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ABSTRACT
The plant cell wall provides a renewable reservoir of energy-rich

molecules that can be converted by microbes into useful products. Converting
lignocellulosic biomass to fuels would improve environmental impacts of
transportation fuels and provide an additional, renewable source of energy.
Cellulolytic thermophiles express and secrete an arsenal of enzymes that
degrade complex plant cell wall polysaccharides, releasing sugars the bacteria
can metabolize. To be able to harness the power of these organisms, tools must
be developed for introduction of DNA, gene expression and gene deletion. This
work describes the development of genetic tools for Gram-positive, anaerobic,
cellulolytic thermophiles Caldicellulosiruptor bescii, Caldicellulosiruptor
hydrothermalis and Clostridium thermocellum to enable studies of plant cell wall
degradation and to facilitate metabolic engineering. A thermophilic plasmid
replicon from C. bescii was introduced into the two other species to test its
maintenance and use for gene expression. Gene deletions in C. hydrothermalis

and C. thermocellum were made with the aim of improving genetic manipulation.



Deleting a restriction enzyme gene, chyl, in C. hydrothermalis increased plasmid
transformation efficiency. In an attempt to overcome undesired DNA
recombination in C. thermocellum, a recA deletion showed that this gene is
required for replication of the native C. bescii thermophilic plasmid. To expand
the abilities for gene expression in cellulolytic thermophiles, a thermophilic 3-
glucosidase was developed as a reporter gene and used to characterize three
promoters for gene expression, one of which was regulated by maltose. These
tools are important advances in the development of genetic systems in non-
model cellulolytic thermophiles. They will impact not only our understanding and
engineering of these particular organisms, but also for developing genetic
systems in new non-model organisms that produce novel enzymes, biochemical

reactions and pathways.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

I. The plant biomass alternative to petroleum for renewable fuels and
chemicals

The potential for a renewable energy source rests at the interface of
microbial molecular biology and plant cell wall biochemistry. Plants store a
variety of complex carbohydrates and sugars ranging from the starch granules in
the amyloplast [1] to the lignocellulose in the plant cell wall [2]. These
macromolecules can be used to produce fuel such as ethanol, butanol, and
hydrogen. Microbial conversion is one of several options to produce these fuels
from plant carbohydrates. Alternative fuels are becoming an increasingly popular
and important option because of the documented effects of greenhouse gases
such as carbon dioxide (CO>), which is produced by the combustion of fossil
fuels [3]. The strongest argument for converting plant biomass to a fuel source is
the timescale of CO; incorporation: while it takes millions of years for fossil fuels
to be created from atmospheric CO,, the time required for CO, assimilation into
plants is much shorter. It takes a few years for trees like poplar to mature, or as
briefly as a season to grow crops like corn, sugarcane, and switchgrass.

As it is the only carbon-rich source on the global scale besides fossil fuels,
biomass is considered to be one of, if not the only, renewable alternative for the

production of transportation fuels and chemicals [4]. Although many advances



have been made in modes of transportation running on electricity and hydrogen,
biofuels are singular in their ability to meet the demand for renewable dense
liquid fuels in aviation, long-haul trucking, and ocean shipping [5]. Advantages of
plant-based fuels include opportunities for rural development [6], environmental
sustainability [7], and atmospheric carbon mitigation. In the specific case of
bioethanol, using plant biomass for fuel instead of gasoline could reduce green
house gas (GHG) emissions by 34% to 108% [8]. Furthermore, plants dedicated
to biomass production are associated with greater GHG reduction than annual
crops such as corn.

Though biomass from other plants has this advantage, corn-starch is the
most widely used first-generation biofuel feedstock—95% of commercial
bioethanol in the United States was produced from corn-starch in 2016 [9].
Alternative crops would be more suitable for different climates and landscapes.
As such, the United States Department of Agriculture established multiple
regional Biomass Research Centers focusing on specific crops including
sorghum, barley, peas, and “sugar crops” like sugar cane, sugar beet and
almond hulls [10]. Several facilities in the United States and worldwide also use
waste cellulosic material such as corn stover or sugarcane bagasse [11]. Still, to
avoid competition with food crops, emphasis in recent research has focused on
dedicated biofuel crops, preferably those that would thrive on land that is
marginal for farming.

This emphasis resides on perennial plants rather than annual plants (e.g.

corn), and its specific focus has been on lignocellulose rather than starch.



Lignocellulose is a term used to describe the complex web of interlinked
polysaccharides and phenolic compounds found in the cell walls of all plants [2,
12]. It is an abundant carbon source, albeit much more difficult to process than
corn-starch [13]. It can be isolated from non-food plants like switchgrass, poplar
trees, and the grass miscanthus, avoiding food/fuel competition. An added
practical bonus of lignocellulose is that the lignin can be precipitated and used to
supply electricity to biofuel production facilities [14]. Moreover, the previously
mentioned GHG emission reduction combined with increased carbon
sequestration by perennials lessen the environmental impact of these plants
compared to traditional crops. The GHG reduction estimates for bioethanol also
take into account the effects of land use changes required for the establishment
of bioenergy crops. These effects differ considerably between corn and perennial
grasses like switchgrass (Panicum virgatum) and miscanthus (Miscanthus x
giganteus) [15, 16]. Lower GHG emissions result because perennials require less
fertilizer and thus result in less emitted N»,O, and also because perennials
sequester carbon in their extensive root networks called rhizomes [17, 18]. In
comparison to corn, perennial plants increase biodiversity of other plant,
arthropod, bird, and methanotrophic bacterial species in planned multifunctional
agricultural landscapes [19]. Such landscapes using perennials can also take up
and filter run-off water from heavily fertilized neighboring crops, thereby
improving water quality and preventing erosion [18]. The increasing global

temperatures expected in the coming years may even be beneficial to



switchgrass cultivation, as crop yields are predicted to increase with higher
temperatures [20].

While these environmental benefits make a strong argument for fuel from
biomass, renewable energy is not the only possible outcome of this system.
Petroleum-based chemicals are in high demand in both developed and
developing countries [21]. These petrochemicals are used to make commodities
including textiles, construction and packaging materials, tires, and additives for
the pharmaceutical and food industries. Plant biomass can replace petroleum as
the carbon source for such chemicals. Many compounds are considered
“platform chemicals”, meaning they are valuable precursors to a variety of
products. One of these is succinic acid, a fermentative end-product of many
anaerobic microorganisms, which is used in detergents, metal corrosion
inhibitors and antimicrobials. It is also a key platform chemical for a variety of
products including polybutylene succinate, a bioplastic produced by esterification
of succinic acid and 1,4-butanediol [22]. Another platform chemical is levulinic
acid, formed by the hydrolysis of six-carbon sugars found in plant biomass [4].
With both a carbonyl and a carboxylic acid functional group, it affords many
different reactive outcomes that can lead to the creation of herbicides, polymers
and transportation fuels [23]. Many products can also add value to the production
of biofuels—a recent example is the concomitant production of ethanol and the

zero calorie sweetener D-psicose from waste cruciferous vegetable residue [24].



Projected environmental benefits and renewable chemical production from
plant biomass encourage the development of agro-ecosystems, in which plants
re-assimilate the carbon dioxide released by the combustion of their
predecessors’ fuel products [7]. This is certainly a lofty aspiration, and would
need to be economically feasible and profitable to become practical. One issue
concerning contamination, drying and spoiling of plant material has caused
cellulosic ethanol plants like Dupont to use corn stover grown within just a 30
mile radius from their biofuel production facility [25]. However, bioethanol from
corn-starch has already proven itself as a viable industry. In 2016, the United
States produced a record amount of bioethanol—15.25 billion gallons [9]. This
was accompanied by approximately 42 million metric tons of high-protein animal
feed as a byproduct. Bioethanol production facilities fit within an “economies of
unit number’ model, in which a large number of smaller facilities meet local
demands for energy with local feedstocks. This contrasts with the “economies of
unit scale” model that is consistent with oil refineries, in which a few large-scale
facilities process feedstocks and distribute products [26]. Still, techno-economic
analyses reveal that both starch and lignocellulose feedstocks result in higher
prices than fossil fuels per gigajoule (GJ) of energy produced [14]. This price
increase does not result from the cost of the feedstock, but rather from the cost
of the processing. Specifically, the enzymes—amylases for starch breakdown
and cellulases for lignocellulose breakdown—are the most expensive component
of biomass conversion [27]. Chemical, physical, and thermal pretreatments of

lignocellulosic biomass decrease the necessary loading of cellulolytic enzymes.



However, pretreatment is also very costly [28], degrades useable substrate, and
results in losses during processing [11]. Basic knowledge of plant cell wall
structure and synthesis is required to optimize the processes of deconstruction
and conversion.
Il. Plant cell wall recalcitrance and biofuel

Plant cell wall structure. Unlike petroleum, lignocellulosic biomass is a
solid, complex web of carbon-rich molecules. The plant cell wall has been termed
“recalcitrant”, referring to the fact that cell wall components including lignin,
cellulose, and hemicellulose are resistant to degradation into their respective
monomers [13]. Cellulose consists of highly polymerized D-glucose chains (or
glucans) with -(1,4) linkages, grouped into fibrils held together by both hydrogen
bonds and van der Waals stacking interactions [29]. It comes in highly ordered
crystalline and less ordered amorphous varieties. The crystalline form generally
is less accessible to solutes and enzymes under common conversion conditions,
and is therefore more recalcitrant [30]. Cellulose makes up ~35-50% of the plant
cell wall in various plants of interest for lignocellulosic fuels (reviewed in [31]).

Hemicellulose proportions vary in the cell walls of different plants. It binds
to the surface of cellulose and forms a matrix between its fibrils [12, 31]. It is less
polymerized than cellulose but more branched, and is more heterogeneous in its
sugar backbone molecules and in the linkages between them [32]. These
polymers include mannans, mixed-linkage p-(1,3) and $-(1,4) glucans,
xyloglucans with various monosaccharide side chains, and xylans with arabinan

and glucuronic acid side chains. The heterogeneous structure of hemicellulose



suggests that many enzymatic activities are required for its full saccharification
[12]. In grasses, glucuronoarabinoxylan can be acetylated on its arabinose
residues, and these acetyl groups can form ester bonds with ferulic acid, a
component of lignin [33-35]. These covalent linkages are players in larger lignin-
carbohydrate complexes (LCCs), which are thought to be impenetrable by
enzymes and chemicals [36]. Because of this, thermal and physical
pretreatments are often used to remove lignin for better access to cellulose in cell
wall deconstruction procedures [37, 38].

Lignin itself is a mixture of phenolic structures connected by ether and
alkyl linkages comprising ~10-30% of the plant cell wall, with woody plants
having more lignin [39]. It impacts many aspects of agriculture and the
environment including cell wall rigidity, plant stress, and soil organic carbon
cycling [40]. It is built from three primary monolignols: p-coumaryl alcohol,
coniferyl alcohol, and synapyl alcohol. These monolignols generate the p-
hydroxyphenyl (H), syringyl (S), and guaiacyl (G) subunits, respectively [12, 37].
The ratios of these monolignols are different in different plants. For instance,
hardwoods contain predominantly G and S monolignols, while grasses also have
significant levels of H monolignols. Because of its recalcitrant linkages, lignin is
most often combusted for heat and electricity or gasified to make energy-rich
syngas. However, it is also recognized as a potentially valuable source of carbon
fibers [41].

While lignin and hemicellulose are covalently linked monocots such as

grasses, these ferulic ester linkages exist between lignin and pectin in dicots [34,



42, 43]. Pectin is the most complex polysaccharide in the plant cell wall and is
found mostly in the primary cell wall [44]. It makes up 35% of the cell wall
polysaccharides in dicots like Arabidopsis thaliana, and about 10% in grasses
[45]. All pectins contain 1,4-linked a-D-galactosyluronic acid residues as a
general repeating unit; the three basic pectin polymer types are
homoglacturonan, rhamnogalacturonan-| and substituted galacturonans. Pectins
may be crosslinked to hemicellulose and proteins in the secondary cell wall
(reviewed in [46]), which is notoriously more recalcitrant to degradation. In fact, a
certain cell wall proteoglycan APAP1 incorporates covalently bound pectin and
hemicellulose domains [47]. In addition to this, studies of Arabidopsis mutants in
the pectin biosynthesis genes qua1, irx8/gaut12, and glz1/gatl1 have less xylan
[48, 49]. This could indicate that existing pectin in plant cell walls affects xylan
biosynthesis or deposition, or that pectin modification like demethylesterification
affects xylan deposition. Additionally, there appear to be clear associations of
rhamnogalacturonan | and homogalacturonan with cellulose microfibrils in intact
plant cell walls [50]. These observations and others have inspired a model in
which pectins act as major players in the cohesiveness of the plant cell wall, and
contribute to recalcitrance by blocking enzymes from reaching other cell wall
polymers.

Sugars released by plant cell wall deconstruction can be converted to
ethanol and other fuels (often by microbial fermentation) but the bottleneck in
processing is the first step—the conversion of raw biomass into simple sugars

[28]. However, studies of the plant cell wall’s structure and synthesis [2] in



addition to its native deconstruction by microbes [51] are directly applicable to
this problem. Better understanding of the plant cell wall has allowed targeting of
specific genes responsible for synthesis. Even with these successes, there are
poorly understood connections between different types of cell wall
macromolecules, many of which contribute to plant biomass recalcitrance [49,
50, 52, 53].

Engineering plants to overcome cell wall recalcitrance. The
heterogeneous and interwoven nature of the components of the plant cell wall—
cellulose, hemicellulose, pectin, lignin—results in recalcitrance to degradation by
chemicals, enzymes and microbes (reviewed in [12, 54]). As lignin seems to be
the most recalcitrant part of the plant cell wall that hinders the access of
cellulolytic enzymes [55], the aim of much of the genetic engineering work has
been to modify lignin [39]. Much of the effort in poplar has focused on using
natural variation in the syringyl : guaiacyl (S:G) ratio [56] or crossing plants to
discover variants [57], as G lignin is often more branched and interconnected
with cell wall polysaccharides than S lignin, and therefore more difficult to
deconstruct [39]. However, these studies concluded that there are definitely other
factors besides the S:G ratio that affect sugar release. Down-regulation of two
lignin biosynthesis enzymes in alfalfa, hydroxycinnamoyl transferase (HCT) and
caffeic acid 3-O-methyltransferase (COMT), achieved lower levels of lignin and
also enhanced sugar release [58]. Similarly, down-regulating COMT in
switchgrass met many biofuel goals including decreasing lignin content, reducing

the S:G ratio and increasing the downstream bioethanol yield by 38% [59].



COMT-down-regulated switchgrass exhibits similar results when grown over
multiple years in the field, verifying that these lignin modifications could be
beneficial to real agro-ecosystems [60]. One alternative lignin modification
scheme to produce easy-to-deconstruct lignin in the model plant Arabidopsis
thaliana has been to replace native lignin monomers with truncated side chains,
which reduces the complexity of linkages [61]. Another scheme employed the
expression of a monolignol ferulate transferase to introduce chemically labile
ferulate bonds into lignin, making the poplar cell wall more disposed to mild
alkaline depolymerization [62].

