2-2.3 kb bands (Figure 4.3A)
and these PCR products were verified by Sanger sequencing. These ClosTron mutants
were streaked onto the same selective medium until the ClosTron plasmids had been
cured (shown by patch plating). As a final validation, Southern Blot analysis was
performed to determine if ClosTron insertion had only occurred once per mutant. As
shown in Figure 4.3B, double ClosTron insertions were detected in cooS1 and acsA
mutants. These double Intron insertion mutants were omitted from subsequent

experiments.
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Figure 4.3. Screening and validation of ClosTron cooS1, cooS2 and acsA mutants. (A)
Gel electrophoresis of PCR using exon-spanning primers. M = NEB 2-Log DNA ladder;
Lanes 2-6 = c00S1::CTermB-601s clones; Lanes 9-11 = c00S2::CTermB-529s clones;
Lanes 14-16 = acsA::CTermB-143s clones; Lanes 1, 8 & 13 = non-template controls for
c00S1, cooS2 and acsA exon-spanning primer pairs, respectively; Lanes 7, 12 & 17 =
wild-type control of cooS1, cooS2 and acsA exon-spanning primer pairs, respectively.
(B) Southern Blot analysis of Hindlll digested genomic DNA of cooS1::CTermB-601s
clones (lanes 18 - 21), c00S2::CTermB-529s (lanes 22 — 26) and acsA::CTermB-143s
clones (lanes 27 - 30).

4.3 Characterization of ClosTron acs4 Knockout Mutant

4.3.1 Autotrophic Growth Experiments

To examine the impact of acsA inactivation on autotrophic capability of C
autoethanogenum, both mutants (N = 3) and WT (N = 3-4) were grown in 250 mL
serum bottles containing 50 mL CGMY medium (Section 2.4.1.2) with exchanged
headspace of 2 bar CO or 1.3 bar H; and 0.7 bar CO,. As shown in Figure 4.4A, the
acsA mutant displayed no signs of growth in CO following 48 days of incubation
whereas the WT reached an ODggg of 1.98 after day 7.7. Under H, + CO, conditions,
the acsA mutant was unable to grow within 27 days whereas the WT achieved
stationary phase (ODggo = 0.17) on ~day 15 (Figure 4.4B). These results demonstrated

that acsA is unequivocally required for autotrophic growth in C. autoethanogenum.
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Figure 4.4. acsA ClosTron mutant is unable to grow autotrophically on (A) 2 bar CO;
and (B) 1.3 bar H; + 0.7 bar CO,. Black circles = wild-type (N = 4 for CO; N = 3 for
H,+CO,); Red squares = acsA mutant (N = 3). Error bars = standard error of mean.

4.3.2 Complementation of acsA ClosTron Mutants

In order to unequivocally demonstrate that the loss of autotrophy was due to the
inactivation of acsA, complementation assays were undertaken by expressing a
plasmid-borne copy of the acsA gene in the acsA knockout mutant. Two versions of
the gene were generated by PCR using primers (listed in Table 2.3) that incorporated
the restriction recognition sites for Ndel and Sacl. In the one version (acsAf”"), the
entire acsA coding region was amplified (CAETHG 1621 and CAETHG_1620),
complete with the TGA stop codon (Figure 4.2C). In the other (acsA™"), only the
region corresponding to CAETHG_1621, and lacking the region (CAETHG_1620)
downstream of the TGA stop codon was generated (Figure 4.2C). The DNA fragment

ul \was generated using SOE-PCR in order to remove an internal

encompassing acsA
Ndel site at nucleotide position 342 of CAETHG_1620. The primers employed (Table

2.3) replaced ‘CAT’ with ‘CAC’, a change that maintained the same encoded amino

trunc full
A

acid sequence. Both the truncated (acs ) and full version (acsA™") of acsA were
cloned, following cleavage with Ndel and Sacl, into a derivative of plasmid
pMTL83157 into which the putative promoter region of acsA from C
autoethanogenum had been inserted as a Notl and Ndel fragment. Sanger
sequencing was carried out to fully sequence the cloned promoter and cloned acsA

genes.
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The plasmids with truncated acsA (herein called pMTL83157-acsA™"™) and full

fuII) were conjugated into the acsA

version of acsA (herein termed pMTL83157-acsA
KO mutant, generating complementation strains ‘acsAKO+acsA™"”  and
‘acsAKO+acsA™", respectively. A plasmid-only control was also created by the
introduction of the ‘empty’ pMTL83157 vector into the WT strain. The presence of
complementation plasmids in the resulting Tm® transconjugants were verified by

plasmid rescue and restriction digest analysis (data not shown).

Strains were assessed in serum bottles with 2 bar CO according to conditions
described in section 2.6 except the media were supplemented with 7.5 pg/mL
thiamphenicol (final concentration) to prevent plasmid loss. The plasmid-only control
strain was eventually able to achieve an ODgy of 1.89 (similar to WT) but it
experienced a 5 day longer lag phase than the WT (Figure 4.4A and Figure 4.5A). The

expression of acsA™"

in the acsA ClosTron mutant partially restored autotrophic
growth in CO with the culture ODgyo peaking at 1.05, but only after a significantly
extended lag phase of ~43 days (Figure 4.5A). The culture of the acsA ClosTron

full

mutant carrying acsA™ achieved a peak ODggg of 1.10 after a shorter lag phase of ~21

full also

days (Figure 4.5A). Furthermore, complementation strain acsAKO+acsA
produced acetate (66 mM) closer to plasmid control level (78 mM) than
complementation strain  acsAKO+acsA™"™ (44 mM) (Figure 4.5B). Both
complementation strains generated between 85% (acsAKO+acsAf“") and 120%
(acsAKO+acsA™ ") more ethanol than plasmid control strain (p-value = 0.056 and

0.010, respectively) (Figure 4.5C). Similar amounts of 2,3-butanediol were detected

in all three strains (Figure 4.5D).
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Figure 4.5. Growth and metabolite profiles of the complemented acsA ClosTron
mutant and plasmid control strains on 2 bar CO. (A) Growth profile; (B) Acetate
profile; (C) Ethanol profile; (D) 2,3-Butanediol profile. Black inverted triangles =
plasmid control (N = 4); Red circles = acsA ClosTron mutant (N = 3); Blue squares =
Complemented strain acsAKO+acsA™" (N = 4); Green triangles = Complemented
strain acsAKO+acsA™ (N =3). Error bars = standard error of mean.

4.3.3 Heterotrophic Growth Experiments

During heterotrophic growth, acetogens such as C. autoethanogenum DSM10061 are
able to fix CO, (produced during sugar metabolism), using electrons generated from
glycolysis, into biomass and products via the actions of CODH/ACS and other
enzymes from the WLP. Hence, the inactivation of acsA is expected to have an effect
on the growth and metabolite profiles while metabolizing sugars. To investigate this,
the acsA ClosTron mutant, the complemented strains and WT strain of C.
autoethanogenum were grown in triplicates of 250 mL serum bottles containing 50

mL of CGMY medium supplemented with 10 g/L fructose (final concentration).

As shown in Figure 4.6A, the inactivation of acsA significantly reduced the maximum

ODgoo reached compared to the WT from 4.53 to 1.77, equivalent to a 61% reduction.
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This was also accompanied by an increase in growth lag phase to ~1.8 days in the
acsA mutant while the WT only experienced a lag phase of ~0.9 day (Figure 4.6A).

trunc

Plasmid expression of pMTL83157-acsA in the acsA ClosTron mutant did not
shorten the growth lag phase but did allow the culture to reach a higher cell density
peaking at an ODgy of 2.83 (Figure 4.6A). In comparison, the expression of
pMTL83157—chcsAfuII in the knockout mutant substantially reduced the growth lag

phase to WT levels (~0.9 day) and a cell density at its peak of ODgg to 3.11 (Figure

4.6A).
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Figure 4.6. Growth and metabolite profiles of C. autoethanogenum wild-type (WT)
and the acsA ClosTron mutant on 10 g/L fructose as the carbon source. (A) Growth
profile; (B) Acetate profile; (C) Ethanol profile; (D) 2,3-butanediol profile. Black
inverted triangles = WT; Red circles = acsA KO mutant; Blue squares =

Complementation strain acsAKO+acsA™"; Green triangles = Complementation strain

acsA KO+acsAf“"; N = 3; Error bars = standard error of mean.
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One striking feature of the acsA KO mutant is the lack of acetate production, with
only 2.61 mM acetate being momentarily detected after day 2.8 (Figure 4.6B). In
contrast, the WT had synthesized 85.96 mM acetate by day 3.0 (Figure 4.6B). In
addition, the acsA KO mutant exhibited a 113% increase in ethanol production (102.7
mM) relative to the WT (48.3 mM), and a 138% rise in 2,3-butanediol synthesis
(10.95 mM mutant vs 4.61 mM WT) (Figure 4.6C & D). Expression of acsA™" and

Ml on a plasmid in the acsA KO mutant partially restored production of acetate

acsA
with the two cultures respectively achieving final acetate levels of 27.0 mM and 30.8
mM (Figure 4.6B). In terms of ethanol and 2,3-butanediol levels, the expression of

full

acsA™" in the acsA ClosTron mutant resulted in more complete restoration to WT

levels, in comparison to complementation by expression of acsA™" (Figure 4.6C &

ful complementation strain produced ethanol at

D). For instance, the acsAKO+acsA
the reduced level of 65.4 mM compared to 102.7 mM for the non-complemented
acsA KO mutant, whereas the ethanol titre of the acsAKO+acsA™" complementation

mutant was reduced to 83.4 mM (Figure 4.6C).

4.3.4 Mixotrophic Growth Experiments in Fructose and Carbon Monoxide

In addition to acsA, the genome of C. autoethanogenum encodes two additional
CODHSs: cooS1 and cooS2. To investigate whether CODH1 and/or CODH2 is able to
catalyze CO oxidation, the acsA KO mutant and the WT were subjected to
mixotrophic growth. Growth experiments were conducted in triplicates in serum
bottles containing 50 mL CGMY medium containing 10 g/L fructose, a headspace
pressure of 2 bar CO and incubation with agitation for 268 hours (11.2 days). Liquid
samples were harvested at t = 0 and t = 268 hours (end-point) for ODggo
measurements and metabolite analysis using HPLC. The start- and end-point
headspace pressures were measured using a digital pressure gauge DPG120 (Omega)
and headspace gas composition was measured using gas chromatography according
to section 2.8.2. The headspace pressure and composition at t = 0 were measured
from an uninoculated serum bottle control containing 50 mL CGMY medium with 10

g/L fructose and 2 bar CO.
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After 268 hours of growth, the headspace pressure of the acsA KO mutant culture
increased by 0.73 bar due to the production of 2.03 mmol CO and 3.87 mmol CO,
(Figure 4.7A & B). In contrast, the headspace of the WT culture decreased by 0.03 bar
due to the consumption of 8.52 mmol CO and production of 8.32 mmol CO, (Figure
4.7A & B). Both strains completely exhausted fructose but neither strain exhibited H,
production at the end of the growth experiment (data not shown). As the production
of additional CO by the acsA KO mutant at the end of the growth experiment was
unexpected, a carbon balance analysis was carried out according to Section 2.6 to
assess the accuracy of metabolite, headspace and biomass readings. The % carbon
recovery for all serum bottle cultures from this experiment ranged between 104%
and 112%, which is in the typical error range. One explanation for the additional CO
is the potent inhibitory effect of CO on hydrogenase (90, 318) at the beginning of the
growth experiment, which prevented excess electrons from being evolved into H,.
While growing on fructose alone (Figure 4.6), no CO but 0.6 mmol H, was produced

in the acsA ClosTron mutant.

Although the acsA KO mutant and the WT cultures reached very similar ODggg at t =
268 h (Figure 4.7C) in fructose + CO, it was observed that growth of the acsA KO
mutant initiated noticeably earlier than the WT (data not shown). This indicates the
presence of carbon catabolite repression (CCR) when both CO and fructose were
provided, and the inactivation of acsA (hence a disconnected WLP) overcame this
inhibitory effect. CCR has been reported when C. aceticum is grown on CO, + H, in
the presence of sugars (319), and when E. limosum grows on glucose and methanol
(utilized through the WLP like other one carbon substrates) (320). As observed
previously in fructose only growth experiments (Figure 4.6B & C), the acsA KO
mutant did not produce acetate but synthesized more ethanol under fructose + CO
conditions (Figure 4.7D). However, under mixotrophic conditions the acsA KO mutant

produced less 2,3-butanediol and lactate than the WT (Figure 4.7D).

111



4. cooS and acsA Mutants

(A) (B) 10.0 (C)

0.0 1

T

o

(o2}
°%%gov

-2.54
-5.01 0.3

-7.51

A Headspace Pressure (bar)
o
N
Change in CO or CO, (mmol)

-10.0 ————1—— 0.0

ot © ot P‘GO Wt

+
o]

801
(D)
60
501
40
301
204
109

N

Change in Metabolites (mM)

-10 T T T T

Figure 4.7. The change in biomass, headspace and metabolite levels between start
and finish of mixotrophic growth experiment of acsA ClosTron mutant and WT on 10
g/L fructose and 2 bar CO. (A) Change in headspace pressure; (B) Change in
headspace CO or CO,; (C) Change in growth based on ODgy; and (D) Change in
metabolites. Red columns = acsA KO mutant; Black columns = WT. N = 3. Error bars =
standard error of mean.

4.3.5 Mixotrophic Growth Experiments in Carbon Monoxide and Acetic
Acid
Some chemotrophic anaerobes are able to oxidize acetate into CO, by essentially
running the WLP in reverse (Figure 4.8A) (78, 321, 322). For instance, cell extracts of
Desulfotomaculum acetoxidans displayed high enzymatic activities of Ack, Pta, CODH,
FDH, methylene-THF reductase, methylene-THF dehydrogenase, methenyl-THF
cyclohydrolase and formyl-THF synthetase in the oxidative direction of WLP (323). In
this project, a mixotrophic growth experiments using acetate and CO as substrate
were conducted to determine if C. autoethanogenum can carry out reverse WLP and

also to investigate the roles of CODH1 and CODH2 in the context of an acsA KO
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background. Each serum bottle was pressurized with 2 bar CO and contained 50 mL
CGMY medium with and without 10 g/L (166.5 mM) acetate (final concentration)
supplementation. Three or four technical repeats were included for each group and

the serum bottle cultures were incubated at 37°C with agitation for as long as 52

days.
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Figure 4.8. Reverse Wood-Ljungdahl Pathway (WLP) and mixotrophic growth of acsA
ClosTron mutant. (A) Schematics for acetate oxidation via reverse WLP; (B)
Mixotrophic growth profiles of the WT on CO + acetate; and (C) Mixotrophic growth
profiles of the acsA ClosTron mutant on CO + acetate. Ack, acetate kinase; ACS,
acetyl-CoA synthase; CODH, carbon monoxide dehydrogenase; FDH, formate
dehydrogenase; THF = tetrahydrofolate; Black circles = WT in CO alone (N = 4); Blue
squares = WT in CO + acetate (N = 3); Green triangles = acsA mutant in CO alone (N =
3); Purple inverted triangles = acsA mutant in CO + acetate (N = 3). Error bars =
standard error of mean.

There was concern that 166.5 mM of acetate combined with the low pH may be
inhibitory or toxic to C. autoethanogenum, but Figure 4.8B shows that acetate exerts

a positive effect on WT autotrophic growth by reducing the growth lag phase by 3
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days when compared to growth on CO alone. Instead of consuming acetate, C.
autoethanogenum produced an additional 104 mM of acetate on day 6 (data not
shown). After 48 days of incubation, the acsA KO mutant displayed negligible growth
in either CO or CO + acetate condition (Figure 4.8C). Collectively these data showed
that acetate oxidation via reverse WLP was not observed in either C

autoethanogenum WT cells or the acsA KO mutant under these conditions.

4.4 Plasmid Overexpression of acsA

4.4.1 Construction of acsA Plasmid Overexpression Strain

Plasmid control pMTL83157 and overexpression plasmid pMTL83157—olcsAfUII were
constructed as described in section 4.3.2. Following conjugation into C.
autoethanogenum, plasmids were rescued from Tm® transconjugants followed by
restriction digest analysis to check the identity of the strains. As shown in Figure 4.9A
& B, both pMTL83157 transconjugants and pMTL83157-acsAf“" transconjugants

produced the expected fragments from Pmel + Fsel and Ndel + Sacl restriction digest,

respectively.
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Figure 4.9. Restriction digest analysis of rescued plasmids pMTL83157 and
pMTL83157-acsAf“” from C. autoethanogenum. (A) Gel electrophoresis of Pmel and
Fsel restriction digested plasmids rescued from C. autoethanogenum pMTL83157
transconjugants (lanes 1 — 4). The expected bands are 2600 bp and 2424 bp in length.
(B) Gel electrophoresis of Ndel and Sacl restriction digested plasmids rescued from C.
autoethanogenum pMTL83157-acsAf“" transconjugants (lanes 5 — 12). The expected
bands are 4995 bp and 1932 bp long. M = NEB 2-log DNA ladder.
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4.4.2 Autotrophic Growth Experiments in Carbon Monoxide

To test whether overexpression of acsA has any positive impact on autotrophic
growth of C. autoethanogenum, both plasmid control strain pMTL83157 (N = 4) and
acsA overexpression strain pMTL83157-acsAf“" (N = 3) were subjected to serum
bottle growth experiments in the presence of 2 bar CO. Each 250 mL serum bottle
contained 50 mL CGMY medium supplemented with 7.5 pg/mL thiamphenicol. As
shown in Figure 4.10A, the overexpression of acsA did not promote higher cell
densities but reduced the lag phase of growth by 4.2 days when compared to the
plasmid-only control strain. In terms of metabolite production, very similar titres
were achieved for acetate (Figure 4.10B) but the acsA overexpression strain
appeared to produce 21% more ethanol than the plasmid-only control strain (24.5
mM vs 20.3 mM; not statistically significant) (Figure 4.10C). The acsA overexpression
strain generated 29% less 2,3-butanediol than the plasmid-only control strain (p-

value = 0.067) (Figure 4.10D).
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Figure 4.10. The effect of acsA overexpression on growth and metabolite profiles of
C. autoethanogenum on 2 bar CO. (A) Growth profile; (B) Acetate profile; (C) Ethanol
profile; (D) 2,3-Butanediol profile. Blue squares = pMTL83157-acsA™" (N = 3); Black
circles = plasmid control pMTL83157 (N = 4). Error bars = standard error of mean.
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4.4.3 Heterotrophic Growth Experiments

Both the acsA overexpression strain and the control strain carrying the empty
pMTL83157 vector were subjected to heterotrophic growth experiments to assess
the impact of acsA overexpression during fructose metabolism. The experiment was
conducted in 250 mL serum bottles containing 50 mL CGMY medium supplemented
with 10 g/L fructose and incubated at 37°C for up to 8.1 days. A maximum ODggo
achieved by the acsA overexpression strain was increased by 24% when compared to
the control strain carrying the pMTL83157 vector alone (p-value = 0.011) (Figure
4.11A). However, there was little difference in the production of acetate or ethanol

between the two strains (Figure 4.11B & C).
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Figure 4.11. The effect of acsA overexpression on growth and metabolite profiles of
C. autoethanogenum on 10 g/L fructose. (A) Growth profile; (B) Acetate profile; (C)
Ethanol profile. Blue squares = pMTL83157-acsA™" (N = 3); Black circles = plasmid
control pMTL83157 (N = 3). Error bars = standard error of mean.

4.5 Investigation of C. autoethanogenum acsA Translational Read-Through
Genome sequencing of C. autoethanogenum using NGS and Single-Cell sequencing
(38) revealed the presence of an internal ‘TGA’ stop codon within the acsA gene of C.
autoethanogenum, splitting the gene into two CDS: CAETHG_1621 (1203 bp) and
CAETHG_1620 (684 bp) (Figure 4.12A & B). To be certain this is not an error/artefact,

the gene was amplified using oligonucleotides ‘acsA-seq-F’ and ‘acsA-seg-R’ followed
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by Sanger sequencing using these two primers and oligonucleotide ‘acsA-seql’.
Three independent amplifications and Sanger sequencings confirmed the presence of
a ‘TGA’ stop codon, but otherwise agreed with the genome sequence reported by

Brown et al. (2014) (38) (data not shown).

Interestingly, the acsA of three other clostridial acetogens, C. ljungdahlii, C. ragsdalei,
C. carboxidivorans P7, and of C. difficile 630 showed no such gene splitting event
(Figure 4.12A). Instead, a ‘TCA’ serine codon is present at the same locus in these
acetogens. The acsA (CAETHG_1621-1620) of C. autoethanogenum shared 95%
nucleotide identity with C. ljungdahlii, 90% nucleotide identity with C. ragsdalei, 78%
nucleotide identity with C. carboxidivorans and 67% nucleotide identity with C
difficile 630. Beyond clostridial acetogens, the nucleotide sequences of acsA in M.
thermoacetica, A. woodii and E. limosum share 49%, 64% and 62% sequence identity
to that of C. autoethanogenum, respectively. Again, no internal stop codon is
detected in acsA of these acetogens despite being similar in length (1896 — 2025 bp)

to C. autoethanogenum (1896 bp).
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Figure 4.12. Nucleotide alignment of acsA and internal stop codon in C
autoethanogenum. (A) Nucleotide alignment of the acsA CDS between C.
autoethanogenum (C_auto), C. ljungdahlii (C_ljung), C. carboxidivorans P7 (C_carb)
and C. difficile 630 (C_diff). Variations are marked in black or as gaps in the gray
sequence bar above the red annotations. (B) Inset of (A) highlighting internal ‘TGA’
stop codon and putative bacterial selenocysteine insertion sequence (bSECIS) in acsA
of C. autoethanogenum. Figure is generated using Geneious 6.1.7 (Biomatters Ltd).

117



4. cooS and acsA Mutants

Given the empirical role of acsA in acetogenesis, the truncation of this gene is
hypothesized to affect the WLP of C. autoethanogenum. It was, therefore, of interest
to determine whether the gene is translated into two peptides, or whether there
may be some post-transcriptional mechanisms that allow translational read-through
beyond the internal stop codon. One such mechanism is the incorporation of
selenocysteine at the ‘TGA’ codon which is generally reliant on a characteristic
bacterial selenocysteine insertion sequence (bSECIS) immediately downstream of the
stop codon. An algorithm developed by Zhang and Gladyshev (2005) (324), which is
reported to have a 96.5% success rate in calling such a motif, failed to detect a
bSECIS candidate in the C. autoethanogenum acsA gene. However, manual
examination of the region immediately following the ‘TGA’ codon uncovered a
putative bSECIS motif, including lower stem, apical loop and upper stem for the

formation of a stem loop structure (Figure 4.12B).

4.5.1 Construction of FLAG-tagged acsA Variants

To examine the translation pattern of C. autoethanogenum acsA, the gene was fused
to a FLAG tag sequence (encoding the amino acid DYKDDDDK) at either the N- or C-
terminus, and then cloned to generate four acsA plasmids. The first plasmid
‘PMTL83151-P,a-FLAG-acsA(TGA)’ has an N-terminal FLAG-tagged acsA gene. It was
constructed by the initial PCR amplification of the native acsA using oligonucleotides
“Ncol-acsA-F’ and ‘acsA-HindllI-R” and the cloning of the fragment into plasmid
pMTL83151 using the restriction sites Ncol and Hindlll. This was followed by the PCR
amplification of a DNA fragment encompassing the native P,sa promoter using
primers ‘Pycsa-Sacl-F and ‘P,sa-Ncol-R’ and its cloning between the Sacl and Ncol
sites of plasmid pMTL83151. The second plasmid, ‘PMTL83151-P,ca-acsA(TGA)-
FLAG’, was generated by amplification of native acsA and its promoter using
oligonucleotides ‘Pacsa-Sacl-F and ‘acsA-FLAG-BamHI-R’ and cloned into plasmid

pMTL83151 using restriction sites Sacl and BamHl.

The third plasmid ‘pMTL83151-P,ca-acsA(TCA)-FLAG’ has the internal ‘TGA’ stop

codon of C. autoethanogenum acsA mutated to a ‘TCA’ serine codon, to mimic the
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acsA genes found in other clostridial acetogens. To assemble this plasmid, SOE-PCR
was performed using oligonucleotides ‘Pacsa-Sacl-F’, ‘acsA(TCA)-SOE-B’, ‘acsA(TCA)-
SOE-C’ and ‘acsA-FLAG-BamHI-R’ and then cloned into plasmid pMTL83151 using
restriction sites Sacl and BamHlI. Similarly, the fourth plasmid ‘pMTL83151-P,csa-
acsA(TAA)-FLAG’ consists of an acsA variant that has the internal ‘TGA’ codon
mutated to another stop codon, ‘TAA’. This plasmid was constructed by first SOE-PCR
using primers ‘P,csa-Sacl-F, ‘acsA(TAA)-SOE-B’, ‘acsA(TAA)-SOE-C' and ‘acsA-FLAG-
BamHI-R" and then cloned into plasmid pMTL83151 using restriction sites Sacl and
BamHI. The cloned promoter and acsA CDS in all the above plasmids were verified by

Sanger sequencing (data not shown).

4.5.2 Expression of FLAG-Tagged AcsA Variants

The FLAG-tagged acsA plasmids and plasmid control pMTL83157 were conjugated
into C. autoethanogenum to investigate the sizes of the proteins produced from the
different acsA variants. In addition, these plasmids were also transformed into C.
acetobutylicum ATCC 824 and E. coli strain XL1-Blue according to sections 2.12.2 and
2.5.8, respectively, to determine if there is any organism-specific effect on the
translation of C. autoethanogenum acsA. Restriction digest analysis (Sacl and BamHlI)
of rescued plasmids from both the C. autoethanogenum transconjugants and C.
acetobutylicum transformants showed the predicted restriction patterns (Figure

4.13A & B) indicating that no gross rearrangements of the plasmids had occurred.

C. acetobutylicum was selected as a host to investigate the expression of acsA
because this Clostridium is not known to harbour selenoproteins and its genome is
devoid of genes for selenocysteine synthesis and insertion, such as selA (encodes
selenocysteine synthase) and selB (encodes selenocysteine-specific elongation
factor) (287, 324). In contrast, E. coli has been one of the model organisms for the
elucidation of selenocysteine biosynthesis and incorporation (325-327), and should,
therefore, be able to incorporate selenocysteine at the TGA codon of C.

autoethanogenum acsA if it is able to recognize the putative bSECIS signal.
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Figure 4.13. Restriction digest (Sacl and BamHI) analysis of rescued acsA plasmids
from (A) C. autoethanogenum transconjugants; 1 — 4 = pMTL83151-P,a-FLAG-
acsA(TGA) clones (expect 2.5 kb + 4.4 kb fragments); 5 — 12 = pMTL83151-P,¢ea-
acsA(TGA)-FLAG clones (expect 2.5 kb + 4.4 kb fragments); 13 — 20 = pMTL83151-
Pacsa-FLAG-acsA(TCA) clones (expect 2.5 kb + 4.4 kb fragments); 21 — 24 =
PMTL83151-P,a-FLAG-acsA(TAA) clones (expect 2.5 kb + 4.4 kb fragments). (B) C.
acetobutylicum transformants. 25 — 27 = pMTL83157 clones (expect 5.0 kb); 28 — 35
= pMTL83151-P,sa-acsA(TGA)-FLAG clones (expect 2.5 kb + 4.4 kb fragments); 36 —

39 = pMTL83151-P,sa-acsA(TCA)-FLAG clones (expect 2.5 kb + 4.4 kb fragments); M =
NEB 2-log DNA ladder.

Verified C. autoethanogenum, C. acetobutylicum and E. coli transformants were
cultivated in 50 mL Falcon tubes kept inside the anaerobic workstation and crude
lysates were prepared according to section 2.10. It is noteworthy that E. coli was
cultivated under conditions that were conducive to selenoprotein expression,
including supplementation of 10 uM Na,SeOs and a strict anoxic environment (326).
Crude lysates were loaded onto a SDS-PAGE gel and Western Blot analysis was

performed using anti-FLAG antibody according to section 2.11.

If a translational read-through mechanism exists in acsA, the gene is expected to
produce a 69 kDa protein (Figure 4.14B). Depending on the orientation of the FLAG-
tag, a truncation event in acsA should generate a 44 kDa peptide and/or 25 kDa

peptide (Figure 4.14B). In Figure 4.14A lanes 1 to 4, equal amounts (13 pg) of soluble
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crude lysates of C. autoethanogenum were loaded into each well of the SDS-PAGE
gel. A ~70 kDa band was detected in all soluble and insoluble crude lysates of C.
autoethanogenum, which is likely to be non-specific binding of the anti-FLAG
antibody to a native protein of C. autoethanogenum. This phenomenon was
previously observed by other members of our research group and one prime
candidate for this native protein is DnaK (encoded by CAETHG_2891), which shares
7/8 amino acid identity with FLAG and its size is consistent with the observed 70 kDa
band (Dr. Chris Humphrey and Dr. Samantha Mclean, University of Nottingham). In
addition, another non-specific band of ~37 kDa was also detected in all C.
autoethanogenum crude lysates (Figure 4.14A) but the identity of this protein is

unknown.

Below the 70 kDa non-specific band is the expected protein size of the mature
translational read-through AcsA product (~69 kDa), which was detected in the crude
lysates of C. autoethanogenum cells carrying plasmids pMTL83151-P,csa-acsA(TGA)-
FLAG, pMTL83151-P,a-acsA(TCA)-FLAG and pMTL83151-P,ca-FLAG-acsA(TGA)
(Figure 4.14A, lanes 2, 3 and 6, respectively). In contrast, such a 69 kDa band was
absent in the lysates of cells carrying the plasmid control pMTL83157 and plasmid
PMTL83151-P,sa-acsA(TAA)-FLAG in which the internal TGA stop has been changed
to a TAA stop codon (Figure 4.14A, lanes 1 and 4, respectively). Furthermore, the ~69
kDa band intensity in lysates of cells carrying pMTL83151-P,sa-acsA(TCA)-FLAG is
substantially stronger than cells carrying pMTL83151-P,a-acsA(TGA)-FLAG (Figure
4.14A, lanes 2 and 3, respectively) when the loaded amounts of both samples were
normalized. This suggests that that the translational read-through of AcsA in the
internal ‘TGA’ stop codon is not as efficient as the ‘TCA’ serine codon, based on the

considerable difference in the signal intensity of the ~69 kDa band.

