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ABSTRACT
Petroleum is the primary source of liquid transportation fuels and industrial chemicals,
such as solvents and plastic precursors. Due to the finite nature of oil and the need to mitigate
environmental damage from the combustion of hydrocarbons, renewable methods for producing
these chemicals are necessary. One approach is to generate liquid fuels and commodity chemicals
from the microbial conversion of lignocellulosic biomass, an abundant and renewable feedstock.
Before lignocellulose can be utilized by most microorganisms, extensive pretreatment is necessary
to release the monosaccharides for fermentation. The use of biomass degrading organisms for
biological conversion can decrease costs associated with pretreatment. Caldicellulosiruptor bescii
is an extremely thermophilic anaerobic Gram-positive bacterium with the highest optimum growth
temperature of any known cellulolytic organism (78 °C). Due to the availability of genetic tools
and the unusual capacity to grow on completely untreated lignocellulosic biomass as a sole carbon
substrate, C. bescii has gained attention as a potential platform organism to produce biofuels and
other bioproducts via consolidated bioprocessing. The work described herein examines

metabolism in wild type C. bescii, strains containing targeted gene deletions, and strains



expressing engineered metabolic pathways. Study of native metabolism revealed the presence of
an alternative enzyme for the oxidation of glyceraldehyde-3-phosphate in glycolysis. This enzyme,
a new family of tungsten-containing glyceraldehyde-3-phosphate oxidoreductase, was purified and
a knockout strain was characterized. Bioinformatic analysis of the genome revealed a multipurpose
ATPase (msmK) involved in sugar uptake. A deletion strain showed that msmK helps transport di-
and oligosaccharides but not Cs and Ce substrates. A two-gene engineered metabolic pathway for
the reduction of carboxylic acids to alcohols was expressed in C. bescii, the first instance of this
pathway in a cellulolytic organism. Consisting of an aldehyde oxidoreductase and a primary
alcohol dehydrogenase, it enabled the reduction of exogenously added organic acids to the
corresponding alcohol, with concomitant ethanol generation from acetate. Finally, heterologous
expression of a pyruvate oxidoreductase resulted in increased pyruvate-oxidizing activity in
cytosolic extracts. Together, this work describes advances in the understanding of redox cofactor
balancing, carbohydrate utilization, carbon metabolism, and heterologous gene expression in this

biotechnologically-relevant bacterium.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

The Need for Alternative Energy Sources

Human reliance on fossil fuels for grid power, transportation fuel, and industrial chemicals
has resulted in an untenable and unsustainable status quo; society sits at a fulcrum. The necessity
of identifying and deploying oil, coal, and natural gas alternatives is primarily two-pronged: fossil
fuels are a finite resource and greenhouse gas emissions will cause irreparable harm to both the
planet and its inhabitants.

Over the last century, global fossil fuel consumption has increased exponentially (Figure
1.1) (1-4). Technological improvements have allowed continuous access to coal, oil, and natural
gas in previously inaccessible locations (5, 6). Fossil fuel consumption is vastly outpacing the
geological timescales (millions of years) over which these hydrocarbons form (7, 8); these
resources are finite and will eventually run out or become prohibitively expensive to extract (9).
Peak oil is the theoretical time when global oil production (or demand in some formulations)
reaches a maximum, and after which oil production permanently decreases. By some predictions,
including two potential scenarios laid out in a 2020 report by British Petroleum, we may have
already reached peak oil, while by other estimations we are still several decades away (1, 10).
Either way, as a result of this undetermined limit on the supply of fossil fuels, many developed
nations have made notable expenditures to push toward creating and deploying alternative energy
solutions. Renewable energy sources (herein: renewables) is a blanket term usually encompassing

energy generated from photovoltaics (solar energy), hydroelectric plants (sometimes held as a
1



separate category, but counted as a renewable in this work), biofuels/biomass, geothermal plants,
and wind turbines. In France, 72% of electricity is generated from nuclear power (which, while
not a fossil fuel, is also a finite resource) and 18% from renewables, while only 9% is generated
from fossil fuels (11). In Spain, 35% of electricity is currently generated from renewables, over
50% of which is wind power. Spain generates 22% of their electricity from nuclear reactors, but
fossil fuels still account for 40% of the country’s electricity (11). Despite these noteworthy efforts,
in 2018 64% of electricity globally was generated by fossil fuel combustion, with only 26% of
electricity generated from renewables (11). In 2017, China spent $127 billion USD on investments
in renewable energy, representing 45% of the global investments in renewables for the year (12).
Similarly, in 2015, China became the largest producer of solar power worldwide (1). Despite these
investments, China is still burning more coal than any other nation, representing a stunning 52%
of global coal consumption in 2019 (1). Coal burning accounted for 66% of Chinese electricity
generation in 2016, as opposed to 26% of electricity generated from renewables (primarily
hydroelectric) (13). In the United States, fossil fuels accounted for 80% of total energy
consumption and 62% of electricity generation in 2019, the majority of which came from
petroleum and natural gas, respectively (Figure 1.2). As of 2017, government investment in
renewables by the United States is roughly 1/3 the levels of Chinese spending ($40 billion vs. $127
billion) (12). Comparing total electricity generation from renewables, China and the United States,
generated 1.84 million GWh and 0.74 million GWh, respectively (1). Thus, China is currently
investing roughly three times the amount of money in renewables as the United States and
producing roughly three times the amount of renewable energy. Generally, electricity generated
from renewable sources is trending upwards globally — at 26% of global electricity in 2018,

compared with 13% in 2000 (1). Importantly, money spent on renewables currently represents
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most new investments in the energy sector. According to the International Renewable Energy
Agency (IRENA), close to 2/3 of new electricity generation capacity in 2018 was from renewables
(14).

Independent of the finite nature of fossil fuels, the greenhouse gas emissions from the
extraction, refinement, and burning of these hydrocarbons are having demonstrably adverse effects
(15-17). Methane and carbon dioxide in the atmosphere trap radiation from the sun that has
reflected from the Earth’s surface. Trapped ultraviolet radiation results in increasing global
temperatures, known as the greenhouse effect. Combustion of hydrocarbons, a la the burning of
fossil fuels, releases water and carbon dioxide, and is informally thought of as the primary human
contribution to climate change. In the last decade, coal production has decreased globally, except
in Asia Pacific nations (e.g. China, Indonesia, Bangladesh, New Zealand, Vietnam), while natural
gas (primarily composed of methane) production has continued to increase in all regions (1).
Although burning methane releases roughly 50% less carbon dioxide than burning coal, the
methane emissions and unintentional release that result from extraction are difficult to quantify
(18-20). Methane is at least 20 (and potentially up to 90) times more potent as a greenhouse gas
than carbon dioxide, and thus the difference in carbon dioxide release by combustion between
natural gas and coal may be largely neutralized by the inadvertent release of methane during
extraction (21-24).

Ice cores collected from the arctic can be used to determine historical atmospheric
concentrations of methane and carbon dioxide (25, 26). While these levels are indeed cyclical,
often fluctuating in association with Milankovitch cycles (regular changes in obliquity, axial
procession, and eccentricity of the Earth’s orbit), the increases observed since the industrial

revolution are significantly outside the scale of previously measured variability (27-29). The broad
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consensus among scientists is that greenhouse gas emissions resulting from combustion,
production, and refinement of coal, natural gas, and petroleum have led to anthropogenic climate
change (15).

Anthropogenic climate change has resulted in increasing global temperatures and shifting
weather patterns, with nine of the ten warmest years on record occurring since 2005 (30). Increased
global temperatures can result directly in melting icecaps, which facilitates sea level rise and puts
coastal communities at risk worldwide (15). Increased concentrations of carbon dioxide in the
atmosphere combined with higher global temperatures (favoring gas solubility) have resulted in
the acidification of oceans (31). This decrease in oceanic pH has led to a measured decrease in
oceanic diversity (31-33). Likewise, seasonal weather-driven events such as wildfires and tropical
cyclones (hurricanes and typhoons) are increasing in both number and severity in correlation with
rising temperatures (34-38). The impacts of climate change can operate in positive feedback loops,
e.g. increasing temperatures result in thawing of the permafrost, which releases large trapped
methane pockets, further increasing the temperature (39). The “clathrate gun” hypothesis is an
explanation for the periods of rapid temperature increases observed in the Earth’s past. According
to this hypothesis, rapid increases in temperature, and thus pH of the ocean, associated with large
scale extinction events (e.g. the Permian—Triassic extinction event and the Paleocene—Eocene
Thermal Maximum) were the result of massive releases of methane from natural gas clathrates
under the permafrost and along coastal shelves (40, 41). The thawing of these clathrates acted to
rapidly increase temperature by the positive feedback cycle described above. In yet another
potential risk, it has been hypothesized that thawing permafrost opens the possibility for dormant

pathogens to reenter circulation (42, 43).



Taken together, the results of anthropogenic climate change provide an additional
rationalization for developing non-hydrocarbon energy infrastructure; even if coal, petroleum, and
natural gas were not finite resources, their unrestricted use is having marked negative impacts that
will lead to at minimum a decreased quality of life for inhabitants of the planet, and at worst pose
an existential threat to the species. Identifying and deploying alternative energy solutions is a
prerequisite for human progress in the coming decades.

The Need for Alternative Transportation Fuels

Although renewable energy resources such as solar, hydroelectric, and wind power
discussed above show remarkable promise, they primarily address grid energy demands
(electricity). Barring the development of superior battery or fuel cell technologies, these energy
sources leave the need for transportation fuels largely unresolved. In the United States, roughly
28% of total energy use is from the transportation sector, closely matching the 25% of total global
energy consumption by transportation (44, 45). As oil production slows, or even declines, and
energy needs continue to rise, alternative fuel sources that can help fill the looming gap between
supply and demand will become vital. Despite improvements in photovoltaics, wind, and other
renewables for grid energy, developing liquid transportation fuel alternatives remains a necessity.

The most common transportation fuels are gasoline, diesel, and jet fuel (45). While
differing in both production and chemical composition, each of these liquid fuels is derived from
crude oil. Each of these fuels can vary in chemical composition depending on the source of crude
oil, the methods of refinement, and the downstream processing (addition of stabilizing agents, etc.)
(46). Still, even with minor variation in composition, the properties of these mixtures are roughly
consistent, especially in terms of energy density (47). A comparison of the properties of different

liquid fuels is presented in Table 1.1. Gasoline and jet fuel have similar energy densities (MJ/L),
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while diesel fuel is more energy dense. The specific energy (MJ/kg) of gasoline, diesel, and jet
fuel are all similar. Although combustion of diesel fuel releases more carbon dioxide than
combustion of gasoline, diesel engines are more efficient than gasoline burning engines, and so
the overall emissions from diesel automobiles tend to be lower than their gasoline counterparts
(48).

Biofuels are liquid fuels produced from biological systems, rather than from crude oil. The
most notable biofuels in the global energy market are ethanol and biodiesel. In 2019, 29 billion
gallons of ethanol were produced globally, primarily by the United States and Brazil. Roughly 11
billion gallons of biodiesel were produced in 2019, with Indonesia leading even the United States
and Brazil (1). Ethanol has a significantly lower energy density than the fuels discussed above;
roughly 1.3 gallons of ethanol is required to obtain the same energy as 1 gallon of gasoline (47).
The properties of biodiesel are ostensibly the same as the properties of diesel derived from crude
oil, albeit with slightly higher average carbon chain length and slightly lower energy density and
specific energy (Table 1.1). This means that biodiesel can be blended with traditional crude oil
derived diesel at any ratio, or even used as an unblended drop-in replacement. Unlike the
relationship between biodiesel and diesel, ethanol is not a direct drop-in replacement for gasoline
because traditional gasoline engines cannot function on pure ethanol. Additionally, ethanol is
corrosive to some materials on its own, but also hygroscopic, and thus the water absorbed is
corrosive to gasoline infrastructure (49). As a result, most ethanol is blended into gasoline as an
additive at well-defined ratios. In 2005, to push the biofuels industry forward, the United States
enacted the Renewable Fuel Standard, requiring that transportation fuel contain a prescribed
minimum volume of biofuel (50). As a result, almost all gasoline in the United States is now E10,

meaning that it contains 10% ethanol by volume (51). E15 ethanol (15% ethanol by volume) has
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recently become more widely available in the United States, although its use is limited to more
modern vehicles. In the past decade, there has been a sharp rise in Flexible Fuel Vehicles (FFVs)
globally, which are designed to operate on any blend ranging from 100% ethanol to 100% gasoline
(52). In the United States, FFVs are optimized to operate with E85 (51-83% ethanol), but can
readily operate with the national standard E10 (53). As of 2018, major car manufacturers (Ford,
GM, Volkswagen, Volvo, etc.) have put more than 60 million FFVs into operation globally, most
of which are in Brazil and the United States — the primary producers of ethanol (53-55).

Like other industrial chemical syntheses, the generation of alternative liquid fuels for
transportation requires a significant feedstock of some raw material that can then be converted to
the desired product by physical, chemical, or biological processes. From the standpoint of carbon
emissions, biofuels offer the potential for “carbon neutral” transportation fuels (56, 57). This is
because organisms such as plants and algae utilized as feedstocks for biofuels grow by fixing
carbon dioxide from the atmosphere to generate biomass. Thus, when biofuels are burned the
carbon dioxide that was fixed by these plants is released back into the atmosphere; when a fossil
fuel is burned, the carbon dioxide that is released had been previously sequestered for millions of
years (8).

The primary feedstocks for biodiesel are vegetable oils, such as soybean oil (58). Soybeans
are processed by separating the oil from the meal, which is used as both a food additive and animal
feed. The oil, consisting primarily of palmitic acid (16:0), oleic acid (18:1), stearic acid (18:0),
linolenic acid (18:3) and linoleic acid (18:2), is converted to a mixture of fatty acid methyl esters
(FAMEs) by transesterification, to yield diesel fuel that can be used as-is or blended with
traditional oil-derived diesel (59, 60). In addition to vegetable oils, other feedstocks for biodiesel

include inedible tallow (rendered animal fat — a byproduct of the meatpacking industry), waste
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cooking oils (a byproduct from many processed food plants), and algae (58). Of these, algae hold
the strongest prospects as a biodiesel feedstock (58, 61).

Photosynthetic algae from a variety of phylogenetic lineages, such as Chlamydomonas and
Nanochloropsis store excess energy as lipids in the form of triacyl glycerides (TAGs), which are
readily converted to biodiesel with high efficiency (62, 63). Algae are a tempting feedstock
because they can be grown to high density in outdoor ponds, especially on marginal land, and thus
do not compete with land or resources necessary for traditional agriculture (61). This growth
requires little investment for energy or nutrient input, as photosynthetic growth relies primarily on
input from the sun and fixing atmospheric carbon dioxide. Genetic modifications of these algae
have resulted in even higher lipid, and thus FAME vyields. For example, the starchless mutant
strains of Chlamydomonas reinhardtii, sta6 and sta7-10, produce lipids at almost two-fold the
levels of the parent strain, as measured by lipid conversion to FAMESs (64). Unfortunately, growth
of genetically modified algae in outdoor ponds poses several problems, while indoor farming of
these strains hinders the energy advantages of relying on natural sunlight (65). There is large
reluctance to farm genetically modified algae in open ponds for the same reasons there is
reluctance to utilize many genetically modified organisms on an industrial scale: without the
capacity for sterilization, there is a possibility for escape of the modifications into the environment
(66). Ironically, this risk is mitigated by the more likely factor inhibiting the use of modified algae
in outdoor ponds: modified algae are often hampered by fitness defects that leave large scale
cultures open to costly and problematic contaminations or loss of the desired strain in a mixed
culture (67, 68). Indeed, risk of contamination during growth in outdoor ponds is currently the

most significant hindrance to employing largescale algal biofuel product (67).



Several different feedstocks are utilized for sugar-based ethanol production, including
sugar beets, corn, and sugarcane (69). The use of these feedstocks varies regionally, depending on
the climate and thus price and availability of the crop in question. In Brazil and Thailand, ethanol
is produced from sugarcane, while in the United States corn is the most readily available source of
inexpensive starch. Bioethanol production from the fermentation of sugar-crops is a well-
developed and mature global industry. In a generic sugar-ethanol plant, the basic workflow is
standard (Figure 1.3A) (70). Briefly, high-sugar content feedstocks are milled into a flour and
mixed with water to form a slurry. Enzymes like amylases are added to the slurry to break down
polysaccharides such as starch into monosaccharides. Ammonia is added (which will provide a
nitrogen source for yeast during fermentation) and the pH is maintained around 5.5 at 85 °C for
several hours to increase saccharification (hydrolysis of polysaccharides to monosaccharides) and
decrease the risk of bacterial contamination. Once this mash is cooled to 34 °C, the pH is adjusted
even further down to 5 to inhibit bacterial growth during fermentation, additional saccharolytic
enzymes, antibiotics, and urea are added, and finally Saccharomyces cerevisiae is added to initiate
fermentation. Carbon dioxide produced by the yeast during fermentation is also captured for
further industrial uses, such as beverage carbonation or dry ice production (71). The ethanol
produced from fermentation is purified downstream by distillation and dehydration, and the
remnants of the mash are processed into animal feed. Targets for economically viable ethanol
fermentation processes are titers over 42 g/L (912 mM) at a rate of greater than 1 g/L/h (72). Below
this titer, the energy input required to recover the ethanol by distillation is too high, as the energy
costs required for distillation of ethanol dramatically drop once the mixture contains more than 4%

w/w ethanol (73).



Improvements over the last 20 years have left the global bioethanol industry in better
position in terms of efficiency and thus profitability. Specifically, the industry has switched almost
entirely to the dry-milling process described above, compared with less efficient wet-milling
methods used previously (74). The industry has also benefitted from decreases in recovery costs
of ethanol, as molecular sieves have become the preferred way to dehydrate the final product of
fermentation (75). These modest improvements can be seen by the average gallons of ethanol
produced per bushel of corn; this metric increased by roughly 7%, from 2.64 in 2001 to 2.83 in
2016 (76, 77). Despite these improvements and the size of the sugar-based bioethanol industry,
there are notable problems with using food-based feedstocks. Producing ethanol from edible
sources competes with the use of the necessary farming land and the supply of the crop in question.
Increased demand combined with this competition is theorized to drive prices of these crops up in
the absence of government intervention, but this is a source of significant debate (78-82).
Regardless of the overall impact of ethanol manufacturing on food crop prices and arable land, an
ideal feedstock for liquid biofuel generation should not compete with food production (83-85).
Excluding algal biodiesel, biofuels described thus far (sugar-based bioethanol and plant oil-based
biodiesel) are collectively known as first generation biofuels. Second generation biofuels are those
that rely on non-food biomass feedstocks. Plausible feedstocks for second generation biofuels
include non-food crops, municipal solid waste, and food production waste streams (86). For liquid
fuel (e.g. ethanol) production, non-food crops show the most promise, although downstream
processing and biological conversion of municipal solid waste has shown significant potential for

the production of methane, organic acid mixtures, and hydrogen (87-89).
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Lignocellulose as an Energy Feedstock

Inedible plant biomass (herein: lignocellulose) presents an appealing feedstock because it
is inexpensive, abundant, and renewable. Cellulose is an unbranched polysaccharide of linear f3-
1,4 linked D-glucose and the primary component of plant biomass. Cellulose is the most abundant
polymer on the planet, and thus its repurposing as a material for the generation of fuels makes
intuitive sense (90). Furthermore, plant feedstocks can be specialized for the location where the
plant is being grown; native plant species could be utilized in different climates to optimize crop
yields (91, 92). Lignocellulosic biomass could be generated as either a dedicated crop, such as
perennial grasses (e.g. switchgrass, miscanthus) or fast-growing trees (e.g. poplar, eucalyptus), or
from current waste streams that go unutilized (93, 94). Examples of currently unutilized waste
lignocellulose are the stover and husks that remain in the field after corn and rice harvest, or the
bagasse produced when sugar-rich pulp is extracted from sugarcane for ethanol production.
Currently, bagasse is usually burned to produce electricity (95). Unlike sugar-ethanol
fermentation, the production of lignocellulosic ethanol is challenging and requires numerous steps
(96-98). Of the 15.8 billion gallons of ethanol produced in the United States in 2019, 418 million
gallons of biofuel were mandated to be produced from lignocellulosic feedstocks, with the
remainder coming from corn (99). However, the 418 million gallon mandate includes
lignocellulosic “biogas” generated from anaerobic digesters or gasification (100); realistically,
closer to a paltry 10 million gallons of cellulosic ethanol were produced in the US 2017 (99).
Lignocellulosic ethanol production is broken into multiple steps, which are generally defined as
pretreatment, saccharification, and fermentation. Fermentation can be further subdivided into

hexose and pentose fermentation, which are often conducted separately (Figure 1.3B).
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While cellulose is the primary component of lignocellulosic biomass, a variety of other
polymers and decorations are essential to the structure. The other most abundant components of
biomass are hemicellulose and lignin (93). Hemicellulose encompasses a broad range of $-1,4
linked polysaccharides, such as xylan, glucuronoxylan, arabinoxylan, and glucomannan (101).
While hemicelluloses are structurally diverse, with significant branching, covalent modifications,
and sugar substitutions, they commonly consist of pentose sugars such as xylose and arabinose
(101). Lignin is a polymer composed of crosslinked phenolic monomers termed “monolignols”
(102). Like hemicelluloses, lignin structures are also amorphous due to the ability to form cross-
linked non-linear web-like structures conferred by the multiple free -OH groups present on
monolignols (103). Together, cellulose, hemicellulose, and lignin generally make up greater than
70% of plant cell walls — the primary component of lignocellulosic biomass. The ratio of these
three biopolymers can vary greatly depending on the type of plant, with dicots for example having
lower lignin content and softwoods having higher lignin content (93).

Understanding the relationships between cellulose, hemicellulose, and lignin in the plant
cell wall is essential to understanding how to utilize lignocellulose as a chemical feedstock. While
the content and structure of plant cell walls are extremely diverse, the general structure can be
visualized as microfibrils of cellulose scaffolds interwoven with hemicellulose, with lignin filling
in the open spaces (93, 104-106). Microfibrils are crystalline arrangements of approximately 24
cellulose chains held in place by a combination of hydrogen bonding and Van der Waals forces
(107). The hemicellulose chains also interact with the microfibrils by hydrogen bonding (108).
Both lignin and hemicelluloses are amorphous when compared to the crystalline nature of cellulose

microfibrils.
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The expenses associated with lignocellulosic ethanol production result primarily from
biomass recalcitrance — i.e., the difficulty associated with breaking down the comingled chains of
complex biopolymers into readily fermentable mono- or disaccharides (109). This is in stark
contrast to the readily digestible starches in sugar-ethanol feedstocks. Decades of research have
been spent developing methods for overcoming biomass recalcitrance, which is largely viewed as
the single greatest hindrance to the realization of widescale lignocellulosic biofuel production
(110). Recalcitrance is overcome through a combination of methods, relying on intensive treatment
of the biomass before it is fermented (111, 112). Lignocellulose is significantly hardier than the
starch that makes up the majority of sugarcane pulp and corn flour, and thus more stringent
treatment methods are required to achieve saccharification. These methods generally consist of
some mixture of chemical, thermochemical, and physical treatment (113, 114). It is necessary to
first pretreat lignocellulose before enzymatic hydrolysis of the polysaccharides is cost-effective.
A primary goal of pretreatment is to physically break apart and fractionate the cellulose,
hemicellulose, and lignin. Before other pretreatment, biomass is often physically broken down by
mechanical treatments, such as milling, to increase surface area (115, 116).

The most common forms of pretreatment are dilute acid, alkaline, organic solvent
(“organosolv”), hot water, steam explosion, and ionic liquid (114, 117). Often, several of these
methods are combined. For instance, most organosolv treatments also make simultaneous use of
either high or low pH and high temperature to improve the biomass breakdown. Importantly,
different pretreatment methods are associated with the solubilization or degradation of different
fractions of the biomass, and thus hold potential appeal for different downstream processing of
treated material (114, 118). The yeast commonly used for fermentation to produce lignocellulosic

ethanol are unable to ferment pentoses, and lignin is not a suitable growth substrate for any well-
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established anaerobic fermentative microorganism. Therefore, it is often desirable to utilize
pretreatment that will separate hemicellulose and lignin from the cellulose fraction. While
separating hemicellulose is often desirable, such as by solubilizing this fraction while the cellulose
fraction remains solid, these pentoses can be fermented separately downstream by different
organisms, and potentially to non-ethanol products. For downstream fermentation, care must be
taken during pretreatment to avoid the formation of furans such as furfural and 5-
hydroxymethylfurfural (5-HMF) formed by dehydration, as these compounds are well known
inhibitors of microbial growth (114, 119). In other cases, furfural and 5-HMF may be targeted as
final products of the hemicellulose fraction, as they are both desirable chemical feedstocks for
numerous industrial processes (120, 121). Delignification is a desirable quality in most
pretreatments for several reasons: degradation products of lignin can be inhibitory to fermentative
organisms downstream and the presence of lignin decreases the efficacy of saccharolytic enzymes
both by adsorbing the enzymes and by sterically decreasing access to polysaccharide chains (118,
122). Although lignin has been extensively studied for potential utilization as a material for
downstream production of value-added chemicals, which could someday play a role in a more
robust bio-refinery platform, most of the lignin separated by pretreatment is currently burned to
generate electricity (123-125).

High temperature organosolv pretreatments that utilize either high or low pH are some of
the most common approaches for fractionation (126, 127). In one recent study, alkali-catalyzed
organosolv pretreatment (ACOS) of cornstalks at 110 °C in 60% aqueous ethanol with 4% w/w
sodium hydroxide catalyst resulted in removal of >80% of the total lignin, while recovering 85%
of the cellulose and 82% of the hemicellulose as a joint fraction (128). In co-solvent-enhanced

lignocellulose fractionation (CELF), tetrahydrofuran (THF) is used as a co-solvent 1:1 with water
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at high temperature (150 °C) (129). Like ACOS, CELF has demonstrated high levels of
delignification of solids and final recovery of up to 95% sugars (xylans, glucans, arabinans) after
saccharification with low enzyme loading (2 mg/g glucan) (130, 131). While originally developed
for use in conjunction with dilute acid pretreatment (~0.5% w/w sulfuric acid), more recent work
has also demonstrated that CELF is similarly efficient without pH adjustment (132). In addition to
these thermochemical methods, some pretreatments make use of physical disruption of biomass.
In Ammonia Fiber Expansion (AFEX™) treatment, biomass is first treated with liquid ammonia
under high pressure (20 atm), and the release of pressure causes expansion and thus separation
between the macromolecular fiber structures (133). AFEX™ pretreatment is usually conducted at
temperatures from 100-120 °C, and the ammonia is readily recovered and reused after treatment.
High monosaccharide yields are recovered from lignocellulose after AFEX™; treatment of corn
stover followed by enzymatic hydrolysis can recover >85% of glucose and xylose (134). lonic
liquids (ILs) are another potential class of solvents for biomass pretreatment, which hold promise
due to their ability to completely dissolve biomass (135). Afterwards, cellulose can be precipitated
from the solvent by use of an anti-solvent, but recovery of the IL, necessary due to the high price
of producing these compounds, is often involved and difficult (114). Because ILs are a large class
of compounds, their properties are tunable and dozens of ILs have been explored as pretreatment
options, with some capable of solubilizing up to 10% w/v cellulose; recovered cellulose exhibits
decreased crystallinity and increased susceptibility to enzymatic hydrolysis (114, 136, 137). These
examples demonstrate that multiple excellent pretreatment options exist, and the focus moving
forward is to tune these methods to minimize costs without losing efficacy.

Once biomass has been fractionated and the desired sugars, e.g. glucans, have been

delignified, saccharification is accomplished by the addition of exogenous enzymes, such as fungal
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cellulases (138). The addition of exogenous enzymes is, like pretreatment, a source of exorbitant
costs in the production of lignocellulosic bioproducts (139-141). Note that the costs of
saccharification are inversely correlated with the efficacy of pretreatment, where efficient
pretreatment decreases cost by lowering the necessary enzyme loadings (142, 143). Usually,
enzyme loadings are either measured by mg protein/g glucan or Filter Paper Units (FPU)/g glucan,
where FPU is a measure of activity rather than protein content. Common enzyme loadings range
from 2-30 mg/g substrate (glucan/cellulose/xylan/solids), but these measures can be difficult to
compare, because different commercial or homebrewed preparations of enzyme cocktail contain
different ratios of the relevant proteins — demonstrating the value of utilizing FPU rather than mg
protein when comparing loadings (143, 144). Saccharification is most often accomplished by the
addition of commercial cellulase cocktails containing mixtures of cellulases, hemicellulases
(xylanases), and B-glucosidases (138).

The primary source of cellulases and hemicellulases for industry is from the fungus
Trichoderma reesei. Random mutagenesis and directed evolution have yielded hyper-cellulolytic
strains of T. reesei that secrete the desired enzymes in high titers (>100 g/L) (145). One current
limit to cellulase production is the need for growth on cellulase-inducing sugars, such as lactose
(146). Despite extensive research, the exact mechanisms of T. reesei cellulase-induction on
different substrates are still not wholly understood (147). Even though strain engineering has
allowed the generation of strains that can produce cellulases without the canonically necessary
inducing-sugars, growth on cellulase-inducing biomass is still the preferred option. In an ideal
biorefinary setting, enzyme production could occur onsite by growth of T. reesei on feedstock
derived from the primary raw biomass source (147). Indeed, co-location of enzyme production is

a key assumption is many techno-economic lifecycle analyses of lignocellulosic ethanol plants,
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with speculated cost reductions of 5-25% compared to off-site enzyme production (147). To date,
strains have been engineered that can specifically produce high titers of biomass degrading
enzymes at low cost from feedstocks of soybean husks, corn stover, coconut mesocarp, and
sugarcane molasses, among others (148-151).

When enzymatic saccharification and fermentation are conducted as sequential steps, the
process is termed separate hydrolysis and fermentation (SHF), and this separation allows each step
to be conducted under optimized conditions (152). Alternatively, these processes can be physically
and temporally combined in a simultaneous saccharification and fermentation (SSF) process,
which has gained ground as an alternative (153). Often, the more steps and vessels are involved in
an industrial process, the more expensive the process will be. In an SSF process, substrate loading
of at least 20% wi/w is necessary to achieve the essential benchmark of >4% w/w ethanol from
fermentation (152). Numerous experimental studies have demonstrated that when similar or
identical pretreatment methods are employed, SSF processes were able to generate more ethanol
than SHF, more quickly, and with lower enzyme loadings, implying that SHF processes are losing
relevance (152-154). As alternative organisms to S. cerevisiae are being explored for bioproduct
fermentation, it should be noted that some SSF processes now utilize the pentose fraction of the
biomass in combination with the cellulose-enriched solids to increase total sugar utilization and
thus overall biomass conversion; these processes are known as simultaneous saccharification and
co-fermentation (SSCF) (155, 156). When SS(C)F is not employed, by the time lignocellulose has
undergone pretreatment and saccharification, the fermentation, generally occurs as it would for
sugar-based ethanol production: fermentation by S. cerevisiae produces ethanol from solubilized

glucans. SHF, SSF, and SSCF processes are presented in Figure 1.3B.
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Consolidated Bioprocessing

As discussed, most costs (beyond raw feedstocks) associated with lignocellulosic biofuel
production can be attributed to pretreatment and enzymatic saccharification of biomass (113).
Specifically, the production costs for the exogenously added enzymes is extreme (113).
Consolidated Bioprocessing (CBP) could potentially cut costs in cellulosic biofuel production by
reducing or eliminating reliance on expensive exogenous enzymes (157). In CBP, enzyme
production, enzymatic saccharification, and fermentation are all combined into a single
simultaneous process (Figure 1.3C) (158). In some variations of CBP, minimal pretreatment is
utilized, further increasing potential savings.

Cellulolytic organisms can break down crystalline cellulose to utilize this polysaccharide
as a sole carbon source. To date, organisms that are natively both highly cellulolytic and able to
ferment sugars to desirable compounds, e.g. ethanol, at necessary yields are not known (159). As
a result, there are two approaches to obtaining a microbe suitable for CBP (157). In the first
strategy, the recombinant approach, an organism that can ferment a desirable product at high yields
is engineered to express biomass degrading enzymes. In the second strategy, the native approach,
a microbe that is already sufficiently cellulolytic is engineered to produce desirable end-products
at sufficient titers. While the properties necessary for a successful CBP microbe vary depending
on the target-product and feedstock, ideal CBP microbes should be able to grow to high density
on high substrate loadings, utilize both hexose and pentose sugars, be resistant to known inhibitory
compounds produced during pretreatment or biomass degradation in culture, and be resistant to
end-product inhibition of fermentation and growth (157-161). To date, neither of the two CBP
strategies has yielded an industrially relevant success, although significant improvements have

been achieved by both approaches.
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For the recombinant approach, the most tempting targets for producing a cellulolytic
organism through heterologous expression are organisms where high yields of target chemicals
have already been produced from simple sugar feedstocks and genetic systems are available (157).
Examples of such targets include S. cerevisiae, which has been demonstrated to produce up to 160
g/L ethanol, the gram-negative bacterium Zymomonas mobilis, which can produce titers up to 130
g/L ethanol, and E. coli, which has been demonstrated to produce high titers of non-ethanol
products, such as isopropanol (140 g/L) and butanol (30 g/L) (160, 162, 163). Biomass degradation
is a difficult phenotype to transfer, as the exoproteomes of biomass degrading organisms are
complicated, and no necessary minimum group of genes has been identified.