Engineering pathways and enzymes besides lignin biosynthetic
components has also achieved reductions in cell wall recalcitrance. For instance,
knocking out an Arabidopsis thaliana glucuronoxylan methyltransferase (GXMT)
increased glucuronoxylan release during hydrothermal treatment of the cell wall
and altered lignin monomer composition [63]. In another case, down-regulating a
galacturonoysltransferase GAUT12 responsible for pectin or xylan synthesis in
poplar decreased both pectin and xylan levels, and increased glucose release
upon enzymatic treatment [49]. It is also possible to introduce microbial
endoglucanases into plants to reduce recalcitrance (reviewed in [64]). In fact, a
functional endoglucanase E1 from the thermophilic bacterium Acidothermus
cellulolyticus could be expressed in maize. Corn stover from these plants
exhibited greater digestibility because E1 was actively hydrolyzing the cell wall
during growth [65]. Transgenically expressed E1 also retains activity after

ammonia fiber explosion (AFEX) pretreatment [66]. As pretreatments like AFEX

10



are important in making the plant cell wall accessible, it would be most efficient to
synergistically coordinate plant cell wall engineering, various cell wall
pretreatments, and downstream processing.
lll. Traditional techniques for lignocellulosic deconstruction and
conversion

Thermochemical conversion. Conversion of biomass into useful
products fall into two general schemes: thermochemical and biochemical.
Thermochemical conversion technology has advantages including low energy
consumption, high conversion rates, short residence times of biomass in the
facility, and versatility of possible feedstocks [21, 37]. Gasification is the partial
combustion of biomass in the presence of oxygen, in which a mixture of
combustible gases is formed (called syngas or synthesis gas) [67]. Syngas
includes various concentrations of carbon monoxide (CO), hydrogen (H>),
methane (CHy), nitrogen (N2), various alkanes, and other gases [68]. Pyrolysis,
on the other hand, occurs in the absence of oxygen at high temperatures to
produce bio-oil, charcoal, non-condensable gases, acetic acid, acetone, and
methanol [68]. While thermochemical processes are efficient, they differ from
biochemical processes primarily in that they are not selective in their generation
of products [37]. However, subsequent gas conversion methods can form
specific downstream products from syngas. These methods include hydrocarbon
chain synthesis (called Fischer-Tropsch synthesis), methanol synthesis, mixed

alcohol synthesis and syngas fermentation [21].
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Biochemical conversion. Less severe versions of thermochemical
conversion techniques can be used as pretreatments to prepare the primary
substrate for biochemical conversion. The overall process for deconstructing and
biochemically converting plant biomass into products involves six general steps
[54]:

(1) Size reduction to maximize surface area.

(2) Chemical or physical pretreatment of the biomass to open up the cell wall and
remove the most recalcitrant components and linkages.

(3) Production of enzymes.

(4) Enzymatic hydrolysis of solids into sugars.

(5) Sugar conversion (most often fermentation to ethanol, butanol, etc.).

(6) Recovery of the product.

Broadly, four major types of pretreatments exist: physical, chemical,
biological, and solvent-fractionation [37]. Besides heat treatments, physical
pretreatments include milling and grinding to make particle sizes smaller,
increase surface area, and reduce the degree of polymerization of cellulose.
Because this requires high energy input, it is generally believed that milling is not
economically feasible for lignocellulosic biomass processing [69]. A wide variety
of chemical pretreatments have been developed to remove specific components
of lignocellulose, including alkaline hydrolysis, acid hydrolysis, and ozonolysis
(reviewed in [37, 54, 70, 71]). Most pretreatments are physicochemical,
combining heat and pressure with various chemical additives to explode or

oxidize biomass. A particularly interesting example is the previously mentioned
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ammonia fiber explosion (AFEX) technique, which redistributes lignin and makes
pores in the cell wall to render cellulose more accessible to enzymes [72].
Biological pretreatments mostly rely on white-rot fungi that degrade lignin and
hemicellulose with minimal cellulose degradation, but this process is very time-
consuming (reviewed in [71]). Prominent solvent fractionation techniques include
fractionation with y-valerolactone (GVL) [73] and co-solvent enhanced
lignocellulosic fractionation (CELF) with tetrahydrofuran (THF) [74], both of which
utilize sustainable plant cell wall-derived solvents. The effect of solvent
fractionation is to separate the cellulose, hemicellulose and lignin components so
they can be used individually, effectively reducing the cost of enzyme loading
[75].

The enzyme cocktails used commercially for plant cell wall digestion
exhibit three main cellulase activities: cellobiohydrolase, endoglucanase, and -
glucosidase [76]. Cellobiohydrolases cleave the cellobiose, a -linked
disaccharide of glucose, from the end of a glucan chain, while endoglucanases
cleave the glucan chain in the middle, and p-glucosidases cleave cellobiose into
two glucose molecules. Hemicellulases are also included when more mild
pretreatments are used (reviewed in [12]), since less hemicellulose is degraded
in mild pretreatments. In fact, both the Cellic cocktail from Novozyme and the
Accellerase cocktail from Dupont contain hemicellulases [76]. More recently,
enzymes called lytic polysaccharide monooxygenases (LPMOs) have been
added, as they improve the rates and yields of bioethanol production [77, 78].

Most of the industrial cellulases are produced from aerobic cellulolytic fungi,
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particularly Trichoderma reesei (also known as Hypocrea jecorina), as these
fungi can produce crude cellulase at over 100 g/L [79].

This enzyme cocktail is loaded onto the biomass, and saccharification of
the polymers produces soluble sugars. There are a variety of schemes for
breakdown and fermentation of the plant biomass to fuel molecules. In separate
hydrolysis and fermentation (SHF), the enzyme saccharification and fermentation
are performed sequentially. This is beneficial because of the different operating
temperatures of cellulases and traditional fermentative microbes. However, the
released sugars glucose and cellobiose can inhibit cellulases, so simultaneous
saccharification and fermentation (SSF) can instead be used to quickly convert
the sugars and alleviate this inhibition [54]. Yeast fermentations from solid
lignocellulose loadings routinely yield >50 g/L ethanol titers, which is necessary
to reduce the energy required for ethanol recovery and to achieve savings on
operational costs [80, 81]. Most companies in Brazil, Italy, and the USA currently
producing ethanol from lignocellulosic biomass use yeast for ethanol
fermentation, but DuPont uses Zymomonas mobilis [11], an ethanologenic
bacterium that has many industrial benefits. Z. mobilis boasts a wide pH range of
growth to deal with acidic or basic pretreatments, a high alcohol tolerance, the
ATP-efficient Entner-Douderoff pathway for glycolysis, and a set of strain
improvements that allow simultaneous utilization of the hexose glucose and the
pentoses xylose and arabinose (reviewed in [82]). In sum, the input feedstock of

raw plant material is converted to end products that include the desired chemical
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(e.g. ethanol, butanol, succinic acid, levulinic acid) and often a by-product (e.g.
heat, electricity).

The overall goals of plant biomass pretreatment fall into three categories:
LCC cleavage and hemicellulose removal, lignin modification and redistribution,
and cellulose decrystallization [37]. The disadvantages of pretreatments are loss
of substrate, formation of inhibitors to downstream biological processing, and
cost effectiveness [70, 83]. Alkaline treatment can remove acetyl groups and
thereby overcome the ferulate linkages of lignin and hemicellulose. Acid
pretreatment hydrolyzes hemicellulose, but it leads to the production of furfural,
which can inhibit both metabolic enzymes and microbes [84, 85]. Xylooligomers
[86] and phenols [87] released during many pretreatments inhibit cellulase
activity. Also, the acids, bases and solvents must be recovered for these
processes to be economically feasible on an industrial scale. Recently developed
co-solvents such as tetrahydrofuran (THF) have a very low boiling point and are
easily recovered [74], but not all pretreatment chemicals have this feature.
Alternative enzymes to the T. reesei cellulases have also been characterized.
One such enzyme is CelA [88], a multifunctional cellulase from the thermophilic
bacterium Caldicellulosiruptor bescii. CelA can release double the amount of
sugars from cellulose as the fungal cellulase Cel7A in the same amount of time,
and its enzymatic activity on a molar basis is seven times that of the common
processive fungal cellulase mixture [89]. The organism encoding CelA can
actually grow on unpretreated biomass and in doing so, avoid the negative

aspects of pretreatment [90].
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Taken together, pretreatments pose problems for enzymatic hydrolysis of
the cell wall and to downstream conversion of sugars to bioproducts, in addition
to their high cost. In particular, the enzyme cocktails themselves are arguably the
most expensive part of the process [27], and might not even be the best
enzymes for the job. An exciting alternative to physicochemical pretreatments
and purified enzyme cocktails is to harness the native ability of microorganisms
that utilize plant biomass. This idea is consistent with a consolidated
bioprocessing (CBP) scheme, relying on a single organism to both break down
the plant cell wall and convert the released sugars to fuels and chemicals.

IV. Consolidated bioprocessing (CBP): simultaneous microbial
deconstruction and conversion of the plant cell wall

Characteristics of potential CBP organisms. An ideal organism for CBP
would be able to deconstruct cellulose and convert the released sugars efficiently
into desired products. The primary advantage is that the organism itself would
continually produce the cellulase cocktail as it grew on plant biomass, avoiding
the expense of added enzymes. If the organism is a native cellulose degrader,
pretreatments can be mild or even non-existent, which would decrease those
costs as well. It would be extremely advantageous if the CBP organism could use
both five-carbon (pentose) and six-carbon (hexose) sugars to fully metabolize the
available plant cell wall sugars. Many traditional industrial organisms have been
engineered with cellulases, with some success at breaking down cellulose and
pretreated biomass (reviewed in [91]). Endoglucanases, cellobiohydrolases and

B-glucosidases have been expressed in bacteria including E. coli, Z. mobilis,
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Cornynebacterium glutamicum, Lactobacilus plantarum and yeasts including S.
cerevisiae and Kluyveromyces marxianus. Expressing and secreting functional
plant cell wall deconstruction enzymes in non-native hosts is difficult, and the
cellulolytic activity and cellulosic ethanol production from these hosts is lower
than native cellulose-degrading ethanologens [91-94]. Because of their ability to
meet many of the criteria for plant biomass deconstruction and sugar utilization,
cellulolytic thermophilic bacteria have been recent targets for CBP.

Thermophilic microorganisms are isolated from hotsprings and
hydrothermal vents, and those that are cellulolytic can be enriched by growing
environmental samples on different types of cellulose or plant material [95]. High
temperatures increase the solubility and digestibility of plant substrates [51, 96].
They also eliminate contamination by mesophiles [97], and reduce the energy
required for cooling after pretreatments of plant substrates in an industrial setting
[98]. The fact that many target organisms for CBP are thermophiles overcomes
the issue in simultaneous saccharification and fermention of low cellulase activity
at the temperatures required for yeast fermentation [99]. Additionally, these
thermophiles grow near or above the boiling point for several products such as
ethanol (~78°C), which would allow for distillation and removal of valuable (and
often inhibitory) end-products. While anaerobic organisms grow to lower cell
densities when compared with aerobes [79], they are beneficial because more of
the substrate can be directed toward end products rather than cell mass, and that
oxygen does not need to be supplied for growth. Addition of oxygen is one of the

most costly steps in an industrial microbial growth scheme, as exemplified by the
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production of cellulase by the aerobe T. reesei [98]. Thermophilic anaerobes able
to deconstruct cellulose have generated interest as industrial CBP organisms for
these reasons.

The Gram-positive, thermophilic anaerobes in the genus
Caldicellulosiruptor can deconstruct high loadings of plant biomass into simple
sugars without the conventional pretreatments described above [90, 100, 101].
Found in various hotsprings worldwide, they are the most thermophilic cellulose-
degrading bacteria that have been isolated and characterized, growing optimally
at 68-80°C [102]. Caldicellulosiruptor species secrete free carbohydrate-active
enzymes (CAZys) [103] with carbohydrate-binding modules to bind and degrade
cell wall polysaccharides [104]. They can simultaneously utilize the wide range of
hexoses, pentoses, and polysaccharides released from the plant cell wall with no
evidence of carbon catabolite repression [105, 106]. These qualities make them
well suited for CBP, although they naturally produce very little or no ethanol [90,
107, 108].

Although the cellulolytic thermophile Clostridium thermocellum (To,=60°C
[109]), cannot use pentose sugars [110], it is still a leading candidate for CBP
because it grows to relatively high cell densities for an anaerobe, exhibits the
best biomass solubilization of any single microbe that has been discovered [111],
and naturally produces ethanol [112]. C. thermocellum degrades the cell wall with
a structure called the cellulosome, which is a cell-anchored multi-enzyme
complex that attaches to biomass [113, 114]. The cellulosome is modular in that

different types of saccharolytic enzymes can attach in different combinations to
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the scaffold protein CipA (called the “primary scaffoldin”). C. thermocellum also
secretes “cell-free” cellulosomes that can degrade plant cell wall polysaccharides
remotely from the cell [115]. Recently a process called cotreatment has been
tested, in which C. thermocellum is used to hydrolyze and ferment plant biomass
while it is being milled [11, 111].

Other thermophiles are solventogenic but not cellulolytic—similar to Z.
mobilis, they naturally produce end products such as ethanol. Thermoanaero-
bacterium saccharolyticum is a xylan-consuming (hemicellulolytic but not
cellulolytic) Gram-positive anaerobe that utilizess both hexoses and pentoses,
and naturally produces ethanol [116]. Since it grows around the optimal
temperature of C. thermocellum, it is easy to imagine a co-culture scenario in
which C. thermocellum degrades plant biomass and T. saccharolyticum uses the
released sugars to produce valuable end products. In fact, production of 38 g/L
ethanol from plant biomass has been achieved with a co-culture of engineered
strains of these two organisms [112].

There are certainly challenges and disadvantages to using cellulolytic
thermophiles for CBP. Likely the greatest obstacle is the less efficient
fermentative fuel production compared to yeast. Microorganisms remain
susceptible to cell wall-derived microbial inhibitors like furfural and to
fermentative end products like ethanol [117, 118]. High loadings of solid biomass
can still be problematic, as this can inhibit cellulases [119]. Establishing and
using genetic methods in cellulolytic thermophiles will enable their development

as CBP organisms. Constructing deletions of genes and expressing heterologous
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genes allows for the elimination of certain end products, formation of desirable
products, resistance to inhibitors, and improved cellulose hydrolysis.

Engineering in cellulolytic thermophiles for CBP. Although it cannot
directly break down cellulose, T. saccharolyticum has shown promise as a
thermophilic, metabolically versatile alternative to yeast. Deletion of the
phosphotransacetylase (pta), acetate kinase (ack) and lactate dehydrogenase
(/dh) genes responsible for competing carbon flux pathways resulted in the
production of 37 g/L ethanol from mixed sugars and ~20 g/L using a
simultaneous saccharification and fermentation (SSF) scheme with crystalline
cellulose [120]. More recently, by deleting exopolysaccharide synthesis genes
and the oxidative stress response regulator perR, a strain of T. saccharolyticum
was engineered that yields 0.46 g ethanol / g fermented sugar (comparable to
hexose fermentions by yeast) and titers up to 70 g/L ethanol from cellobiose and
maltodextrins [121].

Work in C. thermocellum has shown that more competing pathways must
be eliminated for efficient ethanol production than were required for T.
saccharolyticum. Single deletions of the phosphotransacetylase (pta) or the
pyruvate:formate lyase (pfl) eliminated acetate or formate production, but had
small effects on ethanol production [122, 123]. However, eliminating lactate
dehydrogenase (Idh) [124], Idh and pta together [112, 125], or two different
hydrogenase functions (hydG and echA-F deletions) [126] did improve the
production of ethanol. Moreover, stacking four mutations in one strain (AhydG

Aldh Apfl Apta-ack) considerably increased the ethanol yield [127]. When this
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strain was subject to directed evolution, it eventually produced 22 g/L ethanol
from crystalline cellulose at 0.39 g ethanol / g glucose [128]. As these
modifications were made, it became clear that a significant amount of the carbon
was being converted to amino acids. As a proof of concept, a glutamine synthase
gene (g/inA) was deleted, and ethanol yields increased by 53% over the wild-type
strain, indicating that this is a promising way forward for new strain development.
While ethanol production has been the main focus of work in C. thermocellum,
improved isobutanol production from cellulose has also been demonstrated by
expressing three different enzymes with empirically selected promoters [129].