In C. autoethanogenum crude lysates carrying a plasmid encoding a C-terminal FLAG-
tagged acsA gene containing the native ‘TGA’ stop codon (Figure 4.14A, lane 2), no
25 kDa sized protein was detected, indicating that there is no independent
translation of the downstream CDS of acsA (CAETHG_1620). This is supported by the
apparent lack of a ribosomal binding site (RBS) for CAETHG_1620 translation (Figure

4.12B). When the native acsA gene is N-terminally FLAG-tagged, two products are
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possible (Figure 4.14A, lane 6): a truncated ~44 kDa product and/or a full sized ~69
kDa product. Indeed, both a ~44 kDa band and a ~69 kDa band were detected in the
insoluble fraction, but the intensity of the former band is noticeably stronger than
the latter band (Figure 4.14A, lane 6). Both the ~44 kDa and ~69 kDa bands were
absent in the plasmid control insoluble fraction. These results suggest that while
there is some translational read-through of acsA of C. autoethanogenum, the
predominant product is the truncated ~44 kDa fragment, which may have huge

implications on acetogenesis of the acetogen.

(A) 1 3 5 M (B) Translational Read-Through ~69 kDa
M 2 4 6 A
I 1
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acsA (CAETHG_1621) (CAETHG, 1620)
| ] J
| Truncation Event |
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(€ 7 9o mu m (D) 13 15
75 kDa mup M 8 10 12 M 14
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; 75 kDa mump 5 D0
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S0kDamsb, v =50 kDammp
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25 kDammp 25 kDammp S~ Do

Figure 4.14. Examination of AcsA translation pattern using FLAG-tagged protein in C.
autoethanogenum, C. acetobutylicum, and E. coli. (A) Western Blot analysis of C.
autoethanogenum transconjugant crude lysates. 1 = 13 pug soluble lysate of
pMTL83157 plasmid control; 2 = 13 pg soluble lysate of pMTL83151-P,a-acsA(TGA)-
FLAG; 3 = 13 pg soluble lysate of pMTL83151-P,a-acsA(TCA)-FLAG; 4 = 13 pg soluble
lysate of pMTL83151-P,sa-acsA(TAA)-FLAG; 5 = 6.7 g insoluble lysate of pMTL83157
plasmid control; 6 = 6.7 ug insoluble lysate of pMTL83151-P,a-FLAG-acsA(TGA); Red
arrow indicates the position of a mature 69 kDa protein; Blue arrow indicates the
position of the larger 44 kDa truncated protein; (B) Schematic showing the expected
protein sizes of C. autoethanogenum AcsA in the event of translational read-through
or truncation; (C) Western Blot analysis of E. coli transformant crude lysates. 7 = 15
pug soluble lysate of pMTL83157 plasmid control; 8 = 15 pg soluble lysate of
PMTL83151-P,csa-acsA(TGA)-FLAG; 9 = 15 pg soluble lysate of pMTL83151-Pycsa-
acsA(TCA)-FLAG; 10 = 15 ug soluble lysate of pMTL83151-P,sa-acsA(TAA)-FLAG; 11 =
39 ug soluble lysate of pMTL83151-P,ca-FLAG-acsA(TGA); 12 = 38 pg insoluble lysate
of pMTL83151-P,sa-FLAG-acsA(TGA); (D) Western Blot analysis of C. acetobutylicum
transformant crude lysate; 13 = 21 ug soluble lysate of pMTL83157; 14 = 21 ug
soluble lysate of pMTL83151-P,sa-acsA(TGA)-FLAG; 15 = 21 ug soluble lysate of
PMTL83151-P,csa-acsA(TCA)-FLAG. M = BioRad Kaleidoscope Precision Plus protein
ladder.
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In E. coli crude lysates of cells carrying plasmid pMTL83151-P,ca-acsA(TGA)-FLAG, no
~69 kDa mature protein or ~25 kDa truncated protein was detected (Figure 4.14C,
lane 8). However, a band corresponding to the ~69 kDa protein was detected in
lysates of cells carrying the positive control plasmid pMTL83151-P,.a-acsA(TCA)-
FLAG (Figure 4.14C, lane 9), which contains the serine ‘TCA’ codon and a C-terminal
FLAG-tag. These results showed that the acsA promoter of C. autoethanogenum is
active in E. coli under the conditions tested, and unlike C. autoethanogenum, E. coli is
unable to overcome the internal ‘TGA’ stop codon and synthesize the full length ~69
kDa AcsA product. As expected, the introduction of an alternative ‘TAA’ stop codon
in place of the ‘TGA’ triplet successfully prevented the formation of the ~69 kDa
protein (Figure 4.14C, lane 10). In E. coli expressing N-terminal FLAG-tagged acsA
with the native ‘TGA’ stop codon, only the truncated acsA ~44 kDa band was
detected (Figure 4.14C, lane 12), which again shows that E. coli is capable of
synthesizing the truncated ~44 kDa band but unable to overcome the internal ‘TGA’

stop codon.

Given the ability of E. coli to recognize the acsA promoter Pgs from C.
autoethanogenum and produce AcsA protein, it is surprising that no signal was
detected in all of the crude extracts of C. acetobutylicum (Figure 4.14D). In the C.
acetobutylicum positive control crude extract that supposedly expressed C-terminal
FLAG-tag acsA with ‘TCA’ serine codon, no ~69 kDa product was detected (Figure
4.14D, lane 15). This absence of signal is not due to an error in the Western Blot
procedure because protein signals were detected in other lanes of the same SDS-
PAGE (data not shown). Furthermore, the preparation of C. acetobutylicum crude
extracts was carried out in the same batch as other bacterial hosts that generated
signals. All these observations indicate that the P, promoter of C.

autoethanogenum is not functional in C. acetobutylicum.
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4.6 Characterization of cooS1 and cooS2 ClosTron Mutants

4.6.1 Autotrophic Growth Experiments

To determine whether inactivation of either mono-functional CODH1 or CODH2
negatively affect autotrophy, C. autoethanogenum ClosTron mutants of cooS1 and
cooS2 were cultivated in either 2 bar CO or 1.3 bar H, + 0.7 bar CO,. Growth was
conducted in 250 mL serum bottles containing 50 mL CGMY medium with 3-4

technical repeats.

When growing on CO alone, the cooS1 mutant displayed some growth deficiencies,
including ~2.9 day longer lag phase and achieved a 42% lower ODgyo (p-value =
0.0002) than the WT (Figure 4.15A). It produced 25% less acetate (p-value = 0.0004),
a similar amount of 2,3-butanediol but 64% more ethanol (not statistically
significant) than the WT (Figure 4.15B - D). Unlike the cooS1 mutant, the cooS2
mutant started growing ~1.9 days earlier but achieved an ODgyo that was 31% lower
than the WT (p-value = 0.009) under pure CO conditions (Figure 4.15A). The cooS2
mutant generated 13% less acetate (p-value = 0.002) but a similar amount of ethanol

and 2,3-butanediol as the WT (Figure 4.15B - D).

A similar pattern was also observed when the cooS1 mutant and the WT were grown
in BOF gas (composition: 51.24% CO, 31.22% N,, 11.98% CO,, and 3.05% H,)
harvested from Glenbrook steel mill, New Zealand. These growth experiments were
conducted in triplicate 250 mL serum bottles containing 100 mL CGMY medium and
pressurized to 2 bar with BOF gas. In terms of growth in mill gas, the cooS1 mutant
did not experience longer growth lag phase but achieved 17% less ODggo than WT
(Figure 4.16A). Furthermore, the cooS1 mutant also produced 113% more ethanol (p-
value = 0.0005) but 18% less acetate than the WT (p-value = 0.005) (Figure 4.16B &
C).
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Figure 4.15. Growth and metabolite profiles of C. autoethanogenum WT, and
ClosTron cooS1 and cooS2 mutants on 2 bar CO. (A) Growth profile; (B) Acetate
profile; (C) Ethanol profile; and (D) 2,3-butanediol profile. Black squares = WT (N = 4);
Green triangles = cooS1 mutants (N = 3); Blue squares = cooS2 mutants (N = 3). Error
bars = standard error of mean.
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Figure 4.16. Growth and metabolite profiles of C. autoethanogenum WT and cooS1
ClosTron mutant on BOF gas. (A) Growth profile; (B) Acetate profile; (C) Ethanol
profile. Black circles = WT; Green triangles = cooS1 mutant; N = 3. Error bars =
standard error of mean.
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Under H, + CO, conditions, the cooS1 mutant displayed markedly improved growth
compared to the WT. Growth of the latter was characterised by a ~6 day lag phase
before reaching a peak ODggg of 0.184 after day 22.7. In contrast, the cooS1 mutant
was able to grow without an apparent lag phase and reached a peak ODgyo of 0.40
after day 1.6 (Figure 4.17A, green triangles). To obtain more confidence that this was
not an artefact, the growth experiment was repeated. On this occasion the cooS1
mutant still showed a marked reduction in growth lag phase and grew to a peak
ODggo of 0.324, which was 76% higher than the WT (p-value = 0.003). In the first
experiment, no significant difference in metabolite production was detected
between the cooS1 mutant and the WT (Figure 4.17B & C). In the second experiment,
the cooS1 mutant generated 37% higher titre of acetate (p-value = 0.005) but 44%
less ethanol (p-value = 0.037) than the WT (Figure 4.17B & C). The inactivation of
cooS2 resulted in a mutant that displayed slightly faster growth than the WT and
reached a peak ODgg of 0.20 after day 2.9 under H, + CO; conditions (Figure 4.17A).

This mutant produced similar amounts of acetate and ethanol as the WT (Figure

4.17B & C).
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Figure 4.17. Growth and metabolite profiles of C. autoethanogenum WT and
ClosTron cooS1 and cooS2 mutants under H, + CO, conditions. (A) Growth profile; (B)
Acetate profile; (C) Ethanol profile. Black Circles = WT; Green triangles = cooS1
mutant (experiment 1); Orange diamonds = cooS1 mutant (experiment 2); Blue
squares = cooS2 mutant. N = 3. Error bars = standard error of mean.
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4.7 Attempt at Generation of Double Knockout Mutant of cooS1 and co0S2

Since the independent inactivation of cooS1 and cooS2 appeared to improve growth
under H, + CO;, conditions (Figure 4.17A) and enhance ethanol formation when
growing in the presence of CO (Figure 4.15C & Figure 4.16C), an attempt was made
to create a cooS1 and cooS2 double knockout mutant in C. autoethanogenum. The
creation of such a double KO mutant would in addition help determine whether C.
autoethanogenum can grow unhindered autotrophically using AcsA alone and hence

gain insight into whether AcsA is the main/only functional CODH in this acetogen.

A quick and straightforward approach to generate a double KO mutant would be to
recycle the ermRAM antibiotic marker from ClosTron insertion using FLP
recombinase. To date, this approach has only been demonstrated in C.
acetobutylicum ATCC 824 (206). In this project, the same approach was employed in
C. autoethanogenum ClosTron mutant using plasmid pCLF1 (328) but no loss of
clarithromycin resistance was detected after a few attempts of replica plating.
Hence, a strategy that involves both ClosTron and ACE was utilized to create a cooS1
and cooS2 double KO mutant. First, a ClosTron KO of cooS2 was generated in the C.
autoethanogenum ApyrE strain (section 3.3.5) using the plasmid pMTLO07C-
E2::c0052-529s. Screening of clarithromycin resistant colonies using primers ‘cooS2-
529s-F' and ‘c00S2-529s-R’ generated the expected 2.2 kb intron-specific bands
(Figure 4.18A), and the resultant amplicons were verified by Sanger sequencing.
Southern Blot analysis also showed that only a single ClosTron insertion had occurred
per mutant (Figure 4.18C) and the absence of the ClosTron plasmid was

demonstrated by the loss of Tm® (data not shown).

The second step of constructing the double KO mutant of cooS1 and coo0S2 involved
IFD of cooS1 in the above CTermB::c0052-529s ApyrE strain of C. autoethanogenum.
The cooS1 IFD plasmid ‘pMTL84151-cooS1-IFD’ was constructed by first SOE PCR of
the homology arms using oligonucleotides ‘cooS1-LHA-Sacll-F’, ‘cooS1-LHA-R’,
‘cooS1-RHA-F and ‘cooS1-RHA-Ascl-R’, followed by cloning into plasmid pMTL84151-
ApyrE (section 2.14.1) using restriction sites Sacll and Ascl. The cloned homology
arms, verified by Sanger sequencing, were designed to completely delete cooS1

while retaining only the start and stop codons. Following conjugation of this cooS1
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IFD plasmid into the CTermB::c0052-529s ApyrE mutant, faster growing colonies on
thiamphenicol solid medium were preferentially streaked onto the same selective

medium to identify single crossover mutants.
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Figure 4.18. Screening of cooS2 ClosTron mutants and cooS1 single crossover in-
frame deletion (IFD) mutants. (A) PCR screening of cooS2 ClosTron mutants using
exon-spanning primers; (B) PCR screening of cooS1 single crossover IFD mutants at
the left homology arm (LHA); (C) Southern Blot analysis of cooS2 ClosTron mutants;
and (D) PCR screening of cooS1 single crossover IFD mutants at the right homology
arm (RHA). M = NEB 2-log DNA ladder; L = Promega Lambda DNA/Hindlll marker; 2 —
5 = c00S2 ClosTron mutants; 8 — 23 = cooS1 IFD single crossover mutant at LHA; 26 —
29 = Hindlll digested genomic DNA of cooS2 ClosTron mutants; 31 — 46 = cooS1 IFD
single crossover mutants at RHA; 1, 7 & 30 = Non-template controls; 6, 24 & 47 = C.
autoethanogenum WT genomic DNA control; 25 & 48 = pMTL84151-cooS1-IFD
plasmid control.

Since the LHA and RHA are similar in lengths (580 bp and 557 bp, respectively), single
crossover should occur at either homology arm with similar frequencies.
Oligonucleotides ‘IFD-plasmid-F’ and ‘cooS1-601s-R’ were used to detect single
crossover at LHA while primers ‘cooS1-601s-F’ and ‘IFD-plasmid-R’” were employed

for the detection of single crossover at RHA. Figure 4.18B and D showed the
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expected bands of 1128 bp and 2084 bp were detected for LHA and RHA,
respectively, in the screened Tm® colonies, indicating the single crossover event had
occurred at both homology arms. These bands were not detected in the NTC, WT
controls and plasmid controls (Figure 4.18 B & D). Despite the lack of amplification in
the controls, the presence of single crossover bands at both LHA and RHA suggests
that the clones were mixed populations or non-specific amplifications that coincided
with the expected amplicon sizes. Nonetheless, these putative single crossover
mutants from both types of integrant were subjected to FOA selection according to
section 2.14.1 to select for the second crossover event. FOA® colonies emerged
within 3 days of incubation and they were screened using oligonucleotides ‘cooS1-
Seg-F’ and ‘cooS1-Seq-R’ to detect successful IFD of cooS1. In two independent FOA
selection rounds and PCR screening of 60 colonies, none showed successful IFD of
cooS1 because the second crossover occurred at the same homology arms in 57/60
(95%) of the screened colonies (data not shown), resulting in reversion back to the
WT allele of cooS1. No PCR product was detected in the remaining 3 screened
colonies. The screening primers were carefully designed to anneal outside of the

homology arms to prevent amplification of homology arms in the IFD plasmid.

4.8 Discussion

4.8.1 acsA is Empirical for Autotrophy in C. autoethanogenum

The CODH/ACS complex is encoded by five genes: acsA (CODH), acsB (ACS), acsC
(encoding corrinoid iron-sulfur protein large subunit), acsD (coding for corrinoid iron-
sulfur protein small subunit) and acsE (encoding methyltransferase subunit). These
genes are often arranged in close chromosome proximity and form the Wood-
Ljungdahl gene cluster as is the case in C. autoethanogenum (53, 73, 308). The
genome of C. autoethanogenum encodes one acsA, which is uniquely split into two
CDS (CAETHG_1621 and 1620) due to an internal ‘TGA’ stop codon. In one attempt
acsA was knocked out using ClosTron mutagenesis so a C. autoethanogenum devoid

of functional AcsA is viable when cultivated heterotrophically.
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When the acsA mutant was tested autotrophically, no growth was detected in serum
bottles containing 2 bar CO (48 day incubation) or 1.3 bar H, + 0.7 bar CO, (27 day
incubation). In contrast, C. autoethanogenum WT controls were able to grow up to
an ODggp of 1.98 in CO and an ODggg of 0.17 in Hy+ CO,. While this loss of autotrophy
as a result of acsA inactivation is not surprising, some microorganisms are able to
continue to grow autotrophically when CODH/ACS is disrupted. For instance, the
CODH subunit of CODH/ACS in Methanococcus maripaludis was inactivated via
random transposon mutagenesis but the mutant was still able to grow in H, + CO; in
the presence of acetate (329). Genome sequencing of this bacterium revealed only
one CODH/ACS cluster (330). In Methanosarcina acetivorans which has two
CODH/ACS isoforms, deletion studies showed that the microorganism can grow
autotrophically in CO when one (but not both) of the two CODH/ACS isoforms

present in this organism was deleted (302).

To provide further evidence that the loss of autotrophy in C. autoethanogenum is
due to inactivation of acsA, complementation assays by plasmid expression of
CAETHG_1621 (strain  ‘acsAKO+acsA™") or CAETHG_1621+1620 (strain
‘acsAKO+acsA™"”) were undertaken to restore autotrophy. In CO growth
experiments, both complementation strains were able to grow up to an ODggg 1.05 -

1.10, but the strain expressing acsA™

displayed a relatively shorter growth lag phase
of ~29 days while the strain acsAKO+acsA™" exhibited an extended lag phase of ~43
days. It should be emphasized that these were only partial restorations because the
plasmid control strain was able to reach an ODgy of 1.89 with a growth lag phase of
only ~9.9 days under the same conditions. Although the complementation plasmids
employ the native P,sa promoter, differences in acsA gene dosage would have arisen

due to the discrepancy between plasmid copy number and chromosomal gene

number.

Besides the marked difference in growth lag phase under CO conditions between the

full

two acsA complementation strains, the expression of acsA™" also restored acetate

titre closer to plasmid control level than the complementation strain expressing

trunc

acsA™ . Interestingly, both complementation strains generated 85 - 120% more

ethanol than a strain carrying the plasmid only control. One possible explanation for

130



4. cooS and acsA Mutants

this phenomenon is the slow generation of biomass in complementation strains
resulting in excess reducing equivalents, which were consumed in ethanol formation

pathways.

trunc

The observation that expression of the upstream acsA alone is sufficient to at
least partially restore autotrophy in a acsA KO mutant is significant because it raises
guestions about the role of the downstream acsA CDS. Although the insertional
nature of ClosTron mutagenesis at the upstream acsA CDS means it is possible for
the downstream acsA to still be expressed, Western Blot of C. autoethanogenum
expressing C-terminus FLAG-tagged acsA provided no evidence of independent
expression of the downstream acsA CDS (Figure 4.14A, lane 2). However, the
difference in growth lag phase and product formation between the two
complementation strains in CO growth experiments indicates that the downstream

acsA CDS of C. autoethanogenum has a role to play in autotrophy and product

synthesis.

4.8.2 Plasmid Overexpression of AcsA Reduced Growth Lag Phase in CO
and Increased Biomass on Fructose
By employing qRT-PCR, acsA and other subunits of CODH/ACS of C
autoethanogenum were shown to be the most abundantly transcribed genes under
autotrophic conditions (53). Furthermore, CODH/ACS was also reported to be highly
expressed in M. thermoacetica and accounted for 2% of soluble cell protein (80).
Hence, it is likely that CODH/ACS of C. autoethanogenum is already very highly
expressed and it is not the bottleneck of the WLP. Nonetheless, given the potential
benefits of enhanced carbon fixation, this project examined the effect of plasmid

full

overexpression of acsA™" under autotrophic and heterotrophic conditions.

Ul reduced growth lag phase

In the presence of 2 bar CO, the overexpression of acsA
by 4.2 days without affecting peak ODgy When compared to the plasmid control
strain. Compared to the plasmid-only control, the overexpression strain generated
21% higher titres of ethanol, 29% less 2,3-butanediol but similar amounts of acetate.

full

Under heterotrophic growth conditions, the overexpression of acsA™" allowed the

131



4. cooS and acsA Mutants

cells to achieve a 24% higher ODggo wWithout significantly affecting acetate or ethanol
production. While these results are not spectacular, the reduction of growth lag
phase and enhancement of ethanol production by acsA overexpression in C.
autoethanogenum may result in significant improvement in the economics of

industrial gas fermentation.

4.8.3 KO of acsA Shifted Carbon and Electrons from Biomass and Acetate
into the Products Ethanol and 2,3-Butanediol Under Heterotrophic
Conditions

During Embden—Meyerhof—Parnas (EMP) glycolysis, one mole of hexose sugar is

metabolized to 2 mol acetyl-CoA, 2 mol CO, (generated from PFOR reaction) and 8

electrons (Figure 4.19). Acetogens such as C. autoethanogenum are able to utilize the

8 electrons to reassimilate the released 2 mol CO, into an additional acetyl-CoA,

resulting in complete carbon conversion. Recently, the ability of acetogens to

perform acetogenic mixotrophy was highlighted as a novel route to improve biofuel
and biochemical yields (106). Transcriptomic studies in C. ljungdahlii showed that
gene expression of the CODH/ACS complex in the presence of fructose is down-
regulated by 1.55 to 1.79-fold when compared to 80 CO: 20 CO, (167), and not

significantly affected when compared to H, + CO, conditions (170).

In this study, the creation of a C. autoethanogenum acsA KO mutant provided a
unique opportunity to examine the effect of a disabled WLP on a microbe that
normally performs acetogenic mixotrophy. With 10 g/L fructose, the acsA KO mutant
reached 61% lower ODgoo and exhibited prolonged growth lag phase, while producing
little or no acetate. The lack of acetate production is surprising because this pathway
provides a valuable ATP via SLP from acetyl-CoA to acetate, and acetate production is
one of the hallmarks of acetogens. Acetate is often viewed as an undesirable by-
product during biofuel or commodity chemical production so attempts have been
made in the literature to engineer strains that do not produce acetate. For instance,

phosphotransacetylase and/or acetate kinase was inactivated in C. acetobutylicum
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(239), C. tyrobutyricum (331), and E. coli (332) but acetate production was not
abolished.

Without significant acetate production, most of the carbon from fructose was
diverted towards reduced products ethanol and 2,3-butanediol in the acsA KO
mutant. The inactivation of acsA increased peak ethanol levels by 113%, and boosted
2,3-butanediol titres by 138% when compared to the WT. This phenomenon most
likely arose from the accumulation of excess reducing equivalents as a result of a
disabled WLP, which generated the driving force for the electron-consuming ethanol

and 2,3-butanediol biosynthetic reactions (Figure 4.19).
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Figure 4.19. The inactivation of CODH/ACS in C. autoethanogenum generates excess
reducing equivalents which get consumed in biochemical reactions that lead to
ethanol, 2,3-butanediol and lactate formation.

trunc full

During complementation assays, the plasmid expression of either acsA or acsA

in the acsA KO mutant resulted in some restoration of phenotypes in the presence of

full

10 g/L fructose. However, the expression of acsA™ restored biomass and
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metabolites to levels that better resembled the WT phenotype than the

trunc

complementation strain expressing only acsA™" . This difference in phenotypic
restoration is consistent with the autotrophic growth experiments described earlier,
providing further evidence that the downstream CDS of acsA of C. autoethanogenum

is not functionally redundant.

4.8.4 No Evidence of CO Oxidation by CODH1 and/or CODH2 in acsA KO
Mutant Mixotrophic Growth Experiments
RNAseq experiments compared the transcript levels of these CODHs in C. ljungdabhlii
during early exponential growth phase and found that cooS1 and cooS2 were
significantly down-regulated in 80 CO: 20 CO, conditions in comparison to growth on
fructose (167). The authors predicted that the mono-functional CODHs did not
significantly contribute to the oxidation of CO, but it was the CODH/ACS complex
that was mostly responsible for this process. In order to gain insights into the roles of
the remaining CODHs (cooS1 and c00S52) in the C. autoethanogenum acsA KO mutant,
mixotrophic growth experiments were conducted. By providing both 10 g/L of
fructose and 2 bar of CO, the acsA KO mutant was hypothesized to grow using
fructose while oxidizing CO into CO, if the remaining CODHs were active. Surprisingly,
not only did the acsA mutant not consume CO it actually generated an additional
2.03 mmol CO while the WT control was able to consume 8.52 mmol CO. Based on
the 2.15-fold higher amount of CO, produced by WT compared to acsA KO mutant
while both strains exhausted the same amount of fructose substrate, it is deduced
that the WT was able to oxidize CO to CO; instead of directly using CO in the carbonyl
branch of the WLP. These results indicate that while the WT strain is able to oxidize
CO, neither CODH1 nor CODH2 in the acsA mutant are able to catalyze CO oxidation.
Instead, the physiological roles of these mono-functional CODHs may lie in the
direction of CO; reduction since additional CO was produced by the acsA KO mutant

during mixotrophic growth experiments.

To further investigate the roles of cooS1 and/or cooS2 in the acsA KO mutant, the

bacterial strain was cultivated in the presence of both 10 g/L acetate and 2 bar CO.
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Some sulphate-reducing bacteria (e.g., Desulfotomaculum acetoxidans,
Desulfobacterium autotrophic and Archaeoglobus fulgidus) are able to oxidize
acetate to CO, and H, via reverse WLP (321). In this study, 10 g/L acetate was found
to be stimulatory rather than inhibitory to C. autoethanogenum in the presence of
CO. Based on the lack of acetate consumption in the WT, and the absence of growth
of the acsA KO mutant in acetate + CO growth experiments, there is no evidence that
C. autoethanogenum is able to carry out reverse WLP. Consequently, the role of
c00S1 and co0S2 in the acsA KO mutant under such experimental conditions remains

unknown.

4.8.5 Partial Translational Read-Through in acsA of C. autoethanogenum

Despite the presence of an internal ‘TGA’ stop codon in the acsA gene of C
autoethanogenum, it was hypothesized that there may be some translational read-
through mechanisms that allow the generation of a full AcsA peptide. The basis for
this hypothesis was the apparent lack of a RBS to drive downstream acsA CDS
translation, and complementation studies of acsA KO mutant under autotrophic and

heterotrophic conditions indicated a role for the downstream CDS.

By fusing FLAG-tag to either the N-terminus or C-terminus of AcsA, the translation
pattern of acsA was investigated in C. autoethanogenum, C. acetobutylicum and E.
coli using Western Blots and anti-FLAG antibody. Depending on the position of the
FLAG-tag, the truncation of the 69 kDa full AcsA protein can result in tagged proteins
of 44 kDa or 25 kDa. In C. autoethanogenum crude lysates carrying an acsA gene
encoding an AcsA protein with a C-terminal FLAG-tag, a ~69 kDa protein rather than
a ~25 kDa band was detected in Western Blot. This indicates that a translational
read-through of acsA occurs in C. autoethanogenum and there is no independent
translation of the downstream CDS. Analysis of the abundance of the ~69 kDa
protein in the lysates of cells carrying the native acsA gene and a variant in which the
TGA codon was replaced with TCA clearly showed higher levels of protein were

produced in the latter case. This indicates that the formation of the full AcsA protein
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by overcoming the ‘TGA’ stop codon is less efficient than the synthesis of the full

length AcsA product containing a ‘TCA’ serine codon.

To gain a better understanding of the acsA translation pattern, an N-terminal FLAG-
tagged acsA plasmid was constructed so translation of the upstream acsA CDS (~44
kDa) could be detected. Indeed, comparison of band intensities in crude extracts of
C. autoethanogenum showed that the ~44 kDa truncated AcsA protein is the
dominant product, rather than the ~69 kDa full sized AcsA protein. This result
provided further evidence that the translational read-through event that occurs for
the native acsA gene of C. autoethanogenum is partial and inefficient. It is unknown
whether the ability of C. autoethanogenum to generate mature and truncated AcsA
is a novel regulatory mechanism that serves some physiological purposes, or poses as
a handicap that hinders acetogenesis. It is interesting to note that under CO
conditions C. autoethanogenum has a slightly longer doubling time of 4 h than C.
liungdahlii’s doubling time of 3.8 h (333), and one may speculate that the different

acsA translation patterns (TGA vs TCA) may contribute to this phenotype.

One of the mechanisms that allow translational read-through is through the
incorporation of selenocysteine at the ‘TGA’ stop codon although to date there has
been no report of selenocysteine CODH. The catalytic activities of many
selenoproteins are often superior to their cysteine-containing counterparts (334). For
instance, the maximal turnover number (K) of formate dehydrogenase H in E. coli
was reduced by 300-fold when its selenocysteine was replaced with cysteine (335).
While a bSECIS was not detected in the acsA gene of C. autoethanogenum using the
algorithm developed by Zhang and Gladyshev (2005) (324), manual examination of
the sequence immediately downstream of the ‘TGA’ codon uncovered a stem-loop
structure that resembles bSECIS. To investigate the possibility of selenocysteine
incorporation in acsA, FLAG-tagged acsA variants were expressed in C

acetobutylicum ATCC 824 and E. coli.

C. acetobutylicum was included as a host to study the translation pattern of acsA
because this microbe is not known to encode selenoproteins and lacks the genes to

synthesize and incorporate selenocysteine. Surprisingly, none of the crude extracts
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from C. acetobutylicum generated signals during Western Blots analysis. Given the
absence of a protein band in the positive control strain that contains the FLAG-
tagged acsA variant containing a ‘TCA’s serine codon, it is concluded that the P,ca
promoter of C. autoethanogenum is not functional in C. acetobutylicum. Further
investigations that involve the use of a C. acetobutylicum promoter such as thiolase
promoter or ferredoxin promoter may be required to determine the translation

pattern of acsA in this microorganism.