For the breakdown of crystalline cellulose, three different classes of enzyme are usually
required: endoglucanases that hydrolyze -1,4 linkages in internal amorphous regions of cellulose,
exoglucanases that hydrolyze B-1,4 linkages to release glucose monosaccharides or cellobiose
disaccharides processively from the ends of cellulose chains, and B-glucosidases that hydrolyze
glucose from cellobiose or cellodextrins released by the exo- and endoglucanases (164).
Cellulolytic fungi secrete multiple free enzymes with each of these activities, which act
synergistically with both each other and a suite of other glycoside hydrolases (GHs) (125). Like
cellulases, hemicellulases (xylanases) with both exo- and endo- activities, and xylosidases are well
characterized and are necessary to solubilize lignocellulosic biomass rather than just crystalline
cellulose (165).

Expression of enzymes from biomass degrading organisms in S. cerevisiae and Z. mobilis
has been moderately successful, although efficiency of biomass breakdown does not approach that
of native cellulolytic organisms or use of exogenous enzymes (166, 167). In one example, a strain

of Z. mobilis that natively expresses an endoglucanase (zmo1086 CelA) was discovered, and this
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gene was over-expressed in combination with expression of an endoxylanase from an uncultured
bacterium attained from metagenome data. The resulting strain of Z. mobilis was able to secrete
both the cellulase and xylanase, hydrolyze xylan and carboxymethyl cellulose, and produce 3 g/L
ethanol from pretreated rice straw (168). In S. cerevisiae, strains expressing GHs have also been
used to produce ethanol from pretreated biomass with either reduced or no enzyme loading, albeit
at titers that usually do not approach the prerequisite 40 g/L ethanol (159). In one strain expressing
endoglucanase, B-glucosidase, and cellobiohydrolase (Cel7A, exoglucanase) from T. reesei,
growth on hot-water pretreated rice straw enabled the production of 7.5 g/L ethanol (169). In the
best effort to date, an engineered strain of S. cerevisiae expressing cell-surface bound
endoglucanase, cellobiohydrolase, and B-glucosidase fermented high loads (200 g/L) of IL-
pretreated rice straw to a titer of 43 g/L ethanol, although the addition of 10 FPU/g biomass
exogenous cellulase was still necessary (170). Similarly, a strain of S. cerevisiae expressing
endoglucanase and P-glucosidase produced 35 g/L ethanol from pretreated corn cob, but
exogenous commercial cellulase was again necessary to achieve this titer (171). Despite these
advancements, no “true” industrial CBP process exists utilizing recombinant yeast, but recent work
has shown that heterologous enzyme expression can significantly decrease enzyme loading (161,
172). A major difficulty for an industrial CBP strain (either bacteria or yeast) is achieving high
levels of enzyme production without sacrificing ethanol production yield, titer, and rate (173).

S. cerevisiae and Z. mobilis do not naturally metabolize Cs sugars, and E. coli selectively
consumes Cs sugars before Cs sugars due to transcriptional regulation termed carbon catabolite
repression (CCR) (174-176). Through metabolic engineering, S. cerevisiae and Z. mobilis have
both been engineered to metabolize pentose sugars (175, 177). Cofactor imbalances inherent to the

pathway are observed in S. cerevisiae (although ethanol titers >30 g/L have been observed from
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growth on mixed xylose/glucose substrates), but Z. mobilis, where a balanced pathway has been
expressed, shows promise on this front (175, 178, 179). Strains of Z. mobilis heterologously
expressing operons for both xylose assimilation and the pentose phosphate pathway from E. coli
can grow on xylose as a sole carbon source (177). Growth of one strain on a mixture of xylose and
glucose resulted in 55 g/L ethanol, compared with 25 g/L on xylose alone and 30 g/L on glucose
alone (180). Further engineering has allowed the metabolism of arabinose in addition to xylose,
utilizing expression of a 5 gene operon from E. coli (181). Likewise, E. coli has been engineered
to overcome CCR, and co-utilization of Cs and Cs sugars has been demonstrated (182). Pentose
metabolism has been effectively engineered in organisms which cannot natively metabolize Cs
sugars, marking an important step for efficient fermentation of lignocellulose. Importantly, even
in organisms that do not naturally utilize Cs sugars, effects of CCR can be seen when pentose
utilization pathways are introduced — posing further potential issues with true co-utilization (183).

While engineering non-cellulolytic organisms to degrade biomass is challenging,
engineering cellulolytic organisms to produce the desired end-products at viable titers also poses
difficulties (157). Among these issues, the most notable are the establishment of sufficient systems
for genetic modification, producing relevantly high titers of non-native products in engineered
strains, overcoming potential product toxicity, and achieving elevated sugar consumption for
biological conversion (158, 159). Cellulolytic organisms mostly consist of fungi and bacteria,
although some cellulolytic protozoans have been identified in rumen environments, and both fungi
and bacteria have been studied as options for the native strategy (159, 184). Cellulolytic bacteria
can be further subdivided into those that utilize a free enzyme strategy similar to fungi and those

that rely on cell-surface associated cellulosome complexes (Figure 1.4) (185, 186).
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Most work on cellulolytic fungi for the native strategy has employed T. reesei and
Fusarium oxysporum (160, 187). As discussed at length, T. reesei is already used as a key source
for most industrial cellulase cocktails, and thus employing this organism for direct conversion to
product also makes sense (139). In addition to a strong biomass degradation phenotype, T. reesei
is amenable to genetic manipulation and capable of utilizing a variety of lignocellulosic sugar
substrates without genetic modification (both Cs and Cs), despite the fact that native ethanol
production in strains is low or non-existent (188, 189). Significant improvements in these ethanol
titers have been achieved, with adaptation and strain selection yielding an improvement of 0.4 g/L
to 5 g/L in one Trichoderma strain, and production up to 10 g/L observed from simple sugars in
engineered strains (190, 191). Further efforts to improve ethanol yields in T. reesei will likely
include traditional steps of knocking out genes responsible for byproducts and either
overexpressing native alcohol production genes or heterologously expressing additional sets of
genes from S. cerevisiae, which have largely been ignored so far (192). F. oxysporum is not as
well developed as an industrial organism as T. reesei, but this fungi is also highly cellulolytic and
genetic manipulation has allowed for ethanol titers up to 17.5 g/L on glucose (193). Importantly,
when this titer of ethanol was reached, acetate titers of 12.8 g/L were also observed, indicating the
opportunity for rerouting additional carbon and reductant toward ethanol production with future
engineering efforts. Indeed, based on this work, overexpression of phosphoglucomutase and
transaldolase — previously identified as metabolic bottlenecks — increased ethanol production on
glucose to over 20 g/L and lowered acetate production to roughly 2 g/L (194). These titers are still
too low for meaningful industrial utilization. For both biomass degrading fungi in discussion here,
cellulase production takes place under aerobic conditions, while ethanologenic growth occurs

under anaerobic conditions. Thus, in a CBP process utilizing these organisms, a first aerobic step
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for enzyme production would precede the anaerobic fermentation stage, although the enzymatic
degradation would continue into the second stage due to the insensitivity of these enzymes to the
presence of oxygen (160).

The best studied native CBP bacterium is Clostridium thermocellum, although other
Clostridium spp. and additional genre from the phylum Firmicutes have been explored as well
(159). C. thermocellum is cellulolytic and natively produces ethanol as a primary carbon end-
product of fermentation, albeit in combination with acetate (195); lactate, formate, valine, and
alanine are also produced when metabolism is perturbed (196). Although C. thermocellum grows
well on pretreated plant biomass, it lacks Cs sugar metabolism, and to date, there are only a few
reports of strains where pentose metabolism has been engineered (197). Nevertheless, there has
been extensive manipulation of metabolism in C. thermocellum, assisted by ever-increasing
genetic tools — including the very recent development of both endogenous and exogenous
CRISPR/Cas systems that have drastically reduced the time necessary for strain generation (198).

While wild type ethanol titer from controlled fermentation on high loadings (100 g/L) of
crystalline cellulose is 15 g/L, significant improvements have been achieved by sequential gene
knockouts in combination with directed evolution (199). The highest ethanol titer achieved to date
is 27 g/L from growth on crystalline cellulose, although several other strains have also been
generated capable of producing more than 20 g/L ethanol (72, 200, 201). To achieve the highest
titer strain, genes to non-ethanol reduced carbon products were deleted, including deletions of
lactate dehydrogenase (Aldh), phosphotransacetylase (Apta), acetate kinase (Aack), pyruvate
formate lyase (Apfl), and two hydrogenases (AhydG). These deletions resulted in production of 3.4
g/L ethanol, but the strain had a significant slow growth phenotype (202). Two rounds of adaptive

evolution experiments increased the ethanol titer 8-fold by first focusing on improving growth rate
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by serially transferring cultures daily on low carbon loading, for 150 rounds and then improving
ethanol generation by transferring cultures weekly on higher carbon loading (72). It was concluded
that the limit to further ethanol production in the evolved strain is likely ethanol toxicity, and future
improvements might result from additional adaptive evolution experiments to increase ethanol
tolerance (72). Sequencing of the evolved strains revealed a variety of changes to the genome, with
some mutations in expected locations (e.g. gapdh, a key glycolytic enzyme and adhE, the primary
ethanol-producing enzyme) but other mutations were observed that appear to be associated with
transcription and sporulation (72). C. thermocellum can solubilize and ferment biomass, but
pretreatment is necessary for efficient conversion and titers decrease significantly with high
loading or substrates where efficient delignification and separation of hemicelluloses has not taken
place (203, 204). Other biofuel products besides ethanol have been demonstrated by engineered
C. thermocellum, most notably butanol (0.4 g/L) and isobutanol (5.4 g/L) from growth on
crystalline cellulose (205, 206).

Unlike the free enzymes secreted by cellulolytic fungi, C. thermocellum degrades biomass
with large multi-enzyme complexes attached to the cell surface dubbed ‘cellulosomes’ (Figure
1.4C) (207). Fungal cellulases are usually single proteins composed of a carbohydrate binding
module (CBM) that anchors the enzyme to the substrate, which is connected to the catalytic
glycosyl hydrolase (GH) domain by a flexible linker region, sometimes called the ‘hinge’ (Figure
1.4B) (208). In contrast, cellulosomes are often made up of dozens of enzymes, which are attached
to the cell surface by large base proteins called scaffoldins (185). These structural scaffoldins
contain numerous cohesin domains, which are complementary to dockerin domains on secreted
glycoside hydrolases, or even to other scaffoldins, to help form more complicated super-structures.

Scaffoldins also contain CBMs, like fungal cellulases, to help anchor the complex, and thus
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potentially indirectly the bacterial cell, to substrates (209). In some cases, scaffoldins may not be
anchored to the parent cell at all and exist as foundations for cell-free cellulosomes (210).
Cellulosome diversity is broad, with some relatively simple structures, and some, like C.
thermocellum revealing more complex mega-structures. The C. thermocellum cellulosome
contains up to 63 enzymes, and even this is not the largest known cellulosome (185). Recently,
designer cellulosomes have been engineered, containing specific GHs in attempts to optimize
biomass degradation through improved synergies and for potential use in enzyme cocktails (211).
Like secretion of free enzymes, expression of both simple and complex cellulosomes has been
accomplished in S. cerevisiae, with some reports of higher cellulose degradation and ethanol
production than from strains expressing fungal cellulases (212, 213).

Beyond the native strategy, some researchers have focused on developing co-cultures for
CBP, relying on specific properties of more than one organism, rather than trying to create a single
ideal CBP microbe (159). Examples of CBP co-cultures include combining C. thermocellum with
Thermoanaerobacterium thermosaccharolyticum or combining Aspergillus oryzae with S.
cerevisiae. In both of these cases, a cellulolytic organism is being paired with a non-cellulolytic
organism. In the first case, C. thermocellum is incapable of utilizing pentose sugars, while T.
thermosaccharolyticum can efficiently convert Cs substrates to ethanol but lacks cellulolytic
activity. Still, optimization is necessary as ethanol titers above 2.4 g/L have not been achieved
(214). In the second case, A. oryzae is a moderately cellulolytic organism, but does not produce
ethanol; the combination of A. oryzae with S. cerevisiae is used industrially for the production of
sake in Japan and has now been explored for CBP potential showing production of 37 g/L ethanol

from growth on brewers’ spent grain (215). Though co-cultures and consortia have shown promise,
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there are inherent risks associated with such fermentations on large industrial scale due to the
potential culture instability and loss of the desired strains or ratios.

While most of the focus around CBP and, more broadly, cellulosic bioproducts in general,
is in relation to biofuels production, it should be noted that fuels make up about 85% of a barrel of
crude oil (216). The other 15% is essential for the production of different chemical feedstocks
(216). Establishment of bioproducts beyond biofuels, such as plastic precursors, is important for
decreasing societal oil dependence. Beyond ethanol, butanol, and isopropanol, lab-scale
experiments have explored CBP approaches to the production of compounds such as pinene,
polyhydroxyalkanoates, and fatty acid ethyl esters (217-219).

Thermophiles as Industrially Useful Microbes

Thermophiles are organisms that grow optimally above 45 °C. These can be further
subdivided into moderate thermophiles, which grow optimally from 45-70 °C, extreme
thermophiles which grow optimally between 70-80 °C, and hyperthermophiles, which grow
optimally above 80 °C (220). While thermopbhilic fungi are known, all currently identified extreme
thermophiles and hyperthermophiles are prokaryotes. Extreme and hyperthermophiles may be
either bacteria or archaea, and significant diversity exists (221); thermophiles may be aerobes or
anaerobes and grow in either marine or freshwater environments. To thrive above ambient
temperatures, thermophiles exhibit properties that vary from their mesophilic counterparts, such
as cell membrane composition and the thermostability of proteins (222, 223). Thermostable
enzymes are desirable for many biotechnological processes, both at lab-scale and in industrial
applications (224). The most obvious and impactful use of a thermophilic enzyme was the
application of DNA polymerase from Thermus aquaticus (Topt 70 °C) to improve PCR by

eliminating the need to add fresh polymerase after each denaturation step (225); this improvement
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to PCR revolutionized the life sciences. Now, thermostable enzymes derived from thermophilic
organisms are key parts of a variety of processes in industries such as textiles, pulp,
pharmaceuticals, detergent production, and food processing (226). Beyond thermostability, many
of these enzymes have other desirable properties, such as high tolerance to solvents, detergents,
and other typically denaturing conditions (227). Despite significant efforts to understand and apply
the specific mechanisms that lead to thermotolerance in microbes or thermostability of individual
proteins, these properties still remain largely outside our ability to engineer, and thus many native
thermophilic enzymes are either employed directly or used as a starting point for experimental
modification (223, 228-231).

In addition to the use of thermophilic enzymes for catalysis, there is great interest in
utilizing thermophilic organisms directly as whole-cell biocatalysts (232). There are several
potential advantages to exploiting thermophilic microbes for industrial processes such as CBP.
Utilizing thermophilic organisms decreases the risk of contamination from mesophilic
competition, which lowers costs associated with potential loss of batches of product, as well as
sterilization costs. Additionally, thermophiles are less susceptible to phages, which are a
significant source of economic costs associated with microbial food processes like yogurt
production (220, 233). For production of desirable products, such as biofuels, employing extreme
thermophiles can ease the separation of fermentation products from the growth medium by
enabling the potential for directly and continuously stripping products from reaction vessels as
they are produced (“temperature dependent product separation’) (234). In a large-scale industrial
setting, cooling and heating processes are expensive; mesophilic fermentations on industrial scales
require significant costs in cooling due to the generation of high levels of metabolic heat (235).

Maintaining a constant elevated temperature for a process could decrease overall costs, especially
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as only initial input costs required to reach temperature are necessary, with metabolic heat
potentially maintaining necessary elevated temperatures for thermophilic fermentations on large
scales (236). Finally, many chemical processes are inherently more favorable at high temperature,
with biomass degradation among these. Beyond physical implications for biomass degradation,
saccharolytic enzymes generally have higher activity above ambient temperatures (157). To this
end, anaerobic thermophilic cellulolytic bacteria, all known examples of which belong to the
phylum Firmicutes, are of particular interest (237, 238). C. thermocellum, discussed in detail above
for CBP applications, is one such thermophile, with an optimum growth temperature of 60 °C
(239).

To optimize organisms such as C. thermocellum for industrial processes, genetic
modifications are usually necessary. Systems for the genetic modification of thermophiles,
especially extreme and hyperthermophiles, are rare (240). The paucity of these systems arises
primarily from a two-fold issue with antibiotic use in these organisms: most antibiotics are not
thermostable, degrading at temperatures above 60 °C, and almost all known antibiotic resistance
markers are thermolabile (241). As a result, most genetic systems developed in these microbes to
date rely on nutritional markers, such as uracil auxotrophy (240). More recently, some antibiotic
markers have been established for use up to 80 °C, most notably a thermostable kanamycin
resistance marker (242); kanamycin itself is also thermostable, maintaining 90% of activity after
autoclaving at 120 °C (243). Modern genetic manipulation systems utilized in mesophilic
organisms, such as CRISPR/Cas9, are not viable in thermophiles, due to a lack of appropriately
thermostable homologs with the relevant activities. Very recently, some advances have been made
in utilizing the Cas9 enzyme (GeoCas9) from Geobacillus stearothermophilus (Topt 55 °C) for

genetic manipulation of moderate thermophiles, although most use of CRISPR/Cas systems in
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thermophiles to date has relied on taking advantage of endogenous systems (198, 244, 245). In
extreme and hyperthermophiles, these options are still undeveloped. Despite advancements in
genetic modification of non-model thermophilic organisms, the available tools still tend to be
relatively blunt, with only minimal availability of more subtle and tunable tools like inducible
promoters (220, 240, 246).
The Genus Caldicellulosiruptor

In freshwater hot springs with temperatures in the range of 70-80 °C and roughly neutral
pH, bacteria from the genus Caldicellulosiruptor tend to dominate consortia, as confirmed by
metagenomic sequencing (247, 248). These bacteria are Gram-positive and strict anaerobes. The
type species for the genus, C. saccharolyticus, was first isolated from a hot spring in New Zealand
in 1987 as Caldocellum saccharolyticum, before being reclassified several years later (249, 250).
This organism was interesting at the time because in addition to growing optimally at 75 °C, it
produces almost theoretical hydrogen yields from the fermentation of glucose (4 Hz / glucose) and
is weakly cellulolytic (250, 251). In the intervening decades, over a dozen other species of
Caldicellulosiruptor have been isolated from hot springs on four continents, with optimal growth
temperatures ranging from 65-78 °C (Table 1.2) (246). Significantly, genome sequences are
published for each of the currently verified members of the genus. While optimal growth
conditions, carbon substrates, and fermentation end-products vary among Caldicellulosiruptor
spp., all grow on a wide range of lignocellulose derived sugar substrates (246).

Next to C. saccharolyticum, Caldicellulosiruptor bescii is the most studied member of the
genus. First isolated in 1990 as Anaerocellum thermophilum and not reclassified until nearly two
decades later, this species simultaneously co-ferments Cs and Cs sugars to acetate, lactate,

hydrogen gas and carbon dioxide (252-254). C. bescii is a promising CBP host microbe because it
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has the highest temperature optimum of any known cellulolytic organism (Topt 78 °C), expresses
the most active naturally occurring cellulase yet identified, and genetic tools are available (255,
256). Furthermore, this organism can grow on high substrate loadings of non-pretreated plant
biomass as a sole carbon source (257). C. bescii utilizes an enormous range of sugar substrates,
including the five most common monosaccharides found in lignocellulose: glucose, xylose,
arabinose, galactose, and mannose (258).

The cellulolytic and xylanolytic properties of different Caldicellulosiruptor species vary
significantly, and correlate well with the content of the genome at each of two major loci, termed
the Glucan Degradation Locus (GDL) and Xylan Degradation Locus (XDL) (247, 259, 260).
Cellulases, mannanases, and xylanses produced by Caldicellulosiruptor spp., expressed at these
loci along with a variety of sugar transporters and regulators, are different from the fungal free
cellulases and cellulosomes discussed so far. These large multidomain enzymes are individual
polypeptides akin to their fungal counterparts, but composed of multiple CBMs and GH domains
separated by several linker regions (Figure 1.4A) (261). Exemplified by C. bescii athe 1867
(celA), they have modular structures and can approach 2000 amino acids in length (259). C. bescii
CelA, which out-performs commercial cellulases in crystalline cellulose degradation, is comprised
of a GH9 domain and a GH48 domain, separated by multiple linker regions and three CBM
domains (Figure 1.4A) (186). The five other cellulases encoded in the GDL of C. bescii also
consist of two GH domains (though these vary) separated by multiple CBM domains. The substrate
profiles and hydrolysis characteristics of each of these GHs have been studied and evaluated for
relative contribution by relation back to the total C. bescii secretome activity (261). As has been

observed with other organisms (e.g. C. thermocellum), without biological conversion, the process
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of biomass degradation is slowed, likely a by a mass action effect due to the lack of removal of
degraded glucans (261).

In addition to the secretion of free enzymes, Caldicellulosiruptor attach themselves to
lignocellulosic carbohydrates by surface-layer homology domains (SLH) that exist in some
Caldicellulosiruptor GHs and help form an indirect connection, anchoring one region of the
enzyme to a cell and another region to the lignocellulosic substrate (262). This genus also produces
small novel non-catalytic carbohydrate binding proteins known as tapirins that are encoded in the
GDL (263). Tapirins from different Caldicellulosiruptor have been recombinantly expressed, and
their relative binding capabilities have been compared (264). Likewise, deletion of tapirins in C.
bescii resulted in a strain that did not bind to crystalline cellulose (265). The direct contribution of
adhesion of cells to biomass degradation has not yet been assessed, although it is presumed to be
significant.

Fermentative Metabolism in C. bescii

Primary carbon metabolism in Caldicellulosiruptor spp. utilizes the Embden-Meyerhof
Parnas (EMP) glycolytic pathway (Figure 1.5) (266). No evidence of CCR has been observed in
any species of Caldicellulosiruptor, and similar growth is supported by a variety of both pentose
and hexose sugars (251, 267). Roughly, pentoses are metabolized by the sequential activities of
xylose isomerase and xylulokinase, and then likely enter primary metabolism through glycolysis
from the pentose phosphate pathway (PPP) as glyceraldehyde-3-phosphate (GAP) or fructose-6-
phosphate (266). The main carbon fermentation products of C. bescii are carbon dioxide, lactate,
and acetate (268). While none of these native products are desirable as liquid fuels, understanding
fermentative metabolism is necessary for any informed efforts to engineer the production of

alternative reduced carbon end-products. Although some Caldicellulosiruptor spp. produce
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ethanol from growth on glucose, C. bescii reportedly only produces trace amounts (268, 269).
Carbon dioxide is produced stoichiometrically with acetate by pyruvate ferredoxin oxidoreductase
(POR), which oxidatively decarboxylates pyruvate to acetyl-CoA by the reduction of ferredoxin.
Acetyl-CoA is further converted to acetate with the concomitant production of ATP by
phosphotransacetylase (PTA) and acetate kinase (ACK).

C. bescii contains both a cytosolic bifurcating [FeFe] hydrogenase and a membrane-bound
[NiFe] hydrogenase. The bifurcating [FeFe] hydrogenase is believed to be the major redox-
cofactor recycling enzyme in C. bescii, simultaneously oxidizing both ferredoxin and NADH to
produce Hz; this enzyme is constitutively expressed at high levels (270). Deletion of the maturation
genes necessary for assembly of the membrane-bound [NiFe] hydrogenase has confirmed that the
majority of Hz production during fermentative growth of C. bescii results from the activity of the
bifurcating hydrogenase (271). When the organism is growing rapidly, or as Hz partial pressure in
a culture increases, NADH is increasingly recycled with reduction of pyruvate by lactate
dehydrogenase (LDH). Under such circumstances, reduced ferredoxin is likely recycled by the
membrane bound hydrogenase, as has been reported in C. saccharolyticus (251).

C. bescii does not express a traditional transhydrogenase for interconversion of NADH and
NADPH, but rather expresses a bifurcating NADH-dependent ferredoxin-NADP* oxidoreductase
(Nfn). The role of this enzyme in maintaining redox homeostasis in C. bescii is not currently
understood, but it is hypothesized to be involved in simultaneously utilizing the NADH and
reduced ferredoxin pools required for catabolic processes to generate the NADPH necessary for
anabolic processes (Figure 1.5). This idea is supported by the fact that C. bescii, like other
characterized Caldicellulosiruptor spp., appears to lack the oxidative branch of the pentose

phosphate pathway, a canonical system for generating NADPH (266). A similar role for Nfn has
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been demonstrated in hyperthermophilic archaea such as Pyrococcus furiosus, which similarly
lacks the oxidative PPP (130).

The identification of genes involved in utilizing the metal tungsten in the genomes of all
Caldicellulosiruptor species (272) recently led to the discovery of a new class of glyceraldehyde-
3-phosphate-oxidizing enzyme (GOR) that contains tungsten at its catalytic site (273). A detailed
description of the characterization of this novel enzyme composes Chapter 2 of this work. GOR
uses ferredoxin rather than NAD™ as an electron carrier, analogous to the enzyme GAPOR found
in many species of archaea. While the canonical GAPDH oxidizes GAP to produce NADH and
1,3-bisphosphoglycerate, which is used by phosphoglycerate kinase (PGK) to generate 3-
phosphoglycerate (3PG), GOR generates 3PG directly from GAP, thereby circumventing the
energy-conserving step. Thus, C. bescii contains two parallel pathways from GAP to 3PG: the
ATP-generating GAPDH-PGK pathway, dependent on NAD®, and the non-energy conserving
GOR pathway, which reduces ferredoxin. It has been speculated that these dual glycolytic
pathways in C. bescii are employed by the cell to manage carbon and electron flux under growth
conditions in which electron carriers cannot be efficiently recycled; balance of GAP flux between
these two pathways is likely impacted by environmental Hz conditions, as is the case with pyruvate
reduction by LDH. GOR expression is regulated by the Rex repressor, which de-represses
transcription when the [NADH]/[NAD] ratio in the cell is high (274). GAPDH and PGK
expression are likely regulated by other transcription factors, in response to fructose-1,6-
bisphosphate. Increased understanding of the interplay between these two pathways will be

essential for efficiently directing reductant flow in future metabolic engineering efforts.
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Establishment and Utilization of a Genetic System in C. bescii

The genetic engineering pipeline for these non-model organisms began with the
identification of a necessary methylation patterns within C. bescii. Identifying the restriction
enzyme, Chel, and its cut site was crucial for determining how to protect foreign DNA during
transformation. Screening and selection methods thus far have been accomplished mostly with
nutritional selection (256). In C. bescii, uracil auxotrophy was first established via spontaneous
mutations with 5-FOA, resulting in the partial deletion of genes (ApyrBCF) involved in the uracil
biosynthetic pathway (256). Once the corresponding methyltransferase to Cbel was identified and
a replicating shuttle vector was designed and tested, the basis of the genetic engineering system
was established for C. bescii (256, 275).

Since this initial parent strain was developed, multiple lineages of modified C. bescii strains
have been generated. Initially, the focus was on creating new parent strains, including a smaller,
yet still useful, spontaneous deletion of uracil biosynthesis genes (ApyrFA) and of Cbel (ApyrFA,
Acbel) (275, 276). This removed the need for methylation of inserted DNA and demonstrated the
first targeted knockout of genes in C. bescii; similar methods were also shown to work in the
weakly cellulolytic C. hydrothermalis (276, 277). To date, C. bescii and C. hydrothermalis are the
only genetically tractable species of Caldicellulosiruptor. The most recent advance in parent strain
development has been a move away from nutritional requirements for transformant selection with
C. bescii. A high temperature kanamycin resistance gene (htk), originally optimized for growth at
80 °C in Thermus thermophilus, was utilized in C. bescii to design both replicating and non-
replicating vectors (242). With htk expression, C. bescii grew well in concentrations of kanamycin
up to 200 and 800 pg/ml in the replicating and genome-integration strains, respectively; parent and

wild type strains were normally inhibited by only 10 ug/ml of kanamycin. Not only was htk shown
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to be a valuable selective marker, but its use also led to the generation of new genomic parent
strains (MACB lineage), starting with the targeted, markerless, clean deletion of pyrE, and
subsequent individual deletions of cbel and Idh.

Additionally, early during the pipeline development, a transposon, 1SCbe4, was identified
in the Idh gene of a C. bescii genetic parent strain, leading to the identification of 47 autonomous
insertion elements across eight sequenced Caldicellulosiruptor species (278). This later led to an
investigation of the genomic stability of the available parent strains, which showed that the
potential of transposon insertions was more severe than originally thought (279). Sequencing both
old (JWCB) and new genetic linages indicated that, while seven types were identified, the only
active insertion element in C. bescii appears to be ISCbe4. The number of instances of ISChe4
increased greatly from 7 in wild type C. bescii to 23 in the most modified JWCB parent strain,
JWCBO018. The MACB lineage on the other hand only gained 1-3 replicates of ISCbe4. Along
with transposons, the study also identified several mutations present in the JWCB strains, ranging
from single nucleotide polymorphisms to whole gene deletions or genome arrangements. This also
highlights the importance of resequencing the complete genome of recombinant strains, especially
as a mis-assembly of a highly studied area (which includes celA) in the original reference wild
type genome of C. bescii was recently discovered (279, 280). Overall, the MACB genetic strains
have been shown to be more genomically stable and generally more similar to the wild type,
making them the better parent strains to continue genetic manipulations in C. bescii.

Using genetic engineering, both metabolic and cellulolytic pathways have been targeted
within C. bescii. A variety of strains have been made to explore the role of specific genes for
lignocellulose degradation, including knockouts of pectin lyases, tapirins, and glycoside

hydrolases, and knock-ins of enzymes from species native to or outside of the Caldicellulosiruptor
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genus (259, 262, 265, 281-288). The knockout of a single glycosyltransferase gene (athe 1864)
resulted in the inability to grow on crystalline cellulose, although another report suggested that
glycosylation of key cellulases (athe 1867, athe 1865 etc.) located in the Glucan Degradation
Locus (GDL) did not affect biomass degradation (261, 289, 290). Other gene deletions have been
used to study redox metabolism in C. bescii, namely the deletion of the transcriptional repressor
Rex and the deletion of the newly discovered alternative glycolytic enzyme, GOR, discussed in
Chapter 2 of this work (272-274).

The first modification made to explore native metabolism was the deletion of lactate
dehydrogenase (Aldh), which successfully eliminated lactate production and resulted in increased
formation of acetate and H2 (291). More importantly, the Aldh strain was the parent for engineering
ethanol production by C. bescii, either by inserting the gene (adhE) encoding the bifunctional
alcohol/aldehyde dehydrogenase from Clostridium thermocellum (Topt 60 °C) or by inserting adhB
or adhE from Thermoanaerobacter pseudoethanolicus (Topt 65 °C) (292, 293). These strains
produced ethanol at maximum concentrations of approximately 15 mM at 60 °C and 2 mM at 75
°C, respectively (292, 293). Expression of an NADPH-dependent butanol dehydrogenase (bdhA)
from Thermoanaerobacter pseudoethanolicus 39E did not result in ethanol production, but
improved furan aldehyde tolerance in an engineered strain (294). More recently, the six-gene
operon encoding the energy-conserving reduced ferredoxin NAD™ oxidoreductase (Rnf) complex
from Thermoanaerobacter sp. X514 (Topt 60 °C) was expressed in a strain expressing adhkE from
C. thermocellum. Rnf provides a route for using reduced ferredoxin from sugar oxidation to
generate NADH for ethanol production. In the new genetic lineage of C. bescii, co-expression of
adhE from C. thermocellum and rnfCDGEAB from Thermoanaerobacter sp. X514 increased

ethanol production at 60 °C five-fold over expression of adhE alone, to 75 mM (3.5 g/L) (270).
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This represents a major step towards the goal of efficient CBP in C. bescii (295). To explore
potential for improvements in bioproduct formation by C. bescii, ethanol makes a good model
because its production is simple and has been demonstrated already. Beyond the canonical AdhE
method, new approaches to ethanol production should aim to balance redox cofactor use and
energy (i.e. ATP) generation in primary metabolism.

The AOR-Adh Pathway for Bioalcohol Conversion

In 2014, a non-canonical metabolic pathway for alcohol production was engineered into
the hyperthermophilic archaeon Pyrococcus furiosus (Topt 100 °C). Insertion of a bacterial primary
alcohol dehydrogenase gene (adhA) into the P. furiosus genome allowed the conversion of glucose
to ethanol in a pathway that proceeds through acetate, rather than acetyl-coenzyme A (acetyl-CoA)
(296). Acetate is reduced to acetaldehyde, catalyzed by the native P. furiosus enzyme aldehyde
ferredoxin oxidoreductase (AOR). Acetate reduction is driven by the low redox potential of the
electron carrier, a 4Fe-ferredoxin. The heterologously-expressed AdhA from Thermoanaerobacter
sp. X514 catalyzes acetaldehyde reduction to ethanol using NADPH as the electron donor (Figure
1.6) (296). Interestingly, due to the broad substrate specificities of both AOR and AdhA, a variety
of exogenously added organic acids were also able to be converted to their corresponding alcohols
with the concurrent production of ethanol (296).

While a recent resurgence of interest in the AOR-Adh pathway ostensibly resulted from
heterologous expression in P. furiosus, several acetogenic bacteria naturally utilize this pathway.
Indeed, the natural existence of this pathway was hypothesized three decades ago, but direct
evidence in native systems was only recently exhibited (297). Recent work in the mesophilic
clostridia C. ragsdalei, C. autoethanogenum, and C. ljungdahlii has confirmed the existence of the

AOR-Adh pathway in these organisms, which contain both native AORs and native Adhs (298-
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300). Acetate produced by the Wood-Ljungdahl pathway can enter the AOR-Adh pathway to
produce ethanol as an end-product; thus, this has also been described as the Acetate Re-
assimilation pathway (301). When these species grow on carbon dioxide and hydrogen, ethanol
formation by the AOR-Adh pathway is thermodynamically feasible and is believed to act as a
valve for avoiding culture acidification due to acetate buildup (299). In addition to several
Clostridium the native pathway has now been demonstrated in the closely related genus
Thermoanaerobacter as well as the phylogenetically distinct gram negative acetogen Sporomusa
ovata (301-304). While alcohol titers from these organisms are robust (up to 16.1 g/L ethanol
produced by engineered C. ragsdalei), none of these microbes are cellulolytic, and no cellulolytic
Clostridium spp. has been reported to naturally contain this pathway (305). Furthermore, while
many of these organisms can utilize both Cs and Ce sugars (namely xylose and glucose), they are
likely unable to utilize both substrates simultaneously, as the closely related Clostridium
acetobutylicum is affected by CCR (306). All three of the above-mentioned clostridial species
grow optimally at 37 °C, and grow poorly above 40 °C, implying that the AOR and Adh homologs
encoded by these organisms are likely unsuitable for recombinant expression in thermophilic
microbes (307-309).