T. saccharolyticum and C. thermocellum are native ethanologens, but the
more thermophilic C. bescii produces the desirable biofuel hydrogen near the
Thauer metabolic limit of 4 mol H, / mol glucose [106]. It also produces acetate
and lactate as major fermentation end products, and can use non-pretreated
plant biomass as its sole carbon source [90]. The Idh gene was the first target for
deletion, which resulted in increased production of hydrogen [130]. C. bescii was
also engineered to produce ethanol directly from switchgrass by expressing
alcohol dehydrogenases from other thermophiles [117, 131]. These experiments
were the first examples bioethanol production from plant biomass without
pretreatment.

Plant cell wall deconstruction is a characteristic of many cellulolytic
thermophiles, but this process is susceptible to the same issues as enzyme
cocktails. As such, improving cellulose hydrolysis and overcoming cellulase

inhibition by breakdown products has been a goal of strain development. For

21



example, additional xylanases from Acidothermus cellulolyticus have been
introduced into Caldicellulosiruptor bescii to reduce xylooligomer inhibition.
Expression of these xylanases improved both cell growth and enzymatic activity
on xylan substrates [132]. Similar results were obtained by the expression of
surface-layer associated multidomain xylanases originating from
Caldicellulosiruptor kronotskyensis [133]. Since furfural is a potent inhibitor of
microbes and enzymes, a butanol dehydrogenase has been expressed in both C.
bescii [134] and Clostridium thermocellum [135] to increase furfural and
hydroxymethylfurfural tolerance. These types of genetic engineering indicate the
path forward for making cellulolytic thermophiles a reality for CBP.

Gene deletions have also contributed to the understanding of both plant-
microbe interactions and the basic structure of the plant cell wall. Recently, the
gene encoding the multi-domain cellulase CelA was deleted in C. bescii, which
revealed this enzyme’s important in vivo role in plant biomass deconstruction
[136]. Similarly, deleting a cluster of pectinase genes revealed these enzymes’
crucial roles in growth on plant biomass [137]. Moreover, this work demonstrated
that pectin was an important obstacle to overcome in order to deconstruct intact
plant biomass, providing further evidence for the role of pectin in the structure
and recalcitrance of the plant cell wall. Gene deletions of cellulosome
components in C. thermocellum have revealed that the primary scaffoldin not
only acts as an anchor for cellulolytic enzymes, but is also involved in global
transcriptional regulation of genes involved in cellulose degradation, sugar

transport, and metabolism [115]. These studies demonstrate the application of
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cellulolytic organisms as a tool to study both plant cell wall structure and
recalcitrance.

All achievements in engineering of cellulolytic and solventogenic
thermophiles were made possible because of the development of genetic tools.
They demonstrate the value of the ability to transform and manipulate potentially
useful microorganisms. Genetic tool development is largely empirical for new
strains of interest.

V. Genetic tools in thermophiles to facilitate CBP

Aspects of a genetic toolkit. In general, an ideal set of genetic tools and
methods for an organism allows for the investigation of native gene functions and
the introduction of new gene functions. Different types of plasmid vectors are
necessary [138]. Integrating vectors enable either insertion of the entire circular
plasmid into the genome or replacement of a particular segment of DNA with a
marker. Plasmids harboring functional replication origins and replication proteins
allow for the stable extrachromosomal expression of genes. Selectable markers
are vital, and include both determinants for antibiotic resistance and nutritional
markers. Various antibiotics will often target bacterial ribosomes, cell wall
synthesis, or replication machinery [139]. The ability to create markerless
manipulations is also important. For instance, a positive-negative selection
cassette may be attached to a particular DNA sequence, so that the uptake of
the sequence can be selected for with one marker, and the removal of all
sequences except the sequence of interest can be counter-selected by growth of

the organism in a different condition. Examples of positive selectable markers
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would be antibiotic resistance determinants or various nutritional markers that
repair various auxotrophies. Nutritional markers include trpA for tryptophan
biosynthesis [140] and pyrF for uracil biosynthesis [141]. Negative selectable
markers include genes that result in cell damage when grown in the presence of
a certain compound, like hpt [142, 143], tdk [144], pyrF [141], or sacB [145]. The
hpt and tdk gene products incorporate toxic nucleotide analogs into DNA; pyrF
encodes the orotidine-monophosphate decarboxylase, which converts 5-
fluoroorotic acid into a toxic compound; sacB leads to lethality when the cells are
exposed to high levels of sucrose. As an alternative to negative selection,
removal of certain sequences can be achieved in some organisms by the
expression of site-specific recombinases like the Cre/lox and the FIp/FRT
systems [146], which catalize site-specific recombination between homologous
sites flanking the region to be deleted.

Developing DNA sequences and proteins that control gene expression are
required to introduce new gene functions. A variety of transcriptional promoters is
necessary—constitutive promoters for static gene expression and regulated
promoters for dynamic expression [147]. Regulated promoters require specific
transcriptional regulatory proteins, the likes of which are beginning to be studied
in cellulytic thermophiles [148, 149]. There are even more sophisticated
expression tools in some organisms such as altered translation initiation regions
to control protein levels [150, 151].

Thermophilic genetic tools. Thermophilic archaea have been the subject

of basic and applied research, as many of them have unique and useful central
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carbon metabolisms and thermostable enzymes [152]. Genetic tools for
Pyrococcus furiosus, a marine hydrogen-producing archaeon that grows at
100°C, include a strain naturally competent for linear DNA uptake [153], a
replicating shuttle vector based on the chromosomal replication origin [154], and
methods for rapid gene deletion [155]. There are also methods for linear DNA
introduction in thermophilic Sulfolobus species [156, 157] and Thermococcus
kodakaraensis [158], and replicating shuttle vectors based on native thermophilic
plasmids for each [159-161].

Thermophilic genetic tools are not easily adapted from tools available in
the genetic workhorse organisms E. coli and B. subtilis. This is not because of
physical or chemical differences in the actual plasmid DNA between mesophiles
and thermophiles [162], but rather because proteins required for DNA replication
of plasmids are nonfunctional at extremely high temperatures. The plasmids for
extrachromosomal replication must be derived from native, preferably small,
plasmids in thermophilic hosts.

Genetic methods mostly rely on nutritional selection for DNA uptake and
counter-selection, as antibiotics themselves are usually non-functional at
temperatures = 72°C, except kanamycin and neomycin (reviewed in [163]). The
antibiotic resistance markers are also usually non-functional at very high
temperatures, but mesophilic antibiotic resistance markers have been applied to
more moderate thermophiles like Thermoanaerobacterium saccharolyticum [164]
and Clostridium thermocellum [122, 165]. To overcome issues with more extreme

thermophiles, heat-stable kanamycin markers from Staphylococcus aureus were
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screened, mutated and evolved for greater thermostability, and applied to
Thermus thermophilus (Topt 70-75°C) in the 1980s and 1990s [166-169]. More
recently, this same marker, called htk (for high temperature kanamycin) was
applied to Thermoanaerobacter ethanolicus (To,=69°C). A codon-optimized
version of this kanamycin resistance marker was developed for Gram-positive
thermophilic bacterium Caldicellulosiruptor bescii (Top=78°C) [170].

With the recent interest in CBP, more focus has been placed on genetic
tool development in cellulolytic and solventogenic thermophiles. Interestingly,
various Thermoanaerobacter and Thermoanaerobacterium strains are naturally
competent for DNA upake [171]. This greatly simplified the process for genetic
manipulation, although replicating vector pIKM1 is available for T.
saccharolyticum [164] and pTE16 for T. ethanolicus [172]. Recently, natural
competence was used to create a negative selection system based on the tdk
marker in T. ethanolicus [144].

Clostridium thermocellum and Caldicellulosiruptor bescii have not shown
signs of natural competence, so genetic tools must rely on circular plasmids.
While non-replicating vectors function in C. bescii, C. thermocellum seems to
require a replication origin for transformation to occur. The pNW33N replication
origin is most commonly used for these transformations, although it does not
replicate at the optimum growth temperature of C. thermocellum (60°C). The
chloramphenicol acetyltransferase gene (cat) is most commonly used as an
antibiotic resistance determinant to thiamphenicol, a thermostable derivative of

chloramphenicol [173]. Gene deletions have been performed with positive-
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negative selection cassettes in C. thermocellum, both pyrF-based [122, 174] and
hpt-based [112, 123, 124, 126, 127, 175]. The tdk marker is often used to select
against the replication backbone of plasmids used for genetic manipulation, so
that only the positive-negative cat-hpt cassette integrates into the genome. A set
of endogenous promoters have been characterized using a thermostable LacZ
reporter gene [176]. One of these promoters has been developed into a
regulated promoter system based on the inducing sugar laminaribiose [149].

The htk kanamycin resistance marker was only recently developed for C.
bescii, so most genetic work to date has relied on pyrF for positive and negative
selection. A replicating shuttle vector [177] has been created from the native C.
bescii plasmid pBAS2 [178]. This vector allows rapid expression of homologous
and heterologous genes at the optimal growth temperature of C. bescii, both for
improving cellulose hydrolysis and metabolic engineering [179, 180]. Non-
replicating knockout vectors have been used to create a variety of gene deletions
using the positive and negative selection capabilities of pyrF [130, 136, 181].
Chromosomal insertion sites have been chosen and utilized for heterologous
gene expression. Two strong promoters have driven expression of selectable
markers and heterologous genes: a ribosomal protein promoter and the S-layer
protein promoter [117, 132, 182, 183].

Transforming a newly isolated organism with foreign DNA is the first step
in the process of developing genetic tools, and work led by Daehwan Chung
showed that this is anything but trivial. For C. bescii, achieving transformation

required understanding and overcoming restriction-modification systems [184],
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that is, site-specific endonucleases and their cognate DNA methyltransferases.
Restriction systems, particularly those that act at short DNA sequences such as
GGCC, can often act as absolute barriers to transformation, as was the case with
C. bescii [185, 186] and the archaeon Sulfolobus [157, 187]. Restriction systems
have not been prohibitive to transformation in C. thermocellum or T.
saccharolyticum, but deletion of a particular restriction enzyme in C.
thermocellum did increase transformation efficiency (Riley, Papanek, and Guss,
unpublished data). Understanding restriction systems, transforming organisms
with DNA and then developing and applying genetic tools in thermophiles will
enable scientists to engineer new “bugs from the mud” and exploit the wide
range of metabolisms and activities found in nature.

V1. Structure of the Dissertation and Major Issues Addressed

This work is presented in manuscript-style. Chapters 2 and 3 are first
author published manuscripts, and Chapters 4 and 5 are to be submitted as first-
author published manuscripts. Appendices A, B, and C are abstracts for middle-
author publications. The following are the major issues that were addressed in
each manuscript or planned manuscript, listed with the chapter of the dissertation
in which they are addressed:

1. The need for genetic methods for other members of the
Caldicellulosiruptor genus. Before this work, C. bescii was the only tractable
genetic organism in this genus. Other species of this genus are needed for
comparative analysis of biomass deconstruction ability. C. hydrothermalis is the

least cellulolytic species, so it will provide a relatively naive expression host to
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analyze the effects of plant biomass deconstruction enzymes from more
cellulolytic species.

In Chapter 2: Heterologous complementation of a pyrF deletion in
Caldicellulosiruptor hydrothermalis generates a new host for the analysis of
biomass deconstruction.

2. The need for plasmid replicons. There are very few plasmid replicons
that work in thermophiles in general, and there were no extreme thermophilic
autonomously replicating plasmids for Clostridium thermocellum, the most
promising thermoplile for consolidated bioprocessing.

In Chapter 3: Promiscuous plasmid replication in thermophiles: Use of a
novel hyperthermophilic replicon for genetic manipulation of Clostridium
thermocellum at its optimum growth temperature.

3. An understanding of plasmid replication. Very little is known about
how these plasmids replicate, what is required for stable replication or how to
maintain plasmids in high copy.

In Chapter 4: Deletion of the Clostridium thermocellum recA gene reveals
that it is required for thermophilic plasmid replication.

4. The need for a reporter gene. Reporter genes that allow rapid
detection of gene expression do not exist in cellulolytic hyperthermophiles, nor
are there characterized regulated promoters:

In Chapter 5: A new reporter gene for anaerobic cellulolytic thermophiles:

Use for the analysis of maltose-regulated promoters
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5. An understanding of the enzymes that degrade plant biomass and
how they function.

In Appendix A: Chung D, Young J, Bomble YJ, Vander Wall TA, Groom J,
Himmel ME, Westpheling J. (2015) Homologous expression of the
Caldicellulosiruptor bescii CelA reveals that the extracellular protein Is
glycosylated. PLoS ONE 10(3): e0119508.

6. Technology to identify DNA methylation relevant for
transformation of non-model organisms.

In Appendix B: Yu M, Ji L, Neumann DA, Chung D, Groom J, Westpheling J,
He C, Schmitz RJ. (2015) Base-resolution detection of N*-methylcytosine in
genomic DNA using 4mC-Tet-assisted-bisulfite sequencing. Nucleic Acids
Research 43(21): €148

7. Understanding the effect of derived toxins on bacterial growth and
product synthesis and establishing mechanisms of resistance.

In Appendix C: Kim S, Groom J, Chung D, Elkins J, Westpheling J. (2017)
Expression of a heat-stable NADPH-dependent alcohol dehydrogenase from
Thermoanaerobacter pseudethanolicus 39E in Clostridium thermocellum 1313
results in increased hydroxymethylfurfural resistance. Biotechnology for Biofuels

10: 66.
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CHAPTER 2
HETEROLOGOUS COMPLEMENTATION OF A PYRF DELETION IN
CALDICELLULOSIRUPTOR HYDROTHERMALIS GENERATES A NEW HOST

FOR THE ANALYSIS OF BIOMASS DECONSTRUCTION.

! Groom J, Chung D, Young J and Westpheling J. 2014. Biotechnology for Biofuels.
7:132.
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I. Abstract

Background: Members of the thermophilic, anaerobic Gram-positive bacterial
genus Caldicellulosiruptor grow optimally at 65 to 78°C and degrade lignocellulosic
biomass without conventional pretreatment. Decomposition of complex cell wall
polysaccharides is a major bottleneck in the conversion of plant biomass to biofuels
and chemicals and conventional biomass pretreatment includes exposure to high
temperatures, acids, or bases as well as enzymatic digestion. Members of this genus
contain a variety of glycosyl hydrolases, pectinases, and xylanases, but the
contribution of these individual enzymes to biomass deconstruction is largely
unknown. C. hydrothermalis is of special interest because it is the least cellulolytic of
all the Caldicellulosiruptor species so far characterized, making it an ideal naive
system to study key cellulolytic enzymes from these bacteria.

Results: To develop methods for genetic manipulation of C. hydrothermalis,
we selected a spontaneous deletion of pyrF, a gene in the pyrimidine biosynthetic
pathway, resulting in a strain that was a uracil auxotroph resistant to 5-fluoroorotic
acid (5-FOA). This strain allowed the selection of prototrophic transformants with
either replicating or non-replicating plasmids containing the wild-type pyrF gene.
Counter-selection of the pyrF wild-type allele on non-replicating vectors allowed the
construction of chromosomal deletions. To eliminate integration of the non-replicating
plasmid at the pyrF locus in the C. hydrothermalis chromosome, we used the non-
homologous Clostridium thermocellum wild-type pyrF allele to complement the C.
hydrothermalis pyrF deletion. The autonomously replicating shuttle vector was

maintained at 25 to 115 copies per chromosome. Deletion of the Chyl restriction
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enzyme in C. hydrothermalis increased the transformation efficiency by an order of
magnitude and demonstrated the ability to construct deletions and insertions in the
genome of this new host.