E. coli is one of the model microorganisms for selenocysteine synthesis and
incorporation. Under growth conditions that were conducive to selenocysteine
formation and incorporation, E. coli crude extracts that expressed either N-terminal
or C-terminal FLAG-tagged acsA failed to produce the ~69 kDa full sized AcsA
product. Instead, the ~44 kDa truncated protein was detected. As a positive control
with equal sample loading, the acsA variant with ‘TCA’ serine codon successfully
generated the full ~69 kDa protein in the E. coli host. The recognition of C.
autoethanogenum P, in E. coli is not unprecedented, as the M. thermoacetica
CODH/ACS gene cluster was efficiently expressed in E. coli using the native clostridial
transcriptional and translational signals (107). Collectively these results showed that
the post-translational read-through event in acsA is host-specific to C.

autoethanogenum and it is unlikely to involve selenocysteine incorporation.

It is well established that ‘TGA’, ‘TAG’ and ‘TAA’ are commonly employed but not
universal codes for stop signals during protein translation (336). The ‘TGA’ stop
codon is particularly prone to failure and it has been used as a code for tryptophan in
mitochondria (337), E. coli (338), Mycoplasma species (339), Saccharomyces
cerevisiae (340) and Spiroplasma citri (341). In addition to the amino acid
tryptophan, cysteine and arginine have also been reported to be incorporated at
‘TGA’ stop codons in S. cerevisiae (340) and Moloney murine leukemia virus (342).
The genome of C. autoethanogenum encodes only one tRNA with anticodon 5'-CCA-
3’ (CAETHG_RO0046) and it codes for tryptophan. As demonstrated by Blanchet et al.
(2014), a suppressor tRNA with this anticodon is able to recognize ‘TGA’ stop codon
due to a non-Watson Crick base pair in the wobble position, resulting in translational

read-through (340). Hence, it is possible that the internal ‘TGA’ stop codon within the
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acsA gene of C. autoethanogenum is used to incorporate tryptophan and allow
translation to continue until the ribosome encounters the next stop codon. Peptide
sequencing using mass-spectroscopy can be performed to identify the unknown

amino acid corresponding to the ‘TGA’ stop codon.

In contrast to the leaky ‘TGA’ stop codon, reporter assays in E. coli showed that the
‘TAA’ stop codon is a more efficient translational stop signal (336). In agreement with
this observation, alteration of the internal ‘TGA’ stop codon of acsA to a ‘TAA’ stop
codon completely blocked the translation of the full AcsA peptide in both C.
autoethanogenum and E. coli hosts, as evident by the absence of protein bands in

the C-terminus FLAG-tagged acsA(TAA) crude lysates.

4.8.6 cooS1 ClosTron Mutant Grows Better in Hz+CO: Conditions and
Produces More Ethanol in the Presence of CO than WT
The mono-functional cooS1 of C. autoethanogenum is chromosomally colocalized
with genes encoding a putative 4Fe-4S ferredoxin Fe-S binding protein and
ferredoxin-NAD(+) reductase but its function is not clear. It has been reported that
the physiological functions of mono-functional CODH lay in the direction of CO
oxidation to allow microbes to oxidize CO at low levels in the environment, whereas
the CODH component of CODH/ACS complex reduces CO, into [CO] moiety for
acetyl-CoA synthesis (78, 308). Consistent with this notion, the cooS1 KO mutant
displayed some growth deficiencies in the form of increased growth lag phase and
reduced ODggg While metabolizing CO. However, this mutant also generated 64%
more ethanol on pure CO, and 113% increased ethanol compared to the WT on BOF
gas. The reduced growth of cooS1 mutant in the presence of CO may result in
accumulation of excess reducing equivalents that get consumed in ethanologenic

pathways.

Under H, + CO, conditions, the mutant is able to grow without an apparent lag phase
and also reaches twice the ODgyo of the WT. Since during acetyl-CoA synthesis the
reduced [CO] moiety is enclosed within the CODH/ACS complex to reduce internal

thermodynamic barriers (343-345), the presence of another CODH may act as a
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competitor for CO,. This provides a possible explanation of how inactivation of
mono-functional CODH may increase the efficiency of the CODH/ACS enzyme

complex, which leads to enhanced growth on H, + CO,.

4.8.7 Autotrophy and Product Formation of c00S2 Mutant is Not
Significantly Affected

Unlike the cooS1 mutant, autotrophic growth of the cooS2 mutant in CO is not

significantly affected. The cooS2 mutant even showed a mild decrease in growth lag

phase but reduced ODgy in the presence of CO when compared to the WT. This

result, combined with a lack of impact on H, + CO, autotrophic growth, suggests that

c00S2 is not heavily involved in autotrophy of C. autoethanogenum. The role of this

protein remains unclear as it is not genetically colocalized with other relevant genes.

4.8.8 Attempt at Generation of Double KO co0S51 and cooS2 Mutant

The presence of multiple CODHs complicates the interpretations of phenotypes from
single CODH KO mutants. One solution to this problem is the creation of multiple
CODHs KO in the same cell. In this project, an attempt was made to inactivate both
cooS1 and cooS2 in C. autoethanogenum to gain a better understanding of acsA.
Given the favourable phenotypes of cooS1 and cooS2 under certain autotrophic
conditions, the elimination of both mono-functional CODHs may reduce competition

for AcsA to access CO/CO,, resulting in a strain that is superior in carbon fixation.

Theoretically the introduction of FLP recombinase should allow the ermRAM marker
of a ClosTron insertion to be recycled for generation of multiple KO mutants.
However, clarithromycin sensitive colonies from C. autoethanogenum ClosTron
mutants proved to be unattainable. Hence, an alternative approach that involved
both ClosTron mutagenesis and ACE was pursued. First, a ClosTron cooS2 mutant was
constructed in a C. autoethanogenum ApyrE strain. Following that, an IFD plasmid
that aimed to delete cooS1 was introduced and putative single-crossover mutants
were detected at both homology arms during PCR screening, indicating mixed clonal

populations. These putative single-crossover mutants were then subjected to FOA
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selection to select for the second crossover event. PCR screening of the FOAR clones
showed that the clones had reverted back to WT allele. For future work, clones with
single crossover at either homology arms should first be isolated before FOA

counter-selection.

4.9 Chapter Summary

As expected, ClosTron KO of the acsA abolished autotrophic growth and significantly
hindered heterotrophic growth of C. autoethanogenum, confirming the acetogenic
role of CODH/ACS under both growth conditions. The lack of acetate production, and
enhanced formation of reduced products ethanol and 2,3-butanediol during
heterotrophic growth of the acsA mutant, suggests such a mutant may be useful for
the study of acetogenic mixotrophy as a novel route to improve biofuels and
biochemicals production (106). Although CODH/ACS is already very highly expressed
in C. autoethanogenum (53), this study demonstrated that plasmid overexpression of

acsAfull

can reduce growth lag phase and increase ethanol yield under CO conditions.
For future work, synthetic operon(s) with modified promoters that drive the
expression of all five subunits of CODH/ACS could be integrated into the genome of

C. autoethanogenum to create a potentially superior biocatalyst.

Examination of the translation pattern of acsA in C. autoethanogenum, which
uniquely has an internal ‘TGA’ stop codon, revealed that while there is clearly a
translational read-through event in acsA, the full length protein is only a secondary
product compared to the truncated AcsA protein based on protein band intensities.
Due to the empirical roles of acsA in acetogenesis, the ‘TGA’ stop codon of C.
autoethanogenum can be ‘repaired’ to ‘TCA’ serine codon using allelic-exchange
techniques such as ACE to assess its impact on autotrophic growth. The lack of
translational read-through AcsA product in E. coli crude lysates suggests the
translational read-through mechanism is unique to C. autoethanogenum. Peptide
sequencing using mass spectroscopy should identify the mysterious amino acid
corresponding to the internal ‘TGA’ codon of acsA and elucidate the precise

mechanism for the translational read-through event.

140



4. cooS and acsA Mutants

While some growth deficiencies were observed with the cooS1 inactivation mutant
during CO growth, the mutant surprisingly grew significantly better than WT under
H, + CO, conditions. These results indicate that cooS1 is involved in CO oxidation but
its presence somehow negatively affected the CO, reduction process, possibly by
competing with the CODH/ACS complex. Since the inactivation of cooS2 did not
significantly affect autotrophic growth in either CO or H, + CO,, it is concluded that
cooS2 is not a major player for CO oxidation and acetogenesis in C.
autoethanogenum. To provide a more definitive insight into the roles of cooS1 and
cooS2, the genes can be independently cloned, expressed and purified in C.

autoethanogenum to study their functions via enzymatic assays.
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5 Generation and Characterization of Bi-functional Aldehyde/Alcohol

Dehydrogenase Mutants

5.1 Introduction

As part of the solventogenic pathway, the bi-functional aldehyde/alcohol
dehydrogenase (AdhE) is prevalent in many fermentative microorganisms. The
enzyme complex catalyzes the sequential conversion of acyl-CoA into alcohol via an
aldehyde intermediate, with concomitant regeneration of NAD(P)+ from NAD(P)H
(149, 346-348). AdhE typically consists of an N-terminal acetylating aldehyde
dehydrogenase domain (Ald) followed by a C-terminal alcohol dehydrogenase
domain (Adh), which is commonly of the Fe-type Adh superfamily (347, 349). The key
role of AdhE in alcohol formation has been demonstrated in C. ljungdahlii (229, 230),
C. acetobutylicum (149), C. thermocellum (350), E. coli (347), Lactococcus lactis (348),
Geobacillus thermoglucosidasius (349) and Thermoanaerobacter ethanolicus (346).
The purified AdhE2 from C. acetobutylicum and AdhE from T. ethanolicus exhibited
high Ald activity but low Adh activity (149, 346), which may explain why many

fermentative microorganisms possess multiple adh genes.

Deletion studies and the characterization of the separate AdhE domains indicate that
the Ald domains and Adh domains are functionally autonomous (348, 351, 352). It
has been hypothesized that the fusion of ALDH and ADH activities into the same
peptide may enhance the successive reduction of an acyl-CoA to an alcohol by
bringing the two catalytic sites into close proximity, and helps lower the steady state
level of aldehydes, which are generally very toxic intermediates (346, 347, 351).
Recently, the structure of the Adh domain of AdhE from G. thermoglucosidasius was
solved using X-ray crystallography, and combined with in silico prediction of the Ald
domain to generate an AdhE protein complex structure that resembles spirosomes
(multimeric high molecular weight helical structures) (349). Furthermore, Western
Blot of cell lysates containing AdhE from E. coli and Entamoeba histolytica also
showed the presence of high molecular weight structures indicative of spirosomes

(351, 353). The prospect of AdhE spirosomes may provide a mechanism for how the
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formation of substrate channelling may insulate the cell from the reactive

acetaldehyde intermediate and improve enzyme kinetics for Adh (349).

The importance of AdhE is highlighted by fermentative microbes that harbour
multiple adhE genes, for instance C. autoethanogenum (38), C. ljungdahlii (37), C.
carboxidivorans P7 (39, 40), and C. acetobutylicum (35). These adhE genes appear in
tandem in the mentioned acetogens, while the two adhE genes in saccharolytic C.
acetobutylicum are encoded at separate loci on the pSOL megaplasmid. During
syngas (60 N,:20 CO:15 CO,:5 H,) bioreactor fermentation, the two C.
carboxidivorans adhE genes (CcarbDRAFT_4321 and CcarbDRAFT_4322) showed
differential gene expression, with the mRNA level of adhE2 higher than adhEl,
indicating separate roles for each during solventogenesis (150). Deletion mutants of
C. ljungdahlii showed that adhE1 (CLIU_c16510), rather than adhE2 (CLJU_c16520), is
the homolog responsible for ethanol formation under heterotrophic conditions (229,

230).

The putative adhE operon (including 650 bp promoter region of adhEl) of C.
autoethanogenum (Figure 5.1) shares the highest nucleotide identity with C.
liungdahlii at 98%, but only 78% with C. carboxidivorans P7. At the amino acid (AA)
level, the sequence identities are 99% (867/870) in AdhE1l and 99% (869/877) in
AdhE2 between C. autoethanogenum and C. ljungdahlii. The corresponding AA
identities of AdhE1l and AdhE2 are 80% (705/876) and 87% (768/877) between C.
autoethanogenum and C. carboxidivorans. Similar to C. carboxidivorans, the
intergenic region between adhE1l and adhE2 of C. autoethanogenum is predicted to
encode a terminator and a promoter region for adhE2 (38, 150), which supports the
potential for differential expression. In C. autoethanogenum, AdhE2 is 7 residues

larger than AdhE1 and they share 86% AA identity.

To investigate the roles of AdhE on solventogenesis in C. autoethanogenum, ClosTron
mutants of adhEl and adhE2 were independently constructed. Furthermore, the
generation of adhE IFD mutants was also attempted. Characterization of these
mutants under autotrophic and heterotrophic conditions revealed interesting

insights into the solventogenic pathway of this acetogen.
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Figure 5.1. Gene arrangement of adhE1l and adhE2 in C. autoethanogenum with
predicted catalytic domains (purple blocks), promoter elements (green triangles),
transcriptional terminator (blue triangles), ribosomal binding sites (RBS; grey
triangles) and ClosTron insertion sites (yellow triangles).

5.2 Generation of ClosTron Knockout Mutants adhE1a, adhE1b and adhE2

To generate independent knockout mutants of adhE1 and adhE2, ClosTron plasmids
pMTLO07C-E2::adhE1a-115s, pMTLO07C-E2::adhE1b-255a and pMTLO07C-E2::adhE2-
662s, respectively, were conjugated into C. autoethanogenum according to section
2.12.3. The first two ClosTron plasmids were constructed to separately inactivate the
Ald and Adh domains of adhEl, generating mutants ‘adhEla’ and ‘adhE1b’,
respectively. The ClosTron insertion sites are highlighted in Figure 5.1. Clarithromycin
resistant colonies were subjected to PCR screening using primer pairs ‘adhE1-115s-F’
and ‘adhE1-115s-R’ for adhEla mutant, ‘adhE1lb-255a-F and ‘adhE1lb-255a-R’ for the
adhE1b mutant, and ‘adhE2-662s-F' and ‘adhE2-662s-R’ for the adhE2 mutant. The
screened clones showed the expected 2.0-2.1 kb bands (Figure 5.2A) and these PCR
products were verified by Sanger sequencing. These ClosTron mutants were streaked
onto the same selective medium until the ClosTron plasmids had been cured (shown
by patch plating). As final validation, Southern Blot analysis was performed to ensure

that a ClosTron insertion event had occurred only once per mutant (Figure 5.2B).
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Figure 5.2. Screening and validation of adhEla, adhElb, and adhE2 ClosTron
mutants. (A) Gel electrophoresis of PCR using exon-spanning primers; Lanes 2 — 4 =
adhEla mutants; Lanes 7 — 9 = adhE1b mutants; Lanes 12 — 14 = adhE2 mutants;
Lanes 1, 6, & 11 = Non-template controls; Lanes 5, 10 & 15 = WT controls; M = NEB 2-
log DNA ladder; (B) Southern Blot analysis of Hindlll digested genomic DNA of
adhEla mutants (lanes 16 — 18), adhE1b mutants (lanes 19 & 20), and adhE2 mutants
(lanes 21 — 23). L = Promega Lambda DNA/HindIll marker.
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5.3 Characterization of ClosTron adhE1a, adhE1b and adhE2 Mutants

5.3.1 Autotrophic Growth Experiment in CO

Serum bottle growth experiments in the presence of CO were carried out to assess
the impact of adhE inactivation in C. autoethanogenum. Each 250 mL serum bottle
was filled with 50 mL CGMY medium and 2 bar CO headspace, or 100 mL CGMY
medium with 2 bar BOF gas (composition: 51.24% CO, 31.22% N,, 11.98% CO,, and
3.05% H,) harvested from a steel mill in Glenbrook, New Zealand. Incubation was
carried out at 37°C with agitation for up to 34 days for pure CO cultures and 13 days

for BOF gas cultures.

In 2 bar CO, growth of all three adhE mutants underwent a significantly longer lag
phase compared to the WT and achieved much reduced final culture densities with
the ODggg only 45-53% of the WT (p-values <0.01) (Figure 5.3A). When the two adhE1
mutants were compared, the strain with the upstream domain inactivated (adhE1la)
displayed a longer growth lag phase of ~18 days, relative to the ~11 day growth lag
phase observed for the mutant with the downstream domain inactivated (adhE1b)
(Figure 5.3A). In terms of acetate production, the adhEla mutant showed the larger
reduction at 34% (p-value <0.0001), followed by the adhE1b mutant which displayed
a 13% decrease when compared to WT (p-value = 0.034) (Figure 5.3B). In contrast,
the adhE2 mutant produced 13% higher acetate titres than the WT (p-value = 0.003)
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(Figure 5.3B). Remarkably, all three adhE mutants synthesized higher amounts of
ethanol than the WT despite achieving a relatively lower biomass. When compared
to WT, the adhEla mutant generated 183% more ethanol (p-value = 0.0005), the
adhE1b mutant produced 171% higher ethanol (not statistically significant) and the
adhE2 mutant synthesized 154% elevated ethanol (p-value = 0.021) (Figure 5.3C).
This increase in ethanol titre in adhE mutants was partially compensated by a
decrease in the levels of 2,3-butanediol, which were reduced by 48 - 68% relative to

the WT (p-values <0.004) (Figure 5.3D).
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Figure 5.3. Growth and metabolite profiles of adhEla, adhE1lb and adhE2 ClosTron
mutants on CO. (A) Growth profile; (B) Acetate profile; (C) Ethanol profile; and (D)
2,3-Butanediol profile. Black circles = WT (N = 4); Red triangles = adhE1la mutant (N =
3); Green inverted triangles = adhE1b mutant (N = 2); Blue squares = adhE2 mutant
(N =3); Error bars = standard error of mean.

The behaviour of the ClosTron adhEla mutant and the WT when grown in serum

bottles with BOF gas was also examined. Similar to growth in pure CO, the adhEla
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mutant underwent a longer growth lag phase than the WT and achieved a 30% lower
cell density (p-value = 0.001) (Figure 5.4A). Despite the reduced biomass, the mutant
produced 54% higher levels of ethanol than the WT (p-value = 0.001), but 39% less

acetate (p-value <0.0001)(Figure 5.4B & C).
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Figure 5.4. Growth and metabolite profiles of C. autoethanogenum WT and adhEla
mutant on BOF gas. (A) Growth profile; (B) Acetate profile; and (C) Ethanol profile.
Black circles = WT (N = 3); Red triangles = adhEla mutant (N = 4). Error bars =
standard error of mean.

5.3.2 Heterotrophic Growth Experiment

For evaluation of the impact of adhE inactivation on heterotrophic growth, the three
(adhEla, adhElb and adhE2) ClosTron mutants were grown in 250 mL serum bottles
containing 50 mL CGMY medium supplemented with 10 g/L fructose (final
concentration). As shown in Figure 5.5A, both the adhEla and adhElb mutants
showed a slightly longer lag phase but grew to a similar ODggg as the WT. In contrast,
the peak ODggg of the adhE2 mutant was 28% lower than the WT (p-value <0.0001)
(Figure 5.5A). Even after 13 days of growth, 0.92 g/L of fructose was detected in the

adhE2 mutant culture, whereas all the other strains completely exhausted the
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substrate prior to day 3 (data not shown). All three adhE mutants reached peak
acetate levels of 72.15 — 76.53 mM, which are 31 — 43% higher than the WT (55.12
mM) (p-values <0.05) (Figure 5.5B). When compared to the WT, both adhE1 mutants
synthesized similar amounts of ethanol but the adhE2 mutant only generated 37% of
the WT ethanol titres (p-value = 0.0035) (Figure 5.5C). All three adhE mutants
produced less than half of the 2,3-butanediol recorded in the WT culture (p-values

<0.05) (Figure 5.5D).
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Figure 5.5. Growth and metabolite profiles of C. autoethanogenum WT and adhE
ClosTron mutants growing on fructose. (A) Growth profile; (B) Acetate profile; (C)
Ethanol profile; and (D) 2,3-butanediol profile. Black circles = WT (N = 4); Red
triangles = adhEla mutant (N = 3); Green inverted triangles = adhE1b mutant (N = 3);
Blue squares = adhE2 mutant (N = 3); Error bars = standard error of mean.

5.4 Generation of AadhE1 and AadhE1+2 In-Frame Deletion Mutants
For long genes that have functionally autonomous domains, intron-based
mutagenesis may only disrupt one of the domains and may not be sufficient to

prevent the production of a polypeptide encoded by the non-disrupted coding
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region. Hence, IFD was attempted to entirely delete both domains of adhE1, as well
as adhE1 + adhE2 in C. autoethanogenum. For the deletion of adhE1, homology arms
were constructed using SOE-PCR with oligonucleotides ‘adhEl-ald-LHA-Sacll-F,
‘adhE1-IFD-LHA-R’, ‘adhE1-IFD-RHA-F’ and ‘adhE1-IFD-RHA-Ascl-R’. Restriction sites
Sacll and Ascl were used to clone the homology arm cassette into plasmid

‘PMTL84151-ApyrE’ (section 2.14.1) to generate plasmid ‘pMTL84151-adhE1-IFD’.

For the construction of adhE1l + adhE2 IFD homology arm cassette, SOE-PCR was
performed using primers ‘adhE1-ald-LHA-Sacll-F’, ‘adhE1&2-SOE-B’, ‘adhE1&2-SOE-C’
and ‘adhE1&2-RHA-Ascl-R’. This cassette was then cloned into plasmid ‘pMTL84151-
ApyrE’ using restriction sites Sacll and Ascl, resulting in plasmid ‘pMTL84151-
adhE1&2-IFD’. The cloned homology arms were verified by Sanger sequencing and
they were designed to completely delete adhE1l or adhE1l + adhE2 while retaining
only the start and stop codons. Following conjugation of these IFD plasmids into the
ApyrE mutant, faster growing colonies on thiamphenicol solid medium were
preferentially streaked onto the same selective medium to identify single-crossover

mutants.

Since the LHA and RHA are similar in length (less than 21 bp difference) for both IFD
plasmids, single crossover should theoretically occur at either arm with similar
frequencies. PCR screening using oligonucleotides ‘IFD-plasmid-F’ and ‘adhE2-662s-R’
detected a single crossover event at the RHA (generating a 1892 bp amplicon) for
adhE1 IFD in 11 of the 16 fast growing Tm" colonies (data not shown). These single
crossover clones were then subjected to FOA selection to trigger the second
recombination event and PCR using oligonucleotides ‘adhE1-IFD-F’ and ‘adhE1-IFD-R’
were performed to detect the 347 bp double crossover amplicon. Of the 16 screened
FOAR colonies, 6 showed a ~250 bp amplicon, 9 showed the WT 2954 bp band, while
1 produced no PCR product (Figure 5.6A). These ~250 bp amplicons were visibly
smaller than the expected 347 bp IFD product, and Sanger sequencing revealed that
the adhE1 of C. autoethanogenum was deleted but there was also an unintended
deletion of 84 bp in the promoter region of adhE2 (Figure 5.6D). Examination of this
promoter region revealed the presence of two 9 bp repeats, and it was evident that

homologous recombination between these elements would result in the observed 84
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bp deletion (Figure 5.6D). Herein termed ‘AadhE1™" mutant, it lacks the putative
adhE1 terminator and the -10 and -35 box of the adhE2 promoter. A second attempt
at generating a ‘clean’ IFD mutant of adhE1 successfully produced the expected 347
bp amplicon 6 months later (Figure 5.6B), herein termed ‘AadhE1’ mutant. Sanger
sequencing revealed adhEl was successfully deleted as intended without the
unintended 84 bp deletion in the adhE2 promoter region. Patch plating showed that

mut

Tm® clones were isolated in the first attempt for AadhE1™" mutant (data not shown),
indicating that the plasmid used to generate the IFD mutant had been lost. However,

repeated attempts to isolate Tm® colonies for AadhE1 mutant were unsuccessful.
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Figure 5.6. Screening of C. autoethanogenum AadhE1™", AadhEl and AadhE1+2
mutants. (A) PCR screening of AadhE1™" mutants; (B) PCR screening of AadhE1l
mutants; (C) PCR screening of AadhE1+2 mutants; and (D) Nucleotide alignment of
Sanger sequencing read from AadhE1™" mutant highlighting the unintended 84 bp
deletion in the inter-genic region of adhE1l and adhE2. Green peak = thymine; Red
peak = adenine; Brown peak = guanine; Blue peak = cytosine; Lanes 5, 8, 9, 10, 15 &
16 = AadhE1™" mutants; Lanes 28, 29, 32, 33 & 38 = AadhE1 mutants; Lanes 47 — 55
= AadhE1+2 mutants; Lanes 1, 19 & 45 = non-template controls; Lanes 18, 44 & 56 =
WT genomic DNA control; M = NEB 2-log DNA ladder in kb.

For the adhE1 + adhE2 IFD mutant, oligonucleotides ‘IFD-plasmid-F’ and ‘adhE1-115s-
R” were used to detect single-crossover integrants that had arisen through

homologous recombination with the LHA, while primers ‘adhE2-662s-F’ and ‘IFD-

151



5. adhE Mutants

plasmid-R’ were employed to detect those clones in which integration was mediated
by the RHA. Of 8 screened colonies, 3 were single crossover integrants reliant on the
LHA while plasmid integration in another had been mediated by the RHA (data not
shown). Cells from all four clones were plated on medium containing FOA to select
for cells in which the plasmid had excised through a recombination event involving
homologous recombination between either the duplicated LHA or the RHA. A total of
10 FOA resistant colonies were screened in PCR using the oligonucleotide primers
‘adhEl-seq-F’ and ‘adhE2-seq-R’. From the size of DNA fragment generated it was
concluded that 9 of the 10 clones were doubled cross over mutants (Figure 5.6C).
Sanger sequencing of the generated DNA fragments confirmed this conclusion, and
the mutants therefore represented clones in which adhEl and adhE2 had been
deleted (herein called ‘AadhE1+2’ mutants), leaving only the start codon of the
former and stop codon of the latter (data not shown). Plasmid loss was attempted by
repeatedly streaking onto solid medium containing FOA without thiamphenicol but

no Tm® colony was detected for these adhE IFD mutants.

5.5 Characterization of AadhE1™ut Mutants

5.5.1 Heterotrophic Growth Experiment and Gene Expression of adhE2

The unintended deletion of 84 bp in the inter-genic region between adhEl and
adhE2 in C. autoethanogenum AadhE1™" may affect adhE2 expression. To test this
hypothesis, adhE2 mRNA levels in the ApyrE strain and the AadhEI™" mutant were
compared. Strains were cultivated in 500 mL Schott bottles containing 200 mL CGMY
medium supplemented with 10 g/L fructose and 10 pug/mL uracil. In addition to
routine sampling of liquid cultures for HPLC analysis and ODggg measurements, cells
were harvested at early exponential phase, late exponential phase, and stationary
phase for gene expression analysis according to section 2.9.1. Total RNA was
extracted as described in section 2.9.2 and reverse transcribed into cDNA according
to section 2.9.3. For qRT-PCR analysis, TagMan® primers and probes were employed
for the two housekeeping genes (gyrA and rho) and gene of interest (adhE2). Given

the high nucleotide identity (87%) between adhEl and adhE2 in C
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autoethanogenum, the TagMan® primer pairs and probes for adhE2 were carefully
designed to ensure high specificity. Standard curves using serially diluted cDNA were
generated and the TagqMan® primers and probes demonstrated excellent

amplification efficiencies (section 2.9.4).

mut

In comparison to the ApyrE strain, growth of the AadhE1™" mutant had a longer lag
phase but both strains achieved a similar final cell density in the presence of fructose
(Figure 5.7A). Both strains produced equivalent amounts of acetate (Figure 5.7B),
ethanol (Figure 5.7C) and 2,3-butanediol (data not shown). As a consequence of the

mut

longer lag phase of the AadhEl mutant, the sampling time-points for gene
expression analysis were delayed by ~one day in comparison to the ApyrE strain to
match the growth stage. gRT-PCR analysis showed that adhE2 normalized transcript
level of the ApyrE strain was stable across all three time points (less than 3.2-fold
difference) (Figure 5.7D). In contrast, adhE2 mRNA levels in the AadhE1™" mutant
exhibited large fluctuations with an initial decrease of 114-fold from early
exponential growth phase to late exponential growth phase, followed by a 16-fold
increase at the stationary growth phase (Figure 5.7D). Moreover, adhE2 transcript

levels in the AadhE1™" mutant were also significantly higher than in cells of the

ApyrE mutant at all three sample time points (p-value <0.05) (Figure 5.7D).
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Figure 5.7. Growth, metabolite and adhE2 transcript profiles of C. autoethanogenum
ApyrE and AadhE1™" strains growing on fructose. (A) Growth profile; (B) Acetate
profile; (C) Ethanol profile; and (D) Relative adhE2 mRNA profile. Grey circles = ApyrE
(N = 3); Red squares = AadhEI™ " (N = 3). Error bars = standard error of mean.

5.5.2 Autotrophic Growth Experiment

Both the ApyrE and AadhE1™" mutant strains were cultured in 250 mL serum bottles
containing 2 bar CO to examine the effect of deletion in adhE1 and part of the adhE2
promoter region on autotrophy and alcohologenesis. The serum bottle growth
experiment was conducted in technical triplicates containing 50 mL CGMY medium
supplemented with 10 pg/mL uracil. Incubation was undertaken at 37°C with
agitation over a period of 34 days. In the presence of CO, growth of the AadhE1™"
mutant exhibited a longer lag phase of ~14 days compared to the ~11 days observed
with the ApyrE control strain (Figure 5.8A). Very similar amounts of acetate (Figure
5.8B) and 2,3-butanediol (Figure 5.8D) were synthesized by both strains but the
AadhE1™ " mutant appeared to produce 27% more ethanol than the ApyrE strain (not

statistically significant) (Figure 5.8C).
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Figure 5.8. Growth and metabolite profiles of C. autoethanogenum ApyrE and
AadhE1™" strains on CO. (A) Growth profile; (B) Acetate profile; (C) Ethanol profile;
and (D) 2,3-butanediol profile. Grey circles = ApyrE (N = 3); Red squares = AadhE1™"
(N =3). Error bars = standard error of mean.