While a large variety of alcohol dehydrogenases are well characterized, less is known about
variable characteristics of AOR family enzymes. Originally identified as “carboxylic acid
reductase” (CAR) in 1989 from Clostridium thermoaceticum (a thermophile) and Clostridium
formicoaceticum (a mesophile), this family of enzymes were soon renamed (310-312). AORs are
tungsten-containing enzymes that rely on a complex tungstobispterin cofactor, analogous to the
molybdopterin cofactors found in most molybdenum-containing enzymes. These enzymes are

found in both archaea and bacteria and are most well characterized from thermophilic hosts (313).
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More recently an unrelated class of CARs have gained attention in the literature. This alternative
class of CARs were first observed and characterized in the fungus Neurospora crassa in the 1960s
and 1970s, but no bacterial homologs were identified until 1997 in Nocardia iowensis (314-316).
The Nocardia CAR was then cloned, sequenced, and fully characterized in 2004 (317); since 2013,
several other homologs have now been identified in bacteria such as Mycobacterium and
Tsukamurella, as well as the fungi Aspergillus and Trametes (318). As opposed to AORs, which
rely on the low redox potential of ferredoxin, CARs utilize both NADPH and ATP. Indeed, unlike
the strictly oxygen sensitive AORs, CARs are oxygen tolerant, derived from aerobic organisms.
Compared with the already broad substrate specificities of AORs, CARs are capable of an even
wider range of activities. CARs can reduce both straight and branched chain acids up to Cis and
are particularly active on aromatics, such as substituted benzoic acids, while still retaining activity
on smaller acids like butyrate (318). While CARs have been used in some pathway engineering
efforts in organisms like E. coli to make unusual products like 3-hydroxytyrosol, efforts are often
hampered by the steep cofactor requirements and a trade-off with product selectivity (319); often,
aldehyde products are reactive, and thus ‘neutralized’ or removed by background activities in the
cell. CARs in thermophilic hosts have not been identified, and these enzymes are not encountered
as part of native ethanol production pathways.

The AOR-Adh pathway is a strong candidate for engineering into C. bescii because it
allows for the formation of ethanol as well as other short and medium chain alcohols from their
corresponding acids. Short and medium chain fatty acids have received attention as a chemical
feedstock that could be generated in high concentration from the organic fraction of municipal
solid waste, and then catalytically upgraded (either biologically or non-biologically) to produce

chemicals with superior properties, such as by the AOR-Adh pathway, to generate higher alcohols.
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Alcohols like butanol and hexanol are high-energy drop-in fuels, as compatible with gasoline
infrastructure as biodiesel is with petroleum infrastructure. In the AOR-Adh pathway to upgrade
acids, C. bescii should utilize both reduced ferredoxin and reduced nicotinamide nucleotides
generated from glucose oxidation. Chapter 3 of this work is comprised of the characterization of
C. bescii strains that heterologously express the AOR-Adh pathway. C. bescii does not naturally
contain either AOR or Adh and so the genes encoding these enzymes are from the same
thermophilic sources as comprised the P. furiosus pathway. This work provides proof-of-principle
that the AOR-Adh pathway can be harnessed for ethanol production and organic acid upgrading
in a highly cellulolytic organism.
Research Objectives

There were two overarching goals of this research. 1) Improving understanding of the
native C. bescii metabolism and 2) Applying this understanding to assist in the informed
modification of metabolism to produce bioproducts. To the first aim, work in Chapter 2 identified
a key new route through primary metabolism in C. bescii. This work increased our understanding
of the function and importance of several major enzymes, including broader implications for the
utilization and balancing of different redox cofactors in the cell. To the second aim, work in
Chapter 3 demonstrated the heterologous expression of a non-native metabolic pathway. This work
explored the possibility of using C. bescii to produce both ethanol and next-generation drop-in
fuels, through the upgrading of carboxylic acids to alcohols. Chapter 4 tied these ideas together by
exploring ways to improve product formation on two fronts: investigating a pathway for sugar
uptake on the front end of metabolism and attempting to improve ethanol production in the current

C. bescii benchmark strain by improving redox balance with further genetic modification.
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TABLES AND FIGURES

Table 1.1 Properties of common liquid fuels

Jet fuel, diesel, gasoline, and biodiesel are mixtures of different compounds, with variable
properties. Jet fuel, diesel, and gasoline are derived from crude oil, and thus exact properties vary

depending on the source of crude oil and the distillation procedures utilized.

Fuel Energy Density | Specific Energy = Density | Boiling Point Carbon
(MJIL) (MJ/kg) (kg/L)' (°C) Number
Diesel 38.6 42-46 0.78-0.84 180-340 Ce-Cos
Biodiesel 33.3-35.7 39 0.85 315-350 Ciz-c22
Gasoline 34.8 43-46 0.74 26.7-225 C4-C12
Ethanol 21.2 26.8 0.79 78 C.
Butanol 20.2 33.1 0.81 118 Cs
Jet Fuel 35.1 43.1 0.79-0.83 150-255 Cs-Cia

! Average density at 15 °C
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Table 1.2 Characteristics of known Caldicellulosiruptor species

Species Isolation Location Temlps:rI:ttlilor: (°C) Isolation pH | Topt(°C) D;T;:I;?sm Dt;faciiniQ
C. acetigenus Hverager®6i, Iceland 68 7 65-68 No 66
C. bescii Kamchatka, Russia 60-98 NR 78 High 52
C. changbaiensis Changbai Mountains, China 83 7 75 High 66
C. danielii Waimangu, New Zealand NR NR ND High 69
C.sp. F32 Qingdao, China NR NR 75 NR 45
C. hydrothermalis Kamchatka, Russia 55-65 4.5-8 65 No 62
C. kristjanssonii Hveragerdi or Fludir, Iceland 78 8.7 78 No 37
C. Kronotskyensis Kamchatka, Russia 55-65 4.5-8 70 High 77
C. lactoaceticus Hverager®6i, Iceland 74 8 68 Moderate 44
C. morganii Rotorua, New Zealand 63 8.8 ND High 49
C. naganoensis Nagano Prefecture, Japan 75-85 9 IS High 44
C. obsidiansis Wyoming, USA 66 5 78 High 47
C. owensensis California, USA 32 9 75 No 51
C. saccharolyticus Taupo, New Zealand 48 NR 70 High 59

NR: Not Reported

ND: Not Determined

! Cellulose degradation phenotypes: No (little or no growth observed), Moderate (suboptimal
growth compared with glucose), High (growth similar to glucose).

2 Number of Glycosyl hydrolase (GH) domains represents number of ORFs containing at least
one GH domain, not total number of GH domains in the genome. Number of GH containing
ORFs reproduced from (247), with the exception of C. changbaiensis, which was obtained from

http://www.cazy.org.
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Figure 1.1 Global energy consumption 1900-2019
Total global energy consumption by source since 1900. Data adapted from (320) and (1), and

compiled by http://www.ourworldindata.org (321).
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Figure 1.2 Sources of energy in the United States

Sources of energy in the United States, with further subdivision of renewable energy. (A) Total
energy consumption in the United States in 2019 by energy source, including all five end-use
sectors: transportation, industrial, residential, commercial, and electric power. Renewable energy
is further subdivided (inset). (B) Total electricity generation in the United States in 2019 by energy
source. The composition of renewable electricity production by source is further subdivided
(inset). Data obtained from the United States Department of Energy’s Energy Information

Administration (http://www.eia.gov).
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Figure 1.2
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Figure 1.3 Strategies for bioethanol production

Schematic strategies for three different approaches to bioethanol production. (A) The Starch-
based ethanol strategy is utilized for industrial bioethanol production from corn in the United
States. Hexose sugars derived from starch are fermented by yeast. (B) Three different approaches
for cellulosic ethanol are presented. Soluble pentose sugar streams are shown in orange. Hexose
sugar streams are shown in cyan. The Separate Hydrolysis and Fermentation (SHF) strategy is
indicated with red accents. The Simultaneous Saccharification and Fermentation (SSF) strategy
is indicated by blue accents. A Simultaneous Saccharification and Co-Fermentation (SSCF)
strategy is shown with green accents. (C) The Consolidated Bioprocessing strategy (CBP)
combines enzyme production, enzymatic saccharification, and fermentation into a single step. In

some variations of CBP, both hexose and pentose sugars are fermented.
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Figure 1.3
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Figure 1.4 Domain arrangement of cellulose-degrading enzymes

Three categories of cellulose-degrading enzymes are exemplified by the multidomain CelA from
Caldicellulosiruptor bescii (A), the cellobiohydrolase Cel7A from Trichoderma reesei (B), and
the cellulosome complex from Clostridium thermocellum (C). CelA and Cel7A are presented on
the same scale. Glycosyl hydrolase domains, carbohydrate binding module domains, linker
regions, and signal peptides are indicated. CelA and Cel7A each consist of a single polypeptide,
while the cellulosome consists of multiple polypeptides linked by a scaffoldin backbone. The
cellulosome is shown at a smaller scale to account for its larger size. Due to the variable structure
of the cellulosome, specific glycoside hydrolase domains are not indicated; variability of glycosyl

hydrolase domains in the cellulosome is indicated with colors representing different families.
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Figure 1.4
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Figure 1.5 Primary metabolism in C. bescii

Caldicellulosiruptor species can utilize both Cs and Cs sugars, which enter the EMP glycolytic
pathway. Central metabolism includes two parallel pathways for oxidizing glyceraldehyde-3-
phosphate to 3-phosphoglycerate. Primary redox cofactors ferredoxin (red) and NAD(H) (green)
can be used to generate NADP(H) (blue), as no oxidative pentose phosphate pathway is present.
Abbreviations: hexokinase (HK), phosphoglucoisomerase (PGI), triosephosephate isomerase
(TPI), fructose-bisphosphate aldolase (FPA) xylose isomerase (XI), xylulokinase (XK)
transketolase (TK), phosphofructokinase (PFK), enolase (ENO), phosphoglycerate mutase (PGM),
bifurcating hydrogenase (BF-H2ase), glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
glyceraldehyde 3-phosphate oxidoreductase (GOR), phosphoglycerate kinase (PGK), pyruvate
kinase  (PK), lactate dehydrogenase (LDH), pyruvate oxidoreductase (POR),
phosphotransacetylase (PTA), acetate kinase (ACK), membrane bound hydrogenase (MBH),

bifurcating NADH-dependent reduced ferredoxin NADP* oxidoreductase (BF-Nfn),
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Figure 1.5
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Figure 1.6 The AOR-Adh pathway for alcohol production

The two-step AOR-Adh pathway converts acetate to the ethanol, through acetaldehyde as an
intermediate. The source of acetate is variable, depending on the organism. The pathway utilizes
two reducing equivalents: reduced ferredoxin for the first step and either NADH or NADPH for
the second step, depending on the specificity of the Adh homolog. Due to the broad substrate
specificity of these enzymes, the pathway can be generalized to convert organic acids to the
corresponding alcohol through the relevant aldehyde intermediate. Abbreviations: reduced
ferredoxin (Fdred), oxidized ferredoxin (Fdox), aldehyde oxidoreductase (AOR), alcohol

dehydrogenase (Adh).
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Figure 1.6
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CHAPTER 2
THE THERMOPHILIC BIOMASS-DEGRADING BACTERIUM CALDICELLULOSIRUPTOR
BESCII UTILIZES TWO ENZYMES TO OXIDIZE GLYCERALDEHYDE-3-PHOSPHATE

DURING GLYCOLYSIS!

! Rubinstein, G.M. ¥, Scott, I.S. , Poole, F.L., Lipscomb, G.L., Schut, G.J., Williams-Rhaesa,
A.M,, Stevenson, D.M., Amador-Noguez, D., Kelly, R.M., Adams, M.W.W. 2019. Journal of
Biological Chemistry. 294(25):9995-10005

+Authors contributed equally to this work
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ABSTRACT

Caldicellulosiruptor bescii is an extremely thermophilic, cellulolytic bacterium with an
optimal growth temperature of 78 °C and is the most thermophilic cellulose degrader known. It is
an attractive target for biotechnological applications, but metabolic engineering will require an in-
depth understanding of its primary pathways. An analysis of its genome uncovered evidence that C.
bescii may have a completely uncharacterized aspect to its redox metabolism involving a tungsten-
containing oxidoreductase of unknown function. Herein we describe the purification and
characterization of this new member of the aldehyde ferredoxin oxidoreductase (AOR) family of
tungstoenzymes and show that it is a novel heterodimeric glyceraldehyde-3-phosphate (GAP)
ferredoxin oxidoreductase (GOR) present not only in all known species of Caldicellulosiruptor but
also in 44 mostly bacterial, anaerobic genera. This enzyme is phylogenetically distinct from the
monomeric GAP-oxidizing enzyme found previously in several Archaea. Its large subunit (GOR-
L) contains a single tungstopterin site and one [4Fe-4S] cluster while the small subunit (GOR-S)
contains four [4Fe-4S] clusters. The enzyme uses ferredoxin as an electron acceptor. Deletion of
either subunit results in a distinct growth phenotype on both Cs- and Ce-sugars with an increased lag
phase but higher cell densities. Using metabolomics and kinetic analyses we show that GOR
functions in parallel with the conventional GAP dehydrogenase providing an alternative ferredoxin-
dependent glycolytic pathway. These two pathways likely facilitate the recycling of reduced redox
carriers (NADH and ferredoxin) in response to environmental Hz concentrations. This metabolic

flexibility has distinct implications for the future engineering of this and related species.
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Introduction

Caldicellulosiruptor bescii is an extremely thermophilic bacterium with an optimal growth
temperature of 78 °C, making it the most thermophilic cellulose degrader identified to date (268,
322, 323). This organism is an attractive target for use in biotechnological applications due to its
ability to ferment high concentrations of unpretreated plant biomass, thereby potentially mitigating
the costly thermochemical pretreatment steps that are typically required for lignocellulose
conversion (159, 255, 324). C. bescii and other species of the Caldicellulosiruptor genus do not
contain the well-characterized cellulosomes described for other cellulolytic bacteria, such as
Clostridium thermocellum, but rather secrete a suite of multidomain non-cellulosomal glycosyl
hydrolases that work synergistically to convert plant biomass into fermentable sugars (186, 324). C.
bescii ferments Cs and Cs sugars derived from cellulose and hemicellulose primarily to hydrogen
gas, lactate, acetate and carbon dioxide (257, 325). The development of a genetic system for this
organism has created the potential to metabolically-engineer it for consolidated biomass processing
to produce liquid fuels and other bio-based products from renewable biomass. Engineered strains of
C. bescii that can produce moderate amounts of ethanol directly from the conversion of plant biomass
have already been achieved (270, 292). The recent developments of a high temperature kanamycin
resistance gene and of an inducible promoter have further increased the potential use of this organism
as a platform for biotechnological applications (242, 267, 274, 326). The further development of
efficient metabolic engineering strategies will require an in-depth understanding of its primary
metabolism.

We recently reported that C. bescii has a completely uncharacterized aspect to its primary
redox metabolism involving the metal tungsten (272). This was very surprising; tungsten is an

element that is rarely utilized in biological systems, as virtually all forms of life utilize the
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chemically-analogous element molybdenum (327). Molybdoenzymes are ubiquitous, serving roles
in carbon, nitrogen and sulfur metabolism (328). In contrast, the number of microorganisms known
to require tungsten is relatively few (327). Tungsten is chemically very similar to molybdenum with
comparable coordination chemistries and physical properties. They are both coordinated to enzymes
via pyranopterin cofactors and they both stabilize three redox states (1V, V and VI) in the biological
range, although for tungsten these are at much lower reduction potentials than those of molybdenum
(329). In spite of this, there is a large bias towards molybdoenzymes in all three domains of life,
whereas tungstoenzymes appear to be more abundant in thermophilic organisms (330).

Tungsten metabolism is best characterized in hyperthermophilic archaea, represented by
Pyrococcus furiosus, which grows optimally at 100 °C. It contains five members of the aldehyde
oxidoreductase (AOR) family of tungstoenzymes, which are phylogenetically unrelated to any of the
three families of molybdoenzymes (331). All five have been characterized and they are referred to
as aldehyde ferredoxin oxidoreductase (AOR) (311), glyceraldehyde-3-phosphate ferredoxin
oxidoreductase (GAPOR) (332) and formaldehyde ferredoxin oxidoreductase (FOR) (333), together
with two tungstoenzymes of unknown function, WOR4 (334) and WOR5 (335). All of these
enzymes oxidize aldehydes of various types. The prototypical AOR has a broad substrate specificity
and is thought to be involved in peptide catabolism wherein it oxidizes amino acid-derived aldehydes
(327). However, of all of these archaeal tungstoenzymes only the function of GAPOR is definitively
understood (332). GAPOR replaces the conventional NAD-dependent glyceraldehyde-3-phosphate
(GAP) dehydrogenase (GAPDH) and is part of a modified glycolytic pathway in P. furiosus and
several archaeal species (332, 336, 337). In addition to using ferredoxin rather than NAD as an
electron acceptor, the GAPOR reaction oxidizes GAP directly to 3-phosphoglycerate rather than to

the 1,3-bisphosphoglycerate generated by GAPDH (332). Hence, this unusual GAPOR-containing
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glycolytic pathway found in these archaea does not contain phosphoglycerate kinase and
consequently GAP oxidation does not result in net ATP synthesis by substrate level phosphorylation.

The notion of C. bescii utilizing tungsten came from the identification of a 12-gene cluster
of highly expressed genes (Athe 0820-Athe 0831) (Figure S2.1) that is completely conserved
across all fourteen members of the Caldicellulosiruptor genus that have been characterized to date
(247). These genes encode proteins involved in pyranopterin synthesis and tungstate transport, and
a putative tungstopterin-containing enzyme (Athe 0821) belonging to the AOR family of
tungstoenzymes that we termed XOR to signify its uncharacterized status. To demonstrate that C.
bescii could utilize tungsten, the known tungstoenzyme AOR of P. furiosus was heterologously-
produced in an active form (272). Additionally, we showed that during growth on simple and
complex Cs and Cs sugars, Athe_0821 is constitutively expressed and its protein product represents
~ 2% of the cytoplasmic protein in C. bescii. XOR is phylogenetically distinct from the characterized
AOR enzymes and was proposed to represent a new member of this family of tungstoenzymes (272).
XOR is also unusual in that the gene encoding (Athe_0821) is adjacent to another highly-expressed
gene (Athe_0820) encoding a polyferredoxin-like protein predicted to contain four [4Fe-4S] clusters.
It was not known if this functioned as an electron carrier for XOR or was an additional subunit.

It was therefore of importance to elucidate the function of this tungstoenzyme in the
Caldicellulsiruptor genus, both in terms of understanding its primary metabolism and in utilizing
this information to engineer these organisms for biotechnological applications. In contrast to the
archaeon P. furiosus, C. bescii does not grow on peptides and its genome encodes the standard
Embden-Myerhoff (EM) pathway, including a classical phosphorylating GAPDH (Athe_1406).
Moreover, cell-free extracts of C. bescii did not catalyze the oxidation of any of the aldehydes,

including GAP, used by the AOR-type enzymes of P. furiosus (272). Herein we show that XOR is
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indeed a new member of the AOR family of tungstoenzymes and is a novel bacterial-type of
glyceraldehyde-3-phosphate ferredoxin oxidoreductase. We will refer to it as GOR to differentiate
it from the phylogenetically-distinct GAPOR found primarily in Archaea. Affinity-tagged GOR was
purified and kinetically characterized. Utilizing a deletion mutant strain lacking GOR, metabolomics
was used to show that GOR provides C. bescii with an alternative glycolytic pathway, generating
reduced ferredoxin rather than NADH. This is the first report of a—functional “GAPOR” in a
bacterium.
Results
Purification of affinity-tagged GOR

The genes encoding XOR (Athe_0821) and the putative polyferredoxin (PFD, Athe _0820)
were modified by the inclusion of a polyhistidine tag at the N-terminus of XOR and the expression
of both genes was placed under the control of the high level promoter of the S-layer protein (slp) to
give the overexpression strain (OE-XOR/PFD, Figure S2.1). The slp gene is expressed at a level
that is ~10-fold higher than that of Athe_0821 and of Athe 0820 in wild type C. bescii (272). XOR
was purified from the cytoplasmic extract of the OE-XOR/PFD strain by ion exchange, affinity and
size exclusion chromatography and its properties are described below. The first priority was to
determine a catalytic activity for the purified enzyme. XOR was assayed for its ability to oxidize a
variety of aldehydes and reduce the artificial electron acceptor benzyl viologen (BV). These
included the following compounds: 2-ethylhexanal, 2-methylbutyraldehyde, 2-methylpentanal, 2-
methoxybenzaldehyde, 2-naphthaldehyde, 2-phenylpropionaldehyde, 3-phenylbutyraldehyde, 3,4-
dihydroxybenzaldehyde, acetaldehyde, acetoin, arabinose, butyraldehyde, cinnamaldehyde,
coniferaldehyde, , dihydroxyacetone, galactose, glucose, glucose-6-phosphate, glyceraldehyde,

glycoaldehyde, glycolic acid, glyoxal, glyoxylic acid, hexanal, isobutyraldehyde, mannose, methyl
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glyoxal, phenylpropionaldehyde, ribose, sinapaldehyde, syringaldehyde, vanillin, and xylose.
However, none of them were utilized as a substrate by XOR. We had previously shown that a
cytoplasmic extract of wild type C. bescii was unable to oxidize several other aldehydes that are
known substrates of the AOR family members in the archaea (272). These included formaldehyde,
propionaldehyde, crotonaldehyde, glutaraldehyde, isovaleraldehyde, benzaldehyde and
glyceraldehyde-3-phosphate (GAP). Similarly, purified XOR was unable to use these substrates,
with the notable exception of GAP. Surprisingly, GAP (1 mM) was readily oxidized by purified
XOR with a specific activity (at 70 °C) of 48.3 units/mg and the activity increased with increasing
concentrations of XOR in the assay (Table S2.1). However, contrary to expectation, only a very low
level of GAP oxidation activity was detected in the cytoplasmic extract of the OE-XOR/PFD strain
(0.01 units/mg). As previously reported, the same was also observed with extract from the wild type
strain (< 0.01 unit/mg). Because the purified XOR enzyme clearly utilizes GAP as a substrate, we
will now refer to XOR as a GAP oxidoreductase or GOR.

The lack of significant benzyl viologen (BV)-linked GAP-oxidation activity in the
cytoplasmic extract of the wild type strain appeared to be due to the presence of an inhibitor of GOR
activity. For example, as shown in Table 2.1, the total GAP-oxidizing units increased ~4-fold
following the affinity purification of GOR. This was accompanied by a 77-fold purification yielding
2.1 mg of purified protein from 50 g (wet weight) of cells. A similar response to the partial
purification from the cytoplasmic fraction was observed with GAPDH, where a greater than 100-
fold increase in the NAD-dependent oxidation of GAP was observed after an anion exchange
chromatography step (Figure S2.2). The addition of the cytoplasmic extract to purified GOR
resulted in a ~90% reduction in its GAP-oxidizing activity (Figure 2.1) indicating that the cytosol

contains an inhibitory factor. To investigate the nature of this inhibitory factor, the cytoplasmic
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extract from the OE-XOR/PFD strain was fractionated using a 30-kDa filter (and the protein fraction
< 30 kDa was washed with buffer). The washed extract (nominally > 30 kDa) and the resulting
filtrate (< 30 kDa) were each tested for their capacity to inhibit the GAP oxidizing activity of purified
GOR (Figure 2.1). The inhibitor appeared only in the high molecular weight fraction (> 30 kDa) as
the low molecular weight fraction (< 30 kDa) did not have any inhibitory effect on GOR (Figure
2.1). Moreover, heat treatment (95 °C for 60 min) of the washed cytoplasmic extract eliminated the
inhibitory effect, indicating that the inhibitor is likely to be a protein.

Based on its ability to inhibit purified GOR activity, the inhibiting factor was purified from
the flow-through fraction of the GOR affinity purification step by hydrophobic interaction
chromatography. Analysis of the purified inhibitor fraction by liquid chromatography-tandem mass
spectrometry (LC-MS) (Proteomics and Mass Spectrometry Facility, University of Georgia)
identified a 70 kDa bifunctional phosphoglycerate kinase/triosephosphate isomerase (PGK/TPI)
fusion protein (Athe_1405). Addition of the purified PGK/TPI protein to the GOR assay virtually
abolished GAP-oxidizing activity (Figure 2.1).

TPI catalyzes the interconversion of GAP and dihydroxyacetone phosphate (DHAP) with a
strong bias in favor of DHAP (~95:5) (338). Hence, TPI activity is responsible for the inhibition of
GOR and GAPDH in cytoplasmic extracts by a ‘“substrate-stealing” mechanism and thus its
separation from these enzymes during their purification results in a dramatic increase in their GAP-
dependent activities. The presence of the PGK/TPI protein in the standard GOR assay enabled
reduction of BV to be measured in the presence of DHAP (which generates GAP) in the absence of
added GAP (Table S2.2). Likewise, the presence of PGK/TPI in the standard GAPDH assay enabled
the reduction of NAD if DHAP (rather than GAP) was added (Table S2.2). Interestingly, DHAP

itself partially inhibits GOR activity in the absence of PGK/TPI and, conversely, increases GAPDH
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activity in the absence of PGK/TPI (Table S2.2). GOR activity is reduced by 70% in the presence
of 10 mM DHAP in the absence of TPI, but only decreases by 22% in the presence of 1 mM DHAP.
In contrast, GAPDH activity increased 4-fold in the presence of 10 mM DHAP. Notably, TPI
inhibition of both can be overcome by sufficiently high concentrations of GAP (5 and 15 mM) as
measured by the initial activities (Table S2.2). However, in all cases where PGK/TPI was present,
activity diminished within 15 seconds, compared to >30 seconds in the standard assays.

A kinetic analysis of purified GOR with varying concentrations of GAP revealed a linear
increase in activity, with no saturation observed up to 20 mM GAP with BV (1 mM) as the electron
acceptor. While this data precludes the determination of Km and kcat values, kca/ Km was determined
as the slope of the plot of activity versus substrate concentration to be 4.7x10%*sec* Mt at 70 °C
(Figure S2.3A). However, with C. bescii ferredoxin as the electron carrier, saturation kinetics were
observed, with an estimated kcat value of 5.57 st and a Km value for oxidized Fd of 38.9 + 10.7 uM
at 70 °C (using 5 mM GAP) (Figure S2.4). Like GOR, partially purified GAPDH also showed a
linear increase in activity with increasing GAP concentrations utilizing NAD (1 mM) as the electron
acceptor, with no saturation observed at GAP concentrations up to 20 mM (Figure S2.3B).

Size exclusion chromatography (SEC) of affinity purified GOR showed that GOR eluted as
two distinct symmetrical peaks that had the same specific activities with approximate molecular
weights of 315 and 73 kDa (Figure S2.5). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) revealed identical profiles for the peaks with two major bands near 60
and 15 kDa. These corresponded to the expected gene products of Athe 0821 (65,916 Da) and
Athe 0820 (14,618 Da), which will now be referred to as the large (GOR-L) and small (GOR-S)
subunits of GOR. The identity of the two subunits was confirmed by peptide analysis using LC-MS

(Figure S2.6). We propose that the two peaks from the SEC column represent the holoenzyme
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(L4S4), which is a tetramer of heterodimers, and the dissociated heterodimer (LS, Figure S2.5).
GOR-L has 29% sequence identity (47% similarity) to P. furiosus GAPOR (which is 67 aa larger)
and is 31% identical (48% similar) to the structurally-characterized AOR of P. furiosus, which
contains one tungstopterin site and one [4Fe-4S] cluster. The cluster coordinating cysteine residues
and the tungstopterin-binding residues of AOR are conserved in GOR-L and in GAPOR (although
they lack the residues that coordinate the monomeric iron atom in AOR, see Figure S2.7). GOR-S,
annotated as a putative polyferredoxin, contains 16 cysteinyl residues in four motifs and these are
predicted to coordinate four [4Fe-4S] clusters (Figure S2.7) (339). Metal analysis of purified GOR
yielded an iron to tungsten ratio (Fe/W) of 20.4:1, consistent with one and four [4Fe-4S] clusters in
GOR-L and GOR-S, respectively, together with a monomeric tungstopterin site in GOR-L.
Deletion of the genes encoding GOR

To assess the functional importance of GOR, mutants were generated by individually
disrupting gorL (Athe-0821) and gorS (Athe_0820) by replacing each with the gene encoding
kanamycin resistance (Cbhtk) (Figure S2.1) to generate the mutant strains AgorL and AgorS (Table
S2.3). As shown in Figure 2.2, compared to the parent, growth on xylose (Cs) of both mutant strains
exhibited a longer lag phase. Although the exponential growth rates were comparable (Figures 2.2
and S2.8), both mutant strains reached a significantly higher cell density in stationary phase — up to
50% higher than that of the parent. Similar results were obtained during growth on other sugars such
as: glucose, fructose, mannose, galactose, rhamnose, arabinose, and lactose (Figure S2.8).
Metabolomic analyses of the Agor strain

To provide further insight into the metabolic role of GOR, MS-based metabolomics were
employed to evaluate changes in the concentrations of key metabolites that result from the deletion

of gorL. A total of 19 intermediary metabolites were found to have significant changes in
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concentration in the AgorL strain relative to the parent strain (Table S2.4), the most notable of which
were intermediates of the glycolytic and pentose phosphate pathways. As shown in Figure 2.3,
concentrations of glucose-6-phosphate, fructose-6-phosphate and fructose-1,6-bisphosphate were
higher in the in the Agor strain while those of 3-phosphoglycerate and phosphoenolpyruvate were
lower, consistent with a bottleneck in the glycolytic pathway at the GAP oxidation step.
Phylogenetic analyses of GOR

A phylogenetic tree of the AOR family of enzymes was constructed using 4,063 homologs
of the GOR-L sequence based on the InterPro domains (IPR013983 and IPR001203). Although the
five previously characterized types of tungsten-containing oxidoreductases, AOR, FOR, GAPOR,
WOR4 and WORS5, are all from Archaea such as P. furiosus, the AOR family is also well represented
in the bacterial domain with 64% of the sequences from Bacteria and 30% from Archaea, with the
remaining (6%) from uncharacterized metagenomes or environmental samples (Figure S2.9). The
five types of previously characterized members of the AOR family from P. furiosus form distinct
clades that are well separated from each other and C. bescii GOR is clearly more closely related to
GAPOR than it is to any of the other enzymes, sharing a more recent common ancestor.
Nevertheless, the GOR and GAPOR branches also sub-divide into bacterial and archaeal sub-clades
(Figure S2.9B). Hence, the phylogeny supports distinctive terms for GOR and GAPOR, especially
as they are found predominantly in Bacteria and Archaea, respectively.
Discussion

Herein we describe the first glyceraldehyde-3-phosphate ferredoxin oxidoreductase from a
bacterium and designate it GOR to show that is it is distinct from the previously characterized
GAPOR from archaea (272). We also demonstrate that GOR is directly involved in the glycolytic

pathway of C. bescii. This result was unexpected since the genome of C. bescii encodes the standard
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pathway that includes the classical phosphorylating GAPDH. This catalyzes the conversion of GAP
to 1,3-bisphosphoglycerate, which is then used to conserve energy in the form of ATP by PGK
generating 3-phosphoglycerate. Note that GOR oxidizes GAP directly to 3-phoshoglycerate and so
ATP is not synthesized in the GOR-dependent glycolytic pathway. Both GAPDH and PGK/TPI
enzymes were partially purified in this study indicating that they are present at substantial
concentrations in the cell. However, the results of our genetic and metabolomics-based studies
clearly indicate an important glycolytic role for GOR under the usual growth conditions. Moreover,
deletion of either of the genes encoding GOR affects the efficient oxidation of GAP, as evident from
the accumulation of metabolic intermediates upstream of this step in the glycolytic pathway and
depletion of intermediates downstream (Figure 2.3).

Lack of saturation kinetics for both GOR and GAPDH is a highly unusual feature for
enzymes of this type. While there are other examples of non-saturable enzymes (e.g. AhpC from
Helicobacter pylori) this phenomenon is rare (340). In the case of GOR, the order of Keat/Km (4.7x10*
sec’ M) indicates that the lack of saturation is not because the enzyme is diffusion limited. Instead,
it likely has an extremely low affinity for GAP but with a high turnover rate, such that formation of
the [ES] complex is slow, but turnover occurs rapidly upon complex formation. Non-saturation
kinetics is even more surprising for GAPDH. This enzyme has been extremely well studied from
many organisms with Km values for GAP ranging from 20 uM to 1.4 mM (341, 342). However, in
an organism like C. bescii with two competing primary metabolic pathways for GAP oxidation, it is
not unreasonable that the two GAP-oxidizing enzymes have low affinities for the substrate as a
means of regulating substrate flux. It is also possible that another component is necessary in the

assay for these enzymes to be saturable with GAP, as in the case with human ADH5 (Class 111
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alcohol dehydrogenase), which cannot be saturated with ethanol (up to 3 M) in the absence of
activation by fatty acids (343).