Conclusions: The use of C. hydrothermalis as a host for homologous and
heterologous expression of enzymes important for biomass deconstruction will
enable the identification of enzymes that contribute to the special ability of these
bacteria to degrade complex lignocellulosic substrates as well as facilitate the
construction of strains to improve and extend their substrate utilization capabilities.
Il. Introduction

Plant biomass recalcitrance is one of the most important barriers to its use as
a substrate for the production of fuels and chemicals using micro-organisms as
catalysts. The plant cell wall consists of a complex web of polysaccharides and
phenolics that function in plant structure and development [2]. Perennial plants like
switchgrass could be incorporated into so-called agro-ecosystems, which would
increase carbon storage and biofuel production, decrease carbon dioxide emissions,
and improve water quality through wetland denitrification [7]. While the natural
recalcitrance of plant biomass is a major barrier [13], several methods including direct
microbial breakdown of cell wall structures can be used to liberate energy-rich sugars
for conversion to useful biofuels and bioproducts.

Chemical and thermal pretreatments are often used to break down the raw
substrate, but they are expensive and destructive to the sugars in the biomass [188],
and they produce hydrolysates inhibitory to both cellulose degradation and microbial

growth [189]. In contrast, thermophilic anaerobes in the genus Caldicellulosiruptor
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can deconstruct high loadings of plant biomass into simple sugars without
conventional pretreatment [90, 100, 101] and have recently been engineered to
produce ethanol directly from switchgrass [117]. Caldicellulosiruptor species can
simultaneously utilize the wide range of hexoses, pentoses, oligosaccharides, and
polysaccharides released from the plant cell wall, and there is no evidence of carbon
catabolite repression [105, 106]. These qualities make them well suited for
consolidated bioprocessing (CBP), in which one microorganism is used for both
biomass deconstruction and end-product formation.

Members of the Caldicellulosiruptor genus are anaerobic Gram-positive
bacteria, and they are the most thermophilic cellulose-degrading organisms known
[102]. They secrete free carbohydrate-active enzymes (CAZys) [103] with
carbohydrate-binding modules that are well suited for binding and degrading cell wall
polysaccharides [104]. C. bescii is one of the strongest crystalline cellulose degraders
in the genus, whereas the closely related C. hydrothermalis is one of the weakest
[100]. Interestingly, C. hydrothermalis lacks the multidomain CAZys found in more
cellulolytic members of the genus [114] as well as a cluster of pectinases that affect
C. bescii growth on biomass [137]. In addition to lacking multidomain enzymes, C.
hydrothermalis completely lacks the glycosyl hydrolase (GH) domains GH9 and
GHA48 [102], the domains that comprise the most highly secreted cellulase CelA in C.
bescii [190]. C. hydrothermalis thus provides a “blank slate” with which to study
thermophilic enzymes important for biomass degradation in vivo, and is a promising

system for heterologous expression of plant biomass deconstruction enzymes.
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To establish methods for genetic manipulation of C. hydrothermalis, we took
an approach similar to the one previously used for C. bescii that relied on the
selection of a pyrF deletion mutant, which allows for nutritional selection of
transformants [186]. Interestingly, C. hydrothermalis contains fewer mobile genetic
elements than other members of the genus [191], so this species may have other
advantages for genetic manipulation, including fewer issues with genome stability
that could result from genetic selections and counter-selections. We transformed the
pyrF deletion mutant with the pJGWO07 shuttle vector that is based on a native
plasmid, pBAS2, from C. bescii [192]. Both the C. bescii and the heterologous
Clostridium thermocellum wild-type pyrF allele were shown to complement this
deletion, restoring the mutant to uracil prototrophy. Deletion of the Chyl restriction
enzyme in C. hydrothermalis, a homolog of a Haelll-like restriction enzyme known to
be a barrier to transformation in C. bescii [185, 193], increased the transformation
efficiency by about an order of magnitude. The new strain C. hydrothermalis
JWCHO008 should facilitate the assessment of plant biomass deconstruction by the
Caldicellulosiruptor genus and the molecular engineering of deconstruction enzymes.
lll. Methods

Selection of a pyrF deletion. Wild-type C. hydrothermalis DSM 18901 was
grown from a 0.5% inoculum in 50 mL of a low osmoloarity defined growth medium
(LOD) supplemented with 40 yM uracil. Cultures were grown at 55°C, 60°C, 68°C,
and 75°C. Cells in the late exponential phase were cooled to room temperature,
harvested by centrifugation at 6,100 x g, and resuspended in 1X C. bescii partial

base salts [90]. 100 uL of resuspended cells were mixed with a 1.5% agar overlay
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and plated onto LOD media with 40 uM uracil and 8 mM 5-FOA. The plates were
degassed in anaerobic chambers and incubated for 4 days at 68°C. The colonies
were picked directly into 20 mL LOD media with 40 uM uracil, which was immediately
degassed and incubated at 68°C. When the media was turbid, chromosomal DNA
was extracted with a Zymo Research gDNA Extraction kit (Irvine, CA). The pyrF
gene region was amplified from the wild type and deletion mutant with primers DC163
and DC164 (Figure 2.1A), and the PCR products were analyzed for the presence of
deletions in a 1.5% w/v agarose gel by electrophoresis (Figure 2.1B). The
sequences of all plasmids were verified by automatic sequencing (GENEWIZ).
Construction of a shuttle vector containing the pyrF gene from
Clostridium thermocellum ATCC 27405. High-Fidelity Q5 polymerase (New
England Biolabs (NEB), Ipswich, MA) restriction enzymes (NEB) and Fast-link™ DNA
Ligase (Epicentre Technologies, Madison, WI) were used according to manufacturer
instructions. pJGWO07 (Figure 2.2A) was constructed by replacing the C. bescii pyrF
gene (Cbes1377) on the replicating shuttle vector pDCW89 [177] with the Clostridium
thermocellum homolog for pyrF (Cthe0951). Cthe0951 was amplified by PCR using
primers JG021 and JG022, engineered to contain Xbal and Ncol restriction sites,
respectively. This 945-bp PCR product was ligated directionally to a 6.75-kb pDCW89
PCR product amplified using primers JG023 and JG024, which also contain Xbal and
Ncol sites. Correct clones were purified from E. coli with a Miniprep kit (Qiagen), and

confirmed by restriction fragment analysis and DNA sequencing (GENEWIZ).
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Transformation of C. hydrothermalis JWCH006. To prepare cells for
transformation, 15 mL of a freshly grown JWCHOO06 (ApyrF) culture were inoculated
into four 500-mL bottles of fresh LOD supplemented with 40 uM uracil and 19 amino
acids, and incubated at 65°C to the early-exponential phase (ODggo approximately
0.04 to 0.05). The cultures were cooled to room temperature for 1 h, harvested by
centrifugation (5,000 x g, 10 min) at 4°C and washed three times with 50 mL pre-
chilled 10% sucrose. After the final wash, the cell pellets were resuspended in 250 pL
pre-chilled 10% sucrose. 60-pL aliquots of competent JWCHO006 were added to
plasmid DNA (0.5 pg), either methylated with M.Cbel methyltransferase, as
previously described [186], or unmethylated, gently mixed and incubated in 10%
sucrose for 15 minutes at room temperature. Electrotransformation of the cell/DNA
mixture was performed via a single exponentially decaying electric pulse (1.8 kV,
3500, and 25 microF) in a pre-chilled 1-mm cuvette using a Bio-Rad Gene Pulser
(Bio-Rad, Hercules, CA). After pulsing, the cells were incubated in 10 mL low
osmolarity complex growth medium (LOC) [194] at 68°C. After 4 h, the cultures
growing in LOC medium were cooled to room temperature, harvested by
centrifugation (6,100 x g, 10 min), and washed three times at room temperature with
1X C. bescii partial base salts [90] to remove the rich media. The cells were finally
resuspended in 800 puL 1X base salts. For each plate, 100 uL of resuspended cells
were mixed with 2 mL of a 1% agar overlay and plated onto LOD media lacking uracil
to select for transformation. The plates were degassed in anaerobic chambers and
incubated for 4 days at 65°C. The colonies were picked directly into 20 mL LOD

media without uracil, which was immediately degassed and incubated at 65°C. Uracil-
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prototrophic transformants were confirmed by PCR amplification of C. hydrothermalis
DNA using primers JG021 and JF199, which are specific for pJGWO7 (Figure 2.3,
Figure 2.4).

Analysis of plasmid structure and stability in C. hydrothermalis. A single
transformant colony was picked directly into 20 mL LOD media lacking uracil, which
was immediately degassed and incubated at 65°C. This strain maintaining the
pJGWO7 shuttle vector was named JWCHO009. JWCHO009 was grown to the late
exponential phase (ODggo approximately 0.15) in 50 mL LOD. Direct extraction of
plasmid DNA from JWCHO009 was performed as previously described [193, 195]. The
plasmid DNA was digested with enzymes Haelll, EcoRI, Hhal, and Mbol (NEB).

To determine structural stability of the plasmid, DNA was extracted from C.
hydrothermalis with a gDNA extraction kit (Zymo Research), and 2 uL of DNA was
electro-transformed into E. coli DH5a via single electric pulse (2.5 kV, 2002, and 25
microF) in a pre-chilled 2 mm cuvette using a Bio-Rad gene Pulser. Cells were
placed into 1 mL SOC media for 1 h with shaking at 37°C, and then plated onto LB
agar supplemented with 50 ug/mL apramycin. Colonies were picked into 10 mL LB
with 50 pg/mL apramycin, and plasmid DNA was extracted using a Miniprep kit
(Qiagen) and screened with restriction enzymes EcoRI and ApaLl (NEB) (Figure
2.4B).

Plasmid copy number determination by quantitative PCR. To determine
the pJGWO7 copy number and maintenance over time, JWCHO009 was grown to
ODsgp approximately 0.15 and serially subcultured for 5 days. The total DNA was

isolated from the cultures and treated with RNase A. gPCR experiments were carried
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out with a LightCycler 480 Real-Time PCR instrument (Roche, Indianapolis, IN) with
LightCycler 480 SYBR Green | Master mix (Roche). Two independent sets of
primers specific to either the pJGWO07 plasmid (Q1/Q2 inside Cbes2777, Q3/Q4
inside Cbes2778) or the C. hydrothermalis chromosome (Q11/Q12 inside Calhy0897,
Q13/Q14 inside Calhy1377) were used to compute the relative copy number of the
plasmid to the chromosome. Three replicate reactions for each primer set were
performed, and the average of the two primer sets on each sample was used to
calculate the plasmid copy number in each serial subculture (Table 2.3) according to
the method of Lee et al [196]. The amplification efficiency over 10*-fold range of DNA
concentration was 93.5%, within the ratio of 90 to 110% that is considered acceptable
(Life Technologies).

Construction of a deletion of the chyl gene in C. hydrothermalis. A vector
backbone was amplified from suicide vector pPDCW88 [185] with primers DC081 and
DC262. Flanking regions for the chyl gene (Calhy0408) were amplified using primers
DC484 and DC485 (5’ flanking region) and DC486 and DC487 (3’ flanking region).
The 5" and 3’ flanking regions were combined into one fragment by overlap extension
PCR and ligated into the pDCW88 vector backbone using restriction enzymes Kpnl
and ApalLl. The resulting plasmid pDCW151 was used to construct pJGWO03 in which
the C. bescii pyrF gene cassette (Cbes1377) was replaced with the C. thermocellum
pyrF gene (Cthe0951) as described above. Competent C. hydrothermalis JWCHO006
cells were prepared as described above, and 1.0 ug of non-replicating plasmid
pJGWO03 was added to 50-uL aliquots of competent JWCHO006, gently mixed and

incubated for 15 min at room temperature. Electrotransformation of the cell/DNA
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mixture was performed via a single electric pulse (1.8 kV, 350, and 25 microF) in a
pre-chilled 1-mm cuvette using a Bio-Rad Gene Pulser. After pulsing, the cells were
incubated in 10 mL low osmolarity complex growth medium (LOC) [194] at 68°C with
shaking at 150 rpm. From this culture, 0.5% inocula were transferred into LOD
medium lacking uracil at 65°C every hour for 4 h to select for integration into the C.
hydrothermalis genome. When the cultures in the selective media were turbid, a
0.5% inoculum was transferred to 50 mL LOD supplemented with 40 uM uracil to
allow a loopout of the wild-type pyrF allele to occur. This culture was then plated
onto LOD plates supplemented with 40 uM uracil and 6 mM 5-FOA to select against
the pyrF wild-type allele, and grown for 4 days at 68°C. Colonies were picked directly
into 20 mL LOD medium with uracil, which was immediately degassed and incubated
at 68°C. The resulting cultures were screened for a deletion using primers JG025
and JG026, and one deletion culture was purified twice on solid LOD media
supplemented with 40 uM uracil.
IV. Results and Discussion

Selection for resistance to 5-FOA resulted in a spontaneous deletion of
the pyrF gene in C. hydrothermalis. The pyrF gene encodes orotidine
monophosphate decarboxylase, an enzyme in the pyrimidine biosynthesis pathway.
Deletion of this gene results in uracil auxotrophy and resistance to 5-fluoroorotic acid
(5-FOA), allowing prototrophic selection of transformants and counter-selection of the
wild-type allele [141]. The optimal growth temperature for C. hydrothermalis is 65°C
[197], and we had previously observed an increase in the spontaneous mutation rate

in cells grown above and below 65°C. To obtain spontaneous deletions of pyrF, cells
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were grown at non-optimal temperatures in the presence of uracil. The presence of
uracil in the growth medium allowed for the maintenance of cells with spontaneous
mutations in the pyrF gene. After growth at various temperatures, cells were plated
onto a medium with 5-FOA selecting resistance and loss of pyrF function. One 5-FOA
resistant mutant, JWCHOOG (Table 2.1), that had been grown at 60°C contained a 99-
bp deletion in pyrF (Figure 2.1A) and was confirmed to be a uracil auxotroph resistant
to 5-FOA.

Uracil auxotrophy in C. hydrothermalis is complemented by
heterologous expression of the Clostridium thermocellum pyrF gene.
Electrocompetent C. hydrothermalis JWCHO06 (ApyrF) cells were prepared based on
the method for C. bescii [186] and transformed with a previously described shuttle
vector, pPDCW89 [177], containing the wild-type C. bescii pyrF allele. Transformation
of C. bescii with plasmid DNA isolated from E. coli requires in vitro methylation by a
methyltransferase, M.Cbel [186]. As C. hydrothermalis has a similar restriction profile
to that of C. bescii [185], we anticipated that in vitro methylation by M.Cbel would
protect plasmid DNA isolated from E. coli and allow transformation of C.
hydrothermalis. pDCW89 DNA methylated with M.Cbel in vitro successfully
transformed the C. hydrothermalis ApyrF mutant to prototrophy at an average
frequency of 37 colony forming units (CFUs) per microgram of DNA (Table 2.2).