5.6 Discussion

5.6.1 Unlike C. ljungdahlii, Inactivation of adhE1 in C. autoethanogenum
Does Not Affect Ethanol Production Under Heterotrophic Conditions
At the beginning of the study, only an adhEla ClosTron mutant had been generated.
This mutant, which had the upstream Ald domain of adhE1 inactivated via ClosTron
mutagenesis, displayed no defect in ethanol formation when grown in fructose. This
was in contradiction to the findings of Leang and co-workers (2013), who showed
that the deletion of C. ljungdahlii adhE1 resulted in a mutant that produced 6-fold
less ethanol than the WT control when grown on fructose as the carbon source (229).
One difference in methodology is the use of 10 g/L fructose in this PhD work but 5
g/L fructose in the report of Leang et al. (2013). In a follow up study the authors were
able to demonstrate restoration of ethanol production in this adhE1 deletion mutant
by expressing functional adhE1 under the control of a lactose-inducible promoter

(230). RNA-seq experiments showed that in C. ljungdahlii, adhE1 is transcribed at
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2.99-fold higher level when growing on fructose compared to a CO:CO, gas mixture
(80:20) (167), and 10.52-fold higher when compared to H, + CO; (170). These data

suggest an important role for this gene under heterotrophic conditions.

To investigate the major discrepancy in the adhEl mutant phenotype between C.
autoethanogenum and C. ljungdahlii, the nucleotide and deduced amino acid
sequences of adhE1 between the two species were compared (Figure 5.9A and B). At
the nucleotide level, there are 15 mismatches within adhE1l and 9 mismatches in its
promoter region (650 bp upstream of adhE1 start codon). Of these mismatches, only
3 result in a change in amino acid sequence: 2 within the Ald domain and 1 within
the Adh domain. The mismatch within the Adh domain is a non-positive substitution
(meaning the residues substitute rarely according to BLOSUMG62 (354)) from alanine
in C. autoethanogenum to valine in C. ljungdahlii, and it occurs 15 AA away from a
conserved Fe-Adh signature (Prosite PSO0060). The C. ljungdahlii AadhE1l mutant
created by Leang et al. (2013) had part of the upstream Ald and part of the
downstream Fe-Adh domain deleted and replaced with an ermC marker gene (229)
(Figure 5.9A) using homologous recombination. Accordingly, the upstream Ald
domain may still be functional. In this study, the ClosTron insertion at the Ald domain
of C. autoethanogenum should at least have inactivated this domain but it is possible
that the downstream Fe-Adh domain remains functional and translated because a
putative RBS and start codon could be identified prior to the Fe-Adh domain (Figure
5.9A). This is supported by literature findings that adhE1 (part of sol operon) in C.
acetobutylicum is translated into two peptides: one full-length peptide and one

truncated peptide containing only the Adh domain (355).

In order to determine whether the difference in the adhEl mutant phenotype
between C. autoethanogenum and C. ljungdahlii was due to a difference in catalytic
domain inactivation, the Fe-Adh domain of adhEl in C. autoethanogenum was
independently inactivated using ClosTron, resulting in mutant ‘adhE1b’ (Figure 5.1).
When this mutant was grown heterotrophically, the peak level of ethanol produced
was equivalent to that seen with the C. autoethanogenum WT and adhEla mutant.
This suggests that the difference in domain inactivation did not result in significant

variation in mutant phenotypes.
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Figure 5.9. Nucleotide and deduced amino acid alignment of adhE between C.
autoethanogenum (CAETHG) and C. ljungdahlii (CLJU_c). (A) Nucleotide alignment of
adhEl and adhE2 between C. ljungdahlii and C. autoethanogenum highlighting the
regions of deletion (black blocks) in C. ljungdahlii created by Leang et al. (2013) (229)
and a putative ribosomal binding site (RBS) and start codon prior to Fe-Adh domain
of adhE1 in C. autoethanogenum; (B) Amino acid alignment of AdhE1; and (C) Amino
acid alignment of AdhE2. Variations are marked in black or as gaps in the gray
sequence bar between the red annotations. Predicted catalytic domains (purple
blocks), promoter elements (green triangles), transcriptional terminator (blue
triangles), RBS (grey triangles), NADH binding sites (brown blocks) and conserved
sites (yellow blocks) are shown. Figure is generated using Geneious 6.1.7 (Biomatters
Ltd).

Besides domain-specific inactivation via ClosTron mutagenesis, this study also
embarked on the creation of a AadhE1l mutant. Sanger sequencing confirmed the
successful deletion of both the Ald and Adh domains of adhE1, but an unwanted 84
bp deletion in the promoter region of adhE2 was also detected. Termed ‘AadhE1™"
mutant, the unintended deletion likely occurred via homologous recombination

between two 9 bp repeats, resulting in the removal of a putative transcriptional

terminator and the -10 and -35 boxes of the adhE2 promoter (Figure 5.6D). Although
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the putative promoter of adhE2 was accidentally deleted, adhE2 transcription may

still proceed from the promoter of the deleted adhE1 (Figure 5.1).

The gene expression study using qRT-PCR of cDNA generated from fructose-grown
cells showed that not only is adhE2 transcribed from early exponential phase to

MU mutant

stationary phase, its levels are also significantly higher in the AadhE1
compared to the ApyrE strain. More specifically, adhE2 mRNA level is 1360x, 15x and
75x higher in AadhE1I™" mutant at early exponential phase, late exponential phase
and stationary phase, respectively. Indirectly these results showed that the promoter
of adhE1 is stronger than the native promoter of adhE2, and adhE1 is transcribed at
higher level than adhE2 in C. autoethanogenum. In support of results obtained from
the ClosTron mutants adhEla and adhE1lb, the AadhE1™" mutant also synthesized
similar amount of ethanol when growing on fructose as the ApyrE control strain.
These results provided further evidence that, irrespective of which domain is

inactivated, AdhE1 is not required in C. autoethanogenum for ethanol formation

under heterotrophic conditions.

5.6.2 Inactivation of adhEZ2 in C. autoethanogenum Reduced Fructose
Utilization and Ethanol Formation Under Heterotrophic Conditions
In C. autoethanogenum, AdhEl and AdhE2 share 86% (762/877) AA sequence
identity and 93% (818/877) similarity. The presence of a transcriptional terminator, -
10 box, -35 box and RBS in the promoter region of adhE2 in C autoethanogenum
(Figure 5.9A) raised the possibilities that the adhE1 and adhE2 may be differentially
expressed. In this study, a mutant which has a ClosTron inserted into the Ald domain
of adhE2 was generated in C. autoethanogenum. While growing on fructose, this
adhE2 mutant reached an ODggg 28% lower than the WT and was unable to consume
all the available substrate - even after prolonged incubation for 13 days. Despite the
lower ODggo and incomplete fructose utilization, the mutant synthesized 39% more
acetate but generated 63% less ethanol than the WT. Furthermore, 79% less 2,3-

butanediol was detected in the adhE2 mutant culture relative to the WT.
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The dramatic decrease in ethanol production exhibited by the adhE2 mutant was
partially due to incomplete fructose utilization (0.92 g/L fructose remained).
However, the mutant was able to generate more acetate than the WT, which
suggests fundamental changes in product profile. In C. ljungdahlii, an adhE2 deletion
mutant was generated by replacing most of the Ald and Adh domains with ermC
using homologous recombination (Figure 5.9A) (229). Unlike the C
autoethanogenum adhE2 ClosTron mutant, the C. ljungdahlii adhE2 deletion mutant
showed no defect in ethanol formation when compared to the WT under

heterotrophic conditions (229).

AA sequence alignment of AdhE2 between C. autoethanogenum and C. ljungdahlii
revealed 8 mismatches (Figure 5.9C). One of the AA changes, serine at residue 536 of
C. autoethanogenum vs alanine in C. ljungdahlii, occurs in the predicted NADH
binding site 2 of the Adh domain (prediction made based on (356)). In addition,
another residue change at position 697 occurs near one of the conserved sites
(Prosite PS00060). It is possible that one of these AA alterations resulted in a change
in substrate and/or cofactor specificity. For instance, one of the two non-
synonymous AA substitutions in the Fe-Adh domain of C. thermocellum AdhE
(Cthe_0423) was predicted to alter cofactor specificity from NADH to NADPH (357).
The change in cofactor specificity is expected to have significant impact on electron
and carbon flows because NADH is commonly used in catabolic reactions whereas
NADPH is usually employed as reductant in anabolic processes (358). In crude
extracts of fructose-grown C. autoethanogenum, Ald and Adh activities are mainly
NADH-linked (96). In CO-grown cells, both NADH and NADPH were used as a cofactor
for Ald and Adh activities (89).

5.6.3 Inactivation of Either adhE1 or adhE2 in C. autoethanogenum
Increased Ethanol Production In the Presence of CO

During autotrophic growth ATP is considered to be limited (140) so disruption of the

recycling of reducing equivalents due to adhE inactivation is likely to affect

acetogenesis and biomass accumulation. In support of this notion, all three adhE
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ClosTron (adhEla, adhElb and adhE2) mutants of C. autoethanogenum showed
significant growth retardation while growing on pure CO. These mutants experienced
prolonged growth lag phases and reached a much reduced cell density equivalent to
only 45-53% of the level attained by the WT. In comparison to the adhEla mutant
(which has ClosTron insertion within the Ald domain), the adhE1b mutant displayed a
milder growth lag phase and was less affected in acetate synthesis. This result is
consistent with the hypothesis that the function of the upstream Ald domain of the

adhE1b mutant is at least partially retained.

Surprisingly, all three adhE mutants were able to generate 154 — 183% more ethanol
while growing on CO, despite only reaching approximately half of the WT ODggo. This
increase in ethanol was partially offset by a 48 — 68% decrease in 2,3-butanediol
production when compared to the WT. In addition to growth on pure CO, the adhEla
mutant was also subjected to growth using BOF gas (composition: 51.24% CO,
31.22% N5, 11.98% CO,, and 3.05% H,). The mutant generated 51% more ethanol and
39% less acetate than the WT under these conditions, providing further evidence

that inactivation of adhE1 favours ethanol production in the presence of CO.

The AadhE1™" mutant is an interesting strain to study because it has both domains
of adhE1l completely deleted but also an up-regulated adhE2 expression due to
unintended deletion of a putative transcriptional terminator in the 3 -UTR of adhE1.
Although the elevated adhE2 expression was determined under heterotrophic
conditions, it is possible that the use of the adhEl promoter to drive adhE2
transcription and translation could lead to higher adhE2 expression under
autotrophic conditions. This enhanced adhE2 expression may compensate for the
loss of AdhE1 activity in the AadhE1™" mutant. In agreement with this hypothesis,

MU mutant

when compared to either adhEla or adhElb mutants, the AadhEl
displayed a milder growth defect and generated similar amounts of acetate and 2,3-
butanediol to the ApyrE control strain while growing on pure CO. Consistent with the
enhanced ethanol production phenotype under CO conditions, the AadhE1™"
mutant generated 27% more ethanol than the ApyrE control strain, which is less
significant than the 171 - 183% increase recorded by both adhEla and adhElb

mutants. Since none of the C. ljungdahlii adhE deletion mutants constructed by
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Leang and co-workers (229) were subjected to autotrophic growth experiments, no

comparison could be made to the phenotypes observed in this study.

5.6.4 Effects of adhE Inactivation on Solventogenesis and ATP Synthesis
Under Autotrophic Conditions
Given the consistent enhanced ethanol production exhibited by all the mutants
(adhEla, adhElb, adhE2, and AadhEI™") generated in this study when grown on
pure CO and BOF gas, it is worthwhile to investigate possible mechanisms that may
lead to this phenotype. In ethanol-producing acetogens, such as C
autoethanogenum, C. ljungdahlii and C. carboxidivorans, there are two biochemical
pathways that lead to ethanol formation. One involves the two-step sequential
reduction of acetyl-CoA into ethanol via acetaldehyde through the actions of bi-
functional AdhE, and an indirect route that proceeds via acetate synthesis and
employs Aor to catalyze the reduction of acetic acid to acetaldehyde followed by

ethanol synthesis via Adh (Figure 5.10).

Although AdhE is a bi-functional enzyme with both Ald and Adh activities, there is
growing biochemical evidence that it functions predominantly in reduction of acetyl-
CoA to acetaldehyde. For instance, the AadhE mutant in Thermoanaerobacter
mathranii is defective in Ald activity while retaining Adh activity (359). Furthermore,
enzymatic assays of AdhE purified from C. acetobutylicum and T. ethanolicus
demonstrated high Ald activity but low Adh activity (149, 346). It is noteworthy that
the genomes of C. autoethanogenum (38) and C. ljungdahlii (37) contain at least 15

Adh isozymes, one of which was shown to reduce acetaldehyde to ethanol (135).

Assuming the AdhE of C. autoethanogenum functions predominantly as an aldehyde
dehydrogenase, the inactivation of adhE may result in the utilization of the indirect
ethanol formation pathway by increasing the availability of acetyl-CoA for acetate
synthesis and ethanol formation via Aor and Adh (Figure 5.10). The generation of ATP
via SLP during acetate production is crucial under ATP-limiting autotrophic growth
conditions. Stoichiometric and energetic analysis of the acetogenic pathway showed

that very little ethanol can be generated autotrophically without first the ATP-
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generating step of acetate formation and then conversion to acetaldehyde via the
action of Aor (140). In the presence of CO, the reduced ferredoxins required for Aor

can be generated via the actions of CODH (Figure 5.10).
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Figure 5.10. Proposed change in metabolic route to ethanol formation in C.
autoethanogenum adhE mutants under autotrophic conditions. The inactivation of
AdhE may decrease carbon and electron flow towards direct ethanol route 2
(coloured in red) by diminishing aldehyde dehydrogenase (Ald) activity (shown as
‘STOP’ sign). In turn, the indirect ethanol route 1 (coloured in blue) is favoured for
ethanol synthesis via the combined actions of phosphotransacetylase (Pta), acetate
kinase (Ack) and aldehyde:ferredoxin oxidoreductase (Aor). Adh = alcohol
dehydrogenase; CODH = carbon monoxide dehydrogenase; CoFeSP = corrinoid iron
sulphur protein; Fdo = oxidized ferredoxin; Fd.q = reduced ferredoxin; HytABCDE =
electron bifurcating hydrogenase; PFOR = pyruvate:ferredoxin oxidoreductase.

It should be emphasized that in addition to adhE1 and adhE2, there are three more

putative ald genes encoded in the genome of C. autoethanogenum: CAETHG_1819

(ald1), CAETHG_1830 (ald2) and CAETHG_3287 (ald3). ClosTron mutants for ald1 and
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ald3 were generated (data not shown) but not characterized due to time constraints.
ClosTron mutagenesis was attempted once for ald2 but was not successful.
Interestingly, all three ald genes in C. autoethanogenum are located in the vicinity of
microcompartment genes. Microcompartments are protein-based organelles in
bacteria that encapsulate functionally related enzymes and leads to sequestration of
volatile and toxic intermediates (360-362). Currently the functional relevance of the
genetic co-localization of ald and microcompartment genes is unclear, but it may
enhance the reversible reduction of acetyl-CoA to acetaldehyde by trapping and
insulating the cells from the volatile and toxic acetaldehyde intermediates. In
contrast, none of the two aor genes in C. autoethanogenum is genetically located
near microcompartment genes, which suggests fundamental differences between

direct and indirect ethanol formation pathways.

In crude extracts of CO-grown C. autoethanogenum, the enzymatic activity of Ald
was reported as 0.06 — 0.08 U/mg using either NAD" or NADP®, whereas the
enzymatic activity of Adh was recorded as 0.15 — 0.2 U/mg using either NADH or
NADPH (89). The ~2-fold lower Ald activity indicates inactivation of adhEl and/or
adhE2 may significantly divert carbon and electron flow from the direct ethanol
metabolic route to the ATP-friendly, indirect ethanol metabolic route. Conversely,
the high Adh activities from CO-grown crude extracts of C. autoethanogenum implied
that any loss in Adh activity due to adhE inactivation can be compensated by the

presence of 15 other adh genes predicted in the genome.

5.7 Chapter Summary

The construction and characterization of C. autoethanogenum adhE mutants
represents a first step in helping to understand the metabolic pathways involved in
ethanol biosynthesis. The role of AdhE in ethanol formation under heterotrophic
conditions has been well documented in several microbes, including C. ljungdahlii
(229, 230), C. acetobutylicum (149), C. thermocellum (350), G. thermoglucosidasius
(349), T. ethanolicus (346), E. coli (347), and L. lactis (348). However, the role of AdhE

under autotrophic conditions is largely unknown.
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In the presence of CO, both adhEl and adhE2 mutants constructed in this study
showed some growth deficiencies but they were able to generate substantially more
ethanol than the WT control. The autotrophic growth deficiencies of these mutants
may reflect difficulties in recycling reducing equivalents. Since literature findings
showed that AdhE functions mainly as aldehyde dehydrogenase, it is possible that
the inactivation of adhE in C. autoethanogenum predominantly affected the Ald
activity of the direct ethanol route. As a result of this metabolic blockage, it is
hypothesized that the indirect ethanol route involving ATP-generating acetate
production and Aor was deployed. In addition to the two adhE, there are 3 other ald
genes in the genome of C. autoethanogenum so generation of a triple ald KO mutant
may provide a more appropriate background to assess the impact of adhE

inactivation.

While growing on fructose, ethanol production by the C. autoethanogenum adhE1
ClosTron and IFD mutants was not affected. In contrast, the adhE2 ClosTron mutant
displayed incomplete fructose utilization and diminished ethanol synthesis.
Surprisingly, the adhE1 but not the adhE2 of C. ljungdahlii was found to be the
homolog responsible for ethanol formation under heterotrophic conditions (229,
230). AA sequence comparison of AdhEl and AdhE2 between C. autoethanogenum
and C. ljungdahlii revealed only three substitutions in AdhE1 and eight mismatches in
AdhE2. However, it is possible one of these substitutions results in modification of
substrate and cofactor specificities, as demonstrated by the change of cofactor from
NADH to NADPH in the AdhE of C. thermocellum due to one of the two non-
synonymous substitutions in the Fe-Adh domain (357). An alternative explanation is
that C. autoethanogenum may possess other enzymes that compensate for the loss

of AdhE activities while growing on fructose.

To provide unambiguous evidence for the role of AdhE under autotrophic conditions,
future studies may involve the cloning, purification and enzymatic assays of AdhE in
the presence of CO. The expression and characterization of mono-domain AdhE may
also provide valuable information regarding the contribution of the individual
domains towards Ald and Adh activities. In addition, comparative transcriptomics can

be deployed to determine if the adhE gene in C. autoethanogenum exhibits different
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expression profiles to C. ljungdahlii during heterotrophic growth. It may also be
informative to compare the transcriptomes between C. autoethanogenum WT and
adhE mutants under autotrophic conditions to identify the genes/pathways that are

responsible for the elevated ethanol production.

The vastly improved ethanol production displayed by the adhE mutants while
growing autotrophically may represent a novel metabolic engineering strategy to
deliberately manipulate the flux of acetyl-CoA towards the ATP-friendly, indirect
ethanol route. Further inactivation of ald genes in C. autoethanogenum may
generate a hyper-ethanol producing strain for industrial gas fermentation. In C
acetobutylicum, the direct butanol-forming route was reinforced by disruption of pta
and buk, coupled with overexpression of a mutated adhE to result in a mutant that
produced 160% more butanol than the WT when grown on glucose (363). Although
the C. autoethanogenum adhE mutants displayed growth defects while growing in
CO, adaptive evolution strategies may be applied to reduce the growth lag phase and

raise biomass levels.
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6 Generation and Characterization of  Aldehyde:Ferredoxin

Oxidoreductase Mutants

6.1 Introduction

Through the actions of Pta and Ack, the production of acetate with concomitant ATP
synthesis via SLP from the central molecule acetyl-CoA is one of the hallmarks of
acetogens (25, 31). However, the overproduction of acetate during non-pH
controlled, batch fermentation can lead to the so-called ‘Acid crash’ (364).
Undissociated acetic acid (pKa = 4.7) can diffuse through cell membranes whereas
anionic acetate cannot. As a result, accumulation of acetate inside the cell occurs
when the extracellular pH is lower than the intracellular pH, producing osmotic
swelling. Moreover, the deprotonation of acetic acid inside cell can trigger a collapse

of transmembrane proton gradient and impairment of nutrient transport (365).

In solventogenic clostridia such as C. acetobutylicum and C. beijerinckii, the produced
acetic acid and butyric acid can be reassimilated via the actions of CtfA and CtfB to
defend against over-acidification. Acetogens such as C. autoethanogenum and C.
liungdahlii do not possess such a defence mechanism, instead their genomes encode
aldehyde:ferredoxin oxidoreductase (Aor) (37, 38). This enzyme catalyzes the
reversible reduction of carboxylic acid to aldehydes using reduced ferredoxin (366-
369). The resultant aldehydes can subsequently be reduced to alcohols via Adh.
Stoichiometric and energetic analysis of this pathway indicated that Aor may be
responsible for ethanol production in acetogens during autotrophic growth (140).
This is because Aor allows the synthesis of ethanol via acetate, which generates a
valuable ATP via SLP in an otherwise ATP-limiting system. Unsurprisingly, prominent
acetogenic alcohol producers such as C. ljungdahlii, C. autoethanogenum, C.
carboxidivorans, and C. ragsdalei all harbour aor gene(s) in their genomes (37-39,

141).

Thermodynamically the reduction of carboxylic acid to aldehyde is very unfavourable
(AG° ~ 8 ki/mol) (90) because of the extremely low potential reaction (E’, = -580 mV)

(370). Purified Aor enzymes of M. thermoacetica, C. formicoaceticum and
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Thermococcus strain ES-1 perform carboxylic acid reduction using reduced viologen
at 5 - 20% the rate of aldehyde oxidation (366, 371-373). Nonetheless, whole cell
experiments and enzymatic assays of purified Aor proteins demonstrated the
reduction of carboxylic acids to aldehydes/alcohols in a range of acetogens, including
M. thermoacetica, C. formicoaceticum, B. methylotrophicum, E. limosum, C.
ragsdalei, C. ljungdahlii, C. carboxidivorans and Alkalibaculum bacchii (137-139, 374).
The crystal structure of Aor from Pyrococcus furiosus identified a channel that is
sufficiently spacious to accommodate a range of substrates including aliphatic and
aromatic aldehydes (369). This is consistent with the reports that Aor-harbouring
acetogens such as C. ljungdahlii and C. ragsdalei are able to reduce a range of
carboxylic acids such as acetic, propionic, n-butyric, isobutyric, n-valeric, and n-

caproic acids to their respective alcohols in the presence of CO (141, 374).

Two aor genes were identified in the genome of C. autoethanogenum: CAETHG_0092
(aor1) and CAETHG_0102 (aor2). At the AA level, both Aors are of the same length
and share 78% (478/607) AA sequence identity and 88% (537/607) similarity (Figure
6.1C). Neither are located in the genome within the immediate vicinity of
microcompartment genes but both are associated with os4 transcriptional regulators
(Figure 6.1A & B). Both Aorl and Aor2 in C. autoethanogenum share 100% AA
identity with the corresponding Aor in C. ljungdahlii (CLJU_c20110 and CLJU_c20210,
respectively). In comparison, the Aorl of C. autoethanogenum only shares 79% AA
identity with Aor of C. carboxidivorans (CcarbDRAFT_RS16365) and 36% AA identity
with Aor of M. thermoacetica (Moth_0154).

In this study, ClosTron mutagenesis was employed to independently inactivate both
Aors in C. autoethanogenum. Subsequent characterization of the KO mutants under
autotrophic and heterotrophic conditions shed some light on the functions of these
proteins during solventogenesis. Furthermore, plasmid overexpression of aorl and

the construction of double KO of aorl and aor2 were also undertaken.
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Figure 6.1. Gene arrangement and alignment of C. autoethanogenum aorl
(CAETHG_0092) and aor2 (CAETHG_0102). (A) Gene arrangement of aorl; (B) Gene
arrangement of aor2; and (C) Amino acid alignment of Aorl and Aor2. Variations are
marked in black or as gaps in the grey sequence bar between the green annotations
in (C). ClosTron insertion sites are shown as yellow triangles. Figure is drawn to scale
between (A) and (B), and generated using Geneious 6.1.7 (Biomatters Ltd).

6.2 Generation of ClosTron Knockout Mutants aor1 and aor2

To generate independent knockout mutants of aorl and aor2, ClosTron plasmids
pMTLO07C-E2::a0r1-559s, and pMTLO07C-E2::a0r2-370s, respectively, were
conjugated into C. autoethanogenum according to section 2.12.3. The ClosTron
insertion sites are highlighted in Figure 6.1A & B. Clarithromycin resistant colonies
were subjected to PCR screening using primer pairs ‘aor1-559s-F’ and ‘aor1-559s-R’
for aorl mutant, and ‘aor2-370s-F’ and ‘aor2-370s-R’ for aor2 mutant. The screened
clones showed the expected 2.1-2.2 kb bands (Figure 6.2A) and these PCR products
were verified by Sanger sequencing. The ClosTron mutants were streaked onto the
same selective medium until the ClosTron plasmids had been cured (shown by patch
plating). As final validation, Southern Blot analysis was performed to confirm that a

ClosTron insertion event had occurred only once per mutant (Figure 6.2B).
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Figure 6.2. Screening and validation of aorl and aor2 ClosTron Mutants. (A) Gel
electrophoresis of PCR using exon-spanning primers; Lanes 3 & 4 = gorl mutants;
Lanes 7 — 16 = gor2 mutants; Lanes 1 & 6= Non-template controls; Lanes 5 & 17 = WT
controls; M = NEB 2-log DNA ladder in kb; (B) Southern Blot analysis of Hindlll
digested genomic DNA of aorl mutants (lanes 18 — 20), and aor2 mutants (lanes 21 —
23); L = Promega Lambda DNA/HindlIll marker in bp.

6.2.1 Generation of aor1 Complementation and Overexpression Mutants

For complementation of the aorl ClosTron mutant and plasmid overexpression of
aorl in a WT C. autoethanogenum background, the native aorl gene was cloned into
plasmid pMTL83157 (section 4.3.2). Due to the presence of two interfering Ndel
restriction sites, two rounds of SOE PCR were performed to alter the nucleotides
while retaining the same amino acids. In both cases, nucleotides ‘CATATG’ were
mutated to ‘CTTATG’ and the altered codons are only 2.5 - 10% less frequent than
the original codons within gorl. The first round of SOE-PCR utilized oligonucleotides
‘aor1-Ndel-F’, ‘aor1-SOE-B1’, ‘aor1-SOE-C1’ and ‘aor1-Kpnl-R’ to mutate the first Ndel
site at nucleotide number 975. The resultant PCR product was used as template for
the second SOE-PCR using primers ‘aor1-Ndel-F’, ‘aor1-SOE-B2’, ‘aor1-SOE-C2’ and
‘aorl-Kpnl-R’ to mutate the second Ndel site at nucleotide number 1284. This codon-
altered aorl was then cloned into plasmid pMTL83157 using restriction sites Ndel
and Kpnl, resulting in plasmid ‘pMTL83157-aorl’. The cloned promoter and aorl

were verified by Sanger sequencing.

With the aim of restoring Aorl function, plasmid ‘pMTL83157-aorl’ was conjugated

into the aorl ClosTron mutant. In addition, this plasmid was also conjugated into C.

autoethanogenum WT to create an aorl overexpression strain. Figure 6.3A shows

that PCR of aorl using exon-spanning primers produced the expected 388 bp for the

WT and 2188 bp for gorl ClosTron mutants. The presence of 388 bp WT band in aorl
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ClosTron mutants was due to carryover of complementation plasmid from genomic
DNA extraction. Plasmid rescue followed by restriction digest analysis using Ascl and
Pmel restriction enzymes also generated the expected 4408 bp and 2424 bp products
(Figure 6.3B). The plasmid control pMTL83157 strain was constructed as described in

section 4.3.2.
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Figure 6.3. Verification of complemented and overexpressed aorl mutants. (A) PCR
of genomic DNA from overexpressed aorl mutants (lanes 2-4) and complemented
aorl mutants (lanes 5-9) using exon spanning aorl primers; M = NEB 2-Log DNA
ladder; 1 = non-template control; 10 = WT genomic DNA control; (B) Ascl and Pmel
restriction digests of rescued plasmids pMTL83157-AOR1 from overexpression
mutants (lanes 11-16) and complemented mutants (lanes 17-22).

6.3 Characterization of ClosTron Knockout Mutants aor1 and aor2

6.3.1 Autotrophic Growth Experiment

Serum bottle growth experiments in the presence of CO were carried out to assess
the impact of aor inactivation in C. autoethanogenum. Each 250 mL serum bottle
contained 50 mL CGMY medium with 2 bar CO headspace, or 100 mL CGMY medium
with 2 bar BOF gas (composition: 51.24% CO, 31.22% N,, 11.98% CO,, and 3.05% H,)
harvested from Glenbrook, New Zealand. Incubation was carried out at 37°C with

agitation for up to 43 days for pure CO cultures and 12 days for BOF gas cultures.

On pure CO, the growth of the agorl KO mutant experienced a 10 day lag phase and
grew to a cell density that was only half that achieved by the WT (p-value <0.0001)

(Figure 6.4A). In comparison to the WT, the agor1 KO mutant was able to generate
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similar amounts of acetate, but only 43% of the ethanol (p-value = 0.019) and 23% of
2,3-butanediol (p-value <0.0001) (Figure 6.4B-D). In contrast, the aorl KO mutant
synthesized 2.6 mM lactate, which was 11-fold higher than that of the WT level (p-
value = 0.001) (Figure 6.4E). The plasmid-based expression of aorl in the aorl KO
mutant did not reduce the growth lag phase but slightly increased the final cell
density achieved (not statistically significant), reaching an ODggy of 1.11 compared to
the 0.85 achieved by the WT (Figure 6.4A). The complementation of the aorl mutant
restored ethanol and lactate back to the WT level, and elevated 2,3-butanediol titres
to 4.2 mM compared to the 1.96 mM titres obtained in the aorl mutant (p-value =

0.003) (Figure 6.4C-E).