We show here that both GAPDH and GOR activities are masked by the presence of a highly
active TPI, which is biased towards DHAP formation thereby maintaining only a relatively low
concentration of GAP that is available to both enzymes. The high TPI activity might play a unique
thermoprotective role by minimizing the pool of the thermally-labile glycolytic intermediate GAP
by reversibly converting it to the more thermostable DHAP, thus regulating the glycolytic flux
through GOR and GAPDH (344). This in contrast to the situation in some archaea where GAPOR
is the sole GAP-oxidizing enzyme in a modified EM pathway generating 3-phosphoglycerate in a
single irreversible step, where GAPDH serves solely a gluconeogenic role (332, 345, 346). The
concurrent presence of GOR and GAPDH activity suggest that in C. bescii both enzymes operate in
parallel. The operation of parallel pathways in glucose degradation is unusual, although not without
precedent in other thermophilic microorganisms. For example, the archaeon Thermoproteus tenax
has been demonstrated to utilize modified versions of both EMP and ED pathways (347-350).

The inhibition of the activity of GOR by DHAP, while GAPDH appears to be activated by
DHAP (Table S2) was unanticipated. However, it does explain our inability to measure significant
GAP-dependent oxidoreductase activity (BV-dependent) in cytoplasmic extracts previously That
DHAP is a regulator of both GOR and GAPDH cannot be ruled out as it could potentially activate
GAPDH while inhibiting GOR, but further study will be required to clarify this, especially since
high and likely non-physiological concentrations of DHAP (10 mM) were required to observe
significant effects.

If the inhibition of GAPDH activity in cytosolic extracts results from PGK/TPI activity, it

would be expected that this effect should have been observed in the purification of GAPDH from
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other organisms where TPI is present. That this situation in C. bescii is extremely unusual is shown
by comparison with a related anaerobic fermentative thermophile, Thermotoga maritima (Topt 80
°C). Like C. bescii, T. maritima also contains a PGK/TPI fusion protein but its GAPDH behaves like
a conventional enzyme. It shows no inhibition in cytoplasmic extracts and has been purified by
conventional chromatography with no significant increases in activity (351). Notably, T. maritima
lacks GOR. Thus, we hypothesize that the PGK/TPI effect is related to the presence of GOR in C.
bescii. Similarly, this effect may be related to the lack of saturation kinetics discussed above as a
means of regulating the dynamic pathways for GOR oxidation present in this organism.

We speculate that the role of GOR in C. bescii and other Caldicellulosiruptor species is to
serve as an alternative glycolytic pathway (Figure 2.4) that is used by the cell to regulate carbon and
electron flux during growth under conditions in which C. bescii is unable to efficiently recycle its
electron carriers. This might be particularly important when C. bescii is exposed to excess carbon
loading, such as during growth on unprocessed biomass (257). For example, the genome of C. bescii
encodes two hydrogenases, one using only reduced ferredoxin as the electron donor while the other
simultaneously uses both reduced ferredoxin and NADH. The latter is a cytoplasmic
ferredoxin/NADH-dependent bifurcating [FeFe] hydrogenase that is the primary source of H2
production during growth on glucose-based substrates (271). The former is a membrane bound
ferredoxin-dependent [NiFe] hydrogenase (Ech) that can generate a proton gradient across the cell
membrane (352). The standard EM pathway utilizing the classic phosphorylating GAPDH is likely
the primary glycolytic route used by C. bescii as this pathway produces ATP. While ferredoxin-
dependent conversion of GAP to 3-phosphoglycerate by GOR yields less ATP than the standard EM
pathway, it allows glycolysis to proceed with only ferredoxin as the redox carrier. This can be

recycled via Hz production by Ech, avoiding the potential generation of excess NADH. This
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hypothesis is supported by the finding that genes necessary for the biosynthesis of GOR are
upregulated in the closely-related C. saccharolyticus in the presence of high Hz concentrations (353),
along with the recent discovery that GOR (XOR) is regulated by Rex, a redox-sensing transcription
factor that responds to the intracellular NADH/NAD ratio (354). These findings suggest that high
concentrations of NADH or Hz, either of which could interfere with the regeneration of oxidized
cofactors via the bifurcating hydrogenase (274, 353), steer carbon flux towards GOR to utilize the
more thermodynamically favorable Ech pathway thereby maintaining a high rate of Hz production
(274, 353). However, it is not possible at present to reconcile such an analysis with the observed
growth phenotype of the Agor mutant strains, which exhibit a longer lag phase but higher cell
densities compared to the parent strain (Figures 2.2 and S2.8).

Phylogenetic analyses of the AOR family of enzymes (Figure S2.9) shows that each of the
five characterized members of the AOR family of enzymes from P. furiosus can be assigned to
distinct clusters, which is in accordance with their function in terms of both their substrate
specificities and oligomeric structures. Hence AOR from P. furiosus and also from Pyrobaculum
aerophilum are homodimeric enzymes and catalyze the oxidation of a wide range of both aliphatic
and aromatic aldehydes (339, 355). FOR from Thermococcus litoralis and P. furiosus are
homotetrameric enzymes but with a more limited substrate range than AOR, oxidizing short chain
aliphatic aldehydes (333, 356). WOR4 and WORS5, both from P. furiosus, are also homodimeric
enzymes. WORYS5, like AOR, can oxidize a wide range of aldehydes but the substrate for WOR4 is
not known and this enzyme was isolated purely based on its tungsten content (335, 357). GAPORs
from Methanococcus maripaludis, P. furiosus, and P. aerophilum are monomeric enzymes and are
absolutely specific for glyceraldhyde-3-phosphate as they are not known to oxidize any other

aldehyde (332, 336, 337). We show here that C. bescii GOR-L is part of a distinct clade, separate
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from other members of the AOR family, including GAPOR (Figure S2.9), its closest characterized
homolog. The GOR-L clade contains all of the Caldicellulosiruptor species plus 44 other anaerobic
genera, representing 9 taxonomic classes: Archaeoglobi, Bacilli, Clostridia, Deltaproteobacteria,
Fusobacteriia, Methanomicrobia, Nitrospira, Thermodesulfobacteria, and Thermoprotei. While
many of the genera are thermophilic or hyperthermophilic some are mesophilic; however, almost all
species with GOR-L also have a co-located GOR-S homolog (SynTax web server) (358). Moreover,
this analysis shows that, unlike GAPOR, which is found primarily in Archaea, GOR is found
primarily in Bacteria. For example, the GOR-L clade could be divided into three sub-clades
representing a bacterial-only clade, making 54% of all GOR-L clade sequences, an archaeal-only
making up 26% and a mixed clade (split 50/50) making up 20% (Figure S2.9).

We also show here that GOR is part of a small minority of AOR family members that are
heteromeric. These include a homolog of AOR (termed Aa AorB) that is a heterotrimer containing
the equivalent of the GOR-S subunit with a string of iron-sulfur clusters (359). In addition, a second
heteromeric member of the AOR family described recently is part of an enzyme complex that
reduces benzoyl CoA (360). Termed BamB, the AOR homolog also has a partner subunit (BamC)
with multiple iron-sulfur clusters. Furthermore, of the characterized AOR family members from
hyperthermophilic archaea, the gene encoding WORS5 has an adjacent gene homologous to that
encoding GOR-S, suggesting that WORS5, like GOR, has an additional iron-sulfur containing subunit
that was likely not detected during standard SDS analysis. Finally, the heteromeric AOR family
group also includes an AOR from E. coli termed Ec YdhV that contains a polyferredoxin-like subunit
similar to GOR-S. Interestingly, YdhV contains molybdenum rather than tungsten as E. coli does
not metabolize tungsten (361). It is not clear why GOR and these other AOR family members require

an additional subunit with four [4Fe-4S] clusters, which in GOR are proposed to transfer electrons
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between the catalytic subunit (GOR-L) and ferredoxin. GOR has a high affinity for C. bescii
ferredoxin (Km ~ 40 uM), consistent with this being the physiological electron acceptor, although it
is possible that GOR could provide reductant to the Ech hydrogenase directly while ferredoxin is
required to interact with the bifurcating hydrogenase.

In any event, the results presented here lay the foundation for a more comprehensive
understanding of the two glycolytic pathways that are present in the cellulolytic genus
Caldicellulosiruptor and for more effective metabolic engineering projects in the future. Moreover,
this work suggests that alternative glycolytic pathways using either GOR or GAPOR may be more
widespread than previously thought in both the bacterial and archaeal worlds.

Experimental procedures
Growth of C. bescii

C. bescii strains used or constructed in the present study are listed in Table S2.3. Strains
were transformed as previously described (272, 275). For growth of uracil auxotrophic strains, uracil
was added at a concentration of 20 uM. When required, kanamycin and 5-fluoroorotic acid (5-FOA)
were used at concentrations of 50 pg/mL and 4 mM, respectively unless otherwise noted. Growth
experiments were performed with 5 mL cultures in screw cap Hungate tubes sealed with butyl rubber
stoppers in modified DSMZ 516 medium with the following composition per liter: 1x salt solution,
1x vitamin solution, 1x trace element solution, 0.16 uM sodium tungstate, 0.25 mg resazurin, 5 g
xylose (unless otherwise noted), 1 g cysteine hydrochloride, 1 g sodium bicarbonate, and 1 mM
potassium phosphate buffer (pH 7.2). The 50x stock salt solution contained the following per liter:
16.5 g NH4Cl, 16.5 g KCI, 16.5 g MgCl2-6H20 and 7 g CaCl2-2H20. Stock solutions of 200x

vitamins and 1,000x trace elements were prepared as previously described (268). Cultures were also
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grown in a 15 L fermenter at 75 °C with 20 g/L xylose as the growth substrate. The culture was
sparged at 2 L/h with 80% (v/v) nitrogen and 20% (v/v) carbon dioxide and stirred at 150 rpm with
flat blade impeller. The pH was maintained at 7.0 (25 °C) by the addition of 10% (w/v) sodium
bicarbonate. Cells were harvested in the late-exponential phase by centrifugation at 6,000 g for 10
min (Beckman Avanti J-301 JLA 10.500 rotor) and the resulting cell pellets were flash frozen in
liquid nitrogen and stored at 80 °C. The cell yield from the fermenter was approximately 12 g (wet
weight).
Vector construction

Plasmids were constructed from PCR products using NEBuilder® HiFi DNA Assembly
Master Mix (New England BioLabs). PCR was performed using Takara PrimeSTAR Max DNA
polymerase (Takara RO45A). Genomic DNA, plasmid DNA, and PCR products were purified with
kits from Zymo Research and Stratagene. The templates for PCR were either previously sequenced
plasmids or genomic DNA from C. bescii. All primers used in this study can be found in Table S2.5
and plasmids constructed for this study can be found in Figure S2.10. Plasmids were cloned into
NEB 10-beta competent E. coli (New England BioLabs C30191I), followed by Sanger sequencing
through GeneWiz.
Metabolomics

For the MS-based metabolomics, parent and AgorL strains of C. bescii were grown in
duplicate in 16 mm sealed Hungate tubes in modified DSMZ 516 medium as described above with
glucose as the carbon source. Cultures were grown to an ODesoo of ~0.15 and each culture was
deposited by vacuum filtration onto a 0.2 um nylon membrane (47 mm diameter). The membrane
was then placed (cells down) into 1.5 mL cold (—20 °C) on dry ice extraction solvent (20:20:10 v/v/v

acetonitrile:methanol:water) in a small petri dish and swirled. After a few moments the filter was
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inverted (cells up) and solvent was passed over the surface of the membrane several times to
maximize extraction. Finally, the cell extract was stored at —80 °C. Cell extracts from E. coli (K-12
substrain MG1655 rph+ ilvG+) grown in 3C-glucose were used as internal standards for quantitation
of metabolites in C. bescii strains. E. coli cells were grown aerobically to an ODeoo of ~0.45 in M9
minimal medium containing 0.4% universally labeled *3C-glucose as sole carbon source. To assure
complete labeling of metabolites in E. coli, inoculation was performed using 1/50 dilution from an
overnight culture that was also grown on *3C-labeled glucose. E. coli metabolites were extracted in
a similar manner to the procedure used for C. bescii.

C. bescii and *3C-labeled E. coli extracts were thawed, centrifuged at 14,000 rpm for 10 min
to remove cell debris and the C. bescii supernatants mixed with **C-labeled E. coli supernatant in
ratios of 1:1, 5:1 and 1:0 (no *3C labeled internal standards). These mixed samples were then fully
dried under a stream of nitrogen and subsequently re-suspended with HPLC running solvent (97:3
water: methanol containing 10 mM tributylamine (TBA) and 9.8 mM acetate, pH 8.2) in half the
initial volume. Samples were then centrifuged to remove particulates, transferred to HPLC vials, and
analyzed by HPLC/MS for quantification as previously described (362).

Enzyme assays

All assays were carried out in serum-stoppered cuvettes under anaerobic conditions at 70 °C,
unless noted otherwise. To remove trace amounts of Oz, sodium dithionite was added to the assay
mixture to give an Asoo 0f “0.2. The extract was added and after a 1-min incubation period the reaction
was initiated by addition of the substrate. Aldehyde-oxidizing activity of cytoplasmic extracts of C.
bescii strains and purified GOR were determined by following the reduction of ferredoxin or benzyl
viologen (BV, 1 mM) in 50 mM EPPS buffer, pH 8.0, at 425 or 600 nm, respectively, using various

aldehydes (1 mM) as the substrate. With GAP as the substrate the assay temperature was 70 °C.
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GAPDH activity was measured by following GAP-dependent reduction of NAD (1 mM) at 320 nm.
Extinction coefficients of 8.2 mM*cm, 6.2 mM~cm™, and 8.1 mM™cm™ were used for reduced
benzyl viologen, NADH and reduced ferredoxin, respectively. Specific enzyme activities are
expressed as units per mg of protein, where one unit represents 1 pumol of substrate oxidized per min.
Purification of affinity-tagged GOR

All purification steps were performed under strictly anaerobic conditions. Frozen cells (50 g,
wet weight) of C. bescii strain OE XOR/PFD were thawed and suspended in 25 mM Tris/HCI, pH
8.0, containing 1 mg mL™* lysozyme (Sigma-Aldrich) in a ratio of 3 mL per g of cells. The suspended
cells were incubated at room temperature for 15 min followed by four 15-s intervals of sonication
(amplitude 40; Qsonica Q55) interspaced by at least 30 sec. Cell lysates were clarified by
ultracentrifugation at 100,000 g for 1 h (Beckman L90K ultracentrifuge 70.1Ti rotor) yielding
clarified cell lysate (235 mL, 14.3 mg protein mL™). This was loaded onto a 250 mL QHP column
equilibrated with buffer A (25 mM Tris, pH 8.0, containing 2 mM cysteine), at a rate of 10 mL min
! diluted 1:5 with buffer A. Protein was eluted with a linear gradient (2500 mL) from 0-500 mM
NaCl at 10 mL min™ and collected as 75 mL fractions. Fractions were assayed for GOR and GAPDH
activity. Fractions containing GAPDH activity were reserved for further purification while fractions
containing GOR activity were pooled and applied to a 5 mL HisTrap Excel column (GE Healthcare)
equilibrated in buffer B (50 mM phosphate, pH 7.2, containing 300 mM NacCl). The column was
washed with five volumes of buffer B, and GOR was eluted with a gradient of 0 to 500 mM imidazole
in buffer C (buffer B containing 500 mM imidazole) over 20 column volumes. Fractions were
collected in sealed serum bottles. Fractions containing GOR activity were pooled and concentrated
(15 kDa Amicon Ultra centrifugal filter) to yield 2.9 ml of GOR (1.2 mg/ml). This was loaded onto

a HiLoad 16/60 Superdex 200 column (GE Healthcare) equilibrated with 50 mM Tris/HCI, pH 8.2,
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containing 200 mM NaCl at a rate of 1.25 mL min™and collected in 4 ml fractions in sealed serum
bottles. Protein containing fractions were analyzed for purity using denaturing SDS-PAGE gradient
electrophoresis using precast 4 - 12% Bis-Tris gels; Novex NUPAGE gels (Invitrogen) and stained
with Imperial protein stain (Novex). Protein bands were identified via a Mascot MS/MS lons Search
of a custom C. bescii database (version 2.6) using liquid chromatography-tandem mass spectrometry
(LC-MS/MS) data (Proteomics and Mass Spectrometry Facility, University of Georgia).
Partial Purification of GAPDH

In order to further purify GAPDH, the fraction containing the highest GAPDH activity from
the QHP column was concentrated (10 kDa Amicon Ultra centrifugal filter) to yield 4.1 ml (14.2
mg/ml) and loaded onto a HiLoad 16/60 Superdex 200 and eluted in the same manner as above.
Fractions containing GAPDH activity were pooled and applied to a 1 ml HiTrap Blue HP column
equilibrated in 20 mM EPPS, pH 8. The column was washed with five column volumes of the
equilibration buffer. Proteins were eluted with 2 mL of the equilibration buffer containing 20 mM
NAD. The eluate was concentrated and buffer exchanged (10 kDa Amicon Ultra centrifugal filter)
into 50 mM EPPS, pH 8 to remove NAD, yielding 0.4 mL of partially purified GAPDH (1.6 mg/mL).
Estimation of molecular mass and metal analysis

For size determination of the purified GOR, the elution volumes (Ve) were determined by
measuring the absorption of the peaks at 280 nm and the total void volume (Vo) was determined
by measuring the elution of blue dextran. The known molecular weight standards thyroglobulin
(669 kDa), apoferritin (443 kDa), amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin
(66 kDa) and carbonic anhydrase (29 kDa) were used as a reference. The molecular mass of the
purified protein in each peak was estimated from the plot of Ve/Vo against the logarithm of the

molecular mass (kDa). Metal concentrations of the final chromatography fractions were measured
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using an Agilent 7900 inductively coupled plasma mass spectrometer (ICP-MS) fitted with
MicroMist nebulizer, UHMI-spray chamber, Pt cones and an Octopole Reaction System (ORS)
collision cell (Agilent Technologies, Santa Clara, CA) as described previously (363).
Purification of PGK/TPI

In order to isolate the GOR inhibiting factor, the flow through from the affinity purification
of GOR described above was applied to a 60 mL Phenyl Sepharose column equilibrated with buffer
A containing 1M (NHa4)2SOas. Protein was eluted with a linear gradient (800 mL) from 1.0to O M
(NH4)2S04 at 7.5 mL min. The resulting fractions were buffer exchanged with 50 mM EPPS, pH
8.0, using ultrafiltration with a 30 kDa filter and tested for the ability to inhibit GAP (1 mM)
oxidation by purified GOR. Fractions exhibiting the ability to inhibit GOR activity were analyzed
by SDS-PAGE using precast 4-12% Bis-Tris Novex NUPAGE gels (Invitrogen) and protein bands
were identified via MS/MS as described above.
Phylogenetic analyses

In InterPro (version 63.0), GOR-L (Athe_0821; UniProt ID: BOMQI2_CALBD) is annotated
to have one aldehyde ferredoxin oxidoreductase N-terminal (IPR013983) domain and one aldehyde
ferredoxin oxidoreductase C-terminal (IPR001203) domain (364). One of each domain was entered
into the InterPro Domain Architecture (IDA) search tool, yielding 4,107 GOR-L sequence homologs.
The 4,107 sequences were aligned using Clustal Omega, version 1.2.1, with the default parameters
(365). TrimAl was used to remove multiple alignment positions with greater than 99.7% gaps (i.e. -
gt 0.003) (366), and the resulting alignment was used to construct a maximum likelihood
phylogenetic tree using 1Q-Tree (version 1.5.5) (367). The 1Q-Tree standard model selection test
was used to automatically determine the best-fit model (i.e. LG+F+R10) (368). This model tree was

refined using ultrafast bootstrap approximation (UFBoot) and Shimodaira-Hasegawa-like
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approximate likelihood ratio tests with 3,000 bootstrap replicates for each. Only sequences that were
not marked deleted by Uniprot were used to display the tree, leaving 4063 sequences. iTOL (version
4.2.1) was used for analysis and display of the phylogenetic tree (369). For visualization the tree was
re-rooted and branches with ultrafast bootstrap confidence values less than 94% were removed.
Uniprot Retrieve was used to lookup the kingdom of the organism for each of the 4,063 sequences
and label them in iTOL (370).
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Tables and Figures

Table 2.1 Affinity purification of His-tagged GOR

Protein Volume Units  Specific Activity Purification  Yield
o (mg) (mL) (V) (U/mg) (Fold) (%)
S100 3361.9 235 33.6 0.01 - -
Q-HP 518.1 370 339 0.7 1 100
Ni-NTA 2.9 24 144 50.1 76 43
Sephedex 200 2.1 2.1 101 48.3 74 30
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Table S2.1 Protein concentration dependent activity of GOR

Standard assays were conducted with 1 mM BV in 2 mL of 50 mM EPPS buffer, pH 8.0, in sealed
anaerobic cuvettes. Reactions were carried out with varying concentrations of purified His-tagged
GOR and reactions were initiated by the addition of GAP. Increasing concentrations of enzyme
increased the total BV reduction activity, but specific activity remained constant. Without the
addition of GOR, no GAP dependent reduction of BV was observed, demonstrating that GOR is

responsible for the measured activity.

Enzyme Assay [GAP] (mM) GOR (mg) Total Activity (U) Specific Activity (U/mg)
GOR 1 0 0 0.0
GOR 1 0.005 0.31 61.3
GOR 1 0.010 0.62 61.7
GOR 1 0.015 0.92 61.6
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Table S2.2 Effect of TPI on standard GAPDH and GOR activities

Standard GOR and GAPDH assays were performed in sealed anaerobic cuvettes in 2 mL of EPPS
buffer, pH 8.0. GOR assay included 1 mM BV and 0.005 mg of purified His-tagged GOR. GAPDH
assays included 20 mM dipotassium phosphate, 1 mM NAD and 20 uL of partially purified
GAPDH (1.6 mg/mL). Reactions marked “+” contained 30 uL of partially purified TPI (10
mg/mL) while those designated “-“ did not include TPI (although minor TPI contamination of
GAPDH is indicated by background activity when DHAP but no GAP was added). Reactions
containing GAP were initiated by the addition of GAP to the assay mixture. Reactions containing

TPI but no GAP were initiated by the addition of TPI. Specific activity is expressed per mg of

GOR or GAPDH.

Enzyme [GAP] [DHAP] Predicted Specific Activity
Assay TPI (mM) (mM) Activity (U/mg)
GOR - 0 10 No 0.0
GOR - 1 0 Yes 61.3
GOR - 1 1 Yes 47.6
GOR - 1 10 Yes 18.1
GOR + 0 10 Yes 16.7
GOR + 1 0 No 1.5
GOR + 5 0 Yes 190.1
GOR + 15 0 Yes 645.5
GAPDH - 1 0 Yes 0.9
GAPDH - 0 10 No 0.1
GAPDH - 1 10 Yes 4.4
GAPDH + 0 10 Yes 2.6
GAPDH + 1 0 No 0.0
GAPDH + 5 0 Yes 2.2
GAPDH + 15 0 Yes 23
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Table S2.3 Strains used and constructed in this study

Strain Parent Genotype Alias Reference
MACB1032 ApyrE Acbel (242)
JWCBO018 ApyrFA Acbel (276)

MACB1010  JWCBO018 ApyrFA Acbel:Pgoxor-pfd ~ OE-XOR/PED  This study

MACB1050 MACB1032 ApyrE Acbel4gorL AgorL This study

MACB1074 MACB1032 ApyrE AcbelAgorS AgorS This study

81



Table S2.4 MS-based metabolomics of AgorL and parent strains

Metabolite Log; Fold change?
Homocysteine 3.555 + 0.363
Ribose 5-phosphate 1.675 £+ 0.234
Sedoheptulose 7-phosphate 1614 + 0.179
4-hydroxybenzoate 1478 + 0.276
Glucose-6-phosphate 1.341 + 0.097
Fructose 6-phosphate 1.318 + 0.082
Malate 0.916 £+ 0.026
Ribulose 5-phosphate 0.892 + 0.267
Glycerol-3-phosphate 0.525 + 0.016
Fructose 1_6-bisphosphate 0.505 + 0.06
Dihydroxy acetone phosphate 0.485 = 0.013
Threonine 0.477 =+ 0.069
Valine 0.278 £ 0.04
Phenylalanine 0.253 £ 0.015
Myoinositol 0.238 + 0.005
Glutamate 0.164 = 0.006
Serine 0.164 £ 0.044
Leucine 0.044 + 0.001
Succinate 0.002 + 0
Pyruvate -0.019 = 0.001
UDP-N-acetylglucosamine -0.127 = 0.005
Phenylpyruvate -0.177 = 0.005
Methionine -0.354 + 0.029
Aspartic acid -0.445 = 0.022
2-ketoglutarate -0.454 + 0.031
Tyrosine -0.772 £ 0.030
Dihydroorotate -0.820 + 0.046
Isoleucine -1.071 + 0.012
Fumarate -1.326 £+ 0.135
NAD+ -1.407 + 0.145
Citrate -1.769 + 0.022
Quinolinate -2.060 £ 0.824
3-phosphoglycerate -4.122 + 0.142
Phosphoenolpyruvate -4525 + 0.178

8Changes in concentration are given relative to the parent strain.
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Table S2.5 Primers used in this study

Primer Target locus Sequence (5'-3")
. , AAGTTAGGCTGGTGGGTACCTTCCCAAATC
ISAORKO3'F 3' flank gor-L TGCACCCTATC
. CAAAAAAACTATTTACCTCTACTCCAATCT
JAB0004 3'flank gor-L TCATTTAAAATGGAATTCTTTTTGAAAC
JAB0003 pARO003 TTAAAATGGAATTCTTTTTGAAACATCAAC
CTGCATAGCCTCTTTTAAATCCTGTCTTACT
JAB002 PAROO3 CACTCACCTCTTCCATTG
JABO01 5' flank gor-L CTTACTCACTCACCTCTTCCATTG
' ' GGACTATGAAGGAGAGCTGAATTCTCTGAC
ISAORKO5'R 5' flank gor-L GCTCAGT
ISAORKOvectorF pGL104 (242) TGAATTCTCTGACGCTCAG
CTTTCTACATAGAAAGGATGGTCTCTAGAA
ISCBO03 pGL104 TGAATAAAGATGCTTACATTCAAATGTTC
GLCB096 pGL104 ATGAATAAAGATGCTTACATTCAAATGTTC
ISAORKOvectorR pGL104 GTTAGGCTGGTGGGTACC
ISCB004 pIMS006 CATAGCCTCTTTTAAATCCTGT
JAB0003 pIMS006 TTAAAATGGAATTCTTTTTGAAACATCAAC
. CATAGCCTCTTTTAAATCCTGTTTAAATCAC
ISCB005 5' flank gor-S CACCTGTAAAATC
. GGAAAGCTTATTAATTATGTAAAATAAGAA
ISCB006 5' flank gor-S TTCTCTGACGCTCAG
ISCB007 pIMS006 GAATTCTCTGACGCTCAG
ISCB008 pIMS006 GTTAGGCTGGTGGGTACC
' CTTATAAAGTCTTTGCCTATCATTTAAAAT
ISCBO09 3 flank gor-S GGAATTCTTTTTGAAAC
. GTTAGGCTGGTGGGTACCCTGTTGTCTTTA
ISCB010 3' flank gor-S TCCCCAAAAG
CCAATGATCGAAGTTAGGCTGGTGGTACCT
IS AORKOvectorR2 pIMSPFAOR TATTTTACATAATTAATAAG
IS AORKOVectorF2 pIMSPFAOR ggﬁi@TAGAAGGAATTCTCTGACGCTCAGT
. . CGAAGTTAGGCTGGTGGTACCTTATTTTAC
IS tagAOR5'F2 5' flank gor-S ATAATTAATAAGCTTTCC
IS tagAOR5S'R 5' flank gor-S GGTTCTTCGAGCTGATAACACAGGATTTA
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Figure 2.1 Activity of purified GOR in the presence and absence of inhibitors

The activity of purified GOR (0.006 mg/mL) was measured in the presence of cytoplasmic extract
(5100, 0.174 mg/mL), heat-treated (95 °C for 60 min) cytoplasmic extract (HT-S100, 0.036
mg/mL), cytoplasmic extract washed using a 30 kDa membrane (> 30 kDa-S100, 0.325 mg/mL),
the flow-through material that passed through the 30 kDa membrane (< 30 kDa-S100, protein was
not measured), or partially purified PGK/TPI (C. bescii PGK/TPI, 0.002 mg/mL). The
concentrations given in parentheses are the final concentration of each component in the assay

cuvette.
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Figure 2.2 Growth of Agor strains on xylose
Growth of parent strain (red) and of the AgorL (green) and AgorS (blue) strains using xylose as

the carbon source at 75 °C (n=3).
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Figure 2.3 Relative abundance of glycolytic metabolites in AgorL and parent strains

A). Relative concentrations of intracellular metabolites in the AgorL strain relative to the parent
strain as indicated by the logz-fold change. Error bars represent the standard deviation s (n=3
replicates). B). Glycolytic and pentose phosphate pathways in C. bescii with relative abundance of
key metabolites. Those with higher abundance in the mutant strain are shown in red while those
with lower abundance are shown in green. The further metabolism of intermediates of the
pathways to amino acids and nucleotide precursors are indicated in orange. Abbreviations: PEP,
phosphoenolpyruvate; 3PG, 3-phosphoglycerate; DHAP, dihydroxyacetone phosphate; FBR,
fructose-1,6-phosphate; RU5P, ribulose-5-phosphate; F6P, fructose-6-phosphate; G6P, glucose-6-
phosphate; S7P, sedoheptulose-7-phosphate; R5P, ribose-5-phosphate; PPRP, phosphoribosyl

pyrophosphate.
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Figure 2.3
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Figure 2.4 Proposed role for GOR in primary metabolism

Proposed dual glycolytic pathways in C. bescii. The conventional pathway is shown in green,
where oxidation of NADH and reduced ferredoxin leads to Hz production via the bifurcating
hydrogenase. The alternative GOR-dependent pathway and oxidation of the resulting reduced
ferredoxin by the Ech hydrogenase and the associated ATP synthase is shown in dark yellow.
Abbreviations: HK, hexokinase; PGI, phosphoglucose isomerase; PFK, phosphofructokinase;
FBA, fructose-bisphosphate aldolase; TPI, triosephosphate isomerase BFHzase, bifurcating [FeFe]
hydrogenase; GAPDH, glyceraldehyde-3-phosphate; PGK, phosphoglycerate kinase; GOR,
glyceraldehyde-3-phosphate ferredoxin oxidoreductase; PGK, phosphoglycerate kinase; PGM,
phosphoglycerate mutase; ENO, enolase; PK. Pyruvate kinase Fd, ferredoxin; Ech, [NiFe]
hydrogenase; POR, pyruvate ferredoxin oxidoreductase; LDH, lactate dehydrogenase; PTA,

phosphotransacetylase; ACK, acetate kinase.
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Figure 2.4
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Figure S2.1 Genomic context of gorSL in wild type and mutant strains

A). C. bescii gene cluster (Athe_0820 to Athe_0831) encoding GOR-L and GOR-S (orange) and
the proteins necessary for pyranopterin biosynthesis (green) and tungstate transport (blue). B).
Gene organization of recombinant strains of C. bescii AgorL (MACB1050), AgorS (MACB1074)
and OE-XOR/PFD (MACB1010). Abbreviations: slp, S-layer protein; Cbhtk, thermostable

kanamycin resistance gene; pfd, polyferredoxin, gorS.
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Figure S2.1
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Figure S2.2 Activities of GOR and GAPDH following separation by anion exchange

chromatography
The activity of GAPDH (red) and GOR (blue) were determined by the GAP-dependent reduction

of NAD and benzyl viologen (BV), respectively. The initial substrate concentrations were GAP

(5 mM), NAD (1 mM), and BV (1 mM).
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Figure S2.3 Kinetic properties of purified GOR and partially purified GAPDH
Purified GOR (A) and partially purified GAPDH (B) activities were measured by reduction of BV

and NAD, respectively, each at a concentration 1 mM.
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Figure S2.3
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Figure S2.4 Kinetic properties of purified GOR with a physiological electron acceptor
Kinetic properties of purified GOR using C. bescii ferredoxin as the electron acceptor. The initial

concentration of GAP was 5 mM.
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Figure S2.4
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Figure S2.5 Size exclusion chromatography of purified GOR

A). Estimated molecular mass of GOR holoenzyme (Peak B) and GOR heterodimer (Peak A; open
circles/arrows). The standard proteins (closed circles) are (a) thyroglobulin (669 kDa), (b)
apoferritin (443 kDa), (c) amylase (200 kDa), (d) alcohol dehydrogenase (150 kDa), (e) albumin
(66 kDa) and (f) carbonic anhydrase (29 kDa). B). Size exclusion chromatography elution profile
of affinity purified GOR showing GOR holoenzyme (Peak B) and GOR heterodimer (Peak A).
Fractions were monitored in the UV (280 nm for protein) and visible (390 nm for iron-sulfur

clusters) regions.
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Figure S2.5
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Figure S2.6 Identification of GOR-S and GOR-L by SDS-PAGE and MS/MS analyses

A). SDS-PAGE analysis of GOR following ion exchange, affinity and size exclusion
chromatography steps from cell extract of the C. bescii strain OE-XOR/PFD. Lane 1 affinity
purified GOR lanes 2 and 3, peaks A and B respectively from size exclusion chromatography (refer
to Figure S5B). Gel was stained with Imperial Protein Stain B). MS/MS analysis of the indicated
bands. Peptides that matched the sequence of GOR-L and GOR-S are shown in red. Red boxes

indicate bands excised for MS analysis.
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Figure S2.6
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Protein sequence coverage: 57%

Matched peptides shown in bold red.