Since the deletion of pyrF in JWCHO006 was only 99 bp (Figure 2.1A), and
there is 95% DNA sequence homology between the pyrF genes in C. bescii and C.
hydrothermalis, there was a large region of residual homology between the pyrF

locus in the C. hydrothermalis chromosome and the C. bescii pyrF gene on the

41



plasmid. Although pDCW89 DNA methylated in vitro with M. Cbel transformed C.
hydrothermalis JWCHOOG6 to prototrophy, we found that the wild-type plasmid-
encoded pyrF allele repaired the mutant pyrF locus (Figure 2.2) in almost every case,
and the plasmid was not maintained autonomously over time. Since marker
replacement in C. hydrothermalis relies on the integration of non-replicating plasmids
at sites other than pyrF, the C. bescii pyrF cassette in pDCW89 was replaced by the
C. thermocellum homolog (Cthe0951) to create pJGWO7 (Figure 2.3A). While the
two PyrF protein sequences are 45% identical, the C. thermocellum pyrF gene has
very low DNA sequence homology with the Caldicellulosiruptor pyrF genes.
Transformation of JWCHO006 with methylated pJGWO07 was successful (Figure 2.3B,
Figure 2.4), and uracil prototrophic transformants were obtained at a frequency of 22
+ 10 CFU per microgram of DNA (Table 2.2).

Plasmid pJGWO07 was purified directly from C. hydrothermalis based on a
previously published method for other Gram-positive organisms [195]. Undigested
plasmid isolated from C. hydrothermalis differs in its band pattern from plasmid
isolated from E. coli, and we suggest that the difference is not in size but in
methylation within the native host compared to E. coli (Figure 2.2B). Restruction
endonuclease analysis using a panel of enzymes indicated that plasmid isolated from
C. hydrothermalis is protected at GGCC sites by a Haelll-like modification system as
expected but not at GATC sites (Figure 2.5). This suggests that C. hydrothermalis
lacks the DNA adenine methylase present in E. coli. EcoRI or Hhal recognition sites

are not protected in either organism.
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To confirm that the plasmid was replicating autonomously, DNA isolated from
the C. hydrothermalis transformant JWCHO0Q9 (Table 2.1) was back-transformed into
E. coli DH5a. Plasmid DNA recovered from 12 apramycin-resistant E. coli
transformants was identical in its restriction patterns to pJGWO7 transformed into C.
hydrothermalis, suggesting that the plasmid was structurally stable during
transformation, replication and back-transformation to E. coli (Figure 2.4). There was
no evidence of plasmid integration (Figure 2.6) resulting from recombination between
the C. thermocellum pyrF gene on the plasmid and the C. hydrothermalis pyrF gene
in the chromosome.

These data show that, although C. thermocellum has an optimal growth
temperature of 60°C, the C. thermocellum orotidine-5-phosphate decarboxylase
functions at temperatures up to at least 65°C and that the C. thermocellum gene is
expressed at sufficient levels to complement the C. hydrothermalis pyrF deletion.

A shuttle vector derived from a native C. bescii plasmid is maintained at
a high copy number in C. hydrothermalis. \We recently reported the construction
of a shuttle vector for C. bescii [177] based on the smaller of two native plasmids in
that species [192]. The native plasmid pBASZ2 is maintained in C. bescii at a copy
number of approximately 75 [177]. Because the shuttle vector derived from this
plasmid competed with the native plasmid it was derived from, the shuttle vector was
maintained in low copy and was readily lost without selection. While an unstable
plasmid is useful for some applications, stability and high copy number also have
advantages. No native plasmid DNA was detected in C. hydrothermalis using

conventional plasmid isolation methods, nor was one identified during the sequencing
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of total DNA isolated from this strain [198]. We anticipated that the C. bescii shuttle
vector would likely replicate in C. hydrothermalis and might be stably maintained at a
high copy number. Quantitative polymerase chain reaction (QPCR) was performed as
described in the Methods section to determine the copy number of the pJGWO07
plasmid in C. hydrothermalis, and the results indicated that it was maintained
between 25 and 115 copies per chromosome over five serial transfers, but was
quickly lost without selection (Figure 2.7, Table 2.3).

Deletion of the C. hydrothermalis Chyl restriction enzyme results in
increased transformation efficiency. In developing methods for DNA
transformation of C. bescii, we observed that restriction by a Haelll isoschizomer,
Cbel [193], was an absolute barrier to transformation of DNA from E. coli. We
identified, cloned, expressed, and purified its cognate methyltransferase, M.Cbel,
from C. bescii and showed that DNA methylated in vitro readily transformed C. bescii
[186]. Deletion of cbel in C. bescii relieved the requirement for in vitro methylation of
plasmid DNA from E. coli by M.Cbel [185] and allowed efficient DNA transformation.
The C. hydrothermalis chyl gene is an ortholog of cbel with 96% DNA sequence
identity and 100% sequence coverage. A deletion of chyl was constructed on a
plasmid, pJGWO03, that was transformed into C. hydrothermalis JWCHO006 (Figure
2.8A). A deletion mutant was readily obtained in a screen of 50 colonies, and only
two rounds of purification on low osmolarity defined (LOD) plating media containing
uracil [194] were required to resolve the merodiploid, resulting in C. hydrothermalis
JWCHO008 (ApyrF Achyl) (Figure 2.8C). We note that the region of the C.

hydrothermalis genome that contains Chyl is not identical to the region of the C.
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bescii chromosome that contains Cbel. The C. hydrothermalis region contains an
additional open reading frame (ORF) that apparently encodes a truncated form of the
N-terminal portion of the Chyl protein. Sequence analysis revealed a premature stop
codon likely resulting from a point mutation in the Chyl ORF. This altered gene
structure had no obvious effect on enzyme function in vivo. The deletion we designed
included both ORFs.

To assess whether the loss of the Chyl restriction enzyme resulted in an
increase in transformation efficiency in C. hydrothermalis, we compared the
transformation efficiencies of the two strains generated in this study, JWCHO006
(ApyrF) and JWCHOO8 (ApyrF Achyl). As shown in Table 2.2, electrotransformation
of the JWCHOO0G6 parent strain with either the pJGWO07 shuttle vector containing the C.
thermocellum pyrF gene, or the pDCW89 vector containing the C. bescii pyrF gene,
was low but detectable, and methylation of plasmid DNA did not make a significant
difference in transformability. The standard deviation in experiments with low
numbers of transformants is substantial but not unexpected [199]. This extremely low
transformation efficiency may be an underestimate of the actual efficiency, as the
plating efficiency of C. hydrothermalis on a selective solid medium is less than 10
(plating 10° cells as determined by cell count resulted in fewer than 100 colonies).
Transformation of JWCHOO8 containing the chyl deletion was an order of magnitude
higher than that of JWCHO0O06, and again, there is no significant difference between
the transformation efficiency of methylated and unmethylated DNA, suggesting
differences in the restriction/modification systems of C. hydrothermalis and C. bescii.

The fact that methylation with M.Cbel made no difference in transformation efficiency
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was somewhat surprising, especially considering the fact that deletion of Chyl
increased the transformation frequency of unmethylated DNA. We interpret this to
indicate that there are differences between C. bescii and C. hydrothermalis in their
restriction/modification systems and perhaps additional enzymes in one or the other
that account for the differences in transformation frequencies. It is also possible that
the truncated form of the Cbel/Chyl orthologous proteins makes a difference in their
activities (Figure 2.8B). We previously reported that C. hydrothermalis chromosomal
DNA is resistant to digestion by BamHI and BspEl [185]. Both these enzymes have
six base recognition sequences that are relatively rare compared to four base
recognition sequences. The plasmids used in this study do not contain BamH]I sites.
While there are two BspEl restriction sites (TCCGGA), E. coli DH5q, the strain we
used to make plasmid DNA, contains an adenine methyltransferase known to protect
this site and may prevent cleavage by C. hydrothermalis during DNA transformation.
We emphasize that the observed transformation of the JIWCHO0O06 parent strain
is not an indication that C. hydrothermalis is naturally competent for DNA uptake.
Preparation of electrocompetent cells and electroporation was necessary to detect
transformation. We have invested some effort to induce natural competence in
members of this genus, but those efforts have not been successful. There are
homologs to the natural competence genes comEA, comEC, comGC, and dprA [200],
but in contrast to other thermophilic anaerobes [171], there is no evidence to date of

natural competence in Caldicellulosiruptor species.
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IV. Conclusions

Methods for genetic manipulation of C. hydrothermalis, based on those used
for C. bescii, were successful and efficient. Restriction of DNA was not an absolute
barrier to transformation, but deletion of the Chyl restriction enzyme in C.
hydrothermalis increased the transformation efficiency by an order of magnitude.
Heterologous expression of the Clostridium thermocellum pyrF gene was sufficient to
complement the C. hydrothermalis ApyrF mutant, allowing both autonomous plasmid
replication at relatively high copy (about 25 to 115 copies/cell) and marker
replacement of the chyl gene in the C. hydrothermalis chromosome. The use of this
new strain, C. hydrothermalis JWCHO008, should allow for the expression of
heterologous and homologous enzymes for both the identification and analysis of
enzymes involved in biomass deconstruction of unpretreated plant biomass by the
Caldicellulosiruptor genus. It will also enable the engineering of glycosyl hydrolases
such as CelA and other important plant biomass deconstruction enzymes in a strain

devoid of similar enzymes or activities.
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Figure 2.1. Isolation of a spontaneous pyrF mutant in C. hydrothermalis. (A)

Chromosomal map of the uridine monophosphate (UMP) biosynthetic gene cluster in

C. hydrothermalis JWCHO006. The 99-bp spontaneous deletion in ApyrF is indicated

by the line below the diagram. 462 bp lie upstream and 357 bp lie downstream of the

deletion. Arrows depict primers used to verify the structure of the pyrF gene in the
JWCHO06 strain. (B) Gel depicting PCR products of the pyrF region in the wild-type

strain (1.13 kb) compared to the JWCHOO06 strain (1.02 kb) amplified by the indicated
primers (DC163 and DC164). M: 1 kb DNA ladder (NEB); 1: wild-type genomic DNA,;

2: JWCHO006 genomic DNA,; 3: negative control.
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Figure 2.2. Repair of the pyrF gene in pDCW89 transformants. C.
hydrothermalis JWCHO0O06 (ApyrF) was transformed with M.Cbel-methylated
pDCWS89, and individual transformant colonies were picked. DNA was isolated from
the strain, and PCR using pyrF-flanking primers DC163 and DC164 (diagrammed in
Figure 2.1) was performed. M: molecular weight standards (NEB); 1: C.
hydrothermalis wild-type genomic DNA; 2: C. hydrothermalis JWCHO06 genomic
DNA; 3: genomic DNA from C. hydrothermalis JWCHO006 transformed with pDCW89;

4: negative control.
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Figure 2.3. Plasmid pJGWO07 isolated directly from C. hydrothermalis ApyrF. (A)
pJGWO7 constructed by replacing the C. bescii pyrF gene with the C. thermocellum
ATCC24705 homolog Cthe0951. The hatched region was derived from C. bescii
native plasmid pBAS2. Aer, apramycin resistance casette; repA, replication initiator
for pSC101 replication origin; par, partitioning locus. (B) Agarose gel depicting
pJGWO7 plasmid DNA extracted from different sources. M, molecular weight
standards; E, pJGWO07 purified from E. coli; C, pJGWO07 purified from C.

hydrothermalis.
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A pJGWO07-specific PCR B Back-transformation of pJGWO7 into E. coli

M o1 2 3 4 w/ EcoRI w/ ApalLl

M: molecular weight standards M: molecular weight standards
1: DNA from ApyrF strain 1: pure pJGWO7

2: pure pJGWO07 2: E. coli back-transformant 1
3: JWCHO006 transformed with pJGWO07 3: E. coli back-transformant 2

4: negative control

Figure 2.4. Evidence for transformation and stable replication of the
Caldicellulosiruptor/E. coli shuttle vector pJGWO07 in C. hydrothermalis.

A) pJGWO07 is present in transformants. DNA was isolated from the indicated C.
hydrothermalis strains in the legend. PCR was performed using two pJGWO07-specific
primers JG021 and JF199 (see Figure 2.3) with an expected amplicon of 2.6 kb.

B) pJGWO?7 is structurally stable in C. hydrothermalis. Back-transformation of
pJGWO07 isolated from C. hydrothermalis into E. coli DH5a. For EcoRI digests,
expected bands: 5.8 kb and 1.9 kb. For ApaLl digests, expected bands: 5 kb and 2.7
kb (See Figure 2A). 12 E. coli colonies were analyzed, restriction digests of plasmid

isolated from two colonies is shown.
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Figure 2.5. Restriction digest analysis of pJGWO07. Plasmid pJGWO07 purified
from either E. coli (lanes labeled E) or C. hydrothermalis (lanes labeled C) was
exposed to enzymes Haelll, EcoRlI, Hhal, or Mbol in individual reactions, as
indicated. Electrophoresis profiles of each digest reaction are shown. M, molecular
weight standards (NEB).
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Figure 2.6. Maintenance of the mutated pyrF gene in pJGWO07 transformants. C.
hydrothermalis JWCHO0O06 (ApyrF) was transformed with M.Cbel-methylated pJGWO07,
and individual transformant colonies were picked. DNA was isolated from the strain,
and PCR using pyrF-flanking primers DC163 and DC164 (see Figure 2.1) was
performed. M: molecular weight standards; 1: C. hydrothermalis wild-type genomic
DNA; 2: C. hydrothermalis JWCHO006 genomic DNA. 3 through 7: genomic DNA from
five individual colonies of C. hydrothermalis JWCHO006 transformed with pJGWO07; 8:

negative control.
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Figure 2.7. Determination of plasmid copy number. Quantitative PCR (qPCR)
was used to detect the copy number of plasmid pJGWO07 in relation to the
chromosome. Shown are the results after the fifth passage through (A) selective
and (B) non-selective media. The x-axis is the number of iterations of the
polymerase chain reaction, and the y-axis displays the logarithm of ARn, which is
the fluorescence of the SYBR green dye with the baseline fluorescence
subtracted. The number of cycles required to cross a given threshold (cycles to
threshold or Ct) is reflective of the plasmid copy number (PCN). The threshold is
indicated by a horizontal line. PCN was calculated using the formula PCN = 24|
Ctchromosome— Ctpiasmid |- The copy number ranged from about 25 to 115 copies
per chromosome in the cultures with selective media. The copy number was
determined based on two independent biological samples with three technical
replicates (See Table 2.3).
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Figure 2.8. Deletion of the gene encoding putative restriction enzyme Chyl.
(A) Scheme for targeted gene deletion. The pJGWO03 chyl knockout vector is
transformed into JWCHO0O0G6 (ApyrF), and uracil prototrophy selects for integration
at one of the 500-bp flanking regions, denoted by the gray boxes. 5' integration is
shown. The uracil prototroph is then plated on 5-FOA to select for loop-out of the
pyrF cassette via homologous recombination between flanking region
sequences. The two possible results are a return to the wild-type sequence or a
clean chyl deletion. (B) Chromosomal map of the locus containing the ORF for
chyl. The deleted region is indicated by the line below the diagram. Bent arrows
depict primers used to verify deletion of chyl in the JWCHO0O08 strain. (C) Gel
depicting PCR products of the chyl region in the JWCHO006 ApyrF strain (2.3 kb)
compared to the JWCHO008 ApyrF Achyl strain (1.25 kb) amplified by the
indicated primers (JG025 and JG028). 1: C. hydrothermalis JWCHO006 genomic
DNA; 2: C. hydrothermalis JWCHO008 genomic DNA; 3: negative control; M: 1 kb

DNA ladder (NEB).
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Table 2.1. Strains and plasmids used in Chapter 2

Strain or plasmid

Genotype/phenotype

Caldicellulosiruptor
JWCHO001
JWCHO006
JWCHO008
JWCHO009

Escherichia coli
JW401
JW402

Plasmids
pDCW89
pDCW88
pDCW151
pJGWO03

pJGWO7

C. hydrothermalis DSM 18901 wild-type (ura*/5-FOAS)

C. hydrothermalis ApyrF (ura/ 5-FOAR)

C. hydrothermalis ApyrF Achyl (ura’/5-FOAR)

C. hydrothermalis ApyrF harboring pJGWO07 (ura*/5-FOAS)

DH50. containing pJGWO03 (Apramycin®)
DH50. containing pJGW07 (Apramycin®)

E. coli/Caldicellulosiruptor shuttle vector (C. bescii pyrF)
Caldicellulosiruptor non-replicating vector (C. bescii pyrF)
Caldicellulosiruptor chyl deletion vector (C. bescii pyrF)
Caldicellulosiruptor chyl deletion vector

(C. thermocellum pyrF)

E. coli/Caldicellulosiruptor shuttle vector

(C. thermocellum pyrF)
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Table 2.2. Transformation efficiency of C. hydrothermalis.