Similar to agorl KO mutant, growth of the agor2 KO mutant on pure CO was
characterised by an extended 25 day lag phase and achieved a cell density equivalent
to 50% of the WT (p-value = 0.002) (Figure 6.4A). However, relative to the WT, the
aor2 mutant generated 36% less acetate (p-value = 0.0001), 170% more ethanol (p-
value = 0.009) and similar levels of 2,3-butanediol and lactate (Figure 6.4B - D). When
subjected to growth on BOF gas, the gor2 KO mutant was able to grow to a similar
cell density to the WT (Figure 6.5A). Similar to growth on pure CO, the aor2 mutant
generated 16% less acetate (not statistically significant) than the WT but 93% more

ethanol (not statistically significant) (Figure 6.5B & C).
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Figure 6.4. Growth and metabolite profiles of C. autoethanogenum WT, aorl and

aor2 ClosTron mutants on CO. (A) Growth p

rofile; (B) Acetate profile; (C) Ethanol

profile; (D) 2,3-Butanediol profile; and (E) Lactate profile. Black circles = WT (N = 4);
Red triangles = aorl mutants (N = 4); Blue inverted triangles = Complemented aor1
mutants (N = 4); Green squares = agor2 mutants (N = 3); Error bars = standard error of

mean.
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Figure 6.5. Growth and metabolite profiles of C. autoethanogenum WT and the aor2
ClosTron mutant on BOF gas. (A) Growth profile; (B) Acetate profile; and (C) Ethanol
profile. Black circles = WT (N = 2); Green squares = gor2 mutant (N = 2). Error bars =
standard error of mean.

6.3.2 Heterotrophic Growth Experiment

For evaluation of the impact of agor inactivation on heterotrophic growth, C
autoethanogenum and the ClosTron mutants of aorl and aor2 were grown in 250 mL
serum bottles containing 50 mL CGMY medium supplemented with 10 g/L fructose
(final concentration) with 3 - 4 technical repeats. As shown in Figure 6.6A, both aor
KO mutants reached similar cell densities, equivalent to the WT. The heterotrophic
growth of both experienced a lag phase that was more pronounced with the aorl
mutant. Compared to the WT, the agorl KO mutant generated 21% more acetate (not
statistically significant), 33% less ethanol (p-value = 0.014) and 61% less 2,3-
butanediol (p-value = 0.018) (Figure 6.6B-D). In contrast, the aor2 KO mutant
synthesized similar amounts of acetate and 2,3-butanediol to the WT, but 47% more
ethanol (p-value = 0.003). HPLC results showed that all three strains completely
exhausted the provided fructose substrate and little or no lactate was produced

(data not shown).
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Figure 6.6. Growth and metabolite profiles of C. autoethanogenum WT, ClosTron
aorl and aor2 mutants growing on fructose. (A) Growth profile; (B) Acetate profile;
(C) Ethanol profile; and (D) 2,3-Butanediol profile. Black circles = WT (N = 4); Red
triangles = aorl mutants (N = 3); Green squares = gor2 mutants (N = 3); Error bars =
standard error of mean.

6.4 Plasmid Overexpression of aorl

6.4.1 Comparison of aorl mRNA during Heterotrophic Growth using qRT-
PCR
The impact of overexpressing aorl from a multicopy plasmid on heterotrophic
growth was investigated. For comparative purposes, a plasmid-only control (the WT
containing plasmid pMTL83157) was also included in the experiment. Both strains
were cultured in 500 mL Schott bottles containing 200 mL CGMY medium
supplemented with 10 g/L fructose and 7.5 pg/mL thiamphenicol. In addition to
routine sampling of liquid cultures for HPLC analysis and ODggg measurements, cells
were harvested at early exponential phase, late exponential phase, stationary phase
and death phase for gene expression analysis according to section 2.9.1. Total RNA
was extracted as described in section 2.9.2 and reverse transcribed into cDNA

according to section 2.9.3. For gRT-PCR analysis, TagMan primers and probes were
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employed for the two housekeeping genes (gyrA and rho) and the gene of interest
(aor1). Given the high nucleotide identity (77%) between aorl and aor2 in C
autoethanogenum, the TagMan primer pairs and probes for aorl were carefully
designed to ensure high specificity. Standard curves using serially diluted cDNA were
generated and the TagMan primers and probes demonstrated excellent amplification

efficiencies (section 2.9.4).

While growing on fructose, the aorl overexpression strain showed a slight decrease
in growth rate in comparison to the plasmid only control (Figure 6.7A). Furthermore,
the overexpression strain produced slightly more acetate but marginally less ethanol,
while retaining the same level of 2,3-butanediol production as the control strain
(Figure 6.7B - D). As expected, gRT-PCR revealed that the transcript levels of aorl in
the overexpression strain were higher than in the plasmid only control strain at all
examined time-points. In particular, aorl mRNA level of the overexpression strain
was 3.5-fold and 4.5-fold higher at early exponential phase and death phase (p-

values <0.0001), respectively, when compared to the control (Figure 6.7E).
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Figure 6.7. The effect of plasmid-borne aorl overexpression on C. autoethanogenum
during fructose fermentation. (A) Growth profile; (B) Acetate profile; (C) Ethanol
profile; (D) 2,3-Butanediol profile; and (E) Relative normalized aorl mRNA levels.
Grey Circles = Plasmid control; Purple squares = aorl overexpression strain. Error
bars = standard error of mean. N = 3.

6.4.2 Autotrophic Growth Experiment

Both the aorl overexpression strain and the plasmid only control strain were
cultured in 250 mL serum bottles containing 2 bar CO to examine the effect of aorl
overexpression on autotrophy and ethanol formation. The serum bottle growth
experiment was conducted in technical triplicates or quadruplicates containing 50 mL
CGMY medium supplemented with 7.5 pg/mL thiamphenicol. Incubation was
undertaken at 37°C with agitation for up to 43 days. In the presence of CO, the

growth of the overexpression strain was characterised by an extended lag phase, and
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a slower growth rate, but nevertheless achieved a similar cell density to the plasmid-
only control strain (Figure 6.8A). The peak ethanol titre was similar for the two
strains but the aorl overexpression strain produced 31% less acetate (not statistically
significant) and 65% less 2,3-butanediol (p-value = 0.001) (Figure 6.8B - D). Moreover,
no lactate was detected for the aorl overexpression strain, whereas the plasmid only

control strain was able to synthesize 0.25 mM lactate (Figure 6.8E).
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Figure 6.8. The effects of plasmid-borne aorl overexpression on C.
autoethanogenum on CO. (A) Growth profile; (B) Acetate profile; (C) Ethanol profile;
(D) 2,3-butanediol profile; and (E) Lactate profile. Grey circles = plasmid control strain
(N = 4); Purple squares = aorl overexpression strain (N = 3). Error bars = standard
error of mean.
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6.5 Attempt at Generation of a aorland aor2 Double Knockout Mutant

The presence of multiple copies of aor genes in C. autoethanogenum complicates the
assessment of mutant phenotype when only one of the two aor genes was
inactivated, since the unperturbed aor may compensate for the loss of activity. The
construction of a double KO mutant with both aorl and aor2 inactivated would
provide a more useful starting point to study the two routes of ethanol biosynthesis.
Due to the inability to recycle the ermB marker from ClosTron insertion in C.
autoethanogenum, a strategy that employs both ClosTron and ACE mutagenesis was

attempted to generate a double aorl and aor2 KO mutant.

First, a ClosTron KO of agorl was created in the C. autoethanogenum ApyrE strain
(section 3.3.5) using ClosTron plasmid pMTLO07C-E2::aorl1-559s. Screening of
clarithromycin resistant colonies using primers ‘aor1-559s-F’ and ‘aor1-559s-R’
successfully generated the expected 2.2 kb ClosTron bands (Figure 6.9A, lanes 8 —
11), and the resulting amplicons were verified by Sanger sequencing. Southern Blot
analysis also showed that only a single ClosTron insertion had occurred per mutant
(Figure 6.9C) and the loss of ClosTron plasmid was demonstrated by the loss of Tm"®

(data not shown).
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Figure 6.9. Screening and validation of aor double KO mutants with restored pyrE. (A)
PCR screening of Aaor2 and aorl ClosTron mutants; (B) PCR screening of uracil
prototrophic aor double KO mutants for restored pyrE allele; (C) Southern Blot
analysis of aorl ClosTron mutants. M = NEB 2-log DNA ladder; L = Promega Lambda
DNA/Hindlll marker; 1 — 6 = aor2-seqg-F and aor2-seqg-R primer pair; 7 — 12 = aorl-
559s-F and aor1-559s-R primer pair; 13 — 18 = ACE-pyrE-F and ACE-pyrE-R primer
pair; 1, 7 and 13 = Non-template controls; 6, 12, 18 and 23 = C. autoethanogenum
WT genomic DNA control; 2 -5, 8 — 11, 14 — 17 = clones of aor double KO mutants
with restored pyrE; 19 — 22 = Hindlll digested genomic DNA of aorl ClosTron
mutants.
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The second step of constructing the double KO mutant of aorl and aor2 involved IFD
of aor2 in the above CTermB::aor1-559s ApyrE strain of C. autoethanogenum. The
aor2 IFD plasmid ‘pMTL84151-aor2-IFD" was constructed by first undertaking a SOE
PCR of the homology arms using oligonucleotides ‘aor2-LHA-Sacll-F’, ‘aor2-LHA-R’,
‘aor2-RHA-F’ and ‘aor2-RHA-Ascl-R’, followed by cloning into plasmid pMTL84151-
ApyrE (Section 2.14.1) using restriction sites Sacll and Ascl. The cloned homology
arms were verified by Sanger sequencing and they were designed to completely
delete aor2 while retaining only the start and stop codons. Following conjugation of
this aor2 IFD plasmid into the CTermB::aorl-559s ApyrE mutant, faster growing
colonies on thiamphenicol solid medium were preferentially streaked onto the same

selective medium to identify single crossover mutants.

Since the LHA and RHA are similar in lengths (530 bp and 549 bp, respectively), single
crossover should occur at either arm with similar frequency. Oligonucleotides ‘IFD-
plasmid-F’ and ‘aor2-370-R’ were used to detect integrants in which single-crossover
had occurred at the LHA while primers ‘aor2-370s-F’ and ‘IFD-plasmid-R’ were
employed for the detection of single crossover events mediated by the RHA. PCR
screening showed that single-crossover event had occurred at LHA but not RHA (data
now shown). The single-crossover mutants were subjected to FOA selection
according to section 2.14.1 to select for the second crossover event. FOA® colonies
emerged within 3 days of incubation and they were screened using oligonucleotides
‘aor2-Seq-F’ and ‘aor2-Seqg-R’ to detect successful IFD of aor2. PCR screening of more
than 90 FOAR colonies showed that most of the mutants had reverted back to WT
allele of aor2 because the second crossover event had occurred at the same
homology arm as the first. However, four colonies exhibited the expected PCR
products (1191 bp) from a successful IFD of aor2 (Figure 6.9A, lanes 2 — 5) and the
amplicons were subsequently verified by Sanger sequencing. Without extensive
restreakings, patch plating onto solid medium containing thiamphenicol
demonstrated that the IFD plasmid has been lost. To restore ApyrE back to WT allele,
plasmid ‘pMTL84151-fixpyrE’ was conjugated into the aor double KO mutant and the
procedures described in section 2.14.4 were followed to obtain uracil prototrophic

clones. PCR and the subsequent Sanger sequencing using oligonucleotides ‘ACE-pyrE-
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F’ and ‘ACE-pyrE-R’ showed that the ApyrE gene had been restored to WT allele. The

resultant mutant is termed ‘aor1+2K0O’ in this report.

6.6 Discussion

6.6.1 Inactivation of aorl Diminished Ethanol Production under
Autotrophic and Heterotrophic Conditions
Due to potentially limited ATP availability during acetogenesis, the autotrophic
synthesis of ethanol is hypothesized to proceed via acetate assisted by Aor (106,
140). Although whole cell experiments with C. ljungdahlii demonstrated the
reduction of a range of carboxylic acids to their corresponding alcohols using syngas
as substrate (374), questions remained regarding the significance of Aor reactions in
this process because of the very low redox potential required to catalyse the direct
reduction of carboxylic acids. The creation of independent aorl and aor2 KO mutants
in this study provides a unique opportunity to assess their roles in solventogenesis

under autotrophic and heterotrophic settings.

While growing on pure CO, the aorl KO mutant clearly showed growth deficiencies
characterized by both lower final cell densities and extended growth lag phases.
Despite reaching only half the ODgyo of WT, the aorl mutant was able to generate
similar amounts of acetate but only 43% of ethanol produced by the WT. These
results indicate not only that Aorl is involved in ethanol formation, but that the
growth defects observed also suggest difficulty in recycling reduced ferredoxin under
CO conditions. One potential route for the recycling of excess reduced ferredoxin is
the conversion of acetyl-CoA and CO, to pyruvate via PFOR, which can lead to the
products 2,3-butanediol and lactate. Interestingly, when growing on pure CO, the
aorl KO mutant showed preferential production of lactate (11x higher than WT)
whereas the generation of 2,3-butanediol was reduced by 77%. In order to restore
the phenotype of the aor1 KO mutant, plasmid pMTL83157-aor1 was conjugated into
the mutant to create a complementation strain. On pure CO, the presence of the

complementation plasmid allowed the aorl KO mutant to reach higher cell densities
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(up 31%), but did not shorten the lag phase. Ethanol and lactate levels were restored

to WT, while 2,3-butanediol synthesis was enhanced — up by 114%.

Under heterotrophic conditions, the inactivation of aorl is hypothesized to have
lesser impact on growth and solventogenesis in comparison to growth on pure CO,
because of lower reduced ferredoxin imbalance and the system is not ATP-limited.
Supporting this notion, the aorl KO mutant was able to reach similar cell densities to
the WT but experienced growth delay when the carbon source was fructose. In
comparison to WT, the mutant overproduced acetate by 21%, while ethanol and 2,3-
butanediol levels were reduced by 33% and 61%, respectively. Unlike growth in pure
CO, the aorl KO mutant produced only trace amounts of lactate when growing

heterotrophically.

The reduced ethanol production by the aorl KO mutant under both autotrophic and
heterotrophic conditions strongly suggests that Aorl is implicated in ethanol
synthesis in C. autoethanogenum. This result is consistent with a recent publication
by Basen et al. (2014), who showed that an aor deletion mutant (APF0346) of the
hyperthermophilic archaeon P. furiosus generated 45-fold less ethanol when growing

on maltose (142).

6.6.2 Plasmid Overexpression of Aorl Had No Positive Impact on Ethanol
Formation under Autotrophic and Heterotrophic Conditions
Since inactivation of agorl resulted in reduced ethanol production, it was
hypothesized that the overexpression of agorl may increase ethanol synthesis. A
plasmid control pMTL83157 strain and overexpression pMTL83157-aorl strain of C.
autoethanogenum were constructed to test this hypothesis. gRT-PCR study showed
that aorl mRNA level of the overexpression strain was increased (up to 4.5-fold) at
all growth stages while growing on fructose when compared to the plasmid control
strain. However, the increased aorl transcript of the overexpression strain did not

result in significant changes in the growth and metabolite profiles on fructose.
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Although the mRNA level of aorl was not examined in the presence of CO, it is
anticipated that the promoter P,.a used to drive aorl expression is highly active
under autotrophic conditions based on the findings of Képke et al. (2011) (53). While
growing on 2 bar of CO, the aorl overexpression strain displayed an extended
growth lag phase but generated similar amounts of ethanol compared to the control
that carried only the empty vector. Moreover, overexpression of aorl resulted in
31% less acetate, 65% less 2,3-butanediol and the complete abolishment of lactate

production.

Collectively, the growth experiments under both heterotrophic and autotrophic
settings showed that overexpression of aorl has little effect other than prolonging
the growth lag phase. The lack of positive effect on ethanol titre can be explained
by the findings that aorl is already one of the most highly expressed genes (similar
level as rnf complex) of C. autoethanogenum during bioreactor fermentation using

H,- and CO- rich gas mix (Dr. Michael K6pke, LanzaTech; unpublished data).

6.6.3 Inactivation of aor2 Increased Ethanol Production under
Autotrophic and Heterotrophic Conditions
In C. autoethanogenum, the two Aor enzymes are of the same length and share 78%
AA identities. The aorl gene is followed by two os4—specific transcriptional regulators
whereas the aor2 gene is preceded by a putative oss—specific transcriptional
regulator and followed by genes encoding thiamine S protein and UBA/THIF-type
NAD/FAD binding protein (Figure 6.1). Given the different profile and lower
expression level of aor2 relative to aorl during H,- and CO- rich gas fermentation (Dr.
Michael Kopke, LanzaTech; unpublished data), it is hypothesized that they may have

different significance in ethanol formation in C. autoethanogenum.

When growing on pure CO, the aor2 KO mutant is similar to aorl KO mutant in that
the growth lag phase is longer than that seen with the WT and the final ODggg of the
culture is half that attained by the WT. In contrast to the agorl mutant, when
growing on CO the aor2 mutant produced, relative to the WT, increased titres of

ethanol (170%) and reduced levels of acetate (36%) while retaining the same levels
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of 2,3-butanediol and lactate. A similar trend was observed when the aor2 mutant
was grown on BOF gas, and the cultures produced 93% more ethanol and 16% less
acetate than the WT. While growing on fructose, the aor2 mutant achieved a slightly
higher ODggg than the WT, but exhibited a slightly longer growth lag phase. Similar
amounts of acetate and 2,3-butanediol, but 47% more ethanol, were recorded in the

aor2 mutant strain growing on fructose compared to the WT.

Based on these results, the inactivation of aor2 in C. autoethanogenum consistently
enhanced ethanol production in both autotrophic and heterotrophic settings, which
is the opposite of what was observed with aorl mutant. One possible explanation for
the contrasting phenotype is that Aor2 functions predominantly in the oxidation of
acetaldehyde whereas Aorl functions predominantly in the reduction of acetic acid.
Alternatively, the inactivation of aor2 may reduce competition for access to
substrate by the highly expressed and presumably more efficient Aorl, resulting in

increased ethanol production.

6.6.4 Generation of aor1+2K0 Mutant

The multiplicity of aor genes in C. autoethanogenum makes it difficult to interpret
the phenotype from single aor KO mutants, as the unperturbed agor genes may
compensate for any loss of activity associated with the inactivated gene.
Furthermore, the creation of a mutant that is completely deficient in Aor activity may
have some industrial applications, for example the creation of an acetone-producing
strain because acetate is a precursor for acetone synthesis, so the inactivation of Aor

may eliminate the formation of the side product ethanol from acetate.

A combination of ClosTron mutagenesis and allelic-exchange was employed to
construct a double aor KO mutant due to inability to recycle the ermB marker from
ClosTron insertion in C. autoethanogenum. Starting from a ApyrE strain, aorl was
first disrupted using ClosTron mutagenesis before aor2 was (in-frame) deleted using
pyrE-mediated allelic-exchange. During the construction of Agor2 mutant, the
identification of the ‘correct’ second recombination event from single crossover
mutant was the most challenging step. PCR screening showed the majority of FOA®

colonies had the second recombination event at the same homology arm, resulting in
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reversion back to WT allele. For some unknown reasons, there appeared to be a
strong bias for recombination at this homology arm despite very similar lengths of
the two homology arms. As a final step, pMTL84151-fixpyrE was conjugated into the
double aor KO strain to restore ApyrE back to WT allele, resulting in mutant

‘aor1+2K0O’ which is uracil prototrophic.

Due to time constraints, the aor1+2KO mutant was not characterized in this study.
For future studies, serum bottle growth experiments using different growth
substrates (pure CO, H,+CO,, or fructose) can be conducted to evaluate the impact of
Aor elimination on growth and product profile. Given the growth deficiency exhibited
by single aor KO mutants, it is anticipated that the aor1+2KO mutant may grow
poorly on CO. As aor genes are present in the genomes of prominent acetogenic
ethanol producers such as C. ljungdahlii, C. autoethanogenum, C. carboxidivorans,
and C. ragsdalei, the construction of an aor deficient strain provides a unique
opportunity to assess the roles of Aor in acetogenic ethanol production. By
reintroducing either of the aor genes into the aor1+2KO mutant, the relative
importance of gorl and aor2 in supporting autotrophic growth and/or ethanol
formation can be investigated. Furthermore, exogenous carboxylic acids such as n-
butyric acid, propionic acid, n-valeric acid and n-caproic acid can be added to the
mutants in the presence of CO to determine whether the corresponding primary

alcohols are produced.

6.7 Chapter Summary

Given that acetogens are considered to live on the thermodynamic edge of life and
the challenges around ATP limitation during acetogenesis, it has been hypothesized
that Aor plays a significant role in ethanol production by reducing acetic acid (the
synthesis of which generates ATP via SLP) (106, 140). The two aor KO mutants
generated in this study allowed the examination of the significance of these
individual Aors on ethanol formation in C. autoethanogenum during both autotrophic
and heterotrophic growth. Both aor mutants exhibited growth defects when growing
on pure CO, which indicates difficulties in recycling reduced ferredoxin generated

from the CODH reaction. Given the higher transcript levels of aor1 than aor2 in C.
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autoethanogenum while metabolizing H,- and CO- rich gas (Dr. Michael Kopke,
LanzaTech; unpublished data), it is hypothesized that Aorl is the predominant
enzyme involved in acetogenic ethanol formation. In agreement with this hypothesis,
the inactivation of aorl reduced ethanol titre by 57% during growth on pure CO and
the plasmid expression of aorl in the aorl KO mutant successfully restored ethanol
production. However, plasmid overexpression of aorl in C. autoethanogenum WT
did not increase ethanol formation during either autotrophic or heterotrophic

growth.

In contrast to the aorl mutant, the inactivation of aor2 resulted in 170% more
ethanol than the WT when growing on CO. Although the aor2 mutant displayed a
significant growth defect while growing on pure CO, this hyper-ethanol producing
mutant can be subjected to a prolonged adaptive evolution growth experiments in
the presence of CO to select for a fast growing strain. The contrasting phenotype of
agorl and aor2 KO mutants points toward divergent roles for the two Aor in C.
autoethanogenum and further studies are warranted. For instance, the two Aor can
be independently cloned, expressed, and purified for enzymatic assays to

unambiguously determine their roles and enzyme kinetics.

In comparison to the WT under pure CO conditions, neither of the two aor KO
mutants generated more 2,3-butanediol, although the aorl mutant did produce 11-
fold higher lactate. Any excess in availability of reduced ferredoxin as a result of aorl
inactivation could potentially drive the formation of pyruvate via the action of PFOR,
and then lactate is preferentially formed over 2,3-butanediol. If the production of
2,3-butanediol is the preferred product (a valuable platform chemical) over ethanol
and lactate, one strategy is to inactivate aorl, aor2 and lactate dehydrogenase
(CAETHG_1147). The successful generation of an aor double KO mutant and
subsequent restoration of pyrE in C. autoethanogenum exemplified the
combinatorial use of ClosTron mutagenesis and allelic-exchange for complex genetic
manipulation in this acetogen. Although this agor deficient mutant was not
characterized due to time constraints, future studies of this mutant are likely to
reveal useful information regarding the roles of the Aor enzymes on autotrophic

growth and product formation.
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7 Effect of Chaperone Overexpression on Product Formation and

Tolerance towards Ethanol, Heat, and Saline

7.1 Introduction

One of the major challenges of industrial production of biofuels and biochemicals
from bacterial hosts is toxicity towards metabolic end-products, intermediates and
potential fermentation by-products. With the exception of a few bacterial species
such as Zymomonas mobilis (375) and Lactococcus strains (376) which can tolerate
more than 10% ethanol, most bacteria can only tolerate up to 4-7% ethanol (377).
Butanol exerts even greater toxicity as most microorganisms are unable to tolerate
greater than 2.5 - 3% of the compound (378-380), except selected Pseudomonas
putida strains which can grow in 6% butanol (381). The intrinsic low alcohol tolerance
of biocatalysts represents a bottleneck for achieving high alcohol titre (or beer
strength), which is required for energy efficient and economic product recovery via

distillation (382).

The antimicrobial effect of alcohols strongly correlates with their level of
hydrophobicity, which directly affects their affinity to associate with the cellular
membrane. The octanol-water partition coefficient (logP) is a measure of relative
hydrophobicity, and a more polar solvent/chemical will have a lower logP value. The
relation between LogP and solvent toxicity is therefore derived from the tendency of
a compound to partition in the cell membrane and is commonly used to assess
solvent toxicity (379, 383-385). The accumulation of solvent in the phospholipid
bilayer increases the permeability and fluidity of the membrane, impairs membrane
protein function, diminishes energy transduction and disrupts energy homeostasis
(379, 383, 386). Other mechanisms of solvent toxicity include chemical damage to

macromolecules such as DNA, RNA and protein (384).

Solvent tolerance is a complex phenotype that involves the interaction of many
cellular responses. One of the strategies employed by the stressed microbes is to
fortify membrane structure by shifting from cis- to trans- fatty acids through the

action of cis/trans isomerase (387), altering the ratio of saturated to unsaturated
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fatty acids (385), and increasing the phospholipid chain length (388). The expression
of efflux pumps is another avenue to excrete solvents from the cells but they are
mainly studied in Gram negative microbes (379, 383, 389). Moreover, transcriptional
regulators that mediate general stress response were also shown to participate in
solvent tolerance by regulating respiration, ATP synthesis and consumption, signal
transduction, and amino acid transport and metabolism (390). For instance, a
transcriptional regulator (CA1869) that is predicted to regulate transitional-phase
events, was shown to be implicated in n-butanol tolerance in C. acetobutylicum
(391). Plasmid overexpression of this gene resulted in a 81% increase in n-butanol

tolerance (391).

Heat shock proteins (HSP) are ubiquitous molecular chaperones that are involved in
the synthesis, folding, transport and degradation of proteins. During cellular stress,
chaperones target terminally misfolded proteins for proteolytic degradation, prevent
protein aggregation, and assist in refolding of damaged proteins (392).
Transcriptomic and proteomic studies consistently demonstrated that chaperones
such as groES, groEL, grpE, dnaK, dnaJ, clpB, tufA, tufB, and yacl are generally
upregulated when microorganisms are challenged with solvents (133, 169, 393),

highlighting their roles in solvent tolerance.

The chaperone complexes GroESL, DnaKJE and chaperone protein ClpB form the
core network machinery for the folding of both nascent and misfolded proteins in
many microorganisms (394) (Figure 7.1). In E. coli, 10-15% of newly synthesized
proteins were shown to interact with the GroESL chaperone, whereas the DnaKIJE
chaperone interacts with approximately 20 - 25% of the proteins (392, 395-397). The
DnaK chaperone, often described as a ‘brick-shaped’ domain with an opening for the
protein to be folded, functions with co-chaperone DnalJ and nucleotide exchange
factor, GrpE, to protect nascent chains from aberrant interactions and assists in
protein folding during- and post-translation in an ATP-dependent manner (383, 392).
In addition, the DnaKJE chaperone complex also serves as a substrate filter and
mediates the transfer of the polypeptide chains to downstream chaperones such as
GroEL (396, 397). In E. coli, the chaperonin GroEL consists of two stacks of

heptameric rings which create a hollow cavity for denatured proteins to be refolded
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(398, 399). GroES, a ring of seven subunits, forms a lid to the GroEL cavity and
generates a favourable environment for misfolded proteins to be refolded upon ATP
hydrolysis (383, 400). The ClpB chaperone interacts specifically with the DnaKIJE

chaperone system to disaggregate proteins and permit protein refolding (401, 402).

GroES

DnaJ
" .\ GroEL Fully Folded
DnaK GrpE Protein
Ribosome \ /
Unfolded
Peptide
Partlally
Folded/Misfolded
— Protein
ClpB
Protein
Aggregate

Figure 7.1. Schematic showing the involvement of chaperones in refolding nascent
and misfolded proteins. Diagram was obtained from Zingaro and Papoutsakis (2012)
(394).

In common with C. acetobutylicum, C. beijerinckii, C. ljungdahlii, and B. subtilis, the
GroESL and DnaKIJE chaperone complexes of C. autoethanogenum are encoded in
operons of groES-groEL (CAETHG_1573-1572) and grpE-dnaK-dna) (CAETHG_2890-
2892), respectively (Figure 7.2). Upstream of the grpE-dnaK-dnaJ operon lies a gene
coding for a transcriptional repressor known as HrcA (heat shock regulation at CIRCE
elements; CAETHG_2889), which binds to the operator CIRCE (controlling inverted
repeat of chaperone expression) element and represses gene transcription (403,
404). The CIRCE elements are identified in both the groES-groEL and hrcA-grpE-dnaK-
dnal operons in C. autoethanogenum (Figure 7.2). Inactivation of hrcA in B. subtilis, L.
lactis and cyanobacteria led to the elevated expression of DnaK and GroESL operons
at physiological temperature, confirming its role as a negative cis-element (403, 405-

407).
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Figure 7.2. Gene organization of chaperones in C. autoethanogenum. (A) Gene
arrangement of groES-groEL operon; (B) Gene arrangement of hrcA-grpE-dnaK-dnal
operon. Putative ribosomal binding site (RBS; in blue), -10 and -35 box (in purple),
controlling inverted repeat of chaperone expression (CIRCE; in black), and terminator
(orange) are shown. Figure is generated using Geneious 6.1.7 (Biomatters Ltd).

Strain engineering through the overexpression of chaperones has been extensively
investigated in microbes such as E. coli, L. lactis, Lactobacillus plantarum,
Cyanobacterium anabaena and C. acetobutylicum, resulting in increased tolerance
towards elevated and depressed temperatures, high salinity, acids, and solvents
(176, 394, 408-415) (Table 7.1). The potential of chaperone overexpression in
promoting growth at higher temperature should not be overlooked because the
raising of gas fermentation temperature by a few degrees Celsius at the industrial
scale leads to significant energy saving in cooling of the bioreactors, more efficient
product removal and reduction of contamination risks. The enhancement of salt
tolerance in the biocatalysts allows more of the water from the fermentation process
to be recycled and reused without extensive water treatment (salts accumulate with
each cycle). This not only reduces waste water treatment costs but also reduces the

water footprint of the bioprocess.