MIGRDFIRVL YIDLTNRRAD IQERKDLYKY
PLHESQPLII SIGPLSTIFP VVTRAVATFI
RNAGYDAIVI TGKAQKPTYL VITDRNIEFK
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YYTIGRGLKE AVKRYGGEEF ALLYGGNEMA
LDNAGYSYDQ SAKELKDEEI IDYVINEERE
TILRALNAVG INWTDDDLTR LANDVFFTRL
ETPTMWGKMD EERLNRLLKM YIERVEREYE

Protein sequence coverage: 66%

Matched peptides shown in bold red.

GOR-L
66 kDa

LGGAGVARKL
SPHTGEYGES
DARAMWGLDI
RHFGRLGIGT
DAMARYHELG
VRKVSCVGCP
KITDEVLQII
GNTMEYVRAI
GYHIGYAFAL
RAVLTSLCIC
KIRKELGYSL
DWSRGK

GOR-

LEENMRRGVD
HAGGRLAMAI
EETGRVIRER
VEGSENLKAM
TPMNIRVLNS
IGCIHIGQFR
EEVELAGLDA
DNIADRSNEF
GQTVGARHSH
LFARKVYDRS
ENYRFPRRIF

S

15 kDa

1 MPKVLRADNM NRCLGCFTCM LTCAAVNHNN HNLAXSSIKV KTRGGLQSKF
51 AATICVACKE PACAEACPTN ALVKRPGGGV RLIEEKCIAC EZKCVSACIVG
101 SIHMDYDRRI PIVCRECGAC VRMCPHNCLS MEEVSE



Figure S2.7 Cofactor binding motifs in WOR family enzymes

A). Pterin and [4Fe-4S]-binding motifs in the WOR family enzymes. B). Sequence of GOR-S

showing the four cysteine motifs.

*The NCBI RefSeq protein start position shown here for FOR (PF1203) differs from that of the

previously purified protein, which contains an additional eight residues at the N-terminus (333).
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Figure S2.7
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Figure S2.8 Growth of the AgorL strain on common carbohydrate substrates

Growth of the parent (blue) and AgorL (red) strains on the indicated carbon sources at 75 °C (n=3).
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Figure S2.8
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Figure S2.9 Phylogenetic tree of WOR family enzymes

A). Phylogenetic tree of the WOR family of enzymes 4,063 C. bescii GOR-L sequence homologs
based on InterPro domains (IPR013983 and IPR001203). Only branches with ultrafast bootstrap
(UFBoot) values greater or equal to 94% confidence are displayed. represent GOR-L (red) and
five previously identified P. furious tungsten-containing oxidoreductase enzymes, AOR (dark
green), WOR4 (purple), WOR5 (pink), FOR (gold), GAPOR (blue), and three others, Aa AorB
(lime green), Ec YdhV (brown) and Gm BamB 1 & 2 (cyan). The outer ring indicates the source
of the sequences where bacteria are gray, archaea are yellow and unknown environmental
sequences are red. B). An enlarged region of a phylogenetic tree featuring C. bescii GOR (Cb

GOR) and P. furious GAPOR (Pf GAPOR).
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Figure S29
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Figure S2.10 Plasmids utilized in this work
Vectors used in this study for A). deletion of gorL (pIMS006), B). deletion of gorS (Pfd; pIMS014)
and C). overexpression of His-tagged GOR (pIMStagAOR). CbHTK under control of the slp

promoter was cloned from D). (pAP003).
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CHAPTER 3
ENGINEERING THE CELLULOLYTIC EXTREME THERMOPHILE
CALDICELLULOSIRUPTOR BESCII TO REDUCE CARBOXYLIC ACIDS TO ALCOHOLS

USING PLANT BIOMASS AS THE ENERGY SOURCE!

! Rubinstein, G.M., Lipscomb, G.L., Williams-Rhaesa, A.M., Schut, G.J., Kelly, R.M., Adams,
M.W.W. 2020. Journal of Industrial Microbiology & Biotechnology. 47:585-597
Reprinted here with permission of the publisher.
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Abstract

Caldicellulosiruptor bescii is the most thermophilic cellulolytic organism yet identified
(Topt 78 °C). It grows on untreated plant biomass and has an established genetic system thereby
making it a promising microbial platform for lignocellulose conversion to bio-products. Here, we
investigated the ability of engineered C. bescii to generate alcohols from carboxylic acids.
Expression of aldehyde ferredoxin oxidoreductase (aor from Pyrococcus furiosus) and alcohol
dehydrogenase (adhA from Thermoanaerobacter sp. X514) enabled C. bescii to generate ethanol
from crystalline cellulose and from biomass by reducing the acetate produced by fermentation.
Deletion of lactate dehydrogenase in a strain expressing the AOR-Adh pathway increased ethanol
production. Engineered strains also converted exogenously-supplied organic acids (isobutyrate
and n-caproate) to the corresponding alcohol (isobutanol and hexanol) using both crystalline
cellulose and switchgrass as sources of reductant for alcohol production. This is the first instance

of an acid to alcohol conversion pathway in a cellulolytic microbe.
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Introduction

As global energy demands and concerns about anthropogenic climate change continue to
mount, alternatives to fossil fuels are becoming increasingly desirable. One potential source is
lignocellulosic biomass (371-373). Traditionally, biomass must be pre-treated by expensive
thermochemical methods and then enzymatically hydrolyzed before microorganisms (e.g., yeast)
can ferment the individual sugars to a desired product (e.g., ethanol) (111, 374). Over the last
decade, the idea of consolidated bioprocessing (CBP) has received attention as a potential cost-
saving alternative to this first-generation cellulosic biofuel production scheme (157-159).
Exploiting thermophilic microbes for CBP has several potential advantages. Notably,
saccharolytic enzymes typically have higher activity at elevated temperatures (323) and utilizing
thermophilic microbes can decrease the risk of contamination, lower the costs of cooling
associated with large-scale fermentation processes, and facilitate separation of fermentation
products from the growth medium via temperature-dependent product separation (159, 295, 375).

Caldicellulosiruptor bescii is an extremely thermophilic, cellulolytic, strictly anaerobic
bacterium (257, 268), capable of simultaneously fermenting pentose and hexose sugars to acetate,
lactate, hydrogen gas, and carbon dioxide (252, 253). C. bescii is a promising CBP host microbe
because it has the highest temperature optimum of any known cellulolytic organism (Topt 78 °C)
and a genetic system is available (242, 255, 256, 275). Previous metabolic engineering of C. bescii
has demonstrated the fermentation of untreated switchgrass directly to ethanol (Figure 3.1).
Specifically, in a strain in which the lactate dehydrogenase gene (ldh) was inactivated,
heterologous expression of the bifunctional aldehyde/alcohol dehydrogenase (adhkE) from
Clostridium thermocellum resulted in the production of 10 mM ethanol from growth on 5 g « L

switchgrass at 65 °C (below the optimum growth temperature for C. bescii) (292). Alternatively,
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expression of an adhE homolog from Thermoanaerobacter pseudoethanolicus allowed C. bescii
to ferment biomass to ethanol at 75 °C, albeit at lower titer, i.e. 2.5 mM ethanol (293).

Recently, a novel synthetic metabolic pathway for alcohol production was engineered into
the hyperthermophilic archaeon Pyrococcus furiosus, which also grows by Cs sugar fermentation
(although it does not utilize cellulose). Insertion of a bacterial alcohol dehydrogenase gene (adhA)
into the P. furiosus genome enabled the conversion of glucose to ethanol in a pathway that
proceeds through acetate, rather than acetyl-coenzyme A (acetyl-CoA) (296). Acetate is reduced
to acetaldehyde, catalyzed by the native P. furiosus enzyme aldehyde ferredoxin oxidoreductase
(AOR). Acetate reduction is driven by the low redox potential of the electron carrier, a 4Fe-
ferredoxin.  The heterologously-expressed  alcohol  dehydrogenase  (AdhA)  from
Thermoanaerobacter sp. X514 catalyzes acetaldehyde reduction to ethanol using NADPH as the
electron donor (296). Interestingly, due to the broad substrate specificities of both AOR and AdhA,
a variety of exogenously added organic acids were also able to be converted to their corresponding
alcohols with the concurrent production of ethanol (296).

While the AOR-Adh pathway has been expressed heterologously in P. furiosus, several
bacteria naturally utilize this pathway (376). Recent work in the mesophilic clostridia, C.
ragsdalei, C. autoethanogenum, C. ljungdahlii, and C. carboxidivorans, has confirmed the
existence of the AOR-Adh pathway in these bacteria (298-300, 377), which contain both native
AORs and Adhs. While alcohol titers from these species are robust (up to 350 mM ethanol
produced by engineered C. ragsdalei), none of these microbes are cellulolytic, and no cellulolytic
Clostridium spp. has been reported to contain this pathway (305). A variety of
Thermoanaerobacter species have also been shown to utilize this pathway, but likewise lack

cellulolytic activity (302, 303).
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The AOR-Adh pathway is an attractive candidate for engineering into C. bescii because it
allows for the concomitant formation of ethanol as well as other short- and medium-chain alcohols
from their corresponding acid. In doing so, the bacterium utilizes both reduced ferredoxin and
reduced nicotinamide nucleotides generated from glucose oxidation (Figure 3.1). Herein, we
report the characterization of C. bescii strains that heterologously express the AOR-Adh pathway.
C. bescii does not naturally contain either AOR or AdhA, and so the genes encoding these enzymes
are from other thermophilic sources. In these engineered C. bescii strains, we demonstrate
production of up to 4 mM ethanol, as well as the reduction of exogenously-supplied organic acids
into their corresponding alcohols, specifically isobutanol and hexanol, which are drop-in fuels
compatible with the current petroleum-based fuel infrastructure. This work demonstrates potential
for the AOR-Adh pathway to be harnessed for both the production of ethanol and the conversion
of other organic acids to alcohols by the fermentation of disaccharides, crystalline cellulose and,
most importantly, untreated plant biomass.

Materials and methods
Growth of C. bescii

C. bescii strains used and generated in this study are listed in Table 3.1. DSMZ 6725 (wild
type C. bescii) was obtained from the German Collection of Microorganisms and Cell Cultures.
Strain JWCBO018 (control strain) was obtained from J. Westpheling (University of Georgia). Strain
MACB1013 (AOR-Adh strain, ApyrFA, Acbel, Ps-ayer aor adhA [PF0346, Teth514 0564]) was
generated as described previously (279). Strain MACB1038 (AOR-Adh/Aldh strain, ApyrFA,
Acbel, Aldh, Ps-iayer aor adhA [PF0346, Teth514 0564]) was generated in this study. Recombinant
strains of C. bescii were generated using allelic exchange, as described previously (256). For

preparation of competent cells, cultures were grown at 70 °C in Low Osmolarity Defined (LOD)
116



medium supplemented with amino acids, as described elsewhere (256, 276). Unless otherwise
noted, strains were grown in 100 mL serum bottles in 50 mL of modified DSM516 growth medium,
at 75 °C with shaking at 150 rpm, as described previously (242). Carbon substrates used were:
maltose (Sigma, St. Louis, MO), cellobiose (MP Biomedicals, Santa Ana, CA), crystalline
cellulose (Avicel PH-101, Sigma, St. Louis, MO), and switchgrass (sieved 20/80-mesh fraction;
provided by Dr. Brian Davison, Oak Ridge National Laboratory, Oak Ridge, TN). The only
treatment that was carried out on plant biomass samples involved washing in distilled water for 18
h at 78 °C to remove soluble free sugars. All strains were revived from glycerol stocks and
transferred to fresh medium before each experiment. When working with uracil auxotrophic
strains, all growth medium was supplemented with 20 uM uracil. Growth medium containing
exogenous organic acids (20 mM isobutyrate or 10 mM n-caproate) were adjusted to pH 7.2 after
the addition of the acids. Isobutyric acid and n-caproic acid were both obtained from Sigma (St.
Louis, MO). For controlled fermentation experiments, cultures were grown in 15 L of medium in
a custom-built 20 L fermentor containing 20 g « L crystalline cellulose. The fermentor was
inoculated with 1 L of late-log phase culture. Medium was supplemented with ammonium chloride
(J.T. Baker, Phillipsburg, NJ) to a final concentration of 20 mM to prevent nitrogen limitation
during growth. Agitation by a dual Rushton stack impeller was constant at 150 rpm, and 80/20
nitrogen/carbon dioxide was sparged through the vessel at 1.5 L * min™. The culture pH was
allowed to acidify from 7.0 to 6.2 (measured at 75°C), at which point the automated addition of
10% wi/v sodium bicarbonate solution maintained the pH for the remainder of growth.
Cell counts and protein estimations

Cell counts were performed using a Petroff-Hausser counting chamber. Cultures were

counted undiluted or diluted 10-fold in C. bescii base salts depending on cell density. Protein
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estimations were performed using the Bradford Assay with bovine serum albumin (BSA) standards
(Biorad).
C. bescii transformation and strain construction

Primers utilized for strain construction and confirmation are presented in Table 3.2.
Transformation of C. bescii was performed as described previously (242, 256). Strain MACB1038
was generated by transforming MACB1013 with pDCW121, acquired from J. Westpheling
(University of Georgia). Competent cells of MACB1013 were prepared as described elsewhere
(242, 256, 279).
Preparation of whole cell extracts and protein purification

C. bescii strains DSMZ 6725 and MACB1038 were each grown in 1 L of modified
DSM516 medium with glucose until the late-exponential phase. Cells were harvested by
centrifugation at 6,000 x g for 10 minutes. Cell pellets were flash frozen in liquid nitrogen and
stored at -80 °C. The remaining steps of extract preparation were conducted under strictly
anaerobic conditions. Cell pellets were thawed and then suspended in 3 mL of 25 mM Tris/HCI
buffer containing 1 mg « mL™* lysozyme (Sigma, St. Louis, MO), and washed with excess buffer
over a regenerated cellulose centrifugation filter (10k, Amicon, EMD Millipore, Burlington, MA).
After washing, extracts were concentrated to 3 mL buffer per g of wet weight cells, aliquoted into
sealed vials, and stored for up to one week at 4 °C until protein content and enzyme activities were
measured. AOR and ferredoxin were purified from P. furiosus under strictly anaerobic conditions,
as described previously (311, 378). C. bescii ferredoxin was purified by a procedure similar to that

used for P. furiosus ferredoxin (data not shown).
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Enzyme assays

AOR and Adh activities were measured spectrophotometrically in C. bescii cell extracts
using an Agilent Technologies Cary 100 UV-Vis Spectrophotometer equipped with an Agilent
Cary Series Temperature Controller. Unless otherwise specified, assays were performed in 3 mL
silicone-stoppered quartz cuvettes under an argon atmosphere. AOR activity was measured by the
acetaldehyde (1 mM)-dependent reduction of benzyl viologen (1 mM) at 600 nm (e = 8.23 M1+
cm™?) in 50 mM EPPS buffer (pH 8.0) containing sodium dithionite (1 uM) at 75 °C, as described
elsewhere (311). Activity is expressed as AOR units » mg™ of protein, where 1 unit equals 1 pmol
of acetaldehyde oxidized per minute. Adh-dependent reduction of acetaldehyde (1 mM) was
measured in 50 mM MOPS buffer (pH 7.5) by the oxidation of NADPH at 340 nm (¢ = 6.22 M !
« cm 1), as described elsewhere (296). NADPH was added to each cuvette to a final absorbance of
~0.2 AU and allowed to stabilize before the addition of substrate. Assays using purified AOR and
ferredoxin were performed in 700 pL silicone-stoppered quartz cuvettes. The oxidation of
crotonaldehyde to crotonate was measured by the reduction of ferredoxin, calculated by the
decrease in absorbance at 425 nm (e = 14.60 M1« cm™). Assays were performed at 75 °C in 50
mM EPPS buffer (pH 8.0) with 200 uM crotonaldehyde and 0.01 mg « mL™ AOR.
Chemical analysis

Acetate, lactate, and ethanol were measured on a Waters 2690 high performance liquid
chromatograph (HPLC) over a Biorad Aminex Fast Acid Analysis Column with a photodiode array
(PDA) detector. Cellobiose and glucose were measured by the same instrument and column with
a refractive index (RI) detector. Hydrogen gas was measured by sampling the gas phase of the
serum bottle using a Shimadzu GC-8A Gas Chromatograph (GC) with a thermal conductivity

detector (TCD) (Restek Molesieve 5A packed column, argon carrier gas). Carbon dioxide
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production was not measured, and was assumed to be equivalent to the sum of acetate and ethanol
production, based on reaction stoichiometry. Conversion of isobutyrate to isobutanol and n-
caproate to hexanol were measured by both HPLC-PDA and GC with a flame ionization detector
(FID). The Agilent 7890A GC-FID (Restek Stabilwax 30m column, argon carrier gas) has higher
sensitivity than the HPLC-PDA, and measurement by this method is preferable. Acetate and
ethanol concentrations, measured by HPLC, were verified by GC.
Carbon balances

Carbon balances (substrate utilized versus products accounted for) were calculated as
previously described (257). The amount of carbon consumed was reported as glucose equivalents,
calculated from the dry mass of residual crystalline cellulose after fermentation. Products were
determined as the sum of measured acetate, ethanol, pyruvate, glucose, cellobiose, calculated
carbon dioxide, and estimated biomass. Production of carbon dioxide was assumed to equal one
molecule per molecule of acetate or ethanol formed. Biomass was estimated by protein content.
Results
AOR-Adh strain produces ethanol and lactate

To explore the feasibility of utilizing the AOR-Adh pathway for ethanol production in C.
bescii (Figure 3.1), a strain was engineered to heterologously express the genes encoding P.
furiosus AOR and T. sp. X514 AdhA, as described previously (279). However, ethanol production
by this strain was not characterized in the previous study. Both genes were expressed from a
synthetic operon under the control of the constitutively-expressed high-level promoter of the gene
encoding the C. bescii S-layer protein (slp), using a ribosomal binding site from the same slp
promoter between the genes. The resulting strain (MACB1013; ApyrFA, Acbel, Ps-iayer aor adhA

[PFO346, Teth514 0564]) is referred to herein as the ‘AOR-Adh strain’. The AOR-Adh strain
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parent (JWCBO018; (291)) is an example of where the 1SChe4 transposon disrupts Idh (278), and
so this strain does not produce lactate and also exhibits increased hydrogen production relative to
the wild type (Figure 3.2A). Surprisingly, the AOR-Adh strain produced a significant amount of
lactate (4.1 mM) when cultured in medium containing cellobiose as a carbon source (Figure S3.1)
(279). PCR screening of the Idh region in the AOR-Adh strain suggested the presence of an intact
Idh gene and sequencing confirmed this to be the case (Figure 3.2B) (279). Hence, it appeared
that during construction of the AOR-Adh strain, the transposon migrated, leaving an intact and
functional gene encoding LDH. This is discussed further below.

To investigate ethanol production by the AOR-Adh strain, it was cultivated in medium
containing cellobiose as a carbon source, alongside the AOR-Adh parent (JWCBO018) control
strain. The AOR-Adh strain was found to produce 1.2 mM ethanol after 30 h of growth (Figure
S3.1). Since a functional LDH was restored in this strain, we hypothesized that deletion of Idh
from the AOR-Adh strain would lead to improved ethanol production because reducing power
previously utilized by LDH to produce lactate would be directed toward ethanol as an end-product
of fermentation (Figure 3.1) (264, 291, 292).

Deletion of Idh in the AOR-Adh strain increases alcohol production

With the goal of increasing the ethanol production of the AOR-Adh pathway in C. bescii,
a targeted deletion of the restored Idh locus in the AOR-Adh strain was made, yielding the ‘AOR-
Adh/Aldh’ strain (MACB1038; ApyrFA, Acbel, Aldh, Ps-iayer aor adhA [PF0346, Teth514_0564]).
A schematic of the relevant strain genotypes as well as PCR confirmation of the Idh deletion in
the AOR-Adh strain background is detailed in Figure 3.2. To examine ethanol production by the
new strain, it was cultured alongside the control strain (JWCBO018) in medium containing

cellobiose (Figure S3.2). After 30 h of growth at 75 °C, the AOR-Adh/Aldh strain produced 2.4
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mM ethanol, while the control strain produced less than 0.5 mM (Figure 3.3A). A slightly lower
concentration of ethanol was produced when the AOR-Adh/Aldh strain was grown with crystalline
cellulose as the growth substrate, and with switchgrass, less than 0.5 mM was produced (Figure
3.3A). As expected, neither strain produced detectable lactate.
Activities of AOR and AdhA in the C. bescii AOR-Adh/Aldh strain

To demonstrate that the heterologously produced enzymes AOR and AdhA were active in
C. bescii, and to verify that no competing activities existed, the activities of AOR and AdhA
(measured by acetaldehyde oxidation and reduction, respectively) were determined in cell-free
extracts of the wild type and AOR-Adh/Aldh strains. While wild type C. bescii did not display
detectable activity for either enzyme, the extracts of the AOR-Adh/Aldh strain exhibited both AOR
and AdhA activities (Table 3.3).
Activities of purified AOR with C. bescii and P. furiosus ferredoxins

To compare the activity of P. furiosus AOR with the 4Fe-ferredoxin from the same
archaeon versus activity with the 8Fe-ferredoxin from C. bescii, activities were measured using
the purified redox proteins at concentrations from 1 to 100 uM (Figure S3.3). For the 4Fe-
ferredoxin from P. furiosus, the Km value was 14.9 UM with a Vmax of 10.1 units » mg™. For the
8Fe-ferredoxin from C. bescii, the Km value was 149.0 uM with a Vmax of 18.9 units * mg™. Km
and Vmax values were calculated using a non-linear regression to fit the kinetic data to the
Michaelis-Menten model (Figure S3.3) (379).
Reduction of organic acids to alcohols by the AOR-Adh/Aldh strain

To further test the functionality of the AOR-Adh pathway in C. bescii, the recombinant
strain was grown in the presence of isobutyrate to determine if it was reduced to isobutanol.

Isobutyrate was chosen as the model organic acid because a recombinant strain of P. furiosus
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expressing the AOR-Adh pathway reduced isobutyrate to isobutanol at a higher titer than any of
the other six organic acids that were tested (296). With 20 mM exogenous isobutyrate in
cellobiose-containing growth medium, the AOR-Adh/Aldh strain produced 3.5 mM isobutanol,
along with 1.2 mM ethanol, after 30 h of growth (Figure 3.3B). A similar concentration of
isobutanol was produced using crystalline cellulose as the growth substrate, but less than 1 mM
was produced on switchgrass. No isobutanol was produced by the control strain (JWCBO018) with
any of the three growth substrates (Figure 3.3B).

As a rule, alcohols with a longer carbon chain length have better fuel properties (380). n-
Caproate (or hexanoate, Ce) is the longest straight-chain organic acid that is suitably water soluble,
making it a desirable target for reduction by the AOR-Adh pathway. The addition of 10 mM n-
caproate to the growth medium (containing cellobiose) did not inhibit C. bescii growth (Figure
S3.2) and resulted in the production of 0.2 mM hexanol along with 1.0 mM ethanol (Figure 3.3C).
Growth with crystalline cellulose as the substrate improved hexanol production to 0.4 mM, and
growth on switchgrass yielded the same concentration of hexanol as that produced during growth
on cellobiose.

The highest concentrations of isobutanol and hexanol were achieved from growth on
crystalline cellulose (4.6 mM and 0.4 mM, respectively). In all experiments, alcohol production
from growth on switchgrass was lower, correlating with less robust growth on this substrate. The
final ethanol, isobutanol, and hexanol concentrations during growth on the untreated biomass were
0.4 mM, 0.7 mM, and 0.2 mM, respectively (Figure 3.3, Figure S3.2).

Controlled fermentation conditions improve alcohol production of the AOR-Adh/Aldh strain
To examine the effect of pH control and gas flow control on the fermentation product

profile of the AOR-Adh/Aldh strain, growth in a 15 L fermentor was followed under controlled
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conditions with and without 20 mM isobutyrate (Figure 3.4). Cell growth using crystalline
cellulose as the carbon source in the fermentor was higher than in closed serum bottles, reaching
cell densities from 6-8 x 108 cells » mL™, compared to 4 x 108 cells « mL in bottles. After 40 h of
growth, the AOR-Adh/Aldh strain produced 3.9 mM ethanol, together with 30.8 mM acetate and
0.9 mM pyruvate. In medium supplemented with 20 mM exogenous isobutyrate, the AOR-
Adh/Aldh strain produced up to 2.3 mM isobutanol, along with 1.2 mM ethanol, 24.0 mM acetate,
and 0.4 mM pyruvate after 40 h. The decrease in ethanol and isobutanol concentrations observed
near the end of growth was potentially due to evaporation during the continuous sparging of the
vessel (Figure 3.4).
Products formed do not account for carbon utilized

Under controlled fermentation conditions, closure of the carbon balance (cellulose utilized
versus products measured) for the AOR-Adh/Aldh strain was only 78% after 122 hours (Figure
3.5), indicating the formation of one or more unidentified carbon end-products. For controlled
fermentation with the addition of isobutyrate, the carbon balance closure was 91% after 155 hours
(Figure 3.5). Under comparable fermentation conditions, wild type C. bescii carbon balances were
approximately 100% closed (257).
Discussion

Herein we have established that the expression of the AOR-Adh pathway in C. bescii
supports the production of alcohols, demonstrating the first example of this pathway in a
cellulolytic microbe. While ethanol titers from this pathway are lower than those reported in
previously engineered strains of C. bescii, the AOR-Adh pathway has the significant benefit of
reducing a variety of exogenous organic acids to the corresponding alcohol (270, 292, 293).

Expression of the AOR-Adh pathway in a cellulolytic bacterium enables the production of bio-
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alcohols, such as isobutanol and hexanol — both of which are high-energy drop-in biofuels — to be
powered by the oxidation of sugars from lignocellulosic biomass, an abundant and renewable
feedstock.

The energy density (energy per unit volume) of isobutanol (30.4 MIJ « L) is significantly
higher than that of ethanol (21 MJ » L?) and approaches that of gasoline (31 MJ « L) (381, 382).
The energy density of hexanol (31.7 M1J « L) is even higher than that of isobutanol, and is roughly
equivalent to that of gasoline (383). Furthermore, unlike ethanol, neither isobutanol nor hexanol
is hygroscopic, and thus, their use minimizes corrosion problems in end-use applications (384).
The combination of these properties has made both of these medium-chain alcohols desirable
biofuel targets. Isobutanol production from engineered E. coli has been achieved with high yield
(68% of the theoretical maximum) and titer (50 g « L) from growth on glucose (384, 385). De
novo hexanol production has been demonstrated in prokaryotes through three separate engineered
pathways: the keto-acid pathway and two different CoA dependent pathways (reverse -oxidation
and a modified extension of the clostridial butanol pathway) (386). In this work, hexanol is
produced by the reduction of exogenously supplemented n-caproate. The addition of n-caproate is
a potentially viable means of achieving hexanol production by engineered C. bescii because recent
work has shown the high titer (23.4 g » L) production of n-caproate from the oxidation of lactic
acid by a Clostridium dominated microbial consortium (387, 388). Alternatively, anaerobic
digestion technology has been demonstrated to convert municipal solid waste to n-caproate (and a
variety of other medium chain fatty acids) in a mixed-culture reactor (89). Anticipating improved
AOR-Adh pathway yields in the future, the biological production of n-caproate from lactic acid or
municipal solid waste may provide an inexpensive feedstock for hexanol production, driven by the

oxidation of sugars derived from lignocellulosic biomass.
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The reduction of millimolar concentrations of isobutyrate to isobutanol in the C. bescii
strains containing the AOR-Adh pathway provides secondary confirmation that the pathway is
functional, despite low ethanol yields. The general increase in end-product concentrations
(hydrogen, acetate, and presumably carbon dioxide) observed in serum bottle growth with
isobutyrate for all strains can be attributed to the increased buffering capacity in the
physiologically relevant pH range for the isobutyrate supplemented medium (Figure S3.4). This
conclusion is further supported by the similar concentrations of total end-products generated
during growth with and without exogenous acids under pH-controlled fermentation conditions,
where initial buffering capacity of the medium was less important (Figure 3.4).

In the engineering of microbes for biofuel or bio-commodity production, lactate is an
undesirable reduced product. Reducing power in the form of NADH could be better directed
toward the desired compound (i.e., ethanol), rather than funneling electrons into lactate formation.
Therefore, metabolic engineering efforts toward biofuel production in C. bescii have relied on
strains lacking ldh (291-293). The restoration of Idh by movement of 1SChe4 is thus unfavorable
for biofuel production efforts. This is one of several instances of unanticipated transposon
movements in this parent strain background explored in a recent examination of genome stability
in C. bescii lineages (279). Deleting the restored Idh gene from the AOR-Adh strain increased
ethanol production by two-fold, likely because reducing power (in the form of NADH), previously
utilized by LDH, can instead be leveraged by AdhA to reduce acetaldehyde to ethanol.

Ethanol production by the engineered AOR-Adh pathway reached a maximum of 4 mM
ethanol in C. bescii. Significantly, the strains expressing the AOR-Adh pathway produced up to 3
mM pyruvate during growth, compared to <0.2 mM for the control strain (data not shown). The

production of pyruvate by these strains, rather than its further metabolism to generate ATP and
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either acetate or ethanol, implies an imbalance in the redox chemistry of the pathway and
presumably the bottleneck is at pyruvate ferredoxin oxidoreductase (POR). The oxidative
decarboxylation of pyruvate by POR yields carbon dioxide, acetyl CoA, and, importantly, reduced
ferredoxin. In the parent strain, this ferredoxin is oxidized by the bifurcating hydrogenase in
combination with NADH to reduce protons to hydrogen gas (352). The AOR-Adh pathway in the
recombinant strains may be unable to compete with the hydrogenase for reduced ferredoxin and
NADH, even though AOR uses reduced ferredoxin and AdhA has a preference for NADPH over
NADH (389). Indeed, the bottleneck at the level of pyruvate might occur by the increase in reduced
ferredoxin concentration due to the lack of AOR activity, which is limited by the ability of AdhA
to reduce acetaldehyde in a NADPH-dependent reaction. A bottleneck at both POR and AOR
would also explain both the lower than expected ethanol yield in these strains, and also the
secretion of pyruvate into the growth medium.

Carbon balances were 91% closed during fermentation with the addition of isobutyrate, but
only 78% closed during fermentation in its absence in the standard medium. One plausible
explanation for this disparity is a technical one stemming from the difference in fermentation times
(155 hours compared with 122 hours) and the method used to measure residual sugars in the
supernatant. While the assay for total reducing sugar measures soluble polysaccharides resulting
from the degradation of cellulose, the HPLC measurement only detects mono- and disaccharides.
Hence solubilized polysaccharides would be included as substrates consumed (loss of insoluble
cellulose), but not accounted for as products measured in the supernatant. Thus, at 155 hours these
solubilized polysaccharides would be degraded beyond the sugars that were measured. This
hypothesis aligns with the observation that the largest difference in carbon balances between these

experiments is a shift in the amount of cellobiose and glucose present in the supernatant at the end
127



of growth (Figure 3.5). Generally, glucose and cellobiose begin to accumulate in the supernatant
of C. bescii fermentation on cellulose after 40 hours, and continue until at least 150 hours (257).
For insoluble growth substrates, such as cellulose, carbon balances must be calculated at the end
of growth, when residual cellulose can be dried and weighed. It is also possible that the presence
of an exogenously provided electron acceptor (isobutyrate) disentangles carbon and electron flow
by providing a way to dispose of electrons that, unlike acetate, is not directly derived from sugar
oxidation. Further evidence for this is provided by the decrease in pyruvate production with the
addition of isobutyrate (2.8 mM vs. 0.9 mM). As noted above, pyruvate secretion has been
proposed to indicate unbalanced redox metabolism in engineered strains of C. bescii (270).
Notably, unknown products have been previously implicated in other engineered strains of
C. bescii that lack functional Idh. In one case, the introduction of a non-redox balanced ethanol
production pathway in a Aldh background increased the closure of carbon balances at 60 °C,
significantly lowering the relative amount of carbon going to unknown products (270). The
addition of another enzyme to make the pathway redox balanced completely eliminated formation
of unknown products, allowing approximately 100% closure of the carbon balance at 60 °C (270).
Taken together with the previous results, it seems likely that the unknown products are generated
as a means of overcoming metabolic perturbations in strains lacking redox balanced pathways.
An understanding of how the NADH and NADPH pools are maintained in C. bescii is
incomplete. For the direct interconversion between NADH and NADPH, C. bescii does not encode
a canonical transhydrogenase in its genome (246) but does contain a bifurcating NADH-dependent
reduced ferredoxin NADP* oxidoreductase (Nfn, Athe_0644-0645), which is capable of oxidizing
both NADH and reduced ferredoxin to generate two NADPH, but the role of this enzyme in

regulating or maintaining these three redox cofactor pools is unclear (Figure 3.1) (130, 239, 390).
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Understanding redox cofactor recycling mechanisms in Caldicellulosiruptor spp. is essential for
improving the yields of heterologously expressed pathways in future metabolic engineering
efforts.

Low ethanol yields may also result from a mismatched ferredoxin cofactor for P. furiosus
AOR in C. bescii. Production of ethanol in the AOR-Adh pathway strains indicates that the 8Fe-
ferredoxin from C. bescii is, indeed, capable of transferring electrons to the AOR from P. furiosus.
However, the ten-fold higher Km for the C. bescii 8Fe-ferredoxin compared to the P. furiosus 4Fe-
ferredoxin (14.9 uM vs. 149.0 uM) indicates that a high intracellular concentration of reduced
ferredoxin might be necessary for pathway functionality in engineered strains; saturation kinetics
were not observed with purified AOR at the measured concentrations of C. bescii ferredoxin
(Figure S3.3). The low affinity of C. bescii ferredoxin for the heterologously-expressed P. furiosus
AOR could help to explain low ethanol yields in strains containing the AOR-Adh pathway. Rather
than interacting with AOR, reduced ferredoxin at low intracellular concentrations might be more
prone to interact with native C. bescii enzymes, such as the bifurcating hydrogenase, for which it
likely has a higher affinity.