Transformation efficiency results are reporter in colony forming units (CFU) / g
of transformed plasmid DNA. Results represent the average + standard deviation
of three biologically independent transformation experiments. The suffix M
denotes plasmid methylated with C. bescii M.Cbel methyltransferase.

Strain pJGWO7 | pJGWO7M | pDCW89 | pDCW89M

JWCHO006 ApyrF 33+24 2210 18 + 20 37 +43

JWCHO008 ApyrF Achyl 395 = 301 241 £ 174 58 + 48 100 = 90
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Table 2.3. Quantitative PCR data to determine plasmid copy number in C.
hydrothermalis.

These data represent the amplification cycles required to cross a threshold based on
SYBR green fluorescence. qPCR was performed on total DNA isolated from C.
hydrothermalis over the course of five passages through selective media. Passages
through non-selective media resulted in Ct values above 30, comparable with the

negative control results, so these values were not interpreted as accurate [196]. PCN
was calculated using the formula PCN = 2 * | Ctchromosome— Ctplasmid |- Ctp and Ctc

are the average of three replicate qPCR reactions. An amplication efficiency curve
over four logs of DNA concentration revealed an efficiency of 93.5%, which is within

the acceptable range of 90-110%.

Value Day 1 | Day 2 | Day 3 | Day 4 | Day 5 |
Plasmid (Ctp) 21.02 21.54 20.04 19.38 18.22
Chromosome (Ctc) 26.74 26.38 26.08 26.24 23.99
Ct.— Ctp 5.72 4.84 6.04 6.87 5.78
Copy number (PCN) 52.77 28.54 65.72 116.84 54.76
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Table 2.4. Primers used in Chapter 2.

Primer Sequence (5" — 3')

DC081 AGAGAGGTACCACCAGCCTAACTTCGATCATGGGA

DC163 TCCTGAACCAATAACCAAAACCT

DC164 AGTGGGAAGTGAAAGAGGAAAAC

DC262 TGTGTGGTGCACTCTGACGCTCAGTGGAACGAA

DC484 AGACTCCGATCGATTCCCATGAGCCCACGAACAGT

DC485 ATGTGCGATTCCTTTTGCGGTTTGGTCCAT

DC486 ACCAAACCGCAAAAGGAATCGCACATCGAAAGTTGGGAGT

DC487 ACAACAGTGCACACTCCATGTAAAGCGATTTTCA

JF199 TCGCTAACGGATTCACCACT'’

JG021 AGAATATCTAGAATGTTTATTGATACATTAATTGAAAAGATT
AGAGAAAAGG

JG022 TGTAGTCCATGGTTACTTCCTGTCTCGCAACGC

JG023 TCTACTCCATGGTCATCTGTGATATGGACAGTTTTCC

JG024 AGATCATCTAGAGACCATCCTTTCTATGTAGAAA

JG025 CTGCCAAGTTAGAAAACAAGGAC

JG026 AGAACAAGGAATACCAAGCCA’

JG027 ACCTTGCTGTGATAGAAAACCT

JG028 CATACAATCGGGATTCAGCAGT

Q1 TGGGAAAGCCGTCCATAATC

Q2 TCTCCCGCTCTTCTCTCTTT

Q3 GTGCGTCTACAGGACCTTATTT

Q4 GGCAAGATTCTACAGGCAAGA

QH11 CACATCAGCAACAGCAAGTAAG

QH12 CCTCACAAGCAACTACTCTACC

QH13 GCTCGGTCGCTCTGAATATAAC

QH14

GAGTTGGAAAGCTCAGGTCATC
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CHAPTER 3
PROMISCUOUS PLASMID REPLICATION IN THERMOPHILES: USE OF A
NOVEL HYPERTHERMOPHILIC REPLICON FOR GENETIC MANIPULATION
OF CLOSTRIDIUM THERMOCELLUM AT ITS OPTIMUM GROWTH

TEMPERATURE.?

% Groom J, Chung D, Olson DG, Lynd LR, Guss AM, and Westpheling J. 2016.
Metabolic Engineering Communications. 3: 30-38.

This article is published under license to BioMed Central Ltd. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly
credited.
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l. Abstract
Clostridium thermocellum is a leading candidate for the consolidated
bioprocessing of lignocellulosic biomass for the production of fuels and
chemicals. A limitation to the engineering of this strain is the availability of stable
replicating plasmid vectors for homologous and heterologous expression of
genes that provide improved and/or novel pathways for fuel production. Current
vectors rely on replicons from mesophilic bacteria and are not stable at the
optimum growth temperature of C. thermocellum. To develop more thermostable
genetic tools for C. thermocellum, we constructed vectors based on the
hyperthermophilic Caldicellulosiruptor bescii replicon pBAS2. Autonomously
replicating shuttle vectors based on pBAS2 reproducibly transformed C.
thermocellum at 60°C and were maintained in multiple copy. Promoters,
selectable markers and plasmid replication proteins from C. bescii were
functional in C. thermocellum. Phylogenetic analyses of the proteins contained
on pBAS2 revealed that the replication initiation protein RepL is unique among
thermophiles. These results suggest that pBAS2 may be a broadly useful
replicon for other thermophilic Firmicutes.
Il. Introduction

Clostridium thermocellum has been the subject of intense study because
of its unique mechanism for solubilizing plant biomass. C. thermocellum secretes
proteins that form an extracellular organelle, called a cellulosome [113, 114], for
attachment to and digestion of complex plant biomass. Its ability to produce

ethanol from cellulose has made it a leading candidate for consolidated
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bioprocessing [98, 201]. Recent work to engineer C. thermocellum for increased
ethanol production has eliminated competing fermentation pathways [112, 122,
202-204] and allowed synthesis of other fuel molecules like isobutanol [129].

Published genetic methods in C. thermocellum allow transformation of
plasmid DNA [165, 205, 206], the generation of gene deletions [112] and some
methods for gene expression [129, 149, 176, 202]. While gene deletions and
gene expression have led to significant increases in ethanol production, the
expression systems for robust high-level expression of homologous and
heterologous proteins in C. thermocellum have limitations. The plasmid replicon
from pNW33N that has been used extensively in published C. thermocellum
transformation protocols [122] is not stable at elevated temperatures [207].
Therefore, current methods for DNA transformation require that selection of
transformants be performed at 50-51°C [205], a suboptimal growth temperature
for C. thermocellum, which grows optimally at 60°C [109]. Because this origin
does not support stable replication at 60°C, it may contribute to both the
observed plasmid instability [176] and chromosomal integration [129], even at 50-
55°C. A plasmid that could faithfully replicate at 60°C would enable optimal in
vivo expression and rapid screening of cell wall decomposition enzymes or
metabolic enzymes for strain engineering.

Selectable markers that have been used in C. thermocellum [205] include
pyrF, that confers uracil prototrophy in a pyrF deletion strain; chloramphenicol
acetyl transferase (cat), that confers thiamphenicol resistance; and neomycin

acetyl transferase (neo), that confers neomycin resistance. Counter-selectable
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markers include pyrF, that confers sensitivity to 5-fluoroorotic acid (5-FOA); tdk,
that confers sensitivity to 5-fluoro-2’-deoxyuridine (FUdR); and hpt, that confers
sensitivity to toxic purine analogs such as 8-azahypoxanthine (8AZH) [142, 143].
Counter-selection with tdk may be performed in a wild type strain, while use of
pyrF and hpt require the use of a strain deleted for the C. thermocellum
chromosomal copy of the gene.

Many plasmids have been shown to be capable of intergeneric and even
interphyletic replication, raising the possibility of finding additional origins of
replication for use in C. thermocellum. Early work in mesophilic Gram-positive
bacteria identified several such replicons. Staphylococcus aureus plasmid
pC194, that replicates by a rolling circle mechanism [208], as well as other
Staphylococcus plasmids successfully transformed Bacillus subtilis [209, 210].
Enterococcus faecalis plasmid pAMB1 was used to transform Lactobacillus
acidophilius [211] and Bacillus subtilis [212], and has since become a broad-
range host vector for members of the Firmicutes. An example of interphyletic
plasmid replication is pNG2, that was isolated from Corynebacterium diphtheriae,
a member of the Actinobacteria phylum, but replicates in Escherichia coli, a
member of the Proteobacteria phylum [213].

Unfortunately, many of the commonly used plasmid origins were isolated
from mesophilic organisms, so functionality at thermophilic temperatures is a
concern. For instance, most Staphylococcal plasmids can be cured by growth at
43°C [214]. The Bacillus subtilis plasmid pIM13 was used to transform

Staphylococcus aureus [215], and more recently the replicon was used for the
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construction of pIKM1 for use in the thermophile Thermoanaerobacterium
saccharolyticum at 48°C, although its optimal growth temperature is 60°C [216].
The plP404 replicon [217] from Clostridium perfringens, that grows optimally at
43°C, was used to transform Thermoanaerobacter ethanolicus JW200, albeit at a
temperature much lower than the recipient’s optimum growth temperature of
69°C [172]. Although the promiscuity of many plasmids has been demonstrated,
there are limitations to mesophilic bacterial plasmids being used at the optimal
growth temperatures of thermophiles. Issues of structural instability [176]
chromosomal integration [129, 176], and decreased copy number [218] have
been reported.

An alternative approach is to identify origins of replication from
thermophilic organisms as a starting point for developing more thermostable
shuttle vectors. One example is plasmid pBAS2 that is native to
Caldicellulosiruptor bescii [192], a thermophilic Firmicute. C. bescii grows
optimally at 75°C [90] and plasmids using the pBAS2 origin of replication have
been shown to replicate at high copy at 65°C [219]. The replication functions of
pBAS2 have been used to construct vectors for transformation of C. bescii [177,
179] and Caldicellulosiruptor hydrothermalis [219]. Bioinformatic analysis
revealed significant sequence identity to other Gram-positive rolling circle
replication (RCR) origins, but the mechanism of pBAS2 replication is not clear.
The conserved nick site is not obvious, and single stranded DNA that typically
accumulates as a consequence of rolling circle replication was not observed for

pBAS2 [192]. The pBAS2 replicon encodes a replication protein with homology
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to known RepL proteins and a Xer-like recombinase [177, 192], which is
potentially responsible for the resolution of multimers of both chromosomes and
plasmids that form during replication [220, 221]. The open reading frame
encoding Cbes2777 (the Xer-like recombinase XerD) was shown to be
necessary for autonomous replication in C. bescii [177]. While some replicons
rely on host recombinases that work in trans to resolve multimers, pBAS2
encodes its own recombinase to resolve plasmid multimers and maintain
sequence fidelity.

Based on the thermophilic source of pBAS2 and the presence of both a
replication gene and a recombinase gene, we hypothesized that pBAS2-derived
plasmids would be capable of independent replication in C. thermocellum at its
optimal growth temperature of 60°C. We therefore built and tested plasmids
carrying the pBAS2 origin of replication with different selectable markers to
explore this possibility. Here we report the transformation and stable replication
in C. thermocellum of plasmid vectors based on pBAS2. We show that the pyrF
gene from C. bescii functions to complement a deletion of the pyrF gene in C.
thermocellum and that promoters from C. bescii function to drive expression of
genes at levels sufficient for selection of transformants. Transformation of C.
thermocellum DSM 1313 was performed at 60°C, the optimal growth temperature
of this strain, and plasmids derived from pBAS2 replicate stably in C.
thermocellum at this temperature. Phylogenetic analysis of pPBAS2 protein
sequences suggests that the replication protein is novel and unique among

known thermophilic proteins.
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lll. Materials and Methods

Bacterial media and growth conditions. Clostridium thermocellum DSM
1313 and its derivatives were grown anaerobically in modified CTFUD medium
[205] at 60°C, under an atmosphere of 85% nitrogen, 10% CO3, and 5%
Hydrogen. Defined medium for transformation and selection was CTFUD-NY
[205], which contains a vitamin mix of para-aminobenzoic acid, vitamin B12,
biotin, and pyridoxamine in place of the yeast extract. CTFUD-NY was
supplemented with 360 uM uracil when noted. Complex medium for recovery
after transformation was similar to CTFUD but contained casein (0.2% w/v) and
less yeast extract (0.1% wi/v), which is referred to as CTFUD+C. Escherichia coli
was grown in Luria-Bertani broth supplemented with 50 pg/mL apramycin when
selecting for the presence of a plasmid.

Plasmid vector construction. All PCR reactions for cloning were
performed with Q5 polymerase (New England Biolabs, Ipswich, MA) according to
the manufacturer’s instructions (98°C duplex denaturation, 60°C annealing
temperature, 30 seconds per kb at 72°C for elongation). Plasmid pDCW196 was
constructed by ligating C. bescii shuttle vector pDCW89 [177] to the cat gene
from C. thermocellum vector pMU612 [122]. Primers X013 and X014 amplified a
7.69 kb fragment from pDCW89, and primers X015 and X016 amplified a 1.053
kb fragment from pMUG12. These fragments were digested with BamHI| and Ndel
(New England Biolabs) twice in succession for 45 minutes at 37°C and ligated
with the FastLite ligation kit (Epicentre, Madison, WI) according to the

manufacturer’s instructions. Plasmid pJGW37 was constructed by amplifying a
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7.467 kb fragment from pDCW196 using primers JG024 and JG099, digesting
with Xbal (New England Biolabs) and ligating as described above to circularize
the linear fragment. All plasmid sequences were verified by Sanger DNA
sequencing (Genewiz). All primers are listed in Table 3.5.

Transformation of C. thermocellum ApyrF. A 20 mL starter culture of C.
thermocellum DSM 1313 ApyrF was grown at 60°C to mid-exponential phase in
defined CTFUD medium [205] supplemented with uracil. A 15 mL aliquot of this
culture was transferred to 150 mL of the same medium and grown to ODgg = 0.6.
Cells were cooled to room temperature for 25 minutes, harvested aerobically at
7500 x g for 10 minutes, and washed twice with pre-chilled 10% sucrose.
Competent cells were divided into 30 pL aliquots, and those not used
immediately were frozen in a dry ice-ethanol slurry and stored at -80°C. Plasmid
DNA pDCW89 (500 ng) was incubated with each aliquot for 15 minutes in pre-
chilled 1 mm cuvettes. Cells were electrotransformed with a single exponential
pulse with a Gene Pulser (BioRad, Hercules, CA) set at 1.8 kV, 25 uF, and 350
Q, and placed immediately into 60°C CTFUD+C medium [205] supplemented
with 360 uM uracil for recovery. A 0.25% inoculum was transferred to defined
liquid CTFUD-NY medium lacking uracil every three hours over the period of
recovery to select for transformants.