To date the study and exploitation of chaperones for enhanced solvent, high
temperature and salt tolerance remained unexplored in acetogens. In this study, the
native chaperone operons groES-groEL and/or grpE-dnaK-dna) were cloned and
overexpressed in C. autoethanogenum. The resulting chaperone overexpression
strains were then assessed under both heterotrophic and autotrophic (ATP-limited)
conditions to examine the impact on biomass, product formation and stress

tolerance.
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Table 7.1. The effect of chaperone overexpression on tolerance of microorganisms.

Chaperone Effects Reference
Overexpression
(Source)
GroESL (native) Clostridium 85% less growth inhibition due to butanol stress, (176)
acetobutylicum 30% improved n-butanol titre and prolonged
metabolism
Hsp33 (Bacillus Clostridium 22% increased solvent titre but no change in (416)
psychrosaccharolyticus)  acetobutylicum growth inhibition when challenged with n-butanol
(up to 16 g/L)
DnaK (Bacillus pumilus)  Escherichia coli Growth up to 50°C and survival up to 60°C for 16 (409)
hours
DnaKJ and/or GroEL Escherichia coli 114 - 1060% increase in % viable cells upon (408)
(native) freezing (-80°C) relative to uninduced controls
GroESL (native) Escherichia coli 12-fold increase in total growth in 4% ethanol, 2.8-  (417)

fold increase in 0.75% n-butanol, 3-fold increase in
1.25% 2-butanol and 4-fold increase in 20% 1,2,4-

butanetriol
DnaK (Tetragenococcus  Escherichia coli Shortened growth lag phase in 0.86 M NaCl and (412)
halophilus) 1.2 M NaCl; Suppressed protein aggregation at

0.17 M and 0.86 M NaCl
GrpE, GroESL and ClpB  Escherichia coli 200% and 390% increase in cfu after 24 hours in (394)
(native) 7% ethanol, or 1% n-butanol, respectively
DnaK (E. coli) Lactococcus Lactis  13.5-fold increased viability upon heat shock at (414)

40°C; 23% increased ODgy in 3% NaCl; 13%
increased ODgy in 5% ethanol; 44% increased
ODggp at 0.5% lactic acid

GroESL (Lactobacillus Lactococcus Lactis  1-log unit increase in cell viability compared to (411)
paracasei) control upon heat shock at 54°C; Able to grow in

the presence of 0.5% [v/v] n-butanol for 5 hour

while the viability of parent strain declined; No

change in salt tolerance (5 M NacCl)

Hsp18.55 or Hsp19.3 Lactobacillus Significant increase in survival (cfu/mL) upon heat (415)
(native) plantarum shock, cold shock, ethanol (12% v/v) stress and n-
butanol (1% v/v) stress
GroESL (native) Cyanabacterium Permitted growth at 42°C whereas no growth was (413)
anabaena detected for WT control; ~¥35% increase in OD;sq

when challenged with 150 mM NacCl

7.2 Construction of Chaperone Overexpression Strains in C
autoethanogenum
In this study, three chaperone overexpression plasmids were constructed to increase
expression of the native groES-groEL operon, grpE-dnaK-dna) operon, and a
combination of both groES-groEL and grpE-dnaK-dnaJ operons. The native promoter
of PFOR (Ppfor) (CAETHG_3029) was selected to drive chaperone overexpression
because qRT-PCR experiments showed that this gene is stably and highly expressed
under autotrophic conditions in C. autoethanogenum (53). As a first step, Ppsor Was

amplified from C. autoethanogenum gDNA using oligonucleotides ‘Py-Notl-F* and
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‘Potor-Ndel-R’, followed by cloning into plasmid pMTL83151 using restriction sites
Notl and Ndel to generate plasmid ‘pMTL83156’.

Since the groEL CDS contains an internal Ndel site which interferes with the cloning
procedure, SOE-PCR using primers ‘SOE-groESL-a-Ndel’, ‘SOE-groESL-b’, ‘SOE-groESL-
¢’ and SOE-groESL-d-EcoRl’ was conducted to mutate the internal Ndel site from
‘CATATG’ to ‘CTTATG’ at nucleotide position 191 while retaining the same amino
acid. The resulting SOE-PCR product was cloned into plasmid pMTL83156 using
restriction sites Ndel and EcoRl to generate plasmid ‘pMTL83156-groESL’. For the
cloning of the grpE-dnaK-dnaJ operon, oligonucleotides ‘grpE-Ndel-F’ and ‘dnal-Sacl-
R” were utilized to amplify the operon followed by cloning into plasmid pMTL83156
using restriction sites Ndel and Sacl to generate plasmid ‘pMTL83156-grpE-dnakKJ’. To
overexpress both grpE-dnak-dnaJ and groES-groEL chaperones, a second promoter
was introduced into plasmid ‘pMTL83156-grpE-dnak)’ before the cloning of the
groES-groEL operon. P, was selected as the second promoter and was amplified
using oligonucleotides ‘Pycsa-Kpnl-F' and ‘P,csa-BamHI-R’, followed by cloning using
restriction sites Kpnl and BamHlI to produce plasmid ‘pMTL83156-grpE-dnakJ-P,csa’.
As a next step, the groES-groEL operon was amplified using primers ‘groESL-BamHI-F’
and ‘groESL-Sall-R’ and cloned using restriction sites BamH| and Sall to generate
plasmid ‘pMTL83156-grpE-dnakJ-P,a-groESL’. Sanger sequencing confirmed the

cloned promoter(s) and chaperones were free of mutations.

Plasmid control pMTL83156 and chaperone overexpression plasmids were
conjugated into C. autoethanogenum according to section 2.12.3. The resulting Tm®
colonies were subjected to plasmid rescue and restriction digest analysis to check if
the appropriate plasmids were present in the transconjugants. As shown in Figure
7.3, the expected restriction digest bands were detected in the rescued plasmids
from C. autoethanogenum transconjugants. The transconjugants with plasmids
pMTL83156-groESL, pMTL83156-grpE-dnak) and pMTL83156-grpE-dnakJ-P,ea-groESL

are termed ‘GroESL®*®”, ‘DnaKJE®*®"” and ‘DnGr°"®" strains, respectively.
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Figure 7.3. Gel electrophoresis showing the expected restriction digest bands from
rescued plasmids of C. autoethanogenum transconjugants. M = NEB 2-log DNA
ladder; 1 — 4 = Ndel + Sbfl digested pMTL83156 (expect 4.4 kb + 560 bp); 5 — 8 = Pmel
+ Ascl digested pMTL83156-groESL (expect 4.5 kb + 2.4 kb); 9 — 12 = Pmel + Ascl
pMTL83156-grpE-dnakJ (expect 6.6 kb + 2.4 kb); 13 — 18 = BamHI + Sall pMTL83156-
grpE-dnakJ-P,csa-groESL (expect 9.5 kb + 2 kb).

7.3 Heterotrophic Growth Experiments and Chaperone Gene Expression
Studies
Validated chaperone overexpression strains and the plasmid control were cultivated
in triplicates of 500 mL Schott bottles containing 200 mL CGMY medium
supplemented with 10 g/L fructose and 7.5 pg/mL thiamphenicol to assess the
impact of chaperone overproduction on product formation during heterotrophic
growth. In parallel, the mRNA level of the chaperones was investigated using qRT-
PCR to examine the extent of increased chaperone transcript levels (if any) due to
plasmid overexpression. In addition to routine sampling of liquid cultures for HPLC
analysis and ODggg measurements, cells were harvested at early-exponential phase,
mid-exponential phase, and late-exponential phase for gene expression analysis
according to section 2.9.1. Total RNA was extracted from two of the three replicate
cultures as described in section 2.9.2 and reverse transcribed into cDNA according to
section 2.9.3. For qRT-PCR analysis, TagMan primers and probes were employed for
the two housekeeping genes (gyrA and rho) and genes of interest (groES, groEL, grpE,
dnak, and dnaJ). Standard curves using serially diluted cDNA were generated and the
TagMan primers and probes demonstrated excellent amplification efficiencies

(section 2.9.4).
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In comparison to the plasmid control, all three chaperone overexpression strains
exhibited an increased growth lag phase but similar levels of ODgyy Were recorded
while growing on fructose (Figure 7.4A). The acetate titre was not altered as a result

over

of chaperone overexpression, except in the GroESL™" strain which generated 13%
more acetate than the plasmid control strain (p-value = 0.003) (Figure 7.4B).
Interestingly, both the DnaKJE®"" and the DnGr°*® strains synthesized approximately
80% higher ethanol titres when compared to the plasmid control strain (p-values =
0.007 and <0.0001, respectively), whereas the GroESL°*®" strain produced 12% less
ethanol (p-value = 0.0003) (Figure 7.4C). In terms of 2,3-butanediol production, the
DnaKJE®"® strain generated 291% higher titre (p-value <0.0001) whereas the DnGr°"®"
strain synthesized 48% higher titre (p-value = 0.0003) than the plasmid control strain
while metabolizing fructose (Figure 7.4D). No change in 2,3-butanediol level was

detected as a result of GroESL overexpression (Figure 7.4D).
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Figure 7.4. Growth and metabolite profiles of unchallenged C. autoethanogenum
chaperone overexpression strains on fructose. (A) Growth profile; (B) Acetate profile;
(C) Ethanol profile; and (D) 2,3-Butanediol profile. Black circles = plasmid control
strain; Blue triangles = GroESL®"®" strain; Red inverted triangles = DnaKJE®"®" strain;
Purple squares = DnGr®* strain; N = 3; Error bars = standard error of mean.
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Following normalization for both housekeeping genes (gyrA and rho), the chaperone
transcript levels were compared to the plasmid control at early-, mid- and late-

over

growth phases during heterotrophic growth. In the GroESL™™" strain, groEL mRNA
was increased at early (3-fold) and late (106-fold) growth phases (p-values = 0.001
and <0.0001, respectively) whereas groES transcript was only increased at late
growth phase (9-fold) when compared to plasmid control (p-value <0.0001) (Figure

°¥¢" strain was lower

7.5A & B). Surprisingly, the groES transcript level of the GroESL
than the plasmid control at early (p-value = 0.0015) and not significantly altered at
mid growth phases (Figure 7.5A). For the grpE-dnaK-dnaJ chaperones, their gene
expression levels were equal or reduced in early- and mid-growth phases relative to
the plasmid control strain (Figure 7.5C-E). In contrast, the transcript levels of these

Lover

genes were up-regulated in the GroES strain at late-growth phase (Figure 7.5C-E).

For the DnaKJE®"®" strain, the transcript levels of chaperones grpE and dnak, but not
dnaJ, were consistently higher (3.1 — 9.7 fold) than the plasmid control at all the
examined time points (Figure 7.5C, D & E). The mRNA abundance of groES was
significantly down-regulated in early- growth phase (2.3 fold; p-value = 0.0048) of the
DnaKJE®"®" strain but not significantly different from the plasmid control strain at
mid- and late-growth phase (Figure 7.5A). During early-growth phase, the groEL
transcript level was significantly up-regulated in the DnaKJE®"®" strain (3.1 fold; p-

value <0.0001) when compared to the plasmid control strain (Figure 7.5B).

In the recombinant strain that carried the plasmid for overexpression of both GroESL
and DnaKJE chaperone systems, the transcript abundance of groES (1.8 — 3.1 fold),
groEL (6.8 — 20.8 fold), grpE (3.9 — 13.1 fold) and dnak (2 — 7.8 fold) was consistently
increased at the examined time points relative to the plasmid control strain (Figure
7.5A - D). In contrast, the transcript level of dnaJ was reduced (2.5 — 3.2 fold) in the
DnGr°“®" strain in all three growth phases (Figure 7.5E). Comparison of groES and
groEL transcript levels between DnGr®*®" and DnaKJE®"® strain showed upregulation

in the DnGr°"® strain during early- and mid-growth phases (Figure 7.5A & B).
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Figure 7.5. Normalized gene expression levels of chaperones during early-, mid- and
late-growth phases of C. autoethanogenum chaperone overexpression strains
growing on fructose. (A) groES mRNA level; (B) groEL mRNA level; (C) grpE mRNA
level; (D) dnak mRNA level; and (E) dnaJ mRNA level. Black = plasmid control strain;
Blue = GroESL®"®" strain; Red = DnaKJE®*® strain; Purple = DnGr®*®' strain; N = 6; Error
bars = standard error of mean.

7.4 Autotrophic Growth Experiments

To examine the effect of chaperone overproduction on autotrophic growth and

product formation, the chaperone overexpression strains were cultured in triplicates

of 250 mL serum bottles containing 50 mL of CGMY medium containing 7.5 pg/mL
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thiamphenicol with 2 bar CO in the headspace and incubated at 37°C with agitation

over and

for up to 24 days. In comparison to the plasmid control strain, the DnaKJE
DnGr°*®" strains displayed a slight increase in growth lag phase but peaked at a
similar ODggg on pure CO (Figure 7.6A). Although the GroESL®" strain did not show
prolonged growth lag phase, its peak ODgyo was reduced by 33% relative to the

plasmid control strain (p-value = 0.011) (Figure 7.6A).

(A) 2.0 (B) 100 7

Acetate (mM)

Growth (ODggp)

Days Days

(C)  s0- (D)

Ethanol (mM)
2,3-Butanediol (mM)

Days Days

Figure 7.6. Growth and metabolite profile of unchallenged C. autoethanogenum
chaperone overexpression strains on CO. (A) Growth profile; (B) Acetate profile; (C)
Ethanol profile; and (D) 2,3-butanediol profile. Black circles = plasmid control strain;
Blue triangles = GroESL®"®" strain; Red inverted triangles = DnaKJE®*®" strain; Purple
squares = DnGr° strain; N = 3; Error bars = standard error of mean.

While growing on CO, the DnGr®*®" strain generated a similar level of acetate to the
plasmid control strain but the GroESL®"®" and DnaKJE®'®" strains synthesized 17% and
28% less acetate, respectively (p-values = 0.006 for both) (Figure 7.6B). Among the

over

chaperone overexpression strains, only the DnGr™"" strain produced more ethanol

(71%; p-value = 0.0048) than the plasmid control strain (Figure 7.6C). The ethanol
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titre of the DnaKJE®"®" strain was diminished by 50% (p-value = 0.011) but the ethanol
level in the GroESL®™®" strain was unaffected (Figure 7.6C). The overexpression of
chaperones in C. autoethanogenum had a negative impact on 2,3-butanediol titre

over and

during CO growth. In particular, the 2,3-butanediol level of the DnaKIJE
DnGr°*®" strains was reduced by 77% and 73%, respectively, in comparison to the

plasmid control strain (p-values = 0.0024 and 0.0025, respectively) (Figure 7.6D).

7.4.1 Ethanol Challenge Assay under Autotrophic Conditions

To determine whether chaperone overproduction has a positive effect on the
ethanol tolerance of C. autoethanogenum under autotrophic conditions, both the
plasmid control and chaperone overexpression strains were cultured in 250 mL
serum bottles with 2 bar CO as described in section 7.4. When the culture ODgyo
reached 0.2, anaerobic ethanol (kept inside the anaerobic cabinet for >1 week) was
injected in a drop-wise manner together with agitation to reach final ethanol
concentrations of 20 g/L (434 mM) and 40 g/L (868 mM). The slow addition of
ethanol is critical as quick injection of ethanol resulted in a localized ‘sterilization
zone’ within the culture growth and prevented growth at 20 g/L ethanol challenge
level (data not shown). As unchallenged controls, liquid medium from uninoculated

culture was injected.

Following the injection of anaerobic ethanol or control medium, the bacterial
cultures were allowed to incubate at 37°C with agitation for 12 hours before 1 mL
liguid sample was transferred into an anaerobic workstation for plating assay to
determine the cell viability (cfu/mL). The samples were serially diluted with reduced
YTF medium, and 150 uL of the diluted samples were plated onto triplicates of solid
YTF medium supplemented with 7.5 pg/mL thiamphenicol. Colonies of typical C.
autoethanogenum morphology emerged after 3-5 days, and microscope inspection
was undertaken to check for contaminants using a selection of randomly picked
colonies (data not shown). The challenged and unchallenged serum bottle cultures
were returned to the 37°C shaker and liquid samples were taken at regular intervals

up to 50 days post ethanol challenge to monitor growth (ODggo).
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As shown in Figure 7.7E, an ethanol challenge at 20 g/L and 40 g/L potently reduced
the cell viability of the plasmid control strain after 12 hours incubation to only
0.071% and 0.035%, respectively, relative to unchallenged controls. In contrast, the
three chaperone overexpression strains achieved between 8.2% to 23.8% cell
viability at 20 g/L ethanol challenge level in comparison to unchallenged cultures
(Figure 7.7E). The best performer at this level of ethanol challenge was the DnGr°"*"
strain, which recorded 23.8% cell viability (relative to unchallenged culture) and
represents a 335-fold increase in cell viability over the plasmid control strain (p-value
= 0.029) (Figure 7.7E). When challenged with 40 g/L ethanol, the GroESL®*® strain
showed a decrease in cell viability of 41% in comparison to the plasmid control strain
(p-value = 0.022) (Figure 7.7E). However, the DnaKJE®*®" and DnGr°"® strains achieved
109-fold and 1083-fold, respectively, higher cell viability than the plasmid control

strain (p-values = 0.002 and 0.019, respectively) (Figure 7.7E).

Within the first 7 days after a 20 g/L ethanol challenge, the serum bottle cultures of
all three chaperone overexpression strains showed an increase of ODgy Whereas the
plasmid control strain experienced an initial decrease in ODggo, before an increase
from day 7 onwards (Figure 7.7B). The GroESL®*®' strain was able to immediately
grow unperturbed by the ethanol stress and reached a peak ODggg of 1.18 — 1.42

over

three days after ethanol challenge (Figure 7.7B). Similarly the DnGr™~"" strain was able

to grow quickly but a lower peak ODggo of 0.76 — 0.83 was attained. Some variations

were observed within the DnaKJE®'®"

strain triplicates but in general the strain was
able to grow to ODggg of 1.1 — 1.3 within the first 6 days (Figure 7.7B). Beyond 7 days
post 20 g/L ethanol challenge, the plasmid control strain was able to grow to an
ODggo of 2.2 — 2.3, substantially outgrowing all three chaperone overexpression

strains (Figure 7.7A).
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Figure 7.7. Effect of chaperone overexpression on growth and cfu/mL of C.
autoethanogenum when challenged with ethanol on CO. (A) Growth profiles when
challenged with 20 g/L ethanol; (B) The first 15 days of 20 g/L ethanol challenge; (C)
Growth profiles when challenged with 40 g/L ethanol; (D) The first 20 days of 40 g/L
ethanol challenge; (E) Comparison of percentage cfu/mL relative to unchallenged
cultures after 12 hours of ethanol challenge. Anaerobic ethanol was administered
into cultures to reach 20 g/L or 40 g/L ethanol when ODgg reached 0.2; Black =
plasmid control strain (N = 3 - 4); Blue = GroESL®*®" strain (N = 2); Red = DnaKJE®"®'
strain (N = 3 - 4); Purple = DnGr®*® strain (N = 3); Error bars = standard error of mean.

In the presence of 40 g/L ethanol, more intra-replicate variations were observed for

the serum bottle cultures, which complicate the analysis of impact of chaperone
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overexpression (Figure 7.7C & D). After prolonged incubation, the plasmid control

over

strain was able to reach a peak ODggo of 0.6 — 0.9, followed by the DnaKJE strain

that achieved a peak ODggo of 0.7- 0.8 (Figure 7.7C). Similarly, the DnGr°*®' strain
reached a peak ODgy of 0.6 — 0.7 whereas one of the replicates of the GroESL®"®"
strain attained a peak ODgyo of 0.7 (Figure 7.7C). Despite the substantial intra-

over

replicate variations, it was observed that both the DnaKJE®®" and DnGr°*" strains

achieved higher ODgg than the plasmid control strain in the first two days after a 40

over

g/L ethanol challenge (Figure 7.7D). In contrast, the GroESL°™" strain struggled to

grow in the first 20 days post 40 g/L ethanol challenge (Figure 7.7D).

7.4.2 Heat Stress Plating Assay

In addition to ethanol tolerance assay, the chaperone overexpression and the
plasmid control strains were subjected to thermal stress to examine the effect of
chaperone overproduction on the survival of C. autoethanogenum at elevated
temperature. The recombinant strains were cultured in CGMCF liquid medium inside
an anaerobic workstation for 1-2 days, where they achieved an ODgyo of 0.43 — 0.68.
From these, the cultures were standardized to an ODgyy of 0.4 via dilution, before
being serially diluted in 10-fold steps and 100 uL was plated onto YTF solid medium
supplemented with 7.5 pg/mL thiamphenicol. These culture plates were housed
inside anaerobic jars containing anaerobic atmosphere (CO,) generating bags
(Thermo Scientific) to minimize oxygen contamination, and incubated at 42°C for 5

days and 45°C for 14 days.

As shown in Figure 7.8, the chaperone overexpression strains generated a
significantly greater number of colonies than the plasmid control strain following 5
days of incubation at 42°C. The DnaKJE®®" strain exhibited the highest viable cell
count that is 238-fold higher than the plasmid control (p-value < 0.0001), followed by
the DnGr°*® strain that produced a 139-fold higher count than the plasmid control
strain (p-value < 0.0001). The overexpression of GroESL enhanced survival by 42-fold
relative to plasmid control (p-value < 0.0001). Despite prolonged incubation duration

of 14 days at 45°C, none of the strains showed any signs of colonies.
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Figure 7.8. Chaperone overexpression enhances viable cell counts (cfu/mL) of C.
autoethanogenum at 42°C following incubation for 5 days. N = 3; Error bars =
standard error of mean. *** Indicates p-value < 0.0001 when compared to plasmid
control.

7.4.3 Salinity Stress Growth Experiment

The plasmid control and chaperone overexpression strains were subjected to growth
in the presence of high salt concentrations to investigate whether chaperone
overexpression in C. autoethanogenum enhances salt tolerance. The growth
experiment was conducted in triplicates of 4 mL tubes, each containing 3.5 mL of
CGMCF medium with 7.5 ug/mL thiamphenicol and supplemented with 100 mM, 200
mM and 500 mM NaCl. After inoculation using 100 uL of 2 day old pre-culture
(standardized to ODgo of 1.4 via dilution), static incubation at 37°C was undertaken
inside an anaerobic workstation for up to 14 days. Culture growth was monitored by

measuring ODgqo.

In the presence of 100 mM NaCl, the GroESL®"®" and DnGr°"®" recombinant strains
achieved significantly higher cell densities in terms of ODggg and growth rates relative

Over strain

to the plasmid control strain (Figure 7.9A). In particular, the GroESL
achieved an 18% higher ODgg (p-value = 0.004) whereas the DnGr°*® strain attained
a 42% increased ODggo (p-value = 0.0001) (Figure 7.9A). In contrast, the DnaKJE®'®
strain exhibited a low growth rate and achieved a peak ODgg that was 47% lower
than the plasmid control strain (p-value = 0.0008) (Figure 7.9A). At 200 mM NacCl

level, the growth of the plasmid control strain was restricted to a peak ODgg of 0.23
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while the DnGr®*®" strain reached 35% higher ODgoo of 0.31 (p-value = 0.01) and
exhibited a reduced growth lag phase (Figure 7.9B). Under the same conditions, the
GroESL®®" strain achieved a peak ODgyo that was 3.65-fold higher than the plasmid
control strain (p-value = 0.0173), followed by the DnaKJE®*®' strain that was 1.91-fold
higher (p-value = 0.067) (Figure 7.9B). When challenged with 500 mM Nacl, all the

over

examined strains grew poorly (Figure 7.9C). The DnGr " strain showed some early
growth and reached its maximum ODggo of 0.10 on day 5, whereas the DnaKJE®"®
strain appeared to reach a peak ODgg of 0.14 on day 14 relative to a peak ODggg Of

0.09 by the plasmid control strain on day 11 (Figure 7.9C).

(A) 100 mM NacCl (B)

10- 200 mM Nacl

12

(C) ©°207 500 mM NacCl

Figure 7.9. The effect of chaperone overexpression on growth of C
autoethanogenum in the presence of high salt concentrations under heterotrophic
conditions. (A) 100 mM NaCl; (B) 200 mM NaCl; (C) 500 mM NaCl. Black = plasmid
control strain; Blue = GroESL®"®" strain; Red = DnaKJE®*®' strain; Purple = DnGr°"®"
strain; N = 3; Error bars = standard error of mean.
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7.5 Discussion

7.5.1 Enhanced Ethanol and 2,3-Butanediol Titres from DnaK]JE
Overexpression During Fructose Growth on Fructose
During growth on fructose, all three chaperone overexpression strains exhibited an
increased growth lag phase in comparison to the plasmid control strain. This can be
explained by the additional metabolic burden imposed through the biosynthesis of
these enzyme complexes and the subsequent ATP costs involved in protein folding
(418, 419). Consistent with this notion, the strain overexpressing both DnaKJE and
GroESL chaperones experienced the longest growth lag phase when compared to
mono-chaperone overexpression systems. Despite the increased growth lag phase,
these chaperone overexpression strains were eventually able to achieve equal or

higher cell densities measured by ODggo than the plasmid control strain.

In C. acetobutylicum, the plasmid overexpression of native GroESL increased butanol
titre by 30% without affecting ethanol levels while metabolizing glucose (176). In this
work, the overexpression of native GroESL in C. autoethanogenum reduced ethanol
titres by 12%, and increased acetate titre by 13% while the 2,3-butanediol level was
unaffected during growth on fructose. Surprisingly, the overexpression of chaperone
DnaKJE alone enhanced ethanol production by 82%, and elevated 2,3-butanediol
titre by 291% relative to plasmid control. Interestingly, the addition of GroESL to the

over

DnaKJE overexpression strain (DnGr ') slightly reduced the ethanol level and

substantially decreased 2,3-butanediol titre from 5.1 mM to 1.9 mM. The negative

effect on ethanol level due to the addition of GroESL overexpression to DnaKJE®"®

over

strain is consistent with the phenotype observed in the GroESL™" strain.

GroEL has been demonstrated to negatively modulate both dnakJE and groESL
operons by stabilizing HrcA which binds to CIRCE elements in B. subtilis (420-422).
The overexpression of GroESL in C. acetobutylicum has also been shown to reduce
Dnak] mRNA and protein levels (176). In a reverse manner, the plasmid-borne
overexpression of DnaK resulted in a 2.3-fold reduction in GroEL protein level in
Haemophilus ducreyi (423). The negative effect of GroESL on DnaKJ expression may

explain why the overexpression of GroESL in C. autoethanogenum WT or DnaKJE
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overexpression strains can reduce ethanol and 2,3-butanediol titres. The exact
mechanism of how chaperone DnaKJE promotes ethanol and 2,3-butanediol
production under heterotrophic conditions is unclear. One hypothesis is that the
DnaKJE chaperone assists in the folding of enzymes responsible for ethanol and 2,3-
butanediol biosynthesis. C. autoethanogenum enzymes such as AdhE, AOR (both
required for ethanol production) and PFOR (required for 2,3-butanediol biosynthesis)
fall outside the 60 kDa protein range that can be encapsulated by the GroESL
chaperone (396, 424). In contrast, the DnaK chaperone assists protein folding by
association with short linear peptide segments that are rich in hydrophobic residues
(425-427). By using an algorithm which claimed to have a 77.2% true positive and 1%
false positive prediction (428), DnaK binding sites were detected in proteins involved

in ethanol formation and biosynthesis of 2,3-butanediol (Table 7.2).

Table 7.2. Putative DnaK binding sites within proteins that participate in biosynthesis
of ethanol and 2,3-butanediol in C. autoethanogenum.