The high specific activities for heterologously produced AOR and AdhA enzymes in cell-
free extracts of C. bescii indicate that the alcohol yields are not due to lack of the relevant enzymes,
but rather an imbalance in pathway stoichiometry of redox cofactors. The specific activity of AOR
in P. furiosus cell free extract (5100) has been measured as 4.0 + 0.1 units » mg™* at 75 °C, which
is comparable to the 3.3 £ 0.5 units » mg™ measured in whole cell extract of the recombinant AOR-
Adh/Aldh strain of C. bescii (272). Likewise, cell-free extracts of recombinant P. furiosus
expressing the T. sp. X514 AdhA exhibited 0.9 units « mg™* NADPH linked Adh activity at 65 °C,

compared to 0.8 £ 0.1 units » mg™ in the AOR-Adh/4ldh strain of C. bescii at 75 °C (389). The
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cell-free extract of T. sp. X514 reportedly contains 3.4 units « mg™* of NADPH linked Adh activity
at 65 °C, but much of this activity likely arises from a combination of AdhA homologs (e.g., BdhA)
and the Adh domain of the bifunctional AdhE present in this species (389). Nevertheless, the AOR-
Adh pathway in these engineered strains is clearly inefficient and it appears to be acting as an
overflow valve rather than a primary metabolic channel. Hence, the challenges of pathway
bottlenecks and cofactor mismatches must be overcome if we are to significantly improve yields.
Notwithstanding, the demonstrated functionality of the AOR-Adh pathway in C. bescii presents a
promising avenue for future metabolic engineering efforts toward bio-alcohol production in this
cellulolytic extreme thermophile.
Conclusions

This study is the first demonstration of using the AOR-Adh pathway for bio-alcohol
production in a cellulolytic microbe, enabling the conversion of untreated biomass to ethanol by a
bacterium that does not natively produce alcohols. Furthermore, the addition of exogenous organic
acids to the growth medium allowed engineered strains of C. bescii to reduce these acids to the
corresponding alcohol — namely, the next generation biofuels isobutanol and hexanol. Future
metabolic engineering efforts should improve redox balance in engineered strains, and thereby
increase product yields. The capability of this pathway to generate a range of alcohols with varying
chain lengths (Ci1-Cs) makes it an attractive target for microbial biofuel generation from plant
biomass.
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Tables and Figures

Table 3.1 C. bescii strains used and generated in this study

Strain Alias Parent Transforming Plasmid ~ Description Reference
DSMZ 6725  Wild type Wild type (268)
JWCBO018 Control JWCBO005 pDCW88 ApyrFA, Acbel, 1dh::1SCbe4 (276)

) ApyrFA, Acbel, Ps.jayer a0r adhA (PF0346,
MACB1013  AOR-Adh JWCB018 pGR002 Teih514 0564) (279)
MACB1038  AOR-AdhAldh  MACB1013  pDCW121 ApyrFA, Acbel, Aldh, Ps.iye a0r adnA (PFO346,  ryyic gy

Teth514_0564)
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Table 3.2 Primers used in this study

Primer Target Locus? Sequence (5’ to 3”)

GRO012 cbel / slp CAATTTGCCTTCCAACATGATAGGATCCCGGGACAGGATTTAAAAGA
GRO13 cbel / slp TCTTTTAAATCCTGTCCCGGGATCCTATCATGTTGGAAGGCAAATTG
GR014 chel / T. sp. X514 adhA GGGTTGCATGCGGCCGCAGATTAGGTAGGTGGTTTTAACA

GRO015 cbel / T. sp. X514 adhA TGTTAAAACCACCTACCTAATCTGCGGCCGCATGCAACCC
LDH_confR Idh CAGCCCTCAAACAAATAGCATTTT

LDH_conf F Idh CAAGCGAATAGTCCCTGTTAGAT

GR_adhA_F T. sp. X514 adhA GGAGGTTTGGTGAGTAGTTATGTGGGAAACAAAAATAAAT
GR122gibson2 F T. sp. X514 adhA AATTTAATTTAAAAATTTCACAGCAAG

GR_s-pro_R slp / T. sp. X514 adhA ATTTATTTTTGTTTCCCACATAACTACTCACCAAACCTCC

(MB)adhA gF T. sp. X514 adhA GGCCTGGGATGTGGTAAAACC

(MB)adhA gR T. sp. X514 adhA GCATTTTTATCAGTGTATTCCAGCAG

GR122fusionAOR R
GR122fusionAOR F
(MB)Cb001
(MB)Cb009
(MB)Ch010

GL313

GL314

GLCB003
GLCBO004
GLCBO005
GLCB006
GLCBO007
GLCBO008
GLCBO010
GLCBO012
GLCBO044

P. furiosus aor / T. sp. X514 adhA

slp / T. sp. X514 adhA
slp

chel

chel

P. furiosus aor
P. furiosus aor
Idh

Idh

chel

chel

pyrF

pyrF

pDCW88

E. coli aac
chel

TGTGAAATTTTTAAATTAAATTTCAATAGAACTCAGCGATTC
TTTATGAAGAATCTTTCTAAAGGAGGTTTGGTGAGTAG
ATCCCGGGACAGGATTTAAAAGAGGCTATG
GTTGGAAGAAGCTGTTGTTCACTATG
CAAGTCTCCATTTTTTCCATACAGGC
CATCAAAGACGAGCACATTGAG
GCGAACTTGACCAAATTCTCAC
CTGCAATTAAAGGACCCAAATACG
GTTTGTGCAACCTTCTATGCC
CTGGTGTATCTCCTGCCAAG
GGCGAGATTCAGTGGTACTG
TTGTTGAACTTCTCTGATAGGC
TTAAGAGATTGCTGCGTTGATAC
CAACCCGTTCCATGTGCTC
ACGATCAACGGCACTGTTG
TTCAAAACTCCTTCTGTCGAAGG

2All primers were designed to target the C. bescii genome unless otherwise noted
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Table 3.3 AOR and AdhA specific activities in C. bescii crude extracts

Strain Enzyme Substrate Electron Carrier Specific Activity?
AOR-Adh/Aldh AOR Acetaldehyde Benzyl viologen 3.3+05

Wild type AOR Acetaldehyde Benzyl viologen <0.01
AOR-Adh/Aldh ADH Acetaldehyde NADPH 0.8+0.2

Wild type ADH Acetaldehyde NADPH <0.01

4umol activity min™ mg™ protein + standard deviation (o)
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Figure 3.1 Primary metabolism and engineered ethanol pathways in C. bescii

Primary redox cofactors are NAD/H (gray italics), an 8Fe-ferredoxin (bold) and NADP/H
(underlined). Native enzymes are shown in gray boxes. Recombinantly-expressed enzymes are
outlined in black boxes, and two different non-native pathways for ethanol production are
indicated by dotted lines and gray arrows. Abbreviations: bifurcating hydrogenase (BF-Hzase),
glyceraldehyde  3-phosphate  dehydrogenase (GAPDH), glyceraldehyde 3-phosphate
oxidoreductase (GOR), phosphoglycerate kinase (PGK), pyruvate kinase (PK), lactate
dehydrogenase (LDH), pyruvate oxidoreductase (POR), phosphotransacetylase (PTA), acetate
kinase (ACK), membrane bound hydrogenase (MBH), bifurcating NADH-dependent reduced
ferredoxin NADP™* oxidoreductase (BF-Nfn), aldehyde ferredoxin oxidoreductase (AOR),

bifunctional aldehyde/alcohol dehydrogenase (AdhE), primary alcohol dehydrogenase (AdhA).
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Figure 3.1
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Figure 3.2 Genotypes of engineered C. bescii strains at the cbel and Idh loci

A). Schematic showing the structure of the genome at the Idh (left) and cbel (right) loci in the wild
type, control, AOR-Adh, and AOR-Adh/Aldh strains. Native Idh and cbel are shown in black while
a native insertion sequence, ISChe4, is shown in hatch, and recombinantly expressed genes are
show in white. Psip is the 200 bp promoter region from the C. bescii S-layer protein gene. aor is
the gene encoding AOR in P. furiosus and adhA is the gene encoding AdhA in
Thermoanaerobacter sp. X514. The black lines labelled a-c and d-f correspond to the PCR
products amplified from each strain using primers targeting either the Idh or cbel locus, as
appropriate. PCR product sizes: a, 2427 bp; b, 4053 bp; ¢, 1474 bp; d, 2205 bp; e, 1167 bp; f, 4668
bp. B). DNA agarose gel showing the PCR products amplified from each strain at either locus, ldh
(left) or cbel (right). Bands labeled a-f correspond to the lines and product sizes indicated in panel

A
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Figure 3.2
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Figure 3.3 Alcohol production by strains expressing the AOR-Adh pathway

Alcohol production by C. bescii strains expressing the AOR-Adh pathway during growth on
different substrates. Strains were grown on 5 g « L cellobiose (white) or crystalline cellulose
(gray) for 30 h, or untreated switchgrass (black) for 128 h, at 75 °C with shaking at 150 rpm. A).
Production of ethanol by the AOR-Adh/Aldh strain compared to the control strain. B). Production
of isobutanol by the AOR-Adh/Aldh strain compared to the control strain. Strains were grown with
the addition of 20 mM isobutyrate to the growth medium. C). Production of hexanol by the AOR-
Adnh/Aldh strain compared to the control strain. Strains were grown with the addition of 10 mM n-
caproate to the growth medium. Section signs (8) represent alcohol concentrations below the
instrument’s limit of detection. All experiments were performed in biological triplicate (n=3) with

error bars representing standard deviation (o).
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Figure 3.3
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Figure 3.4 Growth of the AOR-Adh/Aldh strain under controlled fermentation conditions

A 15 L culture of the AOR-Adh/Aldh strain was grown on 20 g « L crystalline cellulose in a 20
L fermentor with pH (6.2), temperature (75 °C), impeller agitation (150 rpm), and gas-flow control
(1.5 L » min) in standard medium without (A) and with (B) the addition of 20 mM isobutyrate.
Growth was monitored by cell density (diamonds, dotted line). Concentrations in the medium of
ethanol (triangles, dashed line), pyruvate (circles), free sugars measured as cellobiose and glucose
combined (crosses), and isobutanol (squares, dashed line) over the course of fermentation are

shown.
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Figure 3.4
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Figure 3.5 Carbon balances for the AOR-Adh/Aldh strain under controlled fermentation
conditions

Substrate utilized versus products quantified for the AOR-Adh/Aldh strain under controlled
fermentation conditions. The AOR-Adh/Aldh strain was grown on 20 g « L crystalline cellulose
without (left) and with (right) the addition of 20 mM exogenous isobutyrate. Products in the carbon
balance include: biomass formation estimated from total protein (checker), ethanol (black), acetate

(cross hatch), pyruvate (gray), carbon dioxide (stripe), glucose (white) and cellobiose (hatch).
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Figure 3.5
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Figure S3.1 Growth and fermentation products of the AOR-Adh strain over time in sealed
Hungate tubes

The control strain (A) and the AOR-Adh strain (B) were grown side by side with or without the
addition of 20 mM isobutyrate to the growth medium (C, D) for 30 hours. Cultures were grown in
30 mL crimp sealed Hungate tubes containing 15 mL of culture volume. During growth, culture
and headspace samples were taken to monitor the concentrations of hydrogen (m), acetate (A),
ethanol (e), isobutanol (+), and isobutyrate (x) in the growth medium. Cell growth was measured

by ODsso (#).
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Figure S3.1
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Figure S3.2 Effects of carbon substrate and exogenous acid addition on growth

The control strain (¢) and the AOR-Adh/Aldh strain (A) were grown on 5 g/L cellobiose,
crystalline cellulose, or switchgrass in triplicate with no supplemented organic acid (A-C), 20 mM
exogenous isobutyrate (isb) (D-F), or 10 mM exogenous n-caproate (cap) (G-1). The AOR-Adh
strain (m) was grown on 5 g/L cellobiose in triplicate with no supplemented organic acid (A) or
with 20 mM exogenous isobutyrate (D). All three strains grew at similar rates and to a similar final
density (1-4 x 108 cells mL™), with n-caproate supplemented medium and growth on switchgrass

yielding the lowest cell densities.
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Figure S3.2
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Figure S3.3 Kinetic properties of P. furiosus AOR with P. furiosus and C. bescii ferredoxins
AOR activity was measured at 75 °C by the crotonaldehyde (200 uM) dependent reduction of
ferredoxin at 425 nm in 50 mM EPPS buffer (pH 8.0). P. furiosus AOR was less active with C.
bescii ferredoxin (=) than with P. furiosus ferredoxin (e). Both trendlines were calculated using a

non-linear regression to fit the Michaelis-Menten equation.

149



Figure S3.3
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Figure S3.4 Impact of isobutyrate on buffering capacity of modified DSM516 medium

Modified DSM516 medium (¢) and modified DSM516 medium supplemented with 20 mM
isobutyrate (m) were prepared as described. With continuous pH monitoring, 100 mM acetic acid
was slowly added to 5 mL of media until a final pH of 5.01 was achieved. The pKa of isobutyrate
(4.8) and the pKa of acetate (4.75) are represented by the gray line. The addition of 20 mM

isobutyrate increased the medium’s capacity for acetate by almost 1.5-fold.
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Figure S3.4
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CHAPTER 4
UNDERSTANDING SUGAR UPTAKE AND ELIMINATING UNDESIRABLE
PRODUCTS AS STRATEGIES TO IMPROVE BIOPRODUCT FORMATION BY
CALDICELLULOSIRUPTOR BESCII

Summary

Caldicellulosiruptor bescii is the most thermophilic cellulolytic microbe identified to date
(Topt 78 °C). Due to its rare ability to grow on non-pretreated plant biomass as a sole carbon source
and because a genetic system is available, this organism is a potential platform for consolidated
bioprocessing to generate bioproducts. C. bescii has been engineered to produce desirable non-
native end-products, such as ethanol and acetone, but product titers are too low for industrial
relevance. To examine the feasibility of improving product formation in C. bescii, this work took
two approaches: examining sugar uptake to better understand carbohydrate utilization and
redirecting undesirable side-products to the target compound by alleviating metabolic bottlenecks.
For the first approach, the examination of carbohydrate uptake, we identified a promiscuous
ATPase responsible for energizing numerous CUT2 family ABC transporters for sugar import.
Deletion of this ATPase, msmK, resulted in diminished growth phenotypes on all tested di- and
oligosaccharides, while growth on monosaccharides was unimpaired. Understanding sugar uptake
is essential to improving carbohydrate utilization in this organism. The second approach to
increasing bioproduct formation was to decrease an undesirable side-product, pyruvate, in a
previously engineered ethanologenic strain of C. bescii. A pyruvate oxidoreductase (pfor3) from

Clostridium thermocellum (Top: 60 °C) was heterologously expressed in the ethanol producing
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strain, yielding the low temperature POR strain (LT-POR). While POR activity measured in vitro
increased in the LT-POR strain, genome rearrangement during strain construction disrupted the
heterologously expressed AdhE, eliminating ethanol production.

Introduction

Transportation energy needs continue to rise, even as perils from increasing fossil fuel
consumption mount (2, 16). To decrease greenhouse gas emissions while meeting global energy
demand, non-hydrocarbon alternative fuels must be developed and implemented. To this end,
ethanol is a stop-gap biofuel additive that is blended with gasoline. Almost all global ethanol
supply is generated by fermentation of corn, sugarcane, or sugar beets—a dated and wasteful
process (1, 69). To decrease both cost and greenhouse gas emissions, efforts are being made to
develop methods for ethanol production from an abundant and renewable feedstock:
lignocellulosic biomass (94).

Several approaches to produce ethanol from lignocellulosic biomass are under
investigation, including consolidated bioprocessing (CBP). The largest advantage of CBP over
other methods of lignocellulosic ethanol production is decreasing or eliminating the need for the
addition of expensive exogenously produced sugar-hydrolyzing enzymes (157). Another
prospective benefit of CBP is the potential for decreasing the necessity of pretreating biomass,
specifically by utilizing cellulolytic extreme thermophiles that can directly ferment lignocellulose
to ethanol at high temperature in a one-step process (159). Advantages of utilizing thermophiles
include decreased risk of contamination, enhanced lignocellulose breakdown, and potential for
separating volatile products like ethanol directly from the fermentation vessel (159, 239).
Currently, no known cellulolytic thermophile can natively ferment non-pretreated biomass directly

to ethanol at above trace titers.
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Caldicellulosiruptor bescii is an anaerobic thermophilic bacterium, with the highest
optimum growth temperature of any known cellulolytic organism (Topt 78 °C) (255). With the
ability to ferment both Csand Cs based carbohydrates in lignocellulosic biomass to acetate, lactate,
carbon dioxide, and hydrogen without any pretreatment and because a genetic system exists, C.
bescii is a promising CBP platform microbe (256, 257). To this end, several strains have been
engineered to produce ethanol, using different recombinant expression strategies, at temperatures
ranging from 60-75 °C (270, 292, 293, 391). The greatest titer of ethanol currently achieved for an
engineered strain of C. bescii is 75 mM (3.5 g/L) from the fermentation of crystalline cellulose
under controlled fermentation conditions (gas sparging and pH control) (270). Under non-
controlled fermentation conditions in sealed serum bottles, the same strain produced 33 mM (1.5
g/L) ethanol. This strain expresses the bifunctional alcohol/aldehyde dehydrogenase, adhE, from
Clostridium thermocellum (Topt 60 °C) and the membrane-bound Rnf complex, rnfCDGEAB, from
Thermoanaerobacter sp. X514 (Topt 60 °C) (Figure 4.1). These genes were expressed under the
control of native high-level constitutive C. bescii promoters, and in accordance with the sources
of the heterologously expressed genes, ethanol production was maximal when growth was
conducted at 60 °C.

AdhE is the canonical enzyme for ethanol production in thermophilic bacteria, reducing
acetyl-CoA produced by pyruvate oxidoreductase (POR) in primary metabolism to acetaldehyde
and then ethanol, with each step oxidizing NADH (239). The heterologously expressed Rnf
complex links ferredoxin and NADH pools, the two primary redox cofactors in C. bescii. To this
end, reduced ferredoxin is oxidized while NAD" is reduced, and an ion is pumped across the
membrane. Debate is ongoing as to the nature of the ion—hydrogen or sodium—pumped across

by the Thermoanaerobacter sp. X514 Rnf, as forms of Rnf that utilize each have been identified
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and this specificity cannot be bioinformatically resolved (392, 393). Expression of the Rnf
complex should increase the pool of NADH available for ethanol production by AdhE.
Interestingly, ethanol production is identical in strains expressing only AdhE or AdhE and Rnf
during growth in sealed bottles, but maximum ethanol production increases by 25% with Rnf
expression under pH-controlled and gas-sparging fermentation conditions. Also of note,
expression of the same AdhE under the same promoter at the same genomic locus in two different
background strains (JWCBO018: ApyrFA Acbel 1SCbe4::ldh, MACB1034: ApyrE Aldh) resulted in
the production of dramatically different amounts of ethanol. In the older parent strain (JWCBO018),
ethanol production was roughly 15 mM, as previously reported (292). However, in the newer
genomic background (MACB1034) the ethanol production under identical conditions doubled (30
mM). The differences between these genomic backgrounds were explored in a recent publication,
wherein JWCBO018 was found to contain significant genome rearrangements and high instances of
the insertion sequence 1SChe4 relative to both the wild type and MACB1034 (279).

While C. bescii grows to similar cell densities and produces the same amount of
fermentation products at 60 °C and 78 °C, the growth rate is approximately cut in half at the lower
temperature (270, 292). In addition to slower growth, certain carbon end-products are produced at
60 °C that are not produced at higher growth temperatures — specifically pyruvate and acetoin are
released into the growth medium during low temperature growth (270). While these products are
also observed in the wild type during growth at 60 °C, when metabolism is altered, the ratios of
these side products to sugar-consumed increases. During growth at 75 °C, little or no pyruvate or
acetoin production occurs in the wild type, however pyruvate is produced in Aldh strains (391).
This makes intuitive sense, as these strains are deprived of one potential reduced fate for pyruvate

(lactate). Under controlled fermentation conditions on 20 g/L crystalline cellulose, the AdhE-Rnf
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strain produced 75 mM ethanol, 52 mM acetate, and 11 mM pyruvate, while only trace acetoin
was detected, unlike during growth in sealed bottles with no pH control or gas exchange (3 mM)
(270).

Two limiting factors of bioproduct formation for C. bescii are product inhibition and sugar
uptake. Early studies of C. bescii concluded that growth was inhibited by osmolarity of 250
mOsmol, but a subsequent study implied growth in medium with >550 mOsmol is feasible, albeit
with a significant (>50h) lag phase (257, 394). This subsequent work also indicated that the more
significant limit on growth is organic acid formation. In sealed bottles with no pH control or gas
exchange, growth is inhibited by acid formation quite quickly, as media acidifies below pH 5.0
and growth ceases with acid concentrations of roughly 5-20 mM acetate and 5-20 mM lactate, and
total acid formation of 10-30 mM when extra buffering capacity (such as MOPS) is not added to
the standard media. Under pH-controlled growth conditions where media is not allowed to acidify,
organic acid concentrations can reach 165 mM, consisting of roughly 140 mM acetate and 25 mM
lactate. In the presence of 200 mM sodium acetate, C. bescii did not grow, and a lag phase (30 h)
was observed with an initial concentration of 150 mM sodium acetate, similar to the maximum
concentration observed to be physiologically produced (257). The authors proposed that high
organic acid concentrations in the medium act to uncouple membrane function by interfering with
the ion gradient, a known phenomenon in acetogenic Clostridium spp. (395). Thus, one plausible
approach to increasing product formation is the generation of uncharged products of neutral pH —
e.g. ethanol. Indeed, the ethanol-producing AdhE-Rnf strain of C. bescii consumed more substrate
and produced more carbon end-products than the wild type or parent strains during growth in

sealed bottles. Under pH-controlled fermentation conditions, the total soluble carbon end-products
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were roughly equivalent, despite the production of markedly less organic acids (137 mM total
products, 62 mM organic acids) (257, 270).

In addition to producing more neutral products, elimination of acidic or undesirable
reduced end-products also holds promise. Indeed, while some level of acetate production may be
necessary to maintain ATP levels for biomass formation, lactate production has already been
eliminated (291). The pyruvate secretion that results from lactate dehydrogenase deletion is more
prominent at lower temperature, and redirection of pyruvate shows promise both directly as a
further carbon source for ethanol and to potentially increase total products by removing another
acidic end-product (270). The factors defining the upper bounds of growth for C. bescii remain
unidentified, although for growth on biomass (pretreated and unpretreated) inhibition by a
lignocellulose derived inhibitor (e.g. lignin-derived phenolics) has been suggested (257, 325, 396).
Quorum sensing autoinducer mechanisms are also plausible (397).

Concerning the second limiting factor, less study has been dedicated to the uptake of sugars
by C. bescii. While all species of Caldicellulosiruptor can utilize a large range of both Csand Cs
sugar substrates, this varies species to species (Table 4.1). No carbon catabolite repression (CCR)
has been observed in any of the 14 species currently known (246). Lack of CCR is a distinctive
trait among bacteria, highly desirable for CBP organisms — especially combined with the ability to
utilize both the primary and minor decorative sugars found in the most studied sources of
lignocellulose feedstocks (e.g., poplar, switchgrass). In C. bescii, carbohydrate uptake is
accomplished by either a variety of ABC transporters or by a single phosphotransferase system
(PTS) in the case of fructose. The ABC transport systems can be divided into CUT1 and CUT2
families, which are hypothesized to uptake di/oligo- and monosaccharides, respectively. While

both CUT2 family transporters contain a chromosomally linked ATPase, none of the 14 predicted
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CUT1 family transporters are associated with a dedicated ATPase. Bioinformatic identification of
these transporters and the related regulatory motifs and transcription factors is the focus of an
upcoming publication (398). A complete reconstruction of the primary carbohydrate transport and
utilization pathways and the associated regulons is presented in Figure 4.2.

Eliminating side product formation and improving sugar consumption are both viable paths
to increase product formation in future engineering efforts, specifically to increase ethanol
production by C. bescii. To increase sugar uptake and consumption, it necessary to understand
how carbohydrate uptake is achieved and regulated. To this end, we bioinformatically identified a
promiscuous ATPase, msmK (athe _1803), hypothesized to energize all 12 of the CUT1 family
transport systems in C. bescii, each of which lacks a dedicated ATPase (398). Herein, | report that
the deletion of msmK resulted in impaired growth of C. bescii on the examined di- and
oligosaccharides relative to the parent strain, while growth on the tested monosaccharides was
mostly unimpaired. To decrease undesirable side product formation, this work aimed to lower
pyruvate secretion in the AdhE-Rnf strain. Secretion of pyruvate was previously hypothesized to
result from a bottleneck in metabolism at POR at 60 °C, due to the presumptive lower activity of
the enzyme at this sub-optimal growth temperature. Herein, expression of a POR from Clostridium
thermocellum (Topt 60 °C) in the AdhE-Rnf strain background demonstrated that decreased POR
activity is not the cause of pyruvate secretion at sub-optimal growth temperatures. Unfortunately,
genome rearrangement of the AdhE-Rnf expression locus during strain construction precluded

direct examination of the impact of expressing a low temperature (LT) POR on ethanol production.
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Materials and Methods
Culture conditions and growth of C. bescii

DSMZ 6725 (wild type C. bescii) was obtained from the German Collection of
Microorganisms and Cell Cultures. Unless otherwise specified, C. bescii was cultured under
anaerobic conditions (80% (v/v) nitrogen and 20% (v/v) carbon dioxide headspace) at 75 °C in
modified DSM 516 medium with plate shaking at 150 rpm, as described previously (391). To
overcome uracil auxotorophy in modified strains, all media contained 20 uM uracil. Media
contained soluble substrates at a concentration of 25 mM or insoluble substrate loadings of 5 g/L.
Xylose, crystalline cellulose (Avicel PH-101), pectin from apple, and beechwood xylan were
obtained from Sigma (St. Louis, MO, USA). Glucose and fructose were obtained from Amresco
(Solon, Ohio, USA). Prior to media preparation, pectin and xylan were washed to remove
contaminating soluble sugars that could interfere with growth experiments. Pectin and xylan were
suspended in cold 70% ethanol, soaked for 30 minutes, and pelleted by centrifugation at 10,000 x
g for 10 min. The wash procedure was repeated three times before samples were dried overnight
under airflow in a fume hood. Solid growth medium and cultures were prepared using modified
DSM 516 medium with 3% agar, as described (242). Solid medium cultures were grown at 70 °C
for 48 h under argon atmosphere.

Cultures for end-product analysis and growth studies were conducted in 100 mL serum
vials with 50 mL of culture sealed with butyl rubber stoppers for up to 40 hours. For ethanol
production experiments, strains were cultured at both 60 °C and 75°C. C. bescii competent cells
were grown at 70 °C in 1 L media bottles containing 500 mL of Low Osmolarity Defined medium
with amino acids mix (LOD-AA) under and sealed with butyl rubber stoppers to a final ODeso of

0.06-0.07, as described previously. Cultures for preparing cell extracts were grown until mid-late
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log phase at 60 °C in 1 L media bottles containing 500 mL of modified DSM516 medium with
glucose.
Cell counts and protein estimation

Cells were counted on a Petroff-Hausser Counting Chamber (Hausser Scientific, Horsham,
PA, USA). Cultures were counted un-diluted or diluted either fivefold or tenfold in 1x C. bescii
base salts, depending on culture density. For protein estimations, the Bradford method was utilized
(Bio-Rad #5000006, Hercules, CA, USA) in 96 well plate format with bovine serum albumin
(BSA) standards (Bio-Rad #5000007, Hercules, CA, USA).
Plasmid and strain construction

Strains used and generated in this study are listed in Table 4.2. Generation of C. bescii
strains was accomplished with allelic exchange, as described previously (256). Plasmids for strain
construction were generated from PCR products with NEBuilder HiFi DNA Assembly (New
England Biolabs, Ipswich, MA, USA). PCR products for construct assembly were generated with
PrimeSTAR HS DNA polymerase (TaKaRa Bio, Kusatsu, Shiga, Japan). PCR products for
screening were generated with SpeedSTAR HS DNA polymerase (TaKaRa Bio, Kusatsu, Shiga,
Japan). Plasmids were transformed into NEB 10-beta Competent E. coli by heat-shock at 42 °C,
per manufacturer’s directions (NEB #C3019H). PCR products, plasmid DNA, and genomic DNA
were purified with Kits from Stratagene and Zymo Research. Prior to transformation into C. bescii,
plasmids were methylated with M.Cbel, as described; methylation was confirmed by lack of
digestion in the presence of Haelll restriction endonuclease (New England Biolabs, Ipswich, MA,
USA). Plasmid sequences were verified by Sanger sequencing (GeneWiz, South Plainfield, NJ,

USA).
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C. bescii competent cells were prepared as described previously and transformed by
electroporation with a Bio-Rad Gene Pulser (242). Electroporation was performed using 500-1000
ng of methylated plasmid DNA with voltages from 1.8-2.2 kV, resistances of 200-400 Q, and
capacitance of 25 uF. After electroporation, cells were promptly transferred to recovery media,
preheated to 70 °C. At 0 min, 45 min, 90 min, and 180 min post electroporation, 5 mL samples
were transferred to 50 mL of selective medium containing 50 pug / mL kanamycin and incubated
at 75 °C with shaking at 150 rpm until growth was observed (24-72 h). Cultures with growth were
screened for plasmid integration by PCR, and colony purified by 2-4 rounds of plating and
selection to eliminate merodiploidy before counter-selection for second crossover (plasmid loss).
Counter selection was accomplished on solid medium using modified DSM 516 medium with 4
mM 5-floroorotic acid (5-FOA) and 20 uM uracil. After strain construction, modified genomic
loci were sequence-verified by Sanger sequencing (GeneWiz, South Plainfield, NJ, USA).
End-product analysis

Ethanol and acetate production were measured by gas chromatography with a flame
ionization detector (GC-FID) on an Agilent 7890 equipped with a Restek Stabilwax 30 m column
and argon carrier gas.

Preparation of cell extracts

For each assayed strain, cells were harvested from 500 mL of mid-late log phase culture
by centrifugation at 6000 x g for 10 min (Beckman Avanti J-301 JLA 10.500 rotor), immediately
flash frozen in liquid nitrogen, and stored at -80 °C. All subsequent steps of extract preparation
were conducted anaerobically in a Coy chamber or sealed centrifugation tubes. Cell pellets were
thawed and resuspended in 25 mM MOPS buffer pH 7.0 containing 1 mg / mL lysozyme at a ratio

of 3 mL / g cells. Suspended cells were incubated at room temperature for 30 minutes, followed
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by 3 x 10 s rounds of sonication (Qsonica Q55, amplitude 40). Lysates were clarified by
ultracentrifugation at 100,000 x g for 1 h (Beckman L90K ultracentrifuge 70.1Ti rotor) and then
clarified lysates (S100) were washed with excess buffer over a regenerated cellulose centrifugation
filter (10 kDa Amicon EMD Millipore) to remove small molecules and redox cofactors. Extracts
were sealed anaerobically and either stored at -80 °C or immediately assayed for activities.
Enzymatic activity assays

Enzyme activities in C. bescii and C. thermocellum S100 cytosolic extracts were measured
spectrophotometrically using an Agilent Technologies Cary 100 UV-Vis Spectrophotometer
equipped with an Agilent Cary Series Temperature Controller. All assays were conducted in 3 mL
silicone-stoppered glass cuvettes under anoxic conditions (argon atmosphere) with 2 mL reaction
volume. POR activity was measured by the pyruvate-dependent reduction of methyl viologen
(MV) at temperatures ranging from 25-85 °C. Reduction of methyl viologen was followed at 600
nm and activities were calculated using an extinction coefficient of 13.7 mM™ cm™. Standard
POR reactions were conducted in 50 mM EPPS buffer, pH 8.4. with 2 mM MgClz, 0.4 mM
thiamine pyrophosphate (TPP), 0.1 mM CoA-SH, 1 mM MV and S100 cytosolic extract.
Anaerobic conditions were maintained by the addition of trace sodium dithionite (DT, > 0.2 mM).
After the addition of cytosolic extract, absorbance was allowed to stabilize to account for
background activity before the reaction was begun by the addition of 5 mM pyruvate. Both the
aldehyde dehydrogenase (ALDH) and alcohol dehydrogenase (ADH) activities of AdhE were
measured at 60 °C. Reaction mixtures contained 50 mM MOPS, pH 7.0, 5 uM ferrous sulfate, 0.5
mM NADH or NADPH, and reactions were initiated by the addition of either 0.35 mM acetyl-
CoA (ALDH activity) or 10 mM acetaldehyde (ADH activity). Acetaldehyde or acetyl-CoA

dependent oxidation of NAD(P)H was measured at 340 nm (e =6.22 mM™t cm™). For all assays,
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activities were calculated as the difference in rate before and after the addition of substrate.
Activity is expressed as Units (U) / mg of protein where 1 unit equals the reduction of 1 pumol of
MV / min or the oxidation of 1 umol NAD(P)H / min.

Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR)

Cells were harvested from 25 mL of mid-late log phase culture grown at 60 °C by
centrifuging at 6000 x g for 10 minutes (Beckman Avanti J-301 JLA 10.500 rotor). Cells were
flash frozen in liquid nitrogen and stored at -80 °C until RNA extraction (1 week). RNA was
harvested by phenol.chloroform extraction and isopropanol precipitation. Genomic DNA was
removed by digestion with Ambion Turbo DNase (Invitrogen #AM2238) followed by an
additional round of phenol:chloroform extraction. RNA was quantified with a Thermoscientific
NANODROP 2000c spectrophotometer and cDNA was synthesized with AffinityScript QPCR
cDNA Synthesis Kit (Agilent #60059). RT-qPCR was performed on an Agilent MX3000p gPCR
instrument with Brilliant 111 Ultra-Fast SYBR Green QRT-PCR Master Mix (Agilent #60082).
Samples were prepared in biological duplicate and reactions were run in technical duplicate. Data
was processed and analyzed using MxPro software (Agilent).

Results
Deletion of msmK impairs growth on di- and oligosaccharides

To verify the putative function of athe_1803 (msmK) and further explore its role in sugar
uptake, a deletion strain was constructed. Clean deletion of the target gene was verified by PCR
followed by Sanger sequencing (Figure 4.3). The markerless deletion of msmK in a ApyrE
(MACB1018) background resulted in strain MACB1080 (ApyrE, AmsmK).

Under standard growth conditions on the monosaccharide substrates xylose and glucose,

the msmK KO strain grew to the same final density as the parent strain (Figure 4.4). On both
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substrates, while the same final cell density was reached, a minor growth phenotype was observed
whereby the growth rate was lower during log phase than the parent strain. In the parent strain the
maximum growth rate on xylose was 0.74 h%, while the msmK KO strain was 0.53 h™t. On glucose,
the maximum growth rate of the parent strain was 0.84 h™*, while the msmK KO strain was 0.64
h1. During growth on both glucose and xylose, maximum cell density was reached at 16 h, while
the deletion strain did not reach maximum density until 20 h.

Growth of the AmsmK strain was severely impaired relative to the parent strain on all tested
di- and oligosaccharide substrates (Figure 4.4). Tested substrates with diminished growth capacity
were cellobiose, crystalline cellulose, xylan, and pectin. The growth phenotype was least severe
on cellobiose, where the final cell density was roughly 8-fold lower than the parent strain. During
growth on cellulose and pectin, the final cell densities were over an order of magnitude lower than
the parent strain.
Construction and analysis of the LT-POR strain

The low-temperature POR or LT-POR strain (MACB1078) was constructed by the
heterologous expression of a single gene, cthe3120, from C. thermocellum in an MACB1062
(ApyrE, Aldh, Ps-layer adhE PgF-H2ase rNFCDGEAB) background. Cthe3120, coding for the single
subunit enzyme PFOR3, was expressed at the intergenic region between athe 0962-0963 under
the control of the highly expressed constitutive promoter for athe 1708 — a putative 2-ketoacid
oxidoreductase of unknown specificity.

Growth of the LT-POR strain at 60 °C on glucose revealed no ethanol production compared
to roughly 30 mM in the parent strain. To investigate this decreased ethanol production relative to
the parent strain, diagnostic PCR was performed on the athe_0949 locus — the site of heterologous

rnf and adhE in the parent (Figure 4.5). Disruption of the locus clearly took place, as even with
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significant elongation time, no PCR product was observed with primers that should bridge the
insertion site (Figure 4.5C). Internal diagnostic reactions indicate that all subunits of rnf are
present in the genome, while potentially only part of adhE is present (Figure 4.5D). Interestingly,
the appropriate product was observed bridging the 3 portion of adhE with the downstream
athe 0949 flanking region used for recombination during MACB1062 strain construction (data
not shown). Due to the discrepancies in diagnostic reactions, the exact genotype of the LT-POR
strain cannot be verified, although the presence of pfor3 (cthe3120) and the absence of Idh have
both been confirmed.
AdhE activity in the LT-POR strain

As a result of lower than expected ethanol titers in the LT-POR strain, activity for both the
ADH and ALDH domains of AdhE were assayed. For both reactions, activity was not detected
above the levels in wild type C. bescii extracts (~0.1 U/mg). In each case, the viability of assay
conditions were verified by the spike-in of C. thermocellum S100 after the initial reaction with
LT-POR strain extracts failed to yield a reaction; both ALDH and ADH activities were verified in
C. thermocellum cytosolic extract.
Heterologous gene expression in the LT-POR strain

Expression of pfor3 (cthe3120), adhE, rnf, por (athe_0874), and gapdh were measured by
gPCR inthe LT-POR strain. Expression of other genes was correlated to gapdh expression (Figure
4.6). Primers utilized for adhE, gapdh, por, and rnf have been previously verified experimentally
(270). Lack of expression of adhE and rnf in the LT-POR strain (no cycle threshold observed)
correlated with the lack of ALDH and ADH activity in the assays discussed above. Expression of
the native por was approximately 1.6 times the expression of gapdh. The heterologously expressed

pfor3 was present at 0.5 times the expression of gapdh.
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POR activity in the LT-POR strain

POR activity assays were conducted in both the LT-POR and wild type strains every 10 °C
from 25 °C to 85 °C (Figure 4.7). For both strains, the maximum activity was observed at 65 °C.
At all temperatures, the LT-POR strain had a higher specific activity than that of the wild type. By
comparing the activity differences between these two strains, it was possible to identify a
maximum difference at 55 °C, which should indicate the optimal temperature for activity of the
heterologously expressed POR. Subtracting the activity over the range of temperatures for the LT-
POR strain from the wild type, a temperature dependent activity profile was established for the C.
thermocellum PFOR3 (Figure 4.7).
Discussion

This work describes two different experimental focuses, each addressing one of two
methods to help improve the viability of C. bescii as a microbial bioproduct platform. In the first
approach, the deletion of a promiscuous ATPase helped to elucidate the role of this protein in
regulating uptake for multiple different carbohydrate substrates present in lignocellulosic biomass.
In the second approach, the heterologous expression of a second POR aimed to relieve a metabolic
bottleneck to eliminate side-product formation and thus improve flux to the desired end-product
(ethanol). While unanticipated genomic rearrangement prevented an increase in ethanol
production, examination of the LT-POR strain revealed that the metabolic bottleneck did not result
from the native C. bescii POR functioning poorly at low temperature, as originally hypothesized.

C. bescii can utilize a broad range of carbohydrates, which contribute to this organism’s
ability to degrade and ferment unprocessed plant biomasses such as hardwoods (poplar), low lignin
grasses (Napier and Bermuda), and high lignin grasses (switchgrass) (255). Growth has been

observed on arabinose, carboxymethyl cellulose, cellobiose, crystalline cellulose, B-cyclodextrin,
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filter paper (Whatman), fructose, galactose, glucose, glycogen, lactose, maltose, mannose,
melibiose, pectin, pullulan, rhamnose, fucose, starch, sucrose, trehalose, xylan (beechwood,
birchwood, and oat spelts) and xylose. Weak growth was also observed on mannitol,
polygalacturonate, raffinose, sorbitol and yeast extract. Currently, no evidence is available for
CCR, meaning that C. bescii does not preferentially uptake or metabolize different sugars when
provided with a complex mixture. Indeed, to the contrary, it has been demonstrated that xylose
(Cs) and glucose (Ces) are metabolized simultaneously in a 50:50 (w/w) mixture during
fermentation (267).

The specific mechanisms of sugar uptake in the genus Caldicellulosiruptor remain largely
unstudied. In a forthcoming publication, we analyze the transcriptional regulation of carbohydrate
degradation, utilization, and transport in this genus (398). During this regulatory analysis, an effort
was made to provide accurate functional assignment of carbohydrate utilization genes such as these
transporters. Accurate functional assignments can be difficult due to functionally divergent
paralogs that only vary slightly in specificity. To overcome some of these difficulties, our
collaborators employed a subsystems-based comparative genomics approach to improve the
accuracy of genomic annotations, predict functions of uncharacterized carbohydrate utilization
genes, and reconstruct regulatory and metabolic networks in this genome. In the course of this
analysis, it was noted that while the CUT2 family ABC transporters (putatively responsible for Cs
and Ce monosaccharide transport) are each chromosomally associated with a dedicated ATPase
subunit, the CUT1 family transporters each lack an associated ATPase. A similar scenario has
been previously observed in Streptococcus pneumoniae, where msmK was characterized as a
shared ATPase for six different CUT1 family ATP transporters that each lacked their own ATPase

(399). Likewise, in Bacillus subtilis, a homolog (msmX) was demonstrated to be a multipurpose
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ATPase involved in the uptake of several pectin related oligosaccharides (400). Mutagenesis
studies of the transmembrane domain of a msmX associated transporters showed two specific
residues that are necessary for interaction with msmX. Markedly, both residues identified in B.
subtilis AraPQ, E208 and D213, are conserved in each of the 12 putative msmK-associated
transporters in C. bescii (Figure 4.8) (398).

Deletion of msmK resulted in the predicted phenotypes on all tested carbohydrate
substrates, indicating that this ATPase is indeed functionally promiscuous (Figure 4.4). Growth
on cellobiose was not diminished by the same level as growth on the tested oligosaccharides. We
hypothesize that the difference observed in growth of the msmK KO strain on cellobiose versus
cellulose is because msmK-independent CUT2 family transporters are contributing to cellobiose
uptake. Indeed, RNAseq data included in the aforementioned forthcoming publication indicates
that the CUT2 family GxgABC system is weakly induced during growth on cellobiose, which
could contribute to the observed growth. Understanding the role of different sugar transporters and
their regulation can enable improved understanding of the complex biomass degradation process.

Pyruvate is an undesirable product of the AdhE-Rnf strain of C. bescii, representing 5-10%
of the total carbon in end-products. Previously, we hypothesized that the production of pyruvate
resulted from the inability of POR to keep up with metabolism at sub-optimal growth temperatures
in C. bescii, such as the temperature required for optimal ethanol production in this recombinant
strain (270). This hypothesis was driven by several factors, including the extreme thermostability
of enzymes from this organism. In the hyperthermophilic archaeon Pyrococcus furiosus (Topt 100
°C), the homologous POR enzyme is most active close to the optimum growth temperature of the
organism, with activity increasing up to 90 °C, beyond which assays were technically limited

(401). In C. thermocellum, previous engineering efforts showed that expression of an additional
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enzyme to metabolize pyruvate could result in increased ethanol production. The mesophilic
enzyme pyruvate decarboxylase (PDC) directly decarboxylates pyruvate to acetaldehyde, without
an acetyl-CoA intermediate. Heterologous expression of a variety of PDC homologs from different
mesophilic organisms in C. thermocellum increased ethanol production up to 20% during growth
at 55 °C (200). Of the eight tested PDC homologs, the candidate from Zymobacter palmae was the
most effective, which correlates well with the enzymes optimum activity at 55 °C, and the
reasonable thermostability of the enzyme (T12 10 h at 50 °C). Interestingly, there are conflicting
reports over the ability of the PDC from Zymomonas mobilis to increase ethanol production in C.
thermocellum, despite this enzyme’s optimum activity at 60 °C and Ti2 of 24 h at 50 °C.
Kannuchamy et al. reported that expression of pdc from Z. mobilis in C. thermocellum resulted in
a two-fold increase in both titer and yield of ethanol, while in the screen of eight PDC homologs
described above, Tian et al. found that expression of this PDC did not improve ethanol titers (200,
402). No explanation for this discrepancy is apparent.

Several factors contributed to the decision to utilize PFOR3 from C. thermocellum as the
heterologous POR with the aim of improving pyruvate flux in the AdhE-Rnf strain of C. bescii
during growth at 60 °C. Enzymes from C. thermocellum, such as adhE, have already been
successfully utilized in C. bescii — specifically in this target strain; in C. thermocellum, both
enzymes, POR and AdhE, should form the native ethanol production pathway. The C.
thermocellum genome encodes five annotated 2-ketoacid oxidoreductases (all designated as
pyruvate ferredoxin oxidoreductases) (403). It is likely that several of these enzymes represent
other 2-ketoacid oxidoreductases (KORs) besides POR, such as 2-ketoglutarate oxidoreductase
(KGOR) and 2-ketoisovalerate oxidoreductase (VOR). In C. bescii for instance, the genome

encodes three KORs, at least one of which I recently showed has presumptive VOR activity
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(unpublished data). It has been demonstrated that in the proteome of C. thermocellum, PFOR3 was
more highly represented than POR1 (404). Further, PFOR3 has higher homology to tsac_0046, the
demonstrated primary POR in T. saccharolyticum (405). Shortly after the LT-POR strain was
constructed, a publication examining the relative contributions of all five KORs in C.
thermocellum to POR activity showed that PFORL1 is significantly more active than PFOR3 (403).
However, the activity of the latter clearly makes a major contribution to the total POR activity of
the LT-POR strain (Figure 4.7).

While comparisons of temperature curves between the LT-POR strain and the wild type
revealed that the optimum temperature for PFOR3 is roughly 55 °C, the more surprising result was
that the Topt for C. bescii POR is 65 °C. This optimum temperature, well below the optimum
temperature for growth, implies that even in non-ethanol producing strains the build-up of pyruvate
is the result of a bottleneck elsewhere in metabolism. Other sources for this backup may be related
to redox cofactor build up (e.g. reduced ferredoxin) or downstream carbon flux issues (e.g. acetate
production or acetyl-CoA dependent pathways). Although in vitro activity assays do not strictly
correlate to in vivo activities due to a variety of potential conditional differences and complicating
factors, such as allosteric regulation, the lack of any POR activity observed at 85 °C and above
could be a contributing factor in determining the upper limits of C. bescii growth. It has been
reported that C. bescii grows, albeit weakly, up to 90 °C. Realistically, above 84 °C, growth as
measured by both final cell density and protein falls off precipitously (268). POR is believed to be
an essential enzyme in the primary metabolism of C. bescii, as it is the key source of acetyl-CoA.
Hence, it is surprising to find that the optimum temperature differs by over 10 °C from the optimum

temperature of the bacterium itself. Still, there are numerous mechanisms beyond specific activity
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that could be used to tune POR activity in vivo, including expression, post translational
modification, and allostery.

The original goal of constructing the LT-POR strain was to increase ethanol production in
the AdhE-Rnf strain. This goal was not achieved due to presumed genome rearrangement during
strain construction that resulted in inactivation of the ethanol producing enzyme AdhE, which was
previously heterologously expressed in its active form in the parent strain. PCR with primers
designed to bridge the athe 0949 locus, the site of AdhE and Rnf expression, produced no product
in the LT-POR strain, despite annealing time allowing for products up to 15 kB (Figure 4.5). This
result implies that the orientation of these genome regions is not the same as it was in the parent,
and thus genome rearrangement likely occurred. Genome rearrangements, such as by inversions
of large portions of the chromosome, have been reported in C. bescii, and are believed to result
from activity of the mobile element ISCbe4 (279). Based on previous reporting, the more rounds
of genetic manipulation (transformation by electroporation, selection, and counterselection) a
strain of C. bescii endures, the more instances of ISCbe4 occur in the genome, increasing the
likelihood of genome instability (279). In the case of the LT-POR strain, this was the fifth round
of genetic manipulation: deletion of pyrE, followed by deletion of Idh, followed by insertion of
adhE, then insertion of rnfCDGEAB, and finally insertion of pfor3. Strains created by similar
numbers of rounds of genetic manipulation (3-4) have shown genome instability before, and it may
be necessary to design future strategies for strain construction that minimize the number of
transformations required to create a target strain (279).

No ethanol production was observed in the LT-POR strain, which lacked ADH/ALDH
activities and expression of both adhE and rnf as measured by gPCR. Wild type C. bescii has never

been shown to produce more than trace amounts of ethanol (<0.4 mM), although some
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Caldicellulosiruptor species can natively produce the alcohol (269). The only alcohol
dehydrogenase encoded in the C. bescii genome is a truncated monofunctional enzyme, missing
the C-terminal domain; no native ADH activity has been measured in cytosolic extracts
(unpublished data). PCR revealed that at least part of the adhE gene is still present in the genome,
but its location is unknown, and the gPCR results imply that at least the section of the gene being
amplified is not expressed. While PCR revealed that all subunits of Rnf appear to be present,
although likely not at the athe 0949 locus where they were originally expressed), gPCR data shows
that, at least for the target region in rnfD, no transcript is present. The development of a metabolic
model for C. bescii, focusing specifically on applications for the AdhE-Rnf strain, could shed
further light on what metabolic engineering steps might improve ethanol production. In the future,
computational approaches could elucidate unexpected methodologies for improving product
formation or increasing overall metabolic flux (carbohydrates - fermentation products) by
revealing unanticipated connections in metabolism that are not readily discerned by human

observation and intuition.
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Tables and Figures

Table 4.1 Experimentally determined sugar utilization in Caldicellulosiruptor spp.

Caldicellulosiruptor spp. |Arabinose | Xylose |Fructoss|Rhamnose| Fucose | Ribose | Maltose | Cellobiose | Lactose | Pectin | Sucrase ‘?I’:‘T:"‘

C. bescii

C. kronotskyensis

C. hydrothermalis

C. owensensis

C. obsidiansis

C. acetigenus

C. kristjanssonii

C. lactoaceticus

C. danielli (Wai35.81)
C. saccharolyticus

C. sp.F32

C. changbaiensis (CBS-Z)
C. morganii (Rt8.B8)
C. naganoensis

[ @owth observed

- no growth observed
nd ot determmned
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Table 4.2 Strains used and generated in this study

Strain Alias Parent Transforming Plasmid ~ Description Reference
DSMZ 6725  Wild type --- --- Wild type (268)
MACB1018  ApyrE DSMZ 6725  pGL090 ApyrE (242)

: ApyrE, Aldh, Ps.jayer Cthe-adhE Pge.
MACB1062  AdhE-Rnf MACB1058  pAR008 o fCDGEAB (270)
MACB1078  LT-POR MACB1062  pMAOQO1L APYIE, Aldh, P, 1705 Cthe-pfor3 This study
MACB1080  AmsmK MACB1018 pGR027 ApyrE, AmsmK This study
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Figure 4.1 Primary metabolism in the recombinant ethanologenic AdhE-Rnf strain

Primary metabolic pathways and ethanol production in the recombinant AdhE-Rnf strain, with
implications for the LT-POR strain. Native pathways and enzymes are shown in white boxes.
Recombinantly-expressed enzymes are shown in green boxes. The target product, ethanol, is
indicated in yellow. The undesirable product pyruvate, indicating a potential pathway bottleneck,
is emphasized with a red outline. POR, a target enzyme for decreasing pyruvate and increasing
ethanol by heterologous expression of an additional homolog, is emphasized by a green outline.
Primary redox cofactors, NAD(H) and ferredoxin (Fdrdox), are emphasized in bold.
Abbreviations: Embden-Meyerhof-Parnas glycolytic pathway (Upper EMP), bifurcating
hydrogenase (BF-Hzase), membrane bound hydrogenase (MBH), reduced ferredoxin
NAD* oxidoreductase from Thermoanaerobacter sp. X514 (Rnf), pyruvate oxidoreductase (POR),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glyceraldehyde-3-phosphate
oxidoreductase (GOR), phosphoglycerate kinase (PGK), bifunctional alcohol/aldehyde

dehydrogenase from Clostridium thermocellum (AdhE).
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Figure 4.1
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Figure 4.2 Reconstruction of metabolic pathways and regulons involved in plant
polysaccharide degradation and carbohydrate utilization in C. bescii

Reproduced from Rodionov, et al. 2020 (398). Polysaccharide substrates are in rounded red
rectangles. Extracellular enzymes, transporters, and cytoplasmic enzymes are shown by rectangles
with red, blue, and black text, respectively. CAZymes and other classes of enzymes are shown by
large and small arrows, respectively. Novel enzymes predicted by this work are highlighted in
yellow. Novel carbohydrate-specific ABC transporters from the CUT1 and CUT2 families are in
pink boxes with red and green outlines, respectively. The PTS transporter for fructose is in an
orange box. Genes regulated by the same transcription factor are shown by matching colored
symbols, described in the lower inset. The central carbohydrate metabolism, fermentation, and

hydrogen production pathways are shown with light yellow background.
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Figure 4.2
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Figure 4.3 Verification of msmK deletion

Deletion of msmK was verified by PCR using primers outside the flanking regions used for strain
construction (GR0126 and GR0125) and internal to the deletion target (GR0128 and GR0127).
PCR products were visualized by gel electrophoresis (A) to compare products between the parent
strain (B) and AmsmK strain (C). All products matched expected sizes, as indicated in panels B
and C (thin black lines). Flanking regions utilized for homologous recombination during strain
construction are shown in purple. Surrounding genes in the athe 1803 locus are shown in blue.
The deletion target, msmK (Athe_1803), is shown in green. Primers are indicated with black

arrows.
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Figure 4.3
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Figure 4.4 Comparison of AmsmK strain and parent strain on varied carbon substrates

The AmsmK strain and the parent strain were grown in biological triplicate (n=3) at 75 °C on a
variety of soluble and insoluble carbohydrate substrates. Growth was compared on glucose (A),
crystalline cellulose (B), xylan (C), cellobiose (D), pectin (E), and xylose (F). Growth on xylan
was reported as end-point (28 h) protein concentration. For all other substrates, growth was

reported as cell density (cells / mL) over the course of growth (24-28 h).
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Figure 4.5 Diagnostic PCR in the LT-POR strain

To assess the genotype of the LT-POR strain, diagnostic PCRs were conducted comparing the wild
type, Aldh, AdhE-Rnf, and LT-POR strains. Amplification of the Idh locus (A) showed the
appropriate band, indicating the absence of Idh in all strains except the wild type. Amplification
of the athe 963 locus (B) shows the appropriate 3500 bp increase in the LT-POR strain,
corresponding to integration of pfor3 at this locus. Amplification of the athe 0949 locus (C)
yielded no product for the LT-POR strain, while the desired 10.7 kb product corresponding to
rnfCDGEAB and adhE integration was present in the AdhE-Rnf strain. PCR targeting products
internal to rnfCDGEAB and adhE (D) imply that these genes are still present in the genome, if not
at the expected (athe_0949) locus. Native C. bescii genes are indicated in blue, with heterologously
expressed genes in gray. Primers are indicated by black arrows. All reactions in panel D utilized

LT-POR strain gDNA as template.
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Figure 4.6 Expression of C. bescii por and C. thermocellum pfor3 in the LT-POR strain
Expression of the native C. bescii por (athe_0874) and the heterologously expressed pfor3 from
Clostridium thermocellum were measured by RT-gPCR. Expression is presented relative to the

glycolytic enzyme gapdh (athe_1406).
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Figure 4.7 Temperature dependence of POR activity in cytosolic extract

POR activity was measured at temperatures ranging from 25 °C to 85 °C in cytosolic extracts
(S100) of the wild type and LT-POR strains of C. bescii. At all temperatures, activity was higher
in the LT-POR strain (red triangles) than in the wild type (blue circles). For both strains, enzyme
activity was highest at 65 °C. The difference between activities (wild type activity subtracted from
LT-POR activity) in the two strains at each temperature (green squares) represents the contribution
of the heterologously expressed C. thermocellum pfor3. The largest difference in activity between
the strains, representing the Topt for C. thermocellum PFOR3, was observed at 55 °C. Error bars

represent standard deviations (o) of at least three assay replicates (n=3).
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Figure 4.7
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Figure 4.8 Conserved residues in CUT1 ABC transporter permeases for ATPase contacts

Multipurpose ATPases that energize multiple CUT1 family ABC transporters have been observed
in several bacteria (e.g. msmX in Bacillus subtilis, msmK in Streptococcus pneumonia).
Mutagenesis of AraPQ transporter permeases in B. subtilis revealed residues essential for
interaction with msmX. These residues (red, bold — E208 and D213) are conserved in other CUT1
transporter permeases known to interact with MsmX in B. subtilis (MdxFG, GanPQ), and all 12
CUT1 transporter permeases identified in the C. bescii genome. Residues know from 3D structure
analysis to establish contacts with the ATPase MalK in the E. coli CUT1 family MalEFG-MalK
maltose transport system are show in red. Residues fall within or adjacent to the EAA loop region,

where the permeases dimerize and interact with the ATPase.
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Figure 4.8
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CHAPTER 5
DISCUSSION AND CONCLUSIONS

Over the last decade, the genus Caldicellulosiruptor has matured as a microbial platform
for both native and engineered bioproduct formation (246). Among the 14 isolated and sequenced
members of this genus, C. bescii is the subject of the second-most publications, has the highest
optimum growth temperature (78 °C), and is among the most cellulolytic (247, 268). The work
with C. bescii accomplished here explores a previously unidentified feature of primary metabolism
(Chapter 2), heterologous expression of a pathway to produce non-native reduced carbon products
(Chapter 3), heterologous expression of an enzyme to explore bottlenecks in engineered
metabolism (Chapter 4), and deletion of a native multipurpose enzyme responsible for the uptake
of a wide variety of carbohydrates (Chapter 4). Together, this work improves the prospects for
using C. bescii as a CBP platform organism, although significant improvements in product titers,
strain stability, and overall metabolic flux are still necessary before this bacterium is industrially
viable.

Bioproduct Formation by Caldicellulosiruptor spp.

The best studied member of this genus is C. saccharolyticus (Topt 70 °C), which has been
examined extensively as a platform for Hz production from numerous feedstocks (406). While no
genetically tractable lineage of C. saccharolyticus has been developed, studies have explored the
production of Hz in both batch and continuous culture on substrates such as sorghum bagasse,
carrot pulp, agarose, alginic acid, paper sludge hydrolysate, dilute-acid pretreated barley straw,

wheat straw hydrolysate, the organic fraction of municipal solid waste, sugarcane bagasse, maize
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leaves, sweet sorghum juice, sugar beet molasses, potato steam peels, and hemicellulose, as well
as a variety of monosaccharides (266, 407-418). Compared to C. bescii, C. saccharolyticus is not
as cellulolytic, and thus many of the forms of biomass studied as substrates required pretreatment
prior to efficient fermentation (260). While hydrogen production in C. bescii has been improved
over wild type levels by the deletion of Idh, batch fermentation of C. saccharolyticus in pH-
controlled bioreactors has resulted in hydrogen production at 95% of the theoretical yield (3.8 mol
H2/ mol glucose vs 4.0 mol Hz2/ mol glucose) (291, 417). Indeed, lignocellulosic Hz production by
C. saccharolyticus, which has been fine-tuned by studies on the impacts of pH and gas sparging,
among other characteristics, is the closest a strain of Caldicellulosiruptor has come to being
industrially relevant (353, 419, 420). Even so, recent advances in photovoltaic electrolysis mean
that scale-up of fermentative Hz production may not remain viable for long; recent technoeconomic
assessments of Hz production by photovoltaic electrolysis and fermentation of food waste showed
that fermentation was at least twice as expensive (421, 422).

Besides Hz, other desirable products from Caldicellulosiruptor spp. have all been produced
by C. bescii. These products include 1,2-propanediol (propylene glycol), acetone, ethanol, and the
variety of non-de novo alcohols produced from the relevant acids by the AOR-Adh pathway
described in Chapter 3 (e.g., hexanol, isobutyrate) (270, 292, 293, 423). While acetone, ethanol,
and other alcohols were produced by metabolic engineering, 1,2-propanediol (1,2-PD) is a native
product of some Caldicellulosiruptor spp. during growth on the methylpentose sugars fucose and
rhamnose (269, 424); no 1,2-PD is produced during growth on more traditional substrates, e.g.
glucose and xylose. During growth on fucose and rhamnose, C. bescii produced 3.3 mM and
0.73 mM 1,2-PD, respectively (269). Based on the gene content of C. saccharolyticus, rhamnose

and fucose were both previously hypothesized to enter primary carbon metabolism as
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dihydroxyacetone phosphate (DHAP), with 1,2-PD formation resulting as a side-product of
methylpentose catabolism (251). Both of these sugars have been observed as decorations on plant
cell surfaces, and thus, their presence in the biomass encountered by C. bescii in natural hot-spring
environments is not improbable. Methylpentose metabolism in Caldicellulosiruptor spp. has not
been studied and warrants further investigation.

Short-chain diols such as 1,2-PD are desirable industrial compounds for the synthesis of
polymers (425). 1,2-propanediol is industrially produced from propylene oxide, which is generated
by steam cracking during oil processing. Thus, identifying alternative microbial sources for this
compound is desirable for all the same reasons as biofuel production. Unfortunately, while some
organisms, such as Thermoanaerobacter thermosaccharolyticum, can ferment 1,2-PD from
common monosaccharide like glucose and xylose at high titer (up to 9 g/L), production by C. bescii
is simply a side product of growth on the deoxy sugars discussed above (426). Thus, 1,2-PD
production by C. bescii is likely directly limited (1:1) by how much fucose or rhamnose is
consumed, and because both of these substrates are more expensive than this product, such a
pathway has little biotechnological value.

Acetone is the most recent product of engineered C. bescii metabolism (423) . To produce
acetone, three genes were heterologously expressed: those encoding thiolase (thl from
Caldanaerobacter subterraneus subsp. Tengcongensis), CoA transferase (ctfAB from
Thermosipho melanesiensis), and acetoacetate decarboxylase (adc from Clostridium
acetobutylicum) (Figure 5.1). The acetone pathway (from acetyl-CoA) does not require reductant
and thus regeneration of redox cofactors utilized during glycolysis in the generation of acetyl CoA
is simply accomplished by H2 generation. This four gene pathway for acetone production was

expressed in a strain that expresses the bifunctional AdhE from Clostridium thermocellum, but
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without the expression of the Thermoanaerobacter sp. X514 Rnf (present in the most
ethanologenic engineered strain of C. bescii). In this AdhE strain background (MACB1058,
ApyrE, Aldh, PsipCtadhE), expression of the acetone pathway yielded a strain that produced 9.1
mM (0.53 g/L) acetone, as well as 3.3 mM (0.15 g/L) ethanol. Due to the high Km of Ctf for acetate,
exogenous acetate had to be added to the media before significant acetone titers were observed.
Addition of up to 50 mM acetate increased acetone production, but at higher acetate
concentrations, acetone decreased again. Interestingly, net acetate production was negative, with
the final acetate concentration decreasing by 2.3 mM from the initial concentration of 50 mM in
the growth medium (423). This pathway is attractive as a target in C. bescii because no reducing
equivalents are required, and so if some portion of acetyl CoA is used to generate acetone rather
than acetate, no disruption of redox balance should occur. While some theoretical loss in ATP
yield might result, this has not proven to be a problem in strains like the ethanol producing AdhE-
Rnf strain (examined in Chapter 4) which also utilizes acetyl CoA (270). Like the AdhE-Rnf
ethanol pathway, production of acetone was highest below the optimal growth temperature of C.
bescii, at 65 °C. Moving forward, the most readily apparent tactic for improving acetate production
is to decrease the Km of Ctf for acetate, and/or to improve the overall activity (Vmax) or turnover
number (Kcat) of this enzyme through rational design approaches.

The production of ethanol and other alcohols in engineered C. bescii strains has been
extensively discussed in this work (Chapters 1, 3, and 4). Notably, while multiple routes to ethanol
production have been demonstrated, none of these strains approach the necessary titers for
industrial viability — the 40 g/L ethanol threshold. The AOR-Adh pathway converted 20 mM
isobutyrate to as much as 3.5 mM isobutanol — a yield of 17.5%. While this product was not

produced de novo, isobutyrate and similar short or medium chain fatty acid (SCFA/MCFA)
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feedstocks can be inexpensively produced from fermentation of municipal solid waste by a variety
of consortia (89, 427). If the flux or redox balance in the pathway were improved, such as by the
use of homologous variants of AOR and Adh with higher activities or different cofactor
specificities, organic acid upgrading to alcohols could be improved. Future work on such strains
might examine the utilization of exogenous addition of mixtures of SCFAs and MCFAs rather than
just single pure compounds, to potentially produce mixed alcohol product streams. Variants of the
AOR-Adh pathway designed to overcome the redox imbalances described in Chapter 3 are
included as Appendix A. Despite expression on a replicating shuttle vector, which has been
demonstrated to yield lower transcript levels than chromosomal expression under the same
promoter, one of the pathway variants examined revealed a 60% increase in ethanol production in
sealed serum bottles (Appendix A) (423). Expression of this pathway variant from the
chromosome in the future should yield even more robust improvements.
Approaches for Enhancing Bioproduct Formation

Improving pathway titers and yields of engineered products in recombinant strains of C.
bescii is essential to utilizing this microbe as a CBP platform; making such improvements is likely
to require strategies beyond the traditional methods employed to date. So far, approaches to
engineering this bacterium have relied on assessing what is known about native metabolism
(including in related organisms) and following through on informed speculation for strain
construction. The next step is to take an integrated systems biology approach for strain
engineering. Systems biology will enable quantitative improvements beyond what we have
currently achieved by considering connections in metabolism that human observation might not

discern.
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Genome scale models (GEMs) of metabolic networks attempt to derive information about
an organism by linking chemical reactions with the set of enzymes encoded in the genome (428).
An ideal GEM can represent the totality of metabolic reactions in relation to proteins in the
genome, enabling prediction of substrate consumption, product formation, biomass formation, and
relative flux through each individual reaction. Improvements in computational power in
combination with the genome-sequencing revolution have enabled the reconstruction of GEMs
across a broad range of organisms for a dynamic set of applications, including identification of
drug targets in pathogens, identification of unknown gene functions, cancer modelling, microbial
community interactions, and design/optimization of metabolic engineering strategies (429-431).