Transformation of Clostridium thermocellum Ahpt. A 10 mL starter
culture of C. thermocellum Ahpt was grown at 60°C to mid-exponential phase in
rich CTFUD medium [205]. This culture was transferred to 150 mL of the same

medium and grown to ODgoo = 0.9. Cells were cooled to room temperature for 25
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minutes, harvested aerobically at 7500 x g for 8 minutes, and washed twice with
pre-chilled 10% glycerol, 260 mM sucrose. Competent cells were divided into 30
uL aliquots, and those not used immediately were frozen in a dry ice-ethanol
slurry and stored at -80°C. Plasmid DNA pJGW37 (350 ng) was incubated with
each aliquot for 15 minutes in pre-chilled 1 mm cuvettes. Cells were
electrotransformed with a single exponential pulse with a BioRad Gene Pulser
(1.8 kV, 25 uF, 350 Q), and placed immediately into warm CTFUD+C medium for
6 hours at 60°C, after which they were serially diluted onto CTFUD plates
containing yeast extract (0.1% w/v) and 10 pg/mL thiamphenicol (Sigma, St.
Louis, MO). Colonies appeared after 4-5 days of growth at 60°C under an
atmosphere of 85% nitrogen, 10% CO,, and 5% hydrogen. Transformation
efficiency was calculated in CFU/ug of plasmid DNA, and experiments were
performed in biological triplicate.

Total DNA isolation from Clostridium thermocellum. For plasmid copy
number determination over the growth phase, a 0.1% (v/v) inoculum was grown
without shaking at 60°C. Samples (2% (v/v)) were removed for gPCR analysis at
the indicated time points (Figure 3.7). For plasmid maintenance experiments
(Table 3.4), 0.25% inocula were grown in serial passages to exponential phase
(ODgoo ~ 0.4 for C. thermocellum ApyrF, ~0.7 for C. thermocellum Ahpt) and 5 mL
of culture was harvested at 4°C at 6100 x g. The pellet was resuspended in 200
ML 40 mM EDTA, 50 mM Tris-HCI, 25% sucrose (w/v) with 30 mg/mL lysozyme
(Sigma, St. Louis, MO) and 1 pL/mL RNase A (Qiagen), and incubated for 30

minutes at 37°C. Cells were frozen and thawed five times using a dry ice-ethanol
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slurry and a 37°C water bath. A 500 uL aliquot of 6M Guanidine-HCI pH 8.5
(Sigma, St. Louis, MO) was immediately added to the cell lysate and allowed to
incubate at 75°C for 10 minutes. The lysate was washed twice with
Phenol:chloroform:isoamyl alcohol and once with chloroform. To the aqueous
layer, 3M sodium acetate pH 5.2 was added, and DNA was precipitated at -80°C
for 3 hours, washed with cold 70% ethanol and resuspended in 10 mM Tris-HCI.
Total DNA for C. thermocellum transformants containing pJGW37 was visualized
on a 1% agarose gel (Sigma, St. Louis, MO) stained with ethidium bromide
(Figure 3.5C).

Verification of plasmid transformation and structural stability. Taq
polymerase (Sigma, St. Louis, MO) was used for PCR reactions to confirm the
presence of the plasmid using total DNA purified from C. thermocellum
transformants as template. Reactions were performed with primers DC091 and
DC508 according to the manufacturer’s instructions (94°C duplex denaturation,
56°C annealing temperature, 1 minute per kb at 72°C for elongation). PCR
products were visualized on a 1% agarose gel with an NEB 1 kb Ladder for size
verification (NEB, Ipswich, MA). To verify structural stability in C. thermocellum,
total DNA was electrotransformed into E. coli BL21 with a BioRad Gene Pulser
(Biorad, Hercules, CA) using an exponential pulse in a 2 mm cuvette (2.5 kV, 25
uF, 200 Q). Selection in E. coli was performed with 50 ug/mL apramycin, and
colonies were screened for the presence of the plasmid by performing restriction

digests with EcoRI and ApaLl (NEB, Ipswich, MA).
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Quantitiative polymerase chain reaction (QPCR). gPCR experiments
were carried out with a LightCycler 480 Real-Time PCR instrument (Roche,
Basel, Switzerland) with LightCycler 480 SYBR Green | master mix (Roche).
Cycle thresholds resulting from amplification with two independent sets of
primers specific to either the pJGWO07 plasmid (Q1/Q2 inside Cbes2777, Q3/Q4
inside Cbes2778) or the C. thermocellum chromosome (CTQ1/CTQ2 inside
Clo1313_0092, CTQ3/CTQ4 inside Clo1313_0090) were used to compute
relative copy number of the plasmid to the chromosome. The formula for this
calculation was PCN = 2| Ctchromosome— Ctpiasmid |- Four replicate reactions for
each primer set were performed, and the average of the two primer sets on each
sample was used to calculate the plasmid copy number in each serial subculture
(Table 3.5) according to the method of Lee et al [196]. Amplification efficiency
over 10*-fold range of DNA concentration was 102%, within the ratio of 90-110%
that is considered acceptable.

Bioinformatic analysis. The National Center for Biotechnology
Information (NCBI) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
were used to search for homologous proteins to the ORFs on plasmid pBASZ2.
Amino acid similarity was also determined with the NCBI Basic Local Alignment
Search Tool (BLAST). Clustal Omega was used for multiple sequence alignment
with default settings [222, 223]. ProtTest 3.4 [224] was used to estimate models
of evolution for the multiple sequence alignments. To determine posterior
probabilities, MRBAYES version 3.2.5 x64 [225] was run for 1,000,000

generations with the WAG+1+G+F model of evolution [226] for Cbes2777 and the
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LG+I+G+F model [227] for Cbes2780. Figtree version 1.4.2
(http://tree.bio.ed.ac.uk/ software/figtree/) was used to visualize the phylogenetic
trees generated by MRBAYES. MEME was used for motif analysis [228],
searching for 6 motifs for Cbes2777 and 3 motifs for Cbes2780. MAST was used
for motif searches with default settings [228]. CodonO software [229] was used
with default settings on genome files uploaded from NCBI.

IV. Results and Discussion

The XerD protein encoded by the C. bescii native plasmid pBAS2 has
homology to known thermophilic proteins but the replication initiation
protein, RepL, does not. As noted previously [192], the protein sequences
encoded by the pBAS2 open reading frames Cbes2777 and Cbes2780 (Figure
3.1) are homologous to Xer-like recombinases and the RepL family of replication
initiation proteins, respectively. Open reading frames Cbes2778 and Cbes2779
are short ORFs that would encode proteins of 109 aa and 73 aa respectively and
are annotated as hypothetical proteins of unknown function (Table 3.1, Table
3.2).

Xer recombinases are known to resolve multimers of both chromosomes
and plasmids that form during replication [220, 221]. To better understand the
replication machinery of the pBAS2 origin, we performed phylogenetic analysis of
Cbes2777 and Cbes2780 with more recently acquired sequence data [230-232].
That analysis revealed that Cbes2777 is homologous to XerC and XerD proteins
in other Firmicutes, and it weakly clusters with a group of proteins from the

thermophilic, anaerobic genera Thermoanaerobacter and
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Thermoanaerobacterium (Figure 3.2A). This is not surprising, as
Caldicellulosiruptor is known to be closely related to these genera [233]. Motif
analysis revealed that all of these Xer-like recombinases contain a phage
integrase-like domain and a DNA breaking-rejoining domain (Figure 3.2B). The
members of the cluster containing Cbes2777 have strong motif signatures for
each of these protein domains [228, 234], in particular the RHRY conserved
catalytic active site [220] (Figure 3.2B).

Xer recombination sites for multimer resolution like cer on ColE1 and psi
on pSC101 require extra sequences for the binding of accessory proteins [235,
236]. One such protein for cer is the arginine repressor ArgR [237], which binds
to specific sites on the plasmid to orient the recombination sites during multimer
resolution. We were unable to identify canonical XerC- and XerD- binding sites
[238] in the pPBAS2 sequence, but a 1.4 kb region of non-coding sequence on
plasmid pBAS2 contains predicted ArgR binding sites (Figure 3.1) existing as an
approximate direct repeat for regulatory protein binding. This site has striking
sequence similarity to known ArgR binding sites, particularly those from the roc
and car operons from Bacillus subtilis [239]. Thus, one possibility is that this
sequence behaves like cer and psi for the resolution of plasmid multimers using
the XerD recombinase encoded in cis by plasmid pBAS2. This would require that
the host chromosome encodes an argR gene which is, in fact, present in both C.
bescii and C. hydrothermalis, where pBAS2 has previously been shown to
replicate. Further, it is present in C. thermocellum and other thermophiles

including Thermoanaerobacterium saccharolyticum and Thermoanaerobacter
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ethanolicus [234], suggesting that pPBAS2 may have a broader host range than
the Caldicellulosiruptor genus.

In contrast to Cbes2777, homology searches for Cbes2780 revealed a
limited number of homologs with relatively low sequence identity (<30%). There
were no plasmid-encoded thermophilic homologs, and very few Firmicute
homologs (Figure 3.3A). Cbes2780 clusters with RepL proteins from diverse
bacterial phyla including Proteobacteria, Cyanobacteria, and Firmicutes (Figure
3.3A and Figure 3.4). Among all the replication protein homologs there is a single
strong consensus sequence ®PNPXsG in a helix-turn-helix DNA binding domain
(Figure 3.3B), although the C. bescii protein has many more arginine residues at
this site. It is possible that these residues play a role in thermostability, as
arginine residues have been associated with protein thermostability, particularly
by increasing hydrophilicity when they replace lysine residues [240, 241], and
when they exist in clusters [242]. These findings, in light of the lack of
thermophilic homologs and the fact that Cbes2780 resides on a plasmid, suggest
that this protein might have been co-opted by C. bescii from a distantly-related
mesophilic organism, or alternatively from a currently undiscovered thermophilic
organism. Importantly, unique Rep proteins provide for unique incompatibility
groups [243] making these plasmids potentially compatible with other known
replicons.

It is noteworthy that Cyanothece sp. PCC 8802 MarR2/RepL and Sodalis
glossinidius RepL are encoded on plasmids that encode Xer-like recombinases,

reminiscent of the arrangement of RepL and XerD on pBAS2. In fact, the use of
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portions of pBAS2 to construct other vectors revealed that the XerD recombinase
is required for plasmid replication in C. bescii [177]. The organization of pBAS2
may contribute to plasmid promiscuity with both a replication initiation protein and
a multimer-resolving recombinase on the same plasmid.

A thermostable replicon from the C. bescii plasmid pBAS2
transforms C. thermocellum at 60°C. Two pBAS2-derived plasmids were used
for testing transformation of C. thermocellum. Plasmid pDCW89 (Figure 3.5A)
was previously constructed from the native C. bescii plasmid pBAS2 (Figure 3.1)
[192] for use as an E. coli/Caldicellulosiruptor shuttle vector [177]. It contains the
pBAS2 origin of replication, the E. coli plasmid pSC101 origin of replication, an
apramycin resistance cassette for selection in E. coli, and the C. bescii pyrF wild
type allele used to select uracil prototrophy in strains containing a deletion of the
pyrF gene. Previously, a C. thermocellum pyrF deletion was constructed [122],
allowing transformation of pPDCW89 to be tested (see below) using uracil
prototrophy as the selection. Because thiamphenicol selection is also commonly
used for C. thermocellum transformations, we constructed plasmid pJGW37
(Figure 3.5B). This plasmid was based on pDCW89 (Figure 3.5A) but with the
pyrF gene replaced with a chloramphenicol acetyltransferase (cat) gene for
selection of transformants in C. thermocellum strains that are wild type at the
pyrF locus.

Using a method developed for C. bescii [186], pDCW89 was
electrotransformed into a C. thermocellum strain containing a deletion of the pyrF

gene [122]. As with the C. bescii pyrF deletion, this strain is a uracil auxotroph
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resistant to 5-fluoroorotic acid (5-FOA) (Table 3.3), allowing selection and
counter-selection of the pyrF wild type allele. Transformants of pDCW89 were
successfully selected for uracil prototrophy in defined liquid medium at 60°C.
Further, plasmid pJGW37 was successfully transformed into C. thermocellum
containing a deletion of the hypoxanthine phosphoribosyl transferase (hpt) [112]
selecting thiamphenicol resistance, again at 60°C. Hpt forms nucleotide
monophosphates from purines, and can lead to the incorporation of toxic purine
analogs such as 8-azahypoxanthine (AZH) into DNA and RNA [143]. The Ahpt
strain is resistant to AZH allowing selection of transformants that are
thiamphenicol resistant and subsequent counter selection for AZH resistance.

Total DNA isolated from C. thermocellum transformants containing
pDCWS89 or C. thermocellum transformants containing pJGW37 was used to
back-transform E. coli. Two different restriction endonuclease digests performed
on plasmid DNA purified from nine independent E. coli colonies (three shown)
resulted in identical banding patterns relative to the original plasmid (Figure 3.6).
This proves that the plasmids were successfully transformed into C.
thermocellum and suggests that there was no major structural instability of the
plasmid during transformation and replication in C. thermocellum and back-
transformation into E. coli. Plasmid pJGW37 was also purified directly from C.
thermocellum and could be visualized on an agarose gel of total DNA (Figure
3.5C).

Plasmid stability, copy number and transformation efficiency. To

assess transformation efficiency of the pBAS2 replicon, cells were transformed
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with pJGW37 and plated after a 6 hour recovery period in rich recovery medium
onto plates with thiamphenicol at 60°C. Transformation efficiency of pJGW37
was determined to be 3242 + 575 colony-forming units per pg plasmid DNA (CFU
/ ug), demonstrating that the pBAS2 origin of replication can efficiently transform
C. thermocellum at 60°C. This is in contrast to plasmids containing the pNW33N
replicon, where the temperature limit for transformation is ~ 51° C (Olson & Lynd,
2012a).

To assess plasmid stability and copy number, individual C. thermocellum
transformants were passaged in both selective and non-selective media five
times, and the copy number was measured using quantitative polymerase chain
reaction (QPCR), as described by Lee et al [196]. The plasmid copy number
(PCN) varied depending on the selection method and the growth phase but was
highest in late exponential phase for pJGW37 at 10-20 copies per chromosome
(Figure 3.7A) and the PCN for pDCW89 varied from 2-10 during both exponential
and stationary phases (Figure 3.7B). The reason for the differences in copy
number with growth phase and growth rate may reflect the fact that copy number
is an average across the population. After one passage without selection, the
copy number is below 1, suggesting that either 10% of the population lost the
plasmid, or more likely, most contain the plasmid in multiple copies, and some
have lost it. Without selection, both plasmids decreased in average copy number
with successive serial passages and were lost after five passages (Table 3.4).

Heterologous proteins and promoters from C. bescii function in C.

thermocellum. Plasmid pDCW89 contains the C. bescii pyrF wild type allele and
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this gene functions to complement the pyrF deletion in C. thermocellum. The
PyrF proteins have 45% amino acid sequence identity. The G+C content of the
C. bescii pyrF gene is 35.7%, and that of the C. thermocellum pyrF gene is
39.9%. In fact, CodonO software [229] indicates that codon usage bias between
the entire C. bescii and C. thermocellum genomes is not statistically significant
with a p value of >0.33. Both pDCW89 and pJGW37 rely on a C. bescii ribosomal
protein promoter [177] to direct transcription of the selectable marker gene
(Figure 3.5), the pyrF gene in pDCW89 and the cat gene in pJGW37. While we
have no direct evidence for the efficiency of these promoters at this time, they
clearly function at a level sufficient to allow selection. No promoter from C. bescii
has been characterized experimentally so the transcription start site and RNA
polymerase binding site for this promoter is unknown, but the sequence does
contain a prototypical RNA polymerase binding site sequence for growth phase
dependent transcription in Gram-positive bacteria.
V. Conclusions

While many plasmid origins of replication are derived from mesophilic
sources, genetic tools for thermophiles must function at elevated temperatures.
The use of thermophilic sources offers a solution to this issue, and we have
demonstrated that plasmid origin pBAS2 from thermophile C. bescii can replicate
in C. thermocellum at its optimal growth temperature of 60°C. This expansion of
the genetic tools available for C. thermocellum will facilitate more rapid genetic
engineering toward the goal of developing an organism for the efficient

conversion of lignocellulosic biomass to fuels and chemicals. Further, the
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demonstration of stable, autonomous replication of the C. bescii pBAS2 replicon
in C. thermocellum suggests that this replicon might serve as a new tool for

plasmid-based expression in other thermophiles, as well.