Butanediol dehydrogenase (CAETHG_0385) 1-7 MKAVLWY 17.1
198-204 RIVIVFQ 13.7

317-323 DGYITKR 11.5

Alpha-Acetolactate Decarboxylase (ALDC; CAETHG_2932) 32-38 SKLLKKG 14.7
51-57 ELTLLNG 125

58-64 TFYRTKP 11.9

160-166 GYVVGFR 11.2

Acetolactate synthase (AlsS; CAETHG_1740) 37-43 NLEIMNA 11.5
147-153 IIRLVFK 15.7

148-154 IRLVFKY 14

253-259 NKYSMWT 12.9

276-282 DLVITIG 11.6

331-337 NILRRTS 11.3

377-383 RKVMGPH 111

396-402 WIARHYN 11.1

463-469 IVVLIFN 14

464-470 VVLIFND 114

473-479 YGLIKWK 19.7

515-521 EDLIPTL 11.4
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Protein Amino acid Sequence Score
Position
Pyruvate:ferredoxin oxidoreductase (PFOR; CAETHG_0928) 88-94 QGLLLMI 12.7
89-95 GLLLMIP 17.3
90-96 LLLMIPN 16.4
223-229 DIYFQQR 11.7
270-276 EYIIVAM 11.6
287-293 VDYLRQN 13.3
301-307 KVHLYRP 13.1
303-309 HLYRPFS 14
312-318 YFFKYLP 15.2
314-320 FKYLPKT 16.6
719-725 ENFLTKK 12.9
720-726 NFLTKKP 12.3
735-741 HYRIQIS 11.6
779-785 EYAMKIT 11.9
821-827 IKLLTQL 13.6
822-828 KLLTQLY 14.4
929-935 KILKILN 13
947-953 EIFMKKD 13.6
952-958 KDYLIKK 13.2
953-959 DYLIKKS 13.9
1100-1106 HLYRYNP 14.1
Aldehyde:ferredoxin oxidoreductase (AOR1; CAETHG_0092) 6-12 GKVLRIN 12.9
8-14 VLRINLK 11.2
57-63 NKFIVT 121
58-64 KFIIVTG 12.2
75-81 GRFMVVT 11.5
310-316 EYETLWC 12.9
371-377 NLSKLWG 12
386-392 IKRMVYS 13.2
450-456 KGYMINP 11.9
552-558 KRLLEEP 12.1
572-578 DVLLPEY 12
Aldehyde:ferredoxin oxidoreductase (AOR2; CAETHG_0102) 6-12 GKVLRIN 12.9
29-35 KKFIGAR 145
57-63 NKFIIAA 11.8
75-81 GRFMVVT 11.5
310-316 EYETLWS 18.8
572-578 DVLLPEY 12
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Protein Amino acid Sequence Score

Position

Bi-functional Aldehyde/Alcohol Dehydrogenase (adhE1; 125-131 LIALKTR 11.9

CAETHG_3747)

164-170 EGIIGWI 13.8
231-237 SILLSKT 14.4
282-288 KIILKNG 11.8
368-374 SLYINPM 14.9
434-440 KHLLNIK 13.6
451-457 WFRVPEK 16.2
479-485 KVFIVTD 12
485-491 DKVLYQL 135
566-572 DLAMRFM 13.4
569-575 MRFMDIR 13.6
577-583 RVYVFPK 12.3
586-592 EKAMMIS 11.6
677-683 VKLIFEY 12.5
790-796 KVQLLIN 14
792-798 QLLINAI 13
850-856 IKQMYIN 14.8

Bi-functional Aldehyde/Alcohol Dehydrogenase (adhE2; 3-9 NLFIFNS 15.1

CAETHG_3748)

146-152 LIALKTR 11.9
185-191 EGIIGWI 13.8
252-258 SILLSKT 14.4
360-366 VLAMYKA 11.6
456-462 KHLLNIK 13.6
473-479 WFRVPEK 16.2
491-497 LKELRIM 12.4
493-499 ELRIMEK 11.1
507-513 DKVLYQL 135
588-594 DLAMRFM 13.4
591-597 MRFMDIR 13.6
599-605 RVYVFPK 12.3
608-614 EKAMMIS 11.6
644-650 DYELTPN 12.3
699-705 TRLVFKY 13.9
701-707 LVFKYLP 121
703-709 FKYLPIA 16.1
812-818 KVQLLIN 14
814-820 QLLINAI 13
872-878 IKQMYIN 14.8

Notes: Algorithm was developed by Van Durme et al. (2009) (428) and is available
online via http://limbo.switchlab.org/limbo-analysis
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7.5.2 Molecular Evidence for Increased Chaperone Gene Overexpression in
Recombinant Strains While Metabolizing Fructose
In parallel to the heterotrophic growth experiment reported in section 7.5.1, the
mRNA abundance of chaperone overexpression and plasmid control strains was
examined at early-, mid- and late-growth phases using qRT-PCR to seek molecular
evidence for any increase in chaperone transcript levels as a result of plasmid
overexpression. Since the native chaperones of C. autoethanogenum were used for
plasmid overexpression, the TagMan probes and primers anneal to both the
endogenously generated transcripts (from the chromosome) and plasmid-generated
mRNA. Although a nucleotide within groEL was mutated using SOE-PCR to remove an
interfering Ndel cloning site (while retaining the same encoded amino acid) (Section
7.2), the TagMan probes and primers anneal to a different region of groEL. If the goal
of the experiment is to distinguish between plasmid-borne chaperone mRNA and
chromosome-borne chaperone mRNA, the forward primer can be designed to anneal
to the promoter region since non-native promoters (Pyor and Pasa of C
autoethanogenum) were used to drive chaperone expression in the plasmid
constructs. However, this strategy can only be applied to the first gene of the

chaperone operons: groES and grpE.

In the recombinant strain that carried the GroESL overexpression plasmid, a
significant increase in mRNA level of chaperonin groEL relative to the plasmid control
strain was detected at early and late growth phases. In contrast, the first gene of the
groESL operon, groES (encoding GroES, a cofactor of GroEL), only showed increased
gene expression relative to the plasmid control strain in the late-growth phase but
not during early- and mid-growth phases. In the GroESL®*®" strain, the untargeted
chaperones grpE, dnak, and dnaJ were expressed at similar levels or down-regulated
relative to the plasmid control strain during early- and mid-growth phases but
expression of the former two genes was elevated during the late-growth phase. A
similar phenomenon was observed by Tomas et al. (2003), who reported a decrease
in transcript level of dnaK and dnaJ (but not grpE) in a recombinant C

acetobutylicum strain overexpressing GroESL in a bioreactor (176).
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over

The gene expression data showed that the DnaKIJE strain exhibited enhanced
MRNA levels for grpE and dnaKk, but not dnaJ, at all the examined time points relative
to the plasmid control strain. The gene dnaJ of C. autoethanogenum is distally
located in the grpE-dnaK-dnalJ operon and is preceded by two putative
transcriptional terminators and a putative promoter region (Figure 7.2), which
suggests it may be differentially expressed from grpE and dnaK. In support of this
notion, the peptide molar ratio of grpE:dnaK:dnaJ in E. coli was determined as
20:30:1 using MS (397). The transcript level of the untargeted groES was not up-

over

regulated in the DnaKJE™™ strain at all the examined time-points, but groEL was up-

regulated during early- and late-growth phases in comparison to plasmid control.

The DnGr®*®' strain carries a plasmid that overexpresses the grpE-dnaK-dnaJ operon
from a Pyror promoter, followed by a P,ca promoter that drives groES-groEL operon
expression. Gene up-regulation of grpE, dnaKk, groES, and groEL was consistently

over

detected at all the examined time-points in the DnGr™"" strain relative to the plasmid

control strain. Similar to the DnakJE®"®'

strain, the dnaJ mRNA level was not elevated
in the DnGr°*® strain. Given the difference in promoters driving the expression of
groES-groEL between DnGr®*® (Pacsa) and GroESL™®' (Pytor) strains, it is not surprising
that both groES and groEL mRNA levels in the DnGr®*®" strain are 5.2- to 8.8-fold
higher than the GroESL®*" strain during early- and mid-growth phase. Under
autotrophic conditions, acsA was more strongly expressed than pfor in C.
autoethanogenum and the two genes displayed different expression profiles (53).

During late growth phase, the mRNA levels of groES and groEL were 4.9- to 15.5-fold

higher in the GroESL®** strain than in the DnGr°*®' strain.

Both the plasmid control and chaperone overexpression strains displayed increasing
chaperone expression from early to late growth phases, which is consistent with
their roles in response to stress. In the plasmid control strain, dna/ showed the least
amount of up-regulation (6.1 fold) from early to late growth phases, whereas groEL
exhibited the largest magnitude of up-regulation at 46.4 fold during the same time

°'¢" strain showed a

frame. As a comparison, the groEL transcript level of the GroESL
1669-fold increase from early- to late-growth phase, further demonstrating the

effect of chaperone overexpression at the molecular level.
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7.5.3 Co-Overexpression of DnaKJE and GroESL Chaperones Increases
Ethanol Production during CO Growth
Unlike heterotrophic growth, autotrophic growth is predicted to be limited in ATP
(106, 140), which poses challenges for chaperone overexpression strains because
both the GroESL and DnaKJE chaperone systems are ATP-dependent. It has been
determined that 130 + 20 moles ATP are required for GroESL chaperonin of E. coli to
fold one rhodanase (a 293 residue monomeric enzyme), which is 5 — 10% of the ATP
cost for the degradation and resynthesis of a rhodanase (418). In contrast, the
DnaKJE chaperone system of E. coli was shown to involve the hydrolysis of only 5 ATP
for folding of one luciferase polypeptide (572 residue) (429). Consistent with the
additional ATP burden, the GroESL®*®' strain of C. autoethanogenum was only able to
achieve 67% of the peak ODgg of the plasmid control strain but without alteration in
growth lag-phase while growing on pure CO. Under the same conditions, both the
DnaKJE®*®" and DnGr°*® strains exhibited a slight increase in growth lag phase but

recorded similar peak ODgqg as the plasmid control strain.

In the presence of pure CO, the recombinant strain co-overexpressing chaperones
DnaKJE and GroESL generated 71% more ethanol, similar acetate titre but 73% less
2,3-butanediol than the plasmid control strain. The effect of chaperone
overexpression on metabolites of acetogens growing autotrophically in CO has not
been investigated in the literature. During glucose metabolism, the plasmid
overexpression of GroESL in C. acetobutylicum increased butanol titre by 30% (176).
Another example is the heterologous expression of Hsp33 from B.
psychrosaccharolyticus in C. acetobutylicum, which increased the solvent titre by 22%
(416). In C. autoethanogenum, the overexpression of GroESL had a neutral effect on
the ethanol titre while the overexpression of DnaKJE diminished ethanol levels by
50% during autotrophic conditions. Based on these data, the over-production of
DnaKJE alone in CO had a negative effect on ethanol production but the combined
over-production of DnaKJE and GroESL significantly elevated ethanol levels. This
phenomenon can be attributed to the relative abundance and interplay between the

two chaperone systems. In particular, GroEL is known to negatively modulate the
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expression of DnaKJE (as mentioned earlier) and both chaperone systems are known

to interact with regulatory elements such as stress-specific sigma factor H (c") (430).

Unlike during heterotrophic growth, the overexpression of DnaKJE with or without
GroESL in C. autoethanogenum did not raise 2,3-butanediol titre under pure CO
growth conditions. The 2,3-butanediol levels were diminished by 73 — 77% in
DnaKJE®*®" and DnGr°*® strains and reduced by 23% in the GroESL®*®' strain relative to
the plasmid control strain in the presence of CO. It is likely that the flux at the
pyruvate (a precursor of 2,3-butanediol) node is significantly different between the
two growth conditions. Pyruvate has to be generated from acetyl-CoA and CO, using
PFOR and Fd,.g during acetogenesis but it is a metabolic intermediate during
glycolysis. Furthermore, the promoters used to drive the chaperone expression are
likely to display different expression profiles under the two growth conditions.
Another explanation is that the additional metabolic and energetic burden of
chaperone over-production under ATP-limiting conditions contributed to the

reduced 2,3-butanediol levels.

7.5.4 Overexpression of Chaperones under Autotrophic Conditions
Enhanced Tolerance towards Ethanol in the Early Phase of Ethanol
Challenge Assay

During the design of a chemical stress experiment, careful considerations have to be

given to the medium composition, inoculum age and density, chemical stress

duration, and method of quantifying tolerance in the form of cell viability and growth

(384). This is to ensure that the assay being undertaken best resembles the

challenging conditions the microbe is likely to encounter during industrial

bioprocessing. In this study, chaperone overexpression and plasmid control strains of

C. autoethanogenum were allowed to grow in serum bottles containing 2 bar CO to

early exponential growth phase (ODgyo = 0.2) before anaerobic ethanol was injected

to final concentrations of 20 g/L and 40 g/L. Ethanol tolerance was measured in the
form of viability assay by comparing the % cfu/mL relative to unchallenged culture

after 12 hour ethanol challenge, and by monitoring the culture growth (ODgqgo) for up
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to 50 days post ethanol challenge. The addition of ethanol into molten agar medium
prior to plating failed to reduce the number of cfu (data not shown), most likely due
to evaporation of ethanol from the plates. Furthermore, ethanol stress of only 1 hour
in serum bottles was insufficient to have an impact on viability of C

autoethanogenum (data not shown).

The viability of the plasmid control strain was drastically diminished to only 0.071%
and 0.035% cfu/mL after 12 hours of ethanol challenge at concentrations of 20 g/L
and 40 g/L, respectively, when compared to the unchallenged cultures. As a result of
chaperone overexpression, this was increased to 8.2 for the GroESL®*®" strain, 17.9
for the DnaKJE® strain and 23.8 for the DnGr°®" strain at the 20 g/L ethanol
challenge level. When challenged with 40 g/L, the GroESL®*®" strain recorded only
0.02% survival, which is 41% less than the plasmid control strain. In contrast, the
DnaKJE®*® and DnGr®®" strains respectively generated 109-fold and 1083-fold
improvement in % cfu/mL relative to the plasmid control strain at 40 g/L ethanol

challenge concentration.

At both 20 g/L and 40 g/L ethanol challenge levels, the recombinant strains co-
overexpressing both DnaKJE and GroESL chaperone systems displayed the greatest
tolerance from the 12 hour viability assay. This positive effect of combined
chaperone systems on alcohol tolerance has also been reported in the literature. For
instance, the combined overexpression of ClpB, GrpE, GroESL in E. coli imparted a
higher tolerance towards 7% (v/v) ethanol than strains overexpressing each
chaperone (394). In terms of freeze tolerance, an E. coli strain over-producing both
GroEL and DnaKJ chaperone systems also displayed greater viability than a strain
over-producing only GroEL (408). Despite significant functional overlap between
GroESL and DnaKIJE chaperone systems (396, 397), it is not inconceivable that their

combined over-production confers a higher tolerance towards alcohols.

Continued monitoring of the ODggo of the 20 g/L ethanol challenged cultures on CO
revealed the plasmid control strain suffered a growth lag-phase of >7 days, before
eventually reaching a peak ODgyp of 2.2 — 2.3. In contrast, all three chaperone

overexpression strains were able to grow within the first 7 days post ethanol
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challenge but they reached substantially lower peak ODggo than the plasmid control

strain. In particular, the GroESL®*®

strain managed to grow unperturbed by the
challenge of 20 g/L ethanol and reached ODggg of 1.2 — 1.4 three days post ethanol
stress. The ability of the chaperone overexpression strains to grow earlier than the
plasmid control strain is consistent with results from the viability assay (% cfu/mL) at

20 g/L ethanol challenge level.

Despite the greater intra-replicate variations in growth response from the 40 g/L
ethanol challenge, some observations can be made. Following prolonged incubation
(up to 50 days post ethanol challenge), both the plasmid control and chaperone
overexpression strains were able to achieve comparable cell densities. The DnaKJE®*®
and DnGr°"® strains displayed stronger growth than the plasmid control strain in the

°¥®" strain was unable to

first two days post 40 g/L ethanol challenge. The GroESL
show significant increase in ODgg in the first 20 days following 40 g/L ethanol stress.
Again, these results are in agreement with the higher viability (% cfu/mL) of
DnaKJE®*®" and DnGr®"®" strains but lower viability of the GroESL®*®" strain when

compared to the plasmid control strain at 40 g/L ethanol challenge level.

Interestingly the positive effect of chaperone overexpression on ethanol tolerance
appears to be restricted to the early-phase of ethanol stress, as the plasmid control
strain eventually outgrew the chaperone overexpression strains following prolonged
incubation. Two hypotheses were proposed to explain this phenomenon. One is the
promoter(s) used for chaperone overexpression may be more active at the early
growth phase in the presence of pure CO. The second hypothesis is that the serum
bottle cultures may be substrate limited, which translates into limited ATP availability
to support the synthesis and folding actions of the chaperones. To test these
hypotheses, the mRNA level of these chaperones can be examined using gRT-PCR
under CO conditions, and the ethanol stress experiment can be performed in a

bioreactor with continuously supplied gas to overcome substrate limitation.
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7.5.5 Chaperone Overexpression Enhances Tolerance of C
autoethanogenum towards Thermal Stress and High Salinity
During the recycling of water in an industrial bioprocess, osmolarity increases as salts
accumulate with every cycle so it is desirable to employ a biocatalyst that is tolerant
towards high salt concentrations. Furthermore, the ability to operate a gas
fermentation process at high temperature utilizing a heat tolerant biocatalyst not
only lowers the cooling costs and facilitates product separation via distillation but
also reduces risk of contaminations. Hence, the chaperone recombinant strains
constructed in this study were assessed for their heat and salt tolerance capabilities.
Viable cell count assay showed that the overexpression of chaperones in C.

Ve strain

autoethanogenum profoundly enhanced viability at 42°C. The DnaKJE
displayed a viable cell count that was 238-fold higher than the plasmid control strain
at this elevated temperature. In L. lactis, the heterologous expression of DnaK from
E. coli resulted in 13.5-fold increase in viability upon heat shock at 42°C (414). In C.
autoethanogenum, the 42-fold improvement in cfu/mL relative to the plasmid
control at 42°C as a result of GroESL over-production is in congruence with literature
findings. For instance, the overexpression of native GroESL in Cyanobacterium
anabaena permitted growth at 42°C (413) and the heterologous expression of
GroESL from L. paracasei in L. lactis resulted in 1-log increase in cell viability at 54°C
(411). The co-overexpression of both DnaKJE and GroESL chaperone systems in C.
autoethanogenum did not further enhance viable cell count. None of the chaperone
recombinant strains or plasmid control strain in this study was able to form colonies

at 45°C after 14 days of incubation, which is consistent with the growth temperature

range of 20°C to 44°C reported by Abrini et al. (1994) (52).

Both GroESL®®" and DnGr°*®" recombinant strains, but not the DnaKJE®*®" strain,
displayed higher tolerance towards 100 mM NaCl as evident in the significant
increase in peak ODgy and growth rates relative to the plasmid control strain. The
overexpression of GroESL raised peak ODggo by 18% whereas the co-overexpression
of GroESL and DnaKIJE chaperone systems enhanced peak ODgg by 42%. Surprisingly
the overexpression of DnaKJE alone reduced growth rate and lowered peak ODggg by

47% relative to the plasmid control strain at 100 mM NaCl. When challenged with
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200 mM NaCl, the growth of the plasmid control strain was significantly diminished
to a peak ODgy of 0.23. In contrast, the GroESL®*®, DnaKJE®*®" and DnGr°*" strains
were able to reach peak ODgy of 0.84 (3.65-fold increase), 0.44 (1.91-fold increase)
and 0.31 (35% increase), respectively. Although the DnaKIJE®*®" strain performed
poorly at 100 mM NacCl level, it was significantly superior to the plasmid control
strain at 200 mM NaCl concentration. One possible explanation for this discrepancy
is that the positive effect of DnaKJE on cell growth outweighed its metabolic costs at

extreme salt conditions of 200 mM but not 100 mM.

Negligible growth was recorded for all examined strains at 500 mM NaCl
concentration over 14 days of incubation. It has been reported that 0.86 M to 1.2 M
NaCl is sufficient to completely inhibit clostridia (431), which forms the basis for
using salt as a food preservative. The positive impact of chaperone overexpression
on salinity tolerance of C. autoethanogenum observed in this study is echoed
elsewhere in the literature. For instance, the overexpression of native GroESL in
Cyanobacterium anabaena increased OD7so by ~35% at 150 mM NaCl level (413) and
the heterologous expression of DnaK from E. coli in L. lactis enhanced ODggo by 23%
in the presence of 0.51 M NaCl (414). The heterologous expression of DnaK from T.
halophilus in E. coli reduced growth lag phase in the presence of 0.86 M NaCl and 1.2

NaCl without increasing final ODggg (412).

7.6 Chapter Summary

Tolerance to toxic chemicals and stresses is a complex trait involving the actions of
multiple genes and diverse cellular responses. Through the overexpression of
chaperones, increased solvent tolerance was demonstrated in several saccharolytic
microorganisms (176, 394, 411, 414, 416, 417) but this strategy has not been
investigated in acetogens. This study demonstrated that the overexpression of
chaperone system GroESL and/or DnaKIE in C. autoethanogenum enhanced survival
and cell growth in the early stages of ethanol stress under autotrophic conditions.
However, after prolonged incubation the plasmid control strain eventually outgrew

the chaperone overexpression strains when challenged with 20 g/L ethanol. While
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growing on CO without exogenous ethanol addition, the strain co-overexpressing
GroESL and DnaKIJE displayed significantly enhanced ethanol production. Besides
ethanol tolerance, the overexpression of chaperones was shown to substantially
improve thermal and salt tolerance in C. autoethanogenum, both of which are

invaluable characteristics for an efficient industrial bioprocess.

Given the modulatory role of chaperones GroESL and DnaKJE on each other’s
expression, it is likely that optimization in their expressions via promoter
selection/engineering can further enhance stress tolerance. Unbalanced
overproduction of DnaK has been shown to be bactericidal in E. coli (432) and
overproduction of GroEL can lead to undesired proteolytic activities (433).
Transcriptomic studies will be very informative in revealing the impact of chaperone
overexpression on global gene expression and allude to more detailed mechanisms
of stress tolerance in C. autoethanogenum. As a next step of metabolic engineering,
the chaperone genes should be codon altered (to prevent unintended recombination
with genomic copy) and integrated into the genome for stable expression without
the need for costly plasmid maintenance via antibiotic supplementation. Chaperones
from microorganisms that naturally tolerate high ethanol concentrations (such as Z.
mobilis) (434) and chaperones from thermophiles (409) are potential candidates for
genetic engineering. Furthermore, bioreactor gas fermentations should be
conducted to overcome any substrate limitation from the serum bottle studies in
order to better assess the effect of chaperone production on product formation and

stress tolerance.
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8 Summary Discussion

8.1 Introduction

The production of biofuels and commodity chemicals from waste gas fermentation is
a unique technology that offers a range of advantages including the utilization of
extremely low-cost, non-food feedstocks, and provides a mean to recycle waste
carbon as part of humanity’s concerted effort to tackle climate change. To bring this
technology closer to commercial reality, metabolic engineering of the biocatalyst (an
acetogenic bacterium) has the potential to address some of the limitations of the
technology, such as low production rate and concentration, sub-optimal substrate
utilization efficiency and product inhibition. Crucially, the ability to genetically modify
the acetogen to synthesize new products permits the diversification of product

streams to counter price volatility and reduce market risks.

This PhD project was initiated to develop genetic tools for targeted gene disruption
and heterologous gene expression in gas-utilizing C. autoethanogenum. The
following sections will address the objectives of this PhD study and provide a
summary of the research outcomes. In particular, the construction of cooS, adhE and
aor mutants using ClosTron mutagenesis and pyrE-mediated in-frame deletion (IFD)
technique will be highlighted. Characterization of these mutants uncovered valuable
insights into the roles of the inactivated genes in CO oxidation and fixation, and
ethanol formation. Moreover, chaperone overexpression was attempted to engineer
a recombinant strain for greater tolerance towards ethanol, heat and high salinity.
Finally, a range of experiments is proposed as future work to generate a robust,

hyper-ethanol producing C. autoethanogenum for industrial gas fermentation.

8.2 Development of Genetic Tools for C. autoethanogenum
One of the biggest obstacles to the development of genetic tools for any organism is
to establish a reliable and efficient method of introducing foreign DNA into the cells.

The thick peptidoglycan layer of Gram-positive bacteria and active RM systems have
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frequently been held responsible for the inability to transform industrially important
acetogens such as C. carboxidivorans, C. ragsdalei, C. drakei, and E. limosum (255).
An efficient electroporation protocol for C. ljungdahlii was developed by Dr. Anne M.
Henstra and Dr. Elizabeth Steiner in this laboratory (unpublished results), resulting in
transformation efficiencies comparable to that reported by Leang et al. (2013) (229).
Surprisingly, this electroporation procedure only resulted in limited success for the
closely related C. autoethanogenum (100% nucleotide identity in 16S rRNA (38)).
Comparison of the RM systems between the two acetogens revealed twelve unique
RM systems in C. autoethanogenum, which are hypothesized to be a major
contributor towards the genetic recalcitrance of the microbe. Very recently, genome-
wide DNA methylation pattern of C. autoethanogenum was revealed using SMRT
sequencing technologies (435). This information can be utilized to protect foreign
DNA by in vitro or in vivo methylation, and the CDS of the RM systems can be

genetically inactivated to significantly improve transformation efficiencies.

An alternative method of transformation is conjugation, which relies on direct cell-
to-cell contact between the donor and recipient and therefore is restricted by the
host range of the donor. Nonetheless, plasmids with three different Gram-positive
replicons (pBP1, pCB102 and pCD6) were successfully conjugated into C.
autoethanogenum using E. coli strain CA434 as the donor. The relatively high transfer
efficiency and high reproducibility of conjugation in comparison to electroporation
means conjugation was the method of choice for all genetic manipulations of C.

autoethanogenum in this PhD study.

The establishment of a reliable DNA transfer protocol allowed genetic tools such as
ClosTron mutagenesis and ACE to be exemplified in C. autoethanogenum. As a proof
of concept, the EIIABC subunit of a fructose-specific PTS (fruA) was inactivated using
ClosTron, resulting in a mutant that is unable to utilize fructose as a growth
substrate. A fruA gene product was also investigated as a potential counter-
selectable marker due to its ability to transport non-metabolizable sugar alcohols
such as xylitol and D-mannitol into the cells, resulting in the accumulation of toxic
phosphorylated intermediates. Growth experiments in pyruvate-based liquid

medium showed that 100 mM D-mannitol did not inhibit growth of the WT whereas
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100 mM xylitol reduced end-point ODggg of WT cells by 55% but only lowered end-
point ODggo of a fruA mutant by 5%. A plating assay demonstrated that the WT was
still able to form small colonies in the presence of 100 mM xylitol, but not at 200 mM
and 300 mM concentrations. In contrast, the fruA mutant was able to form large
colonies in the presence of 300 mM xylitol. These results demonstrated the potential

of using fruA as a positive and negative selectable marker for C. autoethanogenum.

The genes pyrE/pyrF, whose encoded enzymes are involved in uracil biosynthesis but
also convert the harmless pro-drug FOA into the cytotoxic compound FU, are
frequently employed as positive and negative selectable markers in this laboratory
(212, 214, 436) and others (237, 280). The pyrE gene of C. autoethanogenum was
inactivated using ClosTron and the mutant was demonstrated to be uracil
auxotrophic and tolerant to FOA, confirming its suitability as a selectable marker for
future genetic works. Similar to pyrE, codA is also a potential counter-selectable
marker due to its ability to convert the innocuous pro-drug FC into the cytotoxic
compound FU. As expected, a ClosTron mutant of codA in C. autoethanogenum

exhibited tolerance towards FC while the WT was growth inhibited by 50 pug/mL FC.

For precise genetic manipulations such as base substitutions, IFD and integration of
large DNA fragments, allelic-exchange techniques such as ACE are employed. ACE
utilizes non-symmetrical homology arms to direct the sequence of recombination
events and also the activation/inactivation of gene(s) for selectable phenotype(s)
(212). Although a counter-selectable marker is not a pre-requisite for ACE, the
generation of a ApyrE mutant in C. autoethanogenum is useful for integration of
biosynthetic pathways, IFD and substitution of bases by iterative alteration of the
state of pyrE. Using ACE, a ApyrE mutant with 227 bp of 3" CDS deleted was
successfully generated and subsequently restored back to WT allele. By cloning
biosynthetic genes into the multiple cloning site (in lacZa) between the two
homology arms of the pyrE restoration plasmid, heterologous pathways can be stably
integrated into the genome of C. autoethanogenum to synthesize novel products
such as butanol and isopropanol. During the IFD and subsequent restoration of pyrE,
plasmid loss was achieved by replica plating on thiamphenicol containing solid

medium.

221



8. Summary Discussion

8.3 Characterization of CODHs in C. autoethanogenum

Similar to other anaerobes such as C. hydrogenoformans (297), M. acetivorans (302),
M. thermoacetica (73), and C. ljungdahlii (37), the genome of C. autoethanogenum
encodes multiple CODHs: two mono-functional CODH (cooS1 and cooS2) and one bi-
functional CODH/ACS (acsA) (38). By employing ClosTron mutagenesis, these three
CODHs were independently disrupted to assess their roles in supporting CO oxidation

and carbon fixation.

As expected, the inactivation of acsA completely abolished autotrophic growth (CO
or H,+CO;) and complementation by plasmid expression of functional acsA partially
restored growth on pure CO. During growth on fructose, the acsA mutant
accumulated 61% less biomass than WT, confirming the role of ACS in heterotrophic
growth of C. autoethanogenum. Surprisingly, the mutant generated little or no
acetate (a hallmark feature of acetogens), but 113% more ethanol and 138% more
2,3-butanediol than the WT. One explanation for these acsA mutant phenotypes is
that disruption of acsA disabled the WLP, resulting in excess reducing equivalents
which generated a driving force for the electron-consuming ethanol and 2,3-
butanediol biosynthetic reactions. Again, complementation of the acsA mutant
partially restored the biomass, acetate, ethanol and 2,3-butanediol levels back to
WT. Plasmid overexpression of acsA in the presence of CO reduced the lag phase of
growth by 4 days and appeared to increase the ethanol titre by 21% relative to
plasmid control (not statistically significant). While growing on fructose, the acsA
overexpression strain enhanced cell density by 24% without affecting acetate and
ethanol levels. Collectively, acsA was demonstrated to be unequivocally essential for
autotrophic growth in C. autoethanogenum and there is some evidence that

overexpression of acsA enhances growth and ethanol formation during CO growth.

Unique to C. autoethanogenum is the presence of an internal ‘TGA’ stop codon
within the acsA of this acetogen, splitting the gene into two CDS: CAETHG_1621
(1203 bp) and CAETHG_1620 (684 bp). The lack of an apparent RBS for the
downstream CDS raised the suspicion that there may be a translational read-through

full

mechanism which allows the synthesis of a full length AcsA (AcsA™"), instead of a

truncated AcsA (AcsA"™"). N-terminal and C-terminal FLAG-tagged acsA constructs
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were transformed into C. autoethanogenum, C. acetobutylicum and E. coli to
investigate the translational patterns of acsA in different hosts. No signals were
detected in Western Blots containing crude lysates of transformed C. acetobutylicum
(including a positive control that has the ‘TGA’ stop codon replaced by a ‘TCA’ serine

codon) so it is hypothesized that the acsA promoter is not active in this Clostridium.

In C. autoethanogenum, Western Blots showed that there was no evidence of
independent translation of the downstream CDS of acsA. Both N-terminal and C-

terminal FLAG-tagged constructs clearly showed the presence of a full-length AcsA

full

protein. In addition to the AcsA™ protein, Western Blots also demonstrated the

presence of the AcsA™"™ band, which showed greater signal intensity than the
AcsA™ protein. These results indicated that although translational read-through

full

occurs in acsA of C. autoethanogenum, the formation of the AcsA™" protein is partial

and inefficient. Given the pivotal roles AcsA has in acetogenesis, this inefficiency in

ful may impose a handicap on autotrophic growth of C

synthesizing AcsA
autoethanogenum. Consistent with this notion, C. ljungdahlii, which does not have
an internal stop codon in acsA, is reported to have a slightly shorter doubling time of

3.8 h instead of the 4 h observed for C. autoethanogenum under CO conditions (333).

full

Unlike C. autoethanogenum, E. coli is unable to form the AcsA™" protein from either

N-terminal or C-terminal FLAG-tagged acsA constructs. Instead, the AcsA™"

was
detected, indicating that the promoter P, is active in E. coli. Furthermore, a
construct variant with a ‘TCA’ serine codon in place of the ‘TGA’ stop codon

ful protein. These results indicated that the

successfully produced the AcsA
translational read-through mechanism is unique to C. autoethanogenum. A putative
bSECIS element was not detected by the algorithm developed by Zhang and
Gladyshev (2005) (324) but was observed via manual inspection in the region
immediately following the ‘TGA’ stop codon of acsA so the incorporation of
selenocysteine is hypothesized to be the translational read-through mechanism.

ful protein in E. coli, which is one of the model

However, the absence of AcsA
organisms for selenocysteine biosynthesis and incorporation, suggests other

mechanisms are responsible. Peptide sequencing using mass-spectroscopy could be
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performed to identify the unknown amino acid corresponding to the ‘TGA’ stop

codon.