The development of a genome scale metabolic model for C. bescii, which includes 610
genes, 718 metabolites, 714 metabolic reactions, and 41 exchange reactions, is the subject of an
impending publication from a collaborative effort that includes our laboratory (432). While several
metabolic models have been reconstructed for related organisms, such as C. thermocellum and T.
saccharolyticum, this is the first example of a GEM in the genus Caldicellulosiruptor (433-436).
When compared with the most recent C. thermocellum GEM, our C. bescii GEM (GEM-iCbes)
contains a higher percentage of protein coding genes. Also, when compared to models in other
biomass-degrading organisms, GEM-iCbes includes significantly more genes involved in
carbohydrate utilization and transport, enabled by a companion publication about the
transcriptional regulation of the carbohydrate regulatory network discussed in Chapter 4 (398).
GEM-iCbes was extensively curated and validated by manual approaches, including verification
of predicted enzyme activities in cell extracts. For example, | conducted assays to validate
phosphoglycerate kinase activity in C. bescii, which revealed that this activity can be either GTP

or ATP dependent, rather than just the ATP dependent reaction (432). The model was tuned and
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validated by comparing simulations with experimentally measured biomass and product yields in
the wild type, Aldh strain, and AdhE-Rnf strain during growth on both glucose and fructose, as
well as crystalline cellulose.

In its current state, GEM-iCbes is consistent with the experimental results in the
aforementioned strains, capable of accurately predicting a variety of phenotypes, such as carbon
end-product yields in the wild type and mutant strains and differences in biomass flux observed
during growth on different carbohydrates. For example, when the lactate dehydrogenase reaction
was removed from the model, the simulations accurately predicted the redirection of carbon and
electrons to acetate and hydrogen, respectively, as experimentally observed in the Aldh strain
(291). Similarly, the model accurately predicted the experimentally observed higher biomass in
the Aldh strain during growth on fructose than during growth on glucose.

In addition to establishment of GEM-iCbes, the manuscript focuses on using this model to
predict ways to maximize ethanol production in the AdhE-Rnf strain. While the model helped to
describe what enzymes might carry the most flux, improving our understanding of metabolism,
few physiologically relevant targets were identified that might readily improve ethanol production.
In the simulations, ethanol production was maximized when the two hydrogenases were coupled,
such that the membrane bound hydrogenase (MBH, ferredoxin dependent) produced Hz while the
bifurcating hydrogenase (BF-Hzase, ferredoxin and NAD(H) dependent) operated in the direction
of Hz uptake. Whether or not these enzymes can be coupled in this manner under physiological
conditions is unknown. Importantly, the BF-Hzase is the primary Hz producing enzyme in the wild
type strain; deletion of MBH by knocking out processing genes did not decrease H2 production

relative to the wild type (271).
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One notable engineering suggestion for the improvement of ethanol production in the
AdhE-Rnf strain derived from GEM-iCbes was the expression of a sodium/proton antiporter
(Mrp); no antiporter with this activity is predicted in the C. bescii genome. As discussed in Chapter
4, both proton and sodium pumping homologs of Rnf are known (392, 393). While the strategy for
optimal ethanol production utilized in C. bescii would require a proton dependent Rnf, it is possible
that the Thermoanaerobacter sp. X514 Rnf might be sodium dependent. Therefore, lack of a
sodium gradient leaves the enzyme non-functional under physiological conditions, even if activity
can be measured by in vitro assays. This hypothesis could help explain why no difference in
ethanol production between the AdhE and AdhE-Rnf strains is observed during growth in sealed
serum bottles (although a significant difference has been observed under controlled fermentation
conditions) (270). The addition of an Mrp antiporter to the model in the AdhE-Rnf strain led to
Rnf carrying electron flux where it previously had not, increasing predicted ethanol production.
Still, as noted in Chapter 4, further genetic modifications to the AdhE-Rnf strain are fraught with
risk, as genome rearrangement and loss of the ethanol production phenotype have been observed.

In another approach implied and tested by the model, Rnf could be replaced by soluble
hydrogenase-1, SH1, from Pyrococcus furiosus. In this strategy, additional NADH for ethanol
production would be generated through a series of reactions rather than the single Rnf reaction.
Heterologous expression of SH1 would allow H2 generated by either of the native C. bescii
hydrogenases, MBH or BF-Hzase, to be oxidized to generate NADPH. Indeed, SH1 is believed to
function in NADPH generation from Hz-reuptake physiologically in native P. furiosus metabolism
(437). Ina strain of C. bescii expressing AdhE and SH1, this additional NADPH could be oxidized
by the BF-Nfn, yielding NADH and Fdred. In such a strain, GEM-iCbes again predicts increased

ethanol production relative to the AdhE-Rnf strain, due to the expanded NADH pool.
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Experimentally, the AdhE-Rnf strain generated 3.5 g/L (75 mM) ethanol from the
consumption of 11.8 g/L crystalline cellulose. When GEM-iCbes was constrained to consume this
same amount of crystalline cellulose and produce the same experimentally determined biomass
yield, the maximum predicted ethanol titer was 4 g/L (88 mM). This difference of under 20%
between the experimentally determined and simulated ethanol titers is impressive, but still reveals
a sub-optimal yield of ethanol per glucose. Based on pathway stoichiometry, AdhE in C. bescii
should enable the production of 2 moles of ethanol per mole of glucose consumed. From 11.8 g/L
crystalline cellulose, a maximum of 6.7 g/L (146 mM) ethanol can be produced, revealing yields
of 52% and 60% of the theoretical maximum for the experimentally determined and simulated
titers, respectively. With both approaches for improving ethanol production proposed from GEM-
iICbes, the Mrp strategy and the SH1 strategy, the model predicted a maximum ethanol titer of 6.4
g/L (140 mM), representing 96% of the theoretical maximum. In each scenario, no lactate and only
minimal acetate (1.2 mM) was produced, leaving ethanol as the single reduced carbon end-product
of fermentation. Notably, these were not the only strategies which resulted in this ethanol titer, and
several other approaches have been proposed because of the model. However, at least while the
biomass production was confined to the experimentally observed level, ethanol yields above 96%
of the theoretical maximum were not observed in silico.

To further improve GEM-iCbes, both transcriptomics data and thermodynamic
considerations are currently being added to the model. Application of these kinds of data sets to
metabolic models is an emerging field, but developing these considerations should help fortify the
reliability of the model while allowing the possibility for exploring growth temperature variations
and alternative engineering strategies (e.g. adjustment of expression levels for target enzymes)

(438, 439). As GEM-iCbes develops, predictions for improving product formation (e.g. ethanol,
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acetone), developing and testing pathways for alternative metabolic engineering products, and
even improving total flux from carbohydrate utilization to product formation will also improve,
expanding the utility of C. bescii as a platform organism for bioproduct formation.

Compared with systems biology approaches like the utilization of a genome scale
metabolic model, a less sophisticated methodology to improve metabolic engineering efforts is the
use of adaptive evolution. Such methods have yielded significant success in a variety of
applications, most notably by improving tolerances to toxic compounds, growth rates of impaired
strains, or product yields (440); many of the proprietary strains of bacteria and fungi used in a
range of industrial processes were developed with this strategy. In the production of cellulases for
lignocellulosic biomass pretreatment discussed in Chapter 1, a strain of Aspergillus niger that
produces 5-fold more cellulase than the wild type has been developed through adaptive evolution
(441). In Saccharomyces cerevisiae, adaptive evolution has yielded strains capable of producing
high ethanol titers from waste corncob residues without pretreatment, a substrate where the
presence of phenolic compounds is usually toxic and inhibitory (442).

Often in adaptive evolution experiments, some form of selective pressure is exerted to help
develop the desired phenotype, but the strength of this pressure is variable. For example, to
increase tolerance to an end-product, an organism might be grown for many generations in the
presence of the compound at just below the inhibitory concentrations. Over the course of dozens,
or even hundreds, of culture transfers, mutations which improve fitness under the growth
conditions are likely to accumulate, resulting in a strain with the desired traits. This process can
be used iteratively by increasing the concentration of inhibitor as the tolerance increases, or
successively, to select for a secondary trait after the first has been developed to a desired degree.

In some scenarios, especially if a selective pressure for the desired trait cannot be readily exerted,
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these experiments can be conducted in many replicates with the inclusion of a mutagen, to help
encourage genetic diversity. Under such conditions, the range of developed strains will require
extensive screening to identify a lineage where the target phenotype has been achieved.

An engineered strain of C. thermocellum (AG553) was developed in which the primary
routes to other carbon fermentation end-products besides ethanol were eliminated by gene
deletions (202). While this strain produced 3.8 g/L ethanol from growth on 50 g/L cellobiose, it
had a severely impaired growth phenotype; despite high yield of ethanol, the growth rate was low
and very little substrate was consumed. For further study, this strain was subjected to two
successive adaptive evolution experiments (72). In the first experiment, the strain was serially
transferred daily in rich medium with 5 g/L cellobiose. Each transfer represented roughly 10
generations, and 150 transfers were conducted. After these 1500 generations, the growth rate
roughly doubled. In the second adaptive evolution experiment, substrate concentration was
increased to 50 g/L cellobiose and the medium was adjusted from rich to defined. Instead of being
transferred daily, strains were transferred weekly, with ethanol measured every three transfers.
After 13 weeks (approximately 1000 generations) ethanol production had increased from 9.5 g/L
to 22.1 g/L. At this point, the culture was plated on solid medium and a single colony was isolated,
characterized, and sequenced.

To date, no adaptive evolution experiments have been conducted in C. bescii. Before the
adaptive evolution experiments, the C. thermocellum AG553 strain produced a remarkably similar
amount of ethanol to the gold standard C. bescii AdhE-Rnf strain (3.4 g/L vs 3.5 g/L) from growth
on 20 g/L crystalline cellulose. Considering the success in C. thermocellum, repeating these
experiments with the C. bescii strain might elicit similarly impressive increases in ethanol

generation. Notably, no negative growth phenotype is associated with the AdhE-Rnf strain, and so
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it is also plausible that any increase in ethanol titer will not yield the nearly 10-fold improvement
seen in C. thermocellum. Other potential directed evolution experiments that might yield positive
results in C. bescii include mutagenic studies of the AOR-Adh strain described in Chapter 3, and
transfers of ethanologenic or other genetically tractable strains of C. bescii in high ethanol
concentrations to improve ethanol tolerance. C. bescii growth is slightly inhibited by 430 mM
ethanol (20 g/L, 2% wi/v), which is significantly above the yield achieved to date, but too low for
industrial use (minimum 912 mM ethanol titers required); growth of wild type C. bescii is
completely inhibited by 650 mM ethanol (30 g/L, 3% w/v) (Figure 5.2). Exposing C. bescii to
mutagenic compounds (e.g. diethyl sulfate) runs the risk of increasing instances of 1SChe4
transpositions as a stress response, such as was observed previously in a strain developed by
growth on the toxic uracil analog 5-floroorotic acid (279). While the influence of transposable
elements in adaptive evolution is well studied, and often considered a boon, the risk of genome
instability associated with 1SChe4 in C. bescii must be considered (443).

An important last step in long-term evolution experiments is sequencing the genome of any
strains that yield the desired properties. In an ideal scenario, parallel experiments can be conducted,
such that sequencing of multiple strains can reveal differences or similarities correlated with
phenotypes. For instance, in strains with increased alcohol tolerance, one might observe similar
mutations in lipid biosynthesis pathways. In an evolved strain that produces higher ethanol titers,
perhaps mutations in AdhE improved enzyme turnover, or changed redox cofactor specificity.
Often, as with the evolved strains of C. thermocellum, a variety of mutations of unknown function
are observed, which may not seem to reveal useful insights (72). Here, another potential advantage
of employing a metabolic model can be noted, whereby if gene deletions or disruptions are

observed, exploring the changes with a GEM could be informative. Still, mutations resulting in
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changes in specificity are less likely to be informative in such circumstances compared, for
instance, with a loss of function mutation that might be more readily probed by a model.
Assessing the current commercialization potential of C. bescii

Commercialization of ethanol production requires minimum titers of 42 g/L (912 mM). To
achieve such a titer, 100% conversion of 73.9 g/L crystalline cellulose is necessary, based on the
theoretical yield of 2 moles ethanol per mole of glucose. While C. bescii has been shown to grow
on high loads of untreated plant biomass (switchgrass) and crystalline cellulose, each at substrate
loadings up to 200 g/L, conversion of such high loads has not been observed (257). To date,
complete conversion of more than 12 g/L crystalline cellulose has not been demonstrated with C.
bescii. Recent work has shown that in continuous culture, solubilization of up to 27% of 50 g/L
loadings of untreated switchgrass can be attained, but this does not approach the levels necessary
for industrial viability in terms of sugar conversion even if product formation for ethanol could
reach theoretical yields (444). For conversion of plant biomass to reach the 42 g/L ethanol
benchmark, over 100 g/L switchgrass would need to be both solubilized and fully converted to
product. While C. bescii certainly has an advantage over C. thermocellum in sugar conversion
because it can utilize Cs sugar substrates, the evolved strain of C. thermocellum discussed in detail
above generated 22.4 g/L ethanol from 60 g/L crystalline cellulose. This result, 75% of the
theoretical yield of ethanol, is significantly better than any titer or yield observed with C. bescii.
Still, this titer is only slightly more than half of the minimum requirement (42 g/L) for
economically viable ethanol production.

To date, no CBP organism utilizing the “native strategy” (whereby a naturally cellulolytic
microbe is engineered for product formation) has demonstrated sugar conversion and product titers

approaching commercial viability for ethanol production. To put these titers in broader
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perspective, commercial yeast strains utilized for starch-based ethanol production, e.g. corn
ethanol, can reach titers over 100 g/L (2.2 M). For further comparison, lignocellulosic ethanol
production using waste streams of rice milling with a traditional non-CBP approach has
demonstrated the generation of over 50 g/L ethanol using S. cerevisiae (445).
Potential for Development of Improved Genetic Tools

Despite the moderate successes achieved with genetic engineering of C. bescii to date, the
genetic system is still crude and extremely time-consuming compared with the precise modern
techniques available in model organisms such as E. coli and S. cerevisiae. The arrival of
CRISPR/Cas9 genome editing tools has allowed remarkable improvements in the genetic
modification of even non-model mesophiles. Unfortunately, until extremely recently, no Type Il
CRISPR systems, the source of Cas9, had been identified in thermophiles (244, 446, 447). Thus,
the thermolability of these enzymes precluded their use in thermophilic prokaryotes. Examination
of prokaryotic genomes reveals the presence of CRISPR loci in roughly 40% of the sequenced
bacterial genomes and 80% of the archaeal genomes (448). As an alternative to utilizing exogenous
Type Il systems, there have been successes in “hijacking” the endogenous Type | and Type IlI
systems in a range of species for targeted genome alterations (Type | and Type I11) or RNA
targeting (Type 111) (449, 450).

In the hyperthermophilic archaeon Sulfolobus islandicus, both the native Type I-A and
Type I11-B CRISPR/Cas systems have been utilized to accomplish gene deletions and site directed
mutagenesis (449). The Type Il system was even used to demonstrate in situ gene tagging, by
incorporating a 6xHis tag into a target gene. The Type | system was used to make four specific
point mutation in a target gene in a single transformation experiment, although in some

transformants, only one, two, or three of the mutations were obtained. The use of this system in S.
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islandicus is of note compared to similar work with a variety of Type | systems in Clostridium
tyrobutyricum, Clostridium difficile, Clostridium pasteurianum, Heliobacterium modesticaldum,
Zymomonas mobilis, Lactobacillus crispatus, and Haloarcula hispanica because this was the first
instance of utilizing these systems in a thermophile (451-456). Very recently, C. thermocellum
was engineered using both its native Type I-B system, and the newly discovered thermophilic Cas9
variants from Geobacillus stearothermophilus, Acidothermus cellulolyticus, and Geobacillus
thermodentrificans T12 (198). Of these Cas9 variants, G. stearothermophilus was the most
effective. Due to the low recombination efficiency of C. thermocellum, expression of
recombineering machinery (beta/exo) from the thermophile Acidithiobacillus caldus on a
replicating vector prior to the CRISPR-based transformations was necessary for satisfactory
transformation efficiency to be achieved. In the end, the strain generation time was halved utilizing
these CRISPR systems compared with traditional homologous recombination and auxotrophy or
antibiotic selection approaches. The G. stearothermophilus Cas9 has also been utilized in
Thermoanaerobacter ethanolicus JW200 to delete thymidine kinase, AdhE, and a homolog of the
redox-sensing transcription factor Rex, termed redox sensing protein (RSP); this work represents
the highest temperature at which Cas9 has been used for gene editing (65 °C) (457).

The C. bescii genome contains seven CRISPR loci, and encodes at least one Type |-B
system, with an additional putative I-B system, as well as putative I11-A and I11-D systems. While
neither type 111 system present in C. bescii has been utilized as an endogenous gene editing system
before, the Type I-B system closely resembles the system utilized in C. thermocellum.
Development of this system in the same manner as the work in C. thermocellum described above
could significantly decrease the time required for C. bescii strain construction and allow the

achievement of previously difficult to obtain gene deletions. Efficient transformation would likely
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require a two-plasmid, two-step process in C. bescii as well, where the recombineering machinery
is introduced before the CRISPR/Cas system can be effectively utilized. The G.
stearothermophilus Cas9 variant may also function in C. bescii, as growth at 65 °C (demonstrated
in T. ethanolicus JW200) is feasible, exemplified by the ethanologenic strains.

The advantages of CRISPR/Cas systems over traditional genetic approaches include the
ability to make multiple mutations at once, high efficiency, high specificity, decreased off-target
effects, and low incidence of false positives (458). Of these, the ability to make multiple mutations
at once is one of the most alluring for use in C. bescii. Successive rounds of transformation in C.
bescii increase the instances of the mobile genetic element ISCbe4 in the genome, likely because
of the high stress endured during competent cell preparation, electroporation, selection, and
counter-selection (279). Increased instances of 1SCbe4 can interfere with individual gene
functions, leading to undesirable phenotype, or can help facilitate global genome rearrangements
via large scale inversions. Indeed, genome rearrangements observed in C. bescii have always been
flanked by instances of ISCbhe4. Thus, the ability to generate multiple changes to the genome at
once, e.g. to simultaneously delete Idh and insert an AdhE-Rnf operon elsewhere in the genome
could increase genome stability in downstream strains. Even more attractive is the opportunity to
use such a system to simultaneously delete, or at least disrupt, all instances of ISCbe4 within the
genome. Such a strain would hypothetically have improved genome stability, thereby avoiding
some of the problems of unanticipated changes in engineered strains that have been previously
observed (Chapters 3 and 4). It is unknown what complications could arise from such efforts. It
has been previously observed that removal of a restriction modification system (Cbel) in C. bescii
increased the transformation efficiency, but increased ISCbe4 activity (276, 279). It is possible

that decreased activity of 1SChe4 might increase the activity of other recognized insertion
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sequences in C. bescii, which have seemed immobile to this point. Despite the advantage of stricter
selection and multiplexing mutations, modifications to the genome with a CRISPR/Cas system
still rely on recombination events, and so using such a system is not a panacea, especially for the
use of Type I-B systems discussed above; if the probability of observing multiple unlikely events
is low enough, no strength of selectivity can overcome this. The expression of recombineering
machinery from a replicating plasmid during the initial work, as in C. thermocellum, should help
(198).

Beyond multiplexing insertions/deletions and the creation of a AISChe4 strain, utilization
of a CRISPR/Cas system could enable the deletion of important (bordering on essential) metabolic
genes, such as the BF-Hzase and GAPDH. Currently, researchers in our laboratory have been
unable to knock out the genes that encode either of them. The most highly expressed gene knocked
out to date is that encoding GOR, which was achieved with the additional selective pressure of
marker replacement, as described in Chapter 2. Deletion of gapdh is necessary for increasing our
understanding of the relative roles of GOR and GAPDH as parallel pathways in primary
metabolism. According to the C. bescii GEM described above, deletion of GAPDH should be
viable; comparison of the AgorSL strain and a future Agapdh strain could help further validate the
metabolic model while providing insight into why the organism needs two highly expressed
parallel mechanisms for GAP oxidation.

A final issue of note in the discussion of strain construction is the precise control of gene
expression. In the most sophisticated metabolic engineering efforts, pathway efficiencies are often
tuned stoichiometrically by adjusting the expression of individual genes using varied promoters
(459). In C. bescii, the promoters utilized to date are quite limited. While a single inducible

promoter (Pxylose isomerase) has been deployed, the majority of heterologous expression has been
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conducted with high level constitutively expressed promoters, such as those controlling expression
of the C. bescii s-layer protein, bifurcating hydrogenase, 30S ribosomal protein, and pyruvate
oxidoreductase (246, 267). While expressing pathway genes at high levels might be desirable in
some cases, utilizing multiple high-level promoters in conjunction might unduly increase the
metabolic burden on the cell and should be approached with caution. It should also be noted that
functional use of Cas9 systems (such as the recent work in C. thermocellum) may require an
inducible promoter, due to the toxicity of the Cas9 in the presence of functional guide RNA (198).
In all cases, because promoters themselves have not been well characterized, heterologous
expression has involved simply using the 200 bp upstream of a given transcription start site as a
promoter region. In our forthcoming publication examining sugar utilization and regulation in C.
bescii, we also explore the entire regulome of C. bescii (398). When utilizing native promoters for
genetic work, it is important to consider what regulatory binding sites might be unintentionally
included in the 200 bp region, such as the Rex binding sites on the BF-Hzase and POR promoters
utilized previously.

Factors beyond the promoter strength and transcription factor binding can regulate gene
expression in C. bescii in ways that we do not yet understand. The most obvious example of this
point is that expression of the same gene under the same promoter varies depending on where on
the chromosome the expression cassette is integrated (270); expression from a replicating shuttle
vector is also notably lower than chromosomal integration driven by the same promoter (423). The
mechanisms limiting expression based on genomic location are currently unknown but underline
the necessity of identifying preferred sites for reliable and consistent recombinant gene expression.
The most likely explanation is that these differences result from three-dimensional folding patterns

and spatial organization of the chromosome (460, 461). While the architecture of bacterial
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chromosomes is an ascendent field, it seems likely that this organization is even more complex in
extreme thermophiles. For now, establishing baseline loci for consistent expression of engineered

pathways should be sufficient.
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Figures

Figure 5.1 Acetone production pathway in engineered C. bescii

Primary metabolic pathways and acetone production in recombinant C. bescii. Native pathways
and enzymes are shown in gray boxes. Recombinantly-expressed enzymes are shown in purple
boxes. Native metabolites are shown in blue boxes, while metabolites resulting from engineered
metabolism are in green boxes. Abbreviations: Embden-Meyerhof-Parnas glycolytic pathway
(Upper EMP), non-oxidative branch of the pentose phosphate pathway (Non-Ox PPP), bifurcating
hydrogenase (BF-Hzase), membrane bound hydrogenase (MBH), bifurcating NADH-dependent
reduced ferredoxin NADP* oxidoreductase (BF-Nfn), thiolase from Caldanaerobacter
subterraneus subsp. tengcongensis (Thl), CoA transferase from Thermosipha melanesiensis (Ctf),
acetoacetate decarboxylase from Clostridium acetobutylicum (Adc). Adapted from Straub, et al

(2020) (423).
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Figure 5.2 Tolerance of C. bescii to growth in ethanol

Growth of wild type C. bescii (DSMZ 6725) at 78 °C in varying initial concentrations of ethanol
(0-5% w/v) with agitation at 150 rpm. Cultures were grown anaerobically in sealed 100 mL serum
vials containing 50 mL of modified DSM 516 growth medium with cellobiose as the substrate.
Growth was uninhibited by 1% w/v ethanol (217 mM, 10 g/L, red squares), and only minimal
impairment of growth was observed in 2% wi/v ethanol (435 mM, 20 g/L, purple crosses). No
growth was observed in ethanol of concentrations of 3% w/v (652 mM, 30 g/L, green triangles)

and 5% wi/v (1087 mM, 50 g/L, orange circles).
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Figure 5.2
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APPENDIX A
ALTERNATIVE FORMULATIONS OF THE AOR-ADH PATHWAY

In Chapter 3 of this work, extensive discussion was dedicated to the successful expression
of the AOR-Adh pathway in Caldicellulosiruptor bescii. The work described here is a continuation
of this effort with the aim of improving the titers and yields of both ethanol and exogenous acid
conversion in strains which heterologously express the pathway. For this purpose, additional AOR-
Adh pathway strains of C. bescii were generated using homologs of aldehyde ferredoxin
oxidoreductase (AOR) and alcohol dehydrogenase (Adh) with varying substrate specificities in a
different genetic background than the strains described in Chapter 3.

The AOR-Adh and AOR-Adh /Aldh strains (MACB1013 and MACB1038, respectively)
were constructed in the JWCBO0O05 genetic background. 5-FOA is a known mutagen; by selecting
for a random uracil auxotrophic mutant on 5-FOA additional mutations were made to the wild type
C. bescii genome (Figure A.1A) (275, 462). Although, when provided with exogenous uracil,
strain JWCBO005 and its daughter strains display the same growth phenotype as the wild type, these
strains also display a cell aggregation phenotype. Strains from this lineage, including MACB1013
and MACB1038, form visible aggregates of cells in liquid culture, most notably under static
growth conditions, but also during growth with agitation. The source of this phenotype is unknown.
Moving forward, it was desirable to have a genetic background as similar to the wild type as
possible. MACB1018 is a new wild type derived, genetically tractable lineage of C. bescii,
containing a clean deletion of pyrE (242). Like pyrF, deletion of pyrE confers uracil auxotrophy

and 5-FOA resistance. The MACB1018 strain contains less genome rearrangements, single
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nucleotide polymorphisms (SNPs, insertions/deletions (InDels), and instances of the 1SChe4
transposable element than the parent strain used to generate the AOR-Adh pathway strains from
Chapter 3 (Figures A.1 and A.2) (279). In the strain MACB1018 background, a Aldh strain
(MACB1034) was generated to serve as the new parent strain for metabolic engineering (See
Chapter 4).

In addition to the established pathway, three other variants are needed to represent all four
combinations of two homologs of each pathway gene. Pathway variants are abbreviated 4H, 8H,
4P, and 8P (Figure A.3). P and N imply NADPH or NADH specificity of the Adh, respectively,
while 4 and 8 refer to the iron content of the ferredoxin preference of the AOR. Ferredoxin
preference was inferred from the structure of the primary ferredoxin in the source organism. Source
organisms and pathway gene homologs are listed in Table A.1 and Table A.2, respectively.

The AOR-Adh pathway in Pyrococcus furiosus, the impetus for the work in C. bescii,
relied on the insertion of the AdhA from Thermoanaerobacter sp. X514. This enzyme utilizes an
NADPH cofactor, and only has ~10% NADH linked activity in enzyme assays (296). In P.
furiosus, insertion of this gene allowed NADPH generated by the oxidation of hydrogen through
the soluble hydrogenase (SHI) to reduce acetaldehyde to ethanol. For a balanced AOR-AdhA
pathway in C. bescii, the reduction of acetaldehyde to ethanol would need to recycle NADH
produced by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) during glycolysis. A homolog
of AdhA, butanol dehydrogenase (Bdh) can also catalyze the reduction of acetaldehyde to ethanol,
but its activity is NADH specific rather than NADPH specific (463). Expressing bdh from the
same source organism, T. sp. X514, in C. bescii might create a balanced pathway where reductant

flows more efficiently towards the desired reduced end-product: ethanol.
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In addition to the well-characterized AOR from P. furiosus, | expressed the putative AOR
from T. sp. X514. Although this homolog is uncharacterized, whole cell extract shows benzyl
viologen linked AOR activity comparable to that of P. furiosus, and cell suspension assays showed
the reduction of exogenously added isobutyrate to isobutanol (303). AOR family enzymes utilize
a low potential ferredoxin cofactor. The primary ferredoxin in P. furiosus contains only one 4Fe-
4S cluster, while the ferredoxin in T. sp. X514 contains two 4Fe-4S clusters. This 8Fe ferredoxin
is akin to the primary ferredoxin in C. bescii, which also contains two 4Fe-4S clusters. It is possible
that the native C. bescii ferredoxin has higher affinity for the AOR from the closely related
bacterium T. sp. X514, rather than the AOR from the archaeon P. furiosus (see: Figure S3.3).

Two different combinations of the four genes were expressed in C. bescii using replicating
shuttle vectors expressing the thermostable kanamycin resistance gene, Cbhtk. While not all four
variant strains were constructed, the 4H and 8H strains were successfully generated. Comparison
of these strains with the original 4P strain in the unstable genetic background (Chapter 3) and
deductive reasoning reveal that the 8P strain (not completed) would likely produce the least
ethanol. Both new strains (MACB1060 — 8H, and MACB1061 — 4H) express the AOR-Adh
pathway using the same operon structure: the genes are expressed under the control of the high
level constitutive C. bescii S-layer protein promoter, with a ribosomal binding site situated
between the two genes, and a putative rho-independent stem loop terminator from
Thermoanaerobacter sp. X514 downstream of the alcohol dehydrogenase. All strain construction,
growth, and product characterization experiments reported here were conducted with the same
materials and methods described in Chapter 4.

Side-by-side growth of the new 4H and 8H strains with the MACB1034 (Aldh) parent strain

and the previously examined 4P strain (Chapter 3) revealed no difference in growth phenotype
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(Figure A.4). Before strain construction, the hypothesis was that the 8H strain should provide the
best cofactor match and produce the most ethanol. Experimentally, the 4H strain produced the
most ethanol, with the 8H strain producing less ethanol than the 4P strain (Figure A.4A). The
implication of these results is that bdh is a better Adh variant for the pathway than adhA, and that
the T. sp. X514 aor does not provide an improvement over the P. furiosus aor. Interestingly, in the
presence of 20 mM exogenous isobutyrate, the 4H strain did not produce as much isobutanol as
the 4P strain. This result suggests that the specificity of Bdh for isobutyrate is lower than that of
AdhA; it is possible that this trend extends further, and the substrate specificity of Bdh is generally
narrower. The 4H strain, which uses the P. furiosus AOR and the NADH dependent Bdh, produced
4 mM ethanol, which is as much ethanol as the 4P strain produced under controlled fermentation
conditions in Chapter 3, and 1.6-fold higher than the 4P strain produced in bottles (2.4 mM).
Overall, even with improved ethanol production, the 4H strain did not demonstrate a switch
from acetate to ethanol as the primary reduced end-product of C. bescii metabolism. It is important
to emphasize that the 4P strain was integrated into the genome, while the 4H and 8H strains were
expressed from a replicating shuttle vector. As discussed in Chapter 5, expression from shuttle
vectors under the same promoter in C. bescii produces less transcript than expression from the
genome (423). Thus, it is possible that expression of the 4H and 8H pathway variants from the
genome would increase ethanol production. The 8H strain might produce more ethanol than the
4P strain under conditions of equal gene expression, and the 4H strain might produce the highest
ethanol formation by the AOR-Adh pathway in C. bescii seen to date. Further, the difference in
ethanol production and gene expression for the AdhE-Rnf pathway in different parent backgrounds
(stable vs unstable) revealed a 2-fold change in ethanol production; for a direct comparison, the

4P and 4H strains should be expressed from the genome in the stable genetic lineage.
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Tables and Figures
Table A.1 Gene sources for expression of the AOR-Adh pathway
Two exogenous gene donors (Pyrococcus furiosus, green, Thermoanaerobacter sp. X514, pink)

are compared to the optimum growth temperature (Topt) Of the expression host, C. bescii.

ORF Prefix | Organism Topt (°C)
Teth514 Thermoanaerobacter sp. X514 60
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Table A.2 Genes for expression of the AOR-Adh pathway in C. bescii
Homologs of AOR and Adh for alternative formulations of the AOR-Adh pathway in C. bescii.
Genes from Thermoanaerobacter sp. X514 are shaded in pink and the aor from Pyrococcus

furiosus is shaded in green.

Enzyme | Gene Annotation Cofactor Comments
AdhA Primary alcohol dehydrogenase NADPH 20% activity w/ NADH
Bdh Butanol dehydrogenase NADH No activity w/ NADPH

AOR Aldehyde ferredoxin oxidoreductase | 8Fe-Fd Untested
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Figure A.1 Stability of genetic lineages in C. bescii

Two lineages of C. bescii strains differ in their genome stability. (A) Single nucleotide
polymorphisms (SNPs) and insertions/deletions (InDels) in the PacBio re-sequenced genomes of
the wild type, JWCBO005, JWCBO018, and MACB1018 strains of C. bescii are indicated. Numbers
in the wild type column are relative to the original published genome sequence of the wild type.
Data from (279). (B) AOR-Adh pathway variant strains in C. bescii are presented as a tree to
demonstrate lineages. The newer stable lineage is presented in blue, while the older unstable

lineage is shown in red.
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Figure A.1

A
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Figure A.2 PacBio sequencing of C. bescii strains reveals genome rearrangements

Reprinted from (279). Overall genome arrangements for the wild type, JWCB005, MACB1018,
and JWCBO018 strains of C. bescii. ISCbe4 elements are shown in black lines along the outside of
the circular genome diagrams. There are no large-scale rearrangements in JWCBO005 and
MACB1018 compared to wild type. There are two large rearrangements and inversions in

JWCBO018 (green and red regions) compared to the wild type and parent strain, JWCBO005.
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Figure A.2
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Figure A.3 Primary metabolism in proposed AOR-Adh pathway variants
C. bescii (purple) redox metabolism in proposed strains, expressing all combinations of

Pyrococcus furiosus (green) AOR, and Bdh, AdhA, and AOR from Thermoanaerobacter sp. X514

(pink).
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Figure A.3
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Figure A.4 Comparing ethanol production and isobutyrate reduction in pathway variants

Three variants of the AOR-Adh pathway were compared with the parent strain (Aldh) for growth
and alcohol production in the absence (A) and presence (B) of 20 mM isobutyrate. Strains
constructed in the stable background (MACB1018) are written in blue, while the strain constructed
in the unstable background (JWCBO018) is shown in red. In the stable background, pathway genes
were expressed from a replicating shuttle vector, while in the unstable background strain pathway
genes were integrated into the genome. Growth in complex glucose medium (measured by O.D.ss0)
was followed for 48 hours (top). Endpoint ethanol (gray) and isobutanol (white) were measured

by gas chromatography (bottom). Error bars represent biological triplicates (n=3).
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Figure A4
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