XerD recombinase RepL ori
L
TTeCaITTRIRTICR] TIGGATTTATATICAT B subtilis sequence

*
CCACCGCATCAATATTCATACCCGCTTGCATAATTATTCATCCC pBAS2 sequence
putative ArgR binding site

Figure 3.1. The annotated sequence of Caldicellulosiruptor bescii native
plasmid pBAS2. Open reading frame numbers are shown below their respective
genes, with predicated annotations above the genes. ori, conserved putative
plasmid replication origin. XerD recombinase, site-specific tyrosine recombinase
XerD. ReplL, replication initiation protein. Magnified is the sequence identified by
a MAST [228] motif search for the ArgR binding site. The ArgR binding site from
B. subtilis [239] was used as a query motif. The putative site exists as an

approximate direct repeat.
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Figure 3.2. Cbes2777 has thermophilic homologs and a conserved Xer-like
catalytic domain. (A) Maximum likelihood tree of Xer-like homologs of
Cbes2777. Cbes2777 resides in a cluster with predominantly thermophilic
organisms (Topt = 60°C), indicated by the bracket. Posterior probabilities
determined by MRBAYES are shown at the nodes of the tree. The XerD homolog
from Caldicellulosiruptor bescii is indicated by a red branch. The scale bar
indicates the distance for 0.2 amino acid substitutions per site. (B) Protein
domains of the Cbes2777 XerD recombinase. R164, H243, R246, and Y328
appear to constitute the RHRY conserved catalytic residues [220], indicated

above the C-terminal catalytic domain.
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Figure 3.3. Cbes2780 RepL protein is unique, but exhibits a conserved
motif. (A) Maximum likelihood tree of plasmid-encoded RepL-like homologs to
Cbes2780. Plasmid replication proteins are listed with the plasmids that encode
them. The RepL consensus sequence is from Sprincova et al [244]. The scale
bar indicates the distance for 0.5 amino acid substitutions per site. (B) The
consensus motif of the conserved RepL helix-turn-helix domain generated by
MEME [228]. In the multiple sequence alignment of 11 plasmid-encoded rep
proteins, the conserved N,P and G residues are indicated in black with white font.
Sites where the Caldicellulosiruptor bescii sequence contains arginine residues
that are absent in all other sequences are in red in the multiple sequence

alignment.
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Figure 3.4. Maximum likelihood tree of full list of RepL-like homologs to

Cbes2780. The tree contains both plasmid-encoded and chromosome-encoded
homologs to Cbes2780. Plasmid replication proteins are listed with the plasmids
that encode them. The RepL consensus sequence is from Sprincova et al [244].

The scale bar indicates the distance for 0.5 amino acid substitutions per site.
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Figure 3.5. Maps of vectors transformed into Clostridium thermocellum.
(A) pDCW89 constructed with the C. bescii pyrF gene driven by the C. bescii
Cbes2105 ribosomal protein S30A promoter. The hatched region was derived
from C. bescii native plasmid pBAS2. AprR, apramycin resistance casette; repA,
replication initiator for E. coli pSC101 replication origin; par, partitioning locus for
E. coli. Primers for PCR verification of transformation and restriction sites for
structural verification are shown on the plasmid map. (B) pJGW37 is identical to
pDCW89, but with the chloramphenicol acetyltransferase gene (cat) as the
selectable marker. (C) Plasmid DNA can be visualized in total DNA directly
purified from C. thermocellum. 1: 500 ng pJGW37 purified from E. coli. 2: 1.3 ng
total DNA purified from C. thermocellum Ahpt. 3: 1.3 ug total DNA purified from

C. thermocellum Ahpt containing pJGW37.
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Figure 3.6. Plasmids with the pBAS2 replication origin are structurally
stable in C. thermocellum DSM1313. (A) PCR verification of the pDCW89
plasmid in C. thermocellum ApyrF transformants using plasmid-specific primers
DC091/DC508 (See Figure 3.5). 1: plasmid pDCW89; 2: plasmid pJGW37; 3:
negative control C. thermocellum ApyrF DNA; 4-6: total DNA from uracil
prototrophic pDCW89 transformants; 7-8: total DNA from thiamphenicol resistant
pJGWa37 transformants. (B) Back-transformation of pJGW37 isolated from C.
thermocellum into E. coli, followed by restriction digest. 1,5: pJGW37 purified
from E. coli; 2-4, 6-8: plasmid isolated from individual E. coli colonies back-
transformed with C. thermocellum DNA; 1-4: Cut with EcoRlI; 5-8: Cut with ApalLl.
(C) Back-transformation of pDCW89 isolated from C. thermocellum into E. coli,
followed by restriction digest. 1,5: pDCW89 purified from E. coli; 2-4, 6-8:
plasmid isolated from individual E.coli colonies back-transformed with C.
thermocellum DNA; 1-4: Cut with EcoRlI; 5-8: Cut with ApaLl. DNA ladder is the 1

kb Ladder from NEB.

89



A pJGW37 Plasmid Copy Number
14 - variation over growth phase

- 25
12 A —+-0D600
—*Plasmid copy number - 20
1 -
S 0.8 - r 15
a
o 0.6 L 10
0.4 1
- 5
0.2
0 - T T T O
0 10 15 20
time (h)

B pDCW89 Plasmid Copy Number
14 - variation over growth phase - 25
19 - —+-0D600

—=Plasmid copy number - 20
- 15
- 10
- 5
: - 0
0 ) 15 20

10
time (h)

90

plasmid copy number

plasmid copy number



Figure 3.7. Plasmid copy number is dependent on growth phase. Plasmid
pJGW37 (A) was maintained with thiamphenicol resistance, while pDCW89 (B)
was maintained with uracil auxotrophy. Growth of triplicate cultures at 60°C
determined by ODggo is portrayed in red. Samples (2% (v/v)) for plasmid copy
number analysis were taken from the standing cultures. Plasmid copy number
(PCN), indicated by blue squares, represents the copies of plasmid per

chromosome as measured by qPCR.
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Table 3.1. Homologous proteins to Cbes2778. BLAST analysis identified five

hypothetical protein potential homologs to Cbes2778 in the Caldicellulosiruptor

genus with relatively high query coverage and sequence identity. Multiple

additional similar proteins were identified, mostly from eukaryotes.

Organism Annotation Query | %
cover | identity
Caldicellulosiruptor , , 0 0
saccharolyticus Hypothetical protein 94% | 43%
Caldicellulosiruptor sp. . . o 0
Ri8 B8 Hypothetical protein 75% | 42%
CaldlcelluIOSI(up tor Hypothetical protein 90% 35%
kronotskyensis
Spiroplasma apis FeS assembly protein 76% 32%
Lumbricus terrestris extracellular hemoglobin linker o o
chain (N-terminal) 69% | 33%
Lumbricus terrestris Hemoglobin complex, chain 2 72% | 34%
Lumbricus terrestris Extracellglar hemoglobin linker 7200 | 349
L3 subunit precursor
Lumbricus terrestris Chain O, Lur_nbrlcus 790, | 349
Erythrocruorin
Acidithiobacillus thiooxidans | hypothetical protein 47% | 43%
Caldicellulosiruptor , , 0 0
saccharolyticus hypothetical protein 42% | 45%
Acidithiobacillus thiooxidans | hypothetical protein 47% | 43%
Kluyvera ascorbata hypothetical protein 61% | 27%

Table 3.2. Homologous proteins to Cbes2779. Cbes2779 has no homologs in

Caldicellulosiruptor and shows only weak sequence similarity to any other

bacterial proteins.

Organism Annotation Query | %
cover | identity
Eubacterium cellulolosolves | Transketolase 48% | 33%
Buchnera aphidocola GTPase EngA 84% | 32%
Prolixibacter bellariivorans | Hypothetical protein 54% | 31%
Stanieria cyanosphaera Ferritin Dps family protein 41% 33%
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Table 3.3. Strains and plasmid used in Chapter 3.

Strain or Genotype/phenotype Source

plasmid

C. thermocellum

LL1005 C. thermocellum DSM 1313 ApyrF (ura'/—FOAR) Tripathi et al.,
2010

M1354 C. thermocellum DSM 1313 Ahpt Argyros et al.,
2011

JWCTO02 C. thermocellum ApyrF + pDCW89 (ura+/5—FOAS) This work

JWCTO03 C. thermocellum ApyrF + pDCW196 (ura+/5—FOAS/ TmR) This work

JWCT04 C. thermocellum Ahpt + pDCW196 (ura+/5—FOAS/ TmR) This work

JWCTO05 C. thermocellum Ahpt + pJGW37 (TmR) This work

E. coli

Jw421 BL21 containing pJGW37 (ApramycinR) This work

Jw422 BL21 containing pDCW89 (ApramycinR) This work

Plasmids

pDCW89 E. coli/C. bescii shuttle vector (Pcpes2105 - pyrF) Chung et al.,,
2012

pDCW196 E. coli/C. bescii shuttle vector ( Pcpesz105 - pyrF | Pgapor - cat) | This work

pJGW37 E. coli/C. bescii shuttle vector ( Pcpes2105- cat) This work

93



Table 3.4. Plasmid copy number in Clostridium thermocellum. Plasmid copy
number was determined at mid-log phase after the indicated number of
passages. Maintenance experiments were performed in biological duplicate.
Uracil prototrophy was used to select for pDCW89. Resistance to thiamphenicol

was used to select for pJGW37.

Passages with selection Passages without selection
Plasmid 1 5 1 2 5
pDCW89 3.0+04 92+09 1711 0.1+0.04 0
pJGW37 6.7 £0.6 75+17 |109=01 0.1+0.05 0
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Table 3.5. Primers used in Chapter 3.

Primer Sequence (5" — 3')

DC091 ATCTTCATGATTTTCCCAGGA

DC508 | AGAGGTACCAGTTCCTGCTTTGTTAACATTCCTTG

X013 AGAGGATCCTTACTTCCTGTCTCGCAACGC

X014 AGACATATGGACAGTTTTCCCTTTGATATGT

X015 AGAGGATCCTGCAATAATTACTGTATCTCTCTGGCA

X016 AGACATATGCTTCAAACTTCCCAAAGGCGAGCCCT

JG024 AGATCATCTAGA GACCATCCTTTCTATGTAGAAA

JG099 AAGATCTAGAATGAACTTTAATAAAATTGATTTAGACAATTGGAA

Q1 TGGGAAAGCCGTCCATAATC
Q2 TCTCCCGCTCTTCTCTCTTT

Q3 GTGCGTCTACAGGACCTTATTT
Q4 GGCAAGATTCTACAGGCAAGA

CTQ1 CCAAACCTCCTTCCCGATATAC
CTQ2 CTCTCAGCTCCTCATCCTCTAT
CTQ3 GGAACCGGAGTGAATGTCATAG
CTQ4 CTGGGAATTGTAGCCCGAATAA
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CHAPTER 4
DELETION OF THE CLOSTRIDIUM THERMOCELLUM RECA GENE REVEALS

THAT IT IS REQUIRED FOR THERMOPHILIC PLASMID REPLICATION.?

> Groom J, Chung D, Kim S, Guss AM and Westpheling J. To be submitted to
Applied and Environmental Microbiology.
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I. Abstract

Efficient, facile genetic tools are essential for making interesting and
important microbes useful. A limitation to the engineering of cellulolytic
thermophiles is the availability of functional, thermostable (= 60°C) replicating
plasmid vectors for rapid expression of genes that provide improved or novel fuel
molecule production pathways. A series of plasmid vectors for genetic
manipulation of the cellulolytic thermophile Caldicellulosiruptor bescii has
previously been extended to Clostridium thermocellum, another cellulolytic
thermophile that very efficiently solubilizes plant biomass and produces ethanol.
While this replicon is thermostable, the use of homologous promoters, signal
sequences and genes results in undesired recombination into the bacterial
chromosome, a result that is shared with less thermostable replicating vectors. In
an attempt to overcome undesired DNA recombination in C. thermocellum, a
recA deletion showed that this gene is required for replication of the C. bescii
thermophilic plasmid pBAS2. C. thermocellum recA mutants also showed
impaired growth in chemically defined medium and an increased susceptibility to
UV damage. Understanding thermophilic plasmid replication is not only important
for engineering of these particular cellulytic thermophiles, but also for developing
genetic systems in new potentially useful non-model organisms.
Il. Introduction

The interactions between lignocellulose-degrading microbes and the plant
cell wall have spurred advances towards a renewable energy source. Complex

cell wall polysaccharides are recalcitrant to degradation, and this degradation is
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the major bottleneck in the conversion of plant biomass to biofuels and chemicals
[13]. A variety of schemes have been proposed to break down the plant cell wall
and convert the released sugars into fuel molecules and bioproducts. One such
scheme, Consolidated Bioprocessing (CBP), consists of one microbe performing
both tasks [245]. The cellulolytic thermophile Clostridium thermocellum has been
the subject of study for many years because of its cellulosome, an interesting
extracellular protein supercomplex for degrading the plant cell wall [113, 114]. Its
natural ethanologenic capabilities suggest its application as a biofuel-producing
microbe, and much work has recently been done to engineer this strain to
produce more ethanol from plant biomass [112, 128, 175, 202-204].

A reliable thermostable plasmid-based expression system is required for
rapid screening of enzymes to improve carbon metabolism and plant cell wall
degradation. We recently developed a series of replicating plasmid vectors for
the cellulolytic thermophile Caldicellulosiruptor bescii and used them for the
expression of homologous and heterologous genes [132, 134, 177, 179]. These
vectors have proven useful to extend genetic methods developed for C. bescii to
another member of this genus, C. hydrothermalis, a naive host for the study of
cellulolytic enzymes [219]. Surprisingly, they have also proven useful for
Clostridium thermocellum. VVectors derived from pBAS2 transform C.
thermocellum DSM 1313 at 60°C, with a transformation efficiency greater than
3000 colony forming units per ug of transformed DNA and a copy number ~10
per bacterial chromosome [246]. pBAS2 has recently been used to express a

thermostable butanol dehydrogenase gene in C. thermocellum that provides
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resistance to 5-hydroxymethylfurfural, a plant biomass derived microbial inhibitor
[135]

Despite these advances, the use of homologous sequences as small as a
300-bp promoter region results in plasmid integration using both pBAS2 [135]
and the less thermostable replicon pNW33N [129]. Overcoming this integration is
necessary to preserve the integrity of the background strain while still using the
best promoters [176], signal peptides and enzymes to meet strain development
goals. One way to avoid recombination is to use heterologous sequences. In fact,
several promoters from Caldicellulosiruptor bescii have been shown to function in
C. thermocellum [135, 246]. However, because many of useful genetic tools will
be encoded by endogenous (that is, homologous) sequences, a deletion of the
recA gene would be useful. Although the RecA protein has been shown to have
multiple functions in model organisms like E. coli [247], viable