In an attempt to examine the roles of cooS1 and cooS2 in C. autoethanogenum, the
acsA KO mutant and WT were subjected to mixotrophic growth in the presence of
both fructose and CO. The WT was able to consume fructose while oxidizing CO to
CO,, but the acsA mutant not only did not consume CO, it generated an additional
2.03 mmol CO. These results indicate that under the mixotrophic conditions tested,
the physiological role of these mono-functional CODHs may lie in the direction of CO,
reduction. During growth on pure CO (without fructose), the cooS1 KO mutant
exhibited a prolonged growth lag phase and reached lower cell density, but
generated more ethanol than the WT. The elevated ethanol titre of the cooS1
mutant was also observed during growth on BOF gas from a steel-making process
(composition: 51.24% CO, 31.22% N,, 11.98% CO,, and 3.05% H,). Surprisingly, the
inactivation of cooS1 had a profound, positive impact on H,+CO, growth, as the
mutant was able to grow without apparent lag phase and reached 2.2-fold higher cell
density than the WT while acetate and ethanol production was unaffected. Since the
mixotrophic growth experiments (CO and fructose) indicated that CODH1 and/or
CODH2 may catalyze CO, reduction to CO, the elimination of these genes may
improve growth on H,+CO; by reducing competition for the CODH/ACS complex to
access CO,. Given the lack of negative impact of its mutation on autotrophic growth
on CO or H,+CO,, the cooS2 gene is unlikely to be heavily involved in autotrophy of C.
autoethanogenum. For more definitive assessment of the roles of cooS1 and cooS2,

they could be cloned and purified for enzymatic studies.

8.4 Elucidation of Ethanologenic Pathway of C. autoethanogenum

The ethanologenic pathway of C. autoethanogenum and other prominent acetogenic
ethanol producers such as C. ljungdahlii, C. carboxidivorans, and C. ragsdalei
constitutes two metabolic routes (37-39, 141). One involves the direct reduction of
acetyl-CoA to ethanol via acetaldehyde using a bi-functional AdhE enzyme. A second

(indirect) route proceeds via acetate and employs an Aor enzmye to catalyze the
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reduction of acetic acid to acetaldehyde followed by ethanol synthesis via an Adh
enzyme. For each of the enzymes multiple copies are encoded in the genome of C.
autoethanogenum (38). During acetogenic growth, the ATP yield is predicted to be
limited so the generation of one mole of ATP (via SLP) per acetate synthesis is likely
to make a significant difference. Due to this reason, it has been hypothesized that
the indirect route of ethanol synthesis via acetate formation followed by subsequent
reduction via an Aor enzyme is more favourable for acetogenic ethanol production.
This is supported by stoichiometric and energetic analysis which predicted that very
little ethanol production is possible from H,+CO, without Aor due to severe ATP
limitation (140). To enhance our understanding of the two ethanol formation routes,
the two adhE genes (adhEl and adhE2) and aor genes (aorl and aor2) in C.

autoethanogenum were targeted by ClosTron mutagenesis and IFD.

8.4.1 Characterization of adhE Mutants

The bi-functional AdhE enzymes consist of an upstream Ald domain and a
downstream Adh domain. A ClosTron insertion in the Ald domain of C
autoethanogenum has been achieved in this study (adhEla mutant) but there was
concern that this may not be sufficient to disrupt the downstream Adh domain due
to the insertional nature of intron-based mutagenesis. Furthermore, it has been
shown that the related adhE1 (sol operon) of C. acetobutylicum is translated into two
peptides: one full length peptide and one truncated peptide encoding only the Adh
domain (355). Hence, a separate ClosTron mutant targeting the Adh domain (adhE1b
mutant) was also constructed. For the adhE2 mutant, the ClosTron insertion site was
located in the Ald domain. Serum bottle growth experiments with 2 bar CO showed
that all three adhE mutants (adhEla, adhElb and adhE2) had significant growth
retardation (reaching only half the cell density of WT), suggesting difficulty in
recycling of reducing equivalents. Interestingly, all three adhE mutants generated
154 — 183% more ethanol but less 2,3-butanediol than WT. Increased ethanol
production by the adhEla mutant was further demonstrated using BOF gas as a
substrate. The increase in ethanol production as a result of adhE inactivation can be

explained by an increase in the availability of acetyl-CoA for acetate synthesis and
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ethanol formation via Aor and Adh, which represents a viable strategy to manipulate

the flux at acetyl-CoA towards the ATP-friendly, indirect ethanol biosynthetic route.

In comparison to the adhEla mutant, the adhE1b mutant displayed a milder growth
lag phase and was less affected in acetate synthesis during CO growth, which
indicates that the function of the upstream Ald domain of adhE1b mutant is at least
partially retained. To overcome the limitation of ClosTron mutagenesis, IFD of adhE1
(both domains) and adhE1+2 were undertaken. In the first attempt, an IFD mutant of
adhE1 was generated but an unintended deletion of 84 bp in the inter-genic region
between adhEl and adhE2 had also occurred, most likely due to homologous
recombination between two 9 bp repeats. Following the loss of the IFD plasmid, the
mutant was termed ‘AadhE1™" and it was subjected to heterotrophic and
autotrophic growth experiments. qRT-PCR studies showed that the AadhE1™"
mutant exhibited elevated adhE2 mRNA levels compared to the WT during
heterotrophic growth. This is likely because the IFD of adhEl together with the

unintended removal of the promoter region of adhE2 resulted in an arrangement in

which the adhE1 promoter can drive adhE2 expression.

A second attempt at generating a AadhE1 mutant without the unintended deletion
of the adhE2 promoter was successful but repeated attempts to lose the IFD plasmid
were unsuccessful. Similarly, adhE1+2 was deleted but the IFD plasmid was retained.
The inability to isolate a ‘clean’ deletion mutant of adhE1 and adhE1+2 indicates that
adhE may have some roles in supporting heterotrophic growth of C

autoethanogenum. In the case of the AadhE1™"

mutant, in which the IFD plasmid
was lost in the first attempt, the overexpression of adhE2 may compensate for the
loss of activity of adhE1. This overexpression of adhE2 in the AadhE1™" mutant also
appeared to dampen the increase in ethanol production to only 27% over the ApyrE
control during CO growth, in comparison to the 171 — 183% increase in ethanol levels

observed in ClosTron adhEla and adhE1b mutants.

During heterotrophic growth on fructose, the adhEla and adhE1b ClosTron mutants
produced equal amounts of ethanol to the WT. This contradicts the findings of Leang

et al. (2013), who showed that the replacement of part of Ald and Adh domains of
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adhE1l in C. ljungdahlii with an ermC marker using homologous recombination
resulted in a mutant that generated 6-fold less ethanol (229). As further evidence,
the AadhE1™" mutant also synthesized equal amounts of ethanol to the ApyrE
control during growth on fructose. While growing on fructose, the adhE2 ClosTron
mutant attained 28% lower cell density than WT and was unable to completely utilize
all the available substrate. Moreover, this mutant synthesized 63% less ethanol and
79% less 2,3-butanediol, but 39% more acetate than the WT. This repressed level of
ethanol production in the adhE2 mutant in C. autoethanogenum is again
contradictory to a AadhE2 mutant in C. ljungdahlii, where ethanol production was

unaffected (229).

Comparison of AA sequence of AdhEl and AdhE2 between C. autoethanogenum and
C. ljungdahlii demonstrated that there are three substitutions in AdhE1l and eight
substitutions in AdhE2. One of the AA changes in AdhE2 occurs in the NADH binding
site of the Adh domain. It is possible that one of these substitutions results in
modification of substrate and cofactor specificities, as demonstrated by the change
of cofactor from NADH to NADPH in the AdhE of C. thermocellum due to one AA
change in the Fe-Adh domain (357). Another possible explanation is that C.
autoethanogenum may possess other ethanologenic enzymes that compensate for
the loss of AdhE activities during growth on fructose. In order to fully elucidate the
roles and potential differences of AdhEs between C. autoethanogenum and C.
ljungdahlii, the adhE genes from both acetogens could be cloned, and the enzymes
purified and subjected to enzymatic studies to compare their activities. Furthermore,
transcriptomics and/or proteomics studies of C. autoethanogenum would also be

informative in understanding the expression profiles of adhEs.

8.4.2 Characterization of aor Mutants

C. autoethanogenum possesses two aor genes (aorl and aor2), whose protein
products are of the same length and which share 78% AA sequence identity.
However, gRT-PCR studies of this acetogen growing in a bioreactor containing gas

rich in H, and CO showed that the two aor genes displayed differential gene
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expression and aorl (but not aor2) was one of the most highly expressed genes (Dr.
Michael Képke, LanzaTech; unpublished results). One of the main goals of this PhD
project was to investigate the roles of Aor in supporting growth on CO and ethanol

formation by characterizing aor KO mutants.

During growth on pure CO, the aorl ClosTron mutant displayed significant growth
defects in the form of extended lag phase and it recorded half the cell density
attained by the WT, indicative of difficulties in recycling reduced ferredoxins (from
CO oxidation via CODH). Despite producing similar amounts of acetate as WT, the
aorl mutant synthesized 57% less ethanol and 77% less 2,3-butanediol. Interestingly,
this mutant also achieved 11-fold higher lactate titres than WT, suggesting that some
of the excess reduced ferredoxins were used to catalyze the formation of pyruvate (a
precursor of lactate) via PFOR. Complementation of the mutant by plasmid
overexpression of aorl successfully restored ethanol and lactate levels, while

improving cell density and 2,3-butanediol levels during CO growth.

Under heterotrophic conditions, the ethanol level of the aorl KO mutant was
similarly reduced (by 33%), but without the significant reduction in cell density and
elevated lactate production observed during CO growth. Recently, an aor deletion
mutant in the hyperthermophilic archaeon P. furiosus was shown to generate 45-fold
less ethanol than WT while metabolizing maltose (142). Both the autotrophic and
heterotrophic growth experiments demonstrated that aorl is involved in ethanol
formation in C. autoethanogenum. However, plasmid overexpression of gorl under
CO conditions failed to raise ethanol levels, suggesting that aorl was not the

bottleneck for ethanol biosynthesis under the conditions examined.

Similar to aorl, the inactivation of aor2 resulted in a mutant that exhibited a
prolonged growth lag phase and reached only half the cell density recorded by WT
under pure CO conditions. However, the aor2 mutant synthesized 170% more
ethanol and 36% less acetate than WT, which is the opposite of what was observed
with the agorl mutant in terms of ethanol production. The higher levels of ethanol
production (93%) and lower titres of acetate (16%) shown by aor2 mutant were also

observed during cultivation in BOF gas. Furthermore, the aor2 mutant was able to
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generate 47% more ethanol than WT under heterotrophic conditions, but without

displaying the growth defects observed under pure CO conditions.

The consistent higher ethanol production observed for the aor2 mutant under both
autotrophic and heterotrophic conditions suggests that inactivation of aor2 exerts a
positive effect on ethanol biosynthesis in C. autoethanogenum. Two explanations are
provided to explain the contrasting phenotypes of aorl and aor2 mutants. One is
that Aor2 functions predominantly in the oxidation of acetaldehyde whereas Aorl
functions predominantly in the reduction of acetic acid. The other possibility is that
the inactivation of aor2 may reduce competition for access to substrate by the highly
expressed and presumably more efficient Aorl, resulting in increased ethanol
production. Further biochemical work is required to fully deduce the roles of the two
Aor enzymes. For instance, the two aor genes could be cloned, expressed and
purified for enzymatic assays to compare their activities with acetaldehyde and
acetic acid. However, due to the dependency of Aor activity on the incorporation of
tungsten and/or molybdenum (137, 371-373), the functional heterologous
expression of Aor in E. coli may be challenging so native purification of Aor may be

necessary.

Due to potential compensation of lost Aor activities from the remaining, unperturbed
aor gene, a double KO mutant of aor (aor1+2K0O) was constructed to fully assess the
collective roles of both Aor enzymes on ethanol formation by C. autoethanogenum.
As a first step of mutant construction, aorl was disrupted using ClosTron
mutagenesis in a ApyrE strain. This was followed by the IFD of aor2 using pyrE-
mediated homologous recombination. As a final step, the ApyrE allele was restored
to WT using ACE technique, resulting in an aor1+2KO mutant with a clean genotype
background. The whole process of constructing this mutant fully exemplified the
application and versatility of using pyrE as a selectable marker (positive and
negative), ACE approaches and ClosTron mutagenesis in C. autoethanogenum. Due to
time constraints, this mutant was not characterized. Future studies that include the
examination of growth and product profiles under autotrophic and heterotrophic
conditions would better elucidate the roles of Aor. Moreover, exogenous carboxylic

acids such as n-butyric acid, propionic acid, n-valeric acid and n-caproic acid can be
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added to the mutants in the presence of CO to determine whether the

corresponding primary alcohols are generated (374).

8.5 Impact of Chaperone Overexpression on Ethanol, Heat and Saline
Tolerance of C. autoethanogenum
In addition to the core ethanologenic enzymes responsible for ethanol production,
ethanol tolerance is an important factor that determines the upper limit of ethanol
synthesis in a microorganism. With few exceptions such as Z. mobilis (375) and
Lactococcus strains (376), most bacteria can only tolerate 4 — 7% of ethanol (377).
Engineering of ethanol tolerance has to be part of the strategies in the creation of a
hyper-ethanol producing acetogenic biocatalyst so this PhD project investigated the
effect of chaperone overexpression on product profile and stress tolerance. By
cloning the native chaperone systems groES-groEL and/or grpE-dnaK-dnal into
overexpression plasmids and then transformation into C. autoethanogenum, three
over

recombinant strains were created: GroESL®"®, DnaKIE®*®, and DnGr°"®" (which

overexpresses both chaperone systems).

To evaluate the efficacy of gene overexpression, gqRT-PCR studies using cDNA
samples generated from early-, mid- and late-growth phases of heterotrophic growth

°Y¢" strain, the mRNA levels of groEL were higher

were undertaken. For the GroESL
than in theplasmid control strain during early- and late- growth phases. The
transcript level of groES (encoding the cofactor of GroEL) was only higher than
plasmid control at late growth phase but not during early- and mid-growth phases.
The DnaKIE®"®" strain exhibited higher transcript levels of grpE and dnaK (but not
dnaJ) than the plasmid control strain at all examined time-points. For the DnGr°*®
strain, gene up-regulation of grpE, dnaK, groES, and groEL (but not dnaJ) was
consistently detected in all three growth phases relative to the plasmid control
strain. Overall, there is molecular evidence for increased transcript levels of the

targeted chaperones in C. autoethanogenum while growing on fructose.

From the same growth experiment used for gRT-PCR studies, cell density and

metabolite profiles were also monitored to assess the impact of chaperone
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overexpression under heterotrophic conditions. All three chaperone overexpression
strains displayed increased growth lag phase but reached similar cell density to the
plasmid control strain. The delay in growth of chaperone overexpression strains can
be attributed to the additional metabolic burden imposed by the biosynthesis of
these enzyme complexes and the subsequent ATP costs involved in protein folding.
In C. acetobutylicum, the plasmid overexpression of GroESL resulted in a 30%
increase in butanol titre but had no effect on ethanol level (176). In C

over

autoethanogenum, the GroESL™™" strain showed a mild decrease of ethanol levels by
12%, together with a 13% increase in acetate while 2,3-butanediol production was

unaltered relative to the plasmid control strain.

Surprisingly, the DnaKJE®*®" strain produced 82% more ethanol and 291% more 2,3-
butanediol than the plasmid control strain while growing on fructose. Similar to the
DnaKJE®"® strain, the DnGr°*®' strain generated 76% more ethanol but only 46% more
2,3-butanediol than the plasmid control strain. Based on these results, it appeared
that the overexpression of DnaKIJE in C. autoethanogenum enhances the formation of
ethanol and 2,3-butanediol under heterotrophic conditions. By employing an
algorithm developed by Van Durme et al. (2009) (428), DnaK binding sites were
detected for key enzymes (e.g., butanediol dehydrogenase, AdhE, Aor and PFOR)
involved in ethanol and 2,3-butanediol formation. Coincidentally, these enzymes are
larger than the 60 kDa size limit for encapsulation by chaperonin GroESL (396, 424),
which may explain the lack of positive effect of GroESL overexpression on ethanol

and 2,3-butanediol productions.

Under autotrophic conditions, ATP yield is predicted to be limited so the ATP costs
associated with the biosynthesis and folding of proteins via chaperones are likely to
be more pronounced than under heterotrophic conditions. For GroESL of E. coli, 130
+ 20 ATP was shown to be required for the folding of one 293 AA monomeric protein,
rhodanase (418). In comparison, DnaKJE chaperone system of E. coli requires only 5
ATP for folding of one luciferase polypeptide (572 AA) (429). Consistent with the

°¥¢" strain

greater ATP costs associated with GroESL, the C. autoethanogenum GroESL
achieved 33% lower cell density but showed asimilar growth lag phase to the plasmid

control strain under pure CO conditions. In comparison, the DnaKJE®*®" and DnGr®*®
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strains reached similar cell densities but displayed prolonged lag phases than the

plasmid control strain during growth on CO.

In terms of product formation under CO growth conditions, the overexpression of
GroESL had no effect on ethanol production but reduced 2,3-butanediol and acetate
by 23% and 17%, respectively. In comparison to the plasmid control strain, the
DnaKJE®®" strain generated 50% less ethanol and 77% less 2,3-butanediol. In
contrast, co-overexpression of DnaKJE and GroESL chaperone systems resulted in a
strain that synthesized 71% more ethanol but 73% less 2,3-butanediol than the
plasmid control strain. Since neither mono-chaperone overexpressing strain but only
the bi-chaperone overexpression strain generated more ethanol under CO growth
conditions, it is likely that the relative abundance and interplay between the two
chaperone systems contributed to the observed phenotypes. In E. coli, the combined
overexpression of GrpE, GroESL and ClpB imparted a stronger tolerance towards 7%

(v/v) ethanol than strains overexpressing each individual chaperone (394).

As assessment of ethanol tolerance, the chaperone overexpression strains and
plasmid control strain were cultivated in serum bottles containing 2 bar CO. When
the ODggo reached 0.2, anaerobic ethanol was injected to achieve final ethanol
concentrations of 20 g/L (434 mM) and 40 g/L (868 mM). Following 12 h of ethanol
challenge, plating assays were undertaken to compare the viable cell counts which
were expressed as % cfu/mL relative to unchallenged cultures. The addition of 20 g/L
and 40 g/L ethanol drastically reduced the % cfu/mL of the plasmid control strain to
0.071 and 0.035, respectively. At the 20 g/L ethanol challenge level, all three
chaperone overexpression strains recorded % cfu/mL of 8.2 to 23.8, with the DnGr®"®"
strain being the best performer with a 335-fold improvement in viability over the
plasmid control strain. At 40 g/L ethanol challenge level, the DnaKJE®*®" and DnGr®*®"
strains, respectively, showed 109-fold and 1083-fold enhancement in % cfu/mL over

the plasmid control strain. However, the GroESL®"®"

strain performed less well than
the plasmid control strain (41% decrease) in terms of cell viability at this ethanol
challenge concentration. Overall, the overexpression of chaperones in C.
autoethanogenum had a strong positive effect on cell viability when challenged with

ethanol under CO conditions. In particular, the recombinant strain co-overexpressing
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both GroESL and DnaKJE chaperone systems performed best under both ethanol

challenge conditions.

Beyond the 12 h post ethanol challenge period, the cell density of serum bottle
cultures was monitored spectroscopically for up to 50 days. Consistent with the
viable cell count results, all three chaperone overexpression strains showed early
increase of cell density at the 20 g/L ethanol challenge level within the first 7 days. In
contrast, the plasmid control strain displayed a prolonged growth lag phase of >7
days. It is important to note that the plasmid control strain eventually outgrew all
three chaperone overexpression strains, indicating that the metabolic burden of
chaperone overproduction can lead to reduced cell yield under substrate limited
conditions. In order to overcome this substrate limitation and better assess the
effect of chaperone overexpression, the ethanol challenge assays can be undertaken
in bioreactors with continuously supplied CO and high endogenous ethanol
production should be achieved. At a 40 g/L ethanol challenge, comparisons of the
cell density achieved were complicated by the significant intra-replicate variations.
However, there is some evidence that the DnaKIE®®" and DnGr° strains (but not
GroESL®®") were able to accumulate cell biomass earlier than the plasmid control
strain, consistent with the viable cell count assays. It should be emphasized that the
addition of exogenous ethanol is only a good proxy to mimic ethanol stress and the

physiological response towards endogenously synthesized ethanol may differ.

Besides the enhancement of ethanol tolerance, overexpression of chaperones in
microorganisms had been shown to improve tolerance to salt (412-414) and extreme
temperature (408, 409, 411, 415). The ability to tolerate heat allows the industrial
gas fermentation process to operate at higher temperature to reduce cooling costs
and facilitate product separation via distillation by allowing higher titres. Moreover,
high salt tolerance is also a desired property of a biocatalyst in allowing less cost-
intensive purification prior to fermentation medium recycling. To compare the heat
tolerance of chaperone overexpression strains, fructose-grown cells were serially
diluted and plated onto solid medium (fructose based) and cfu numbers recorded
after 5 days of incubation at 42°C and 14 days of incubation at 45°C. At 42°C, the
DnaKJE®"®", DnGr®*®" and GroESL®"®" strains generated 238-fold, 139-fold and 42-fold
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higher cfu/mL than the plasmid control strain. However, no colonies were observed
at 45°C after 14 days of incubation for all the examined strains. For assessment of
salt tolerance, the bacterial strains were cultured in liquid medium (fructose-based)
supplemented with 100 mM, 200 mM and 500 mM NacCl. The monitoring of cell
density showed that the DnGr®*® and GroESL®®" (but not DnaKJE®'®) strains
significantly outgrew the plasmid control strain at the 100 mM NaCl level. When
challenged with 200 mM NaCl, all three chaperone overexpression strains (especially
the GroESL®*®") reached higher cell density than the plasmid control strain. Negligible

growth was detected for all strains in the presence of 500 mM NaCl.

In summary, the overexpression of chaperones in C. autoethanogenum was shown to
enhance ethanol tolerance, influence product formation, and improve heat and salt
tolerance. The recombinant strain co-overexpressing the GroESL and DnaKIJE
chaperone systems is particularly interesting because it uniquely increased ethanol
production while growing on CO. As future studies, the two chaperone systems could
be codon-altered (to prevent unwanted homologous recombination with the
chromosome) and integrated into the genome of C. autoethanogenum before strain
assessment in bioreactors. Given the interplay between GroESL and DnaKIJE, and
their interactions with regulatory elements such as stress-specific sigma factor H (")
(430), optimization of promoters is also likely to be crucial for the construction of a

high ethanol-producing and stress tolerant strain for industrial gas fermentation.

8.6 Generation of Robust, Hyper-Ethanol Producing Strains and Future
Studies
In this PhD study, the generation and characterization of cooS, adhE, aor and
chaperone mutants have revealed some interesting targets that lead to enhanced
ethanol production under CO conditions. In particular, the individual inactivation of
adhE, aor2 and co-overproduction of GroESL and DnaKJE chaperone systems
enhanced ethanol production in the presence of CO. By combining multiple genetic
manipulations in the same strain, it should be possible to engineer a robust, hyper-

ethanol producing strain for industrial gas fermentation. For instance, the disruption
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of pta and buk genes, coupled with the overexpression of a mutated adhE in C.
acetobutylicum resulted in a recombinant strain that produced 160% higher butanol
titre than WT (363). With ClosTron mutagenesis and ACE fully exemplified in C.
autoethanogenum, genetic tools are available for complex engineering of stable

multiple KO and/or insertion mutants.

The impact of gene KO or plasmid overexpression on the production of ethanol and
2,3-butanediol in C. autoethanogenum under pure CO conditions is summarized in
Figure 8.1A-D. The disruption of both adhE and aor2 elicited a particularly strong
increase in ethanol titres (Figure 8.1A) so these three genes can be inactivated to
divert carbon and electrons towards the ATP-generating ethanologenic pathway
employing pta, ack and aorl. Although the plasmid overexpression of agorl in an
adhE sufficient background resulted in no positive effect on ethanol production
(Figure 8.1C), it is worthwhile to investigate the overexpression of aorl in an adhE
and aor2 deficient genetic background. Furthermore, the chaperone systems groESL
and grpE-dnaK-dnaJ can be co-overexpressed in this adhE1l, adhE2 and aor2 triple KO
mutant to further improve ethanol production and enhance stress tolerance towards
ethanol, heat and salts. Out of the mutants examined in this study, none generated
significantly more 2,3-butanediol under CO conditions than WT (Figure 8.1B) or

plasmid controls (Figure 8.1D).

It is important to realise that, although the individual gene disruption improves
ethanol titres, their combinations may not necessarily have a cumulative effect and
may even have detrimental consequences on the performance of the mutants.
Genome scale models may prove to be very useful in predicting whether a specific
genetic manipulation combination is viable and favourable for autotrophic ethanol
production. The genome scale models for acetogens growing on CO are beginning to
emerge (170, 437) and are predicted to play an increasingly important role in
directing metabolic engineering efforts. The data of this thesis can be used to
validate and optimize genome scale models. Furthermore, transposon-directed
insertion site sequencing (TraDIS) may also be very useful in elucidating which genes

or regulators are essential for acetogenesis. Recently, TraDIS was demonstrated in
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acetogen C. difficile but the experiment was not conducted to investigate

autotrophic growth (438).

(A) (B)

80

Peak Ethanol (mM)
Peak 2,3-Butanediol (mM)

(©) (D)

Peak Ethanol (mM)
Peak 2,3-Butanediol (mM)

Figure 8.1. Comparison of peak ethanol and 2,3-butanediol production during growth
of C. autoethanogenum mutants on pure CO. (A) Peak ethanol by ClosTron KO and in-
frame deletion (IFD) mutants; (B) Peak 2,3-butanediol by ClosTron KO and IFD
mutants; (C) Peak ethanol by plasmid overexpression strains; (D) Peak 2,3-butanediol
by plasmid overexpression strains. Comparable mutants/strains and student’s t-test
statistical significance are colour-coded into black, brown, blue and green. N = 3-4;
Error bars = standard error of mean; * p-value < 0.05; ** p-value < 0.005; *** p-value
< 0.0005.

The balancing of fluxes of each enzyme reaction within the ethanologenic pathway is
one of the main challenges in achieving high ethanol productivity. This approach
aims to reduce accumulation of toxic intermediates (e.g., acetate and acetaldehyde),

redox imbalance and metabolic burden from overproduction of enzymes. The
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balancing of pathway flux can be achieved via modulation of enzyme expression at
the level of DNA, RNA and protein by altering plasmid copy number, promoter
selection and RBS strengths (439). At the post translational level, synthetic scaffolds
offer great potential in co-localizing functionally related, multi-step pathway
enzymes for spatial and temporal control over metabolic flux. For instance, three
enzymes for the biosynthesis of mevalonate were tagged with binding motifs from
metazoan signalling proteins to form a protein scaffold complex in E. coli, resulting in
77-fold improvement in mevalonate titre (440). As an extension to scaffold-based
flux control, compartmentalization of substrates with functionally related enzymes in
the form of bacterial micro-compartments (protein-based organelles) (360, 441, 442)
can prevent the loss of volatile intermediates and insulate the cells from toxic
compounds. Genes encoding putative micro-compartments are detected in the
genome of C. autoethanogenum and their roles in supporting non-acetogenic growth

of A. woodii on 1,2-propanediol have recently been reported (443).

To fully exploit the potential of C. autoethanogenum as a microbial chassis for
generation of biofuels and platform chemicals from waste gases, more advanced
synthetic biology tools are required. Fundamental to fine-tuning of expression is the
development of constitutive and inducible promoters, RBS libraries, and codon
optimization. For rapid generation of precise mutant libraries, Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)-based technologies have been
successfully applied for C. beijerinckii, E. coli, Streptococcus pneumoniae and S.
cerevisiae (444-446). Multiplex Automated Genome Engineering (MAGE) was
developed to perform large-scale programming and evolution of cells by employing
oligo-mediated allelic exchange and continuous directed evolution (447). Due to the
scale of the genetic constructs and mutant libraries, automation will be an
increasingly important part of modern synthetic biology approaches, from the
assembly of plasmids to screening of mutants. Major challenges remains in the high

throughput screening of mutant libraries under autotrophic conditions.
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8.7 Conclusion

Prior to this PhD study, there had been no scientific publication on genetic
manipulation of C. autoethanogenum so the overall goal of this work was to develop
genetic tools to unlock the potential of this acetogen for commercial production of
ethanol from waste gases. ClosTron mutagenesis and pyrE-mediated ACE were fully
exemplified in this biocatalyst enabling the generation of stable KO and IFD mutants
in the area of CO oxidation and fixation (cooS and acsA), and ethanologenic pathway
(adhE and aor). Characterization of these mutants under autotrophic and
heterotrophic conditions revealed new insights into their physiology and provided
directions for further metabolic engineering of a hyper-ethanol producing strain.
Individual disruption of adhE, aor2 and co-overproduction of GroESL and DnaKJE
chaperone systems were shown to increase ethanol production by 71 — 183% under
CO conditions so these strains can serve as basis for future work. Finally, the
overexpression of native chaperones was found to enhance ethanol production and
improve tolerance towards ethanol, heat and salt. Recent advances in the field of
genome scale models, synthetic biology and advanced genetic tools are predicted to

revolutionize metabolic engineering efforts in this important acetogen.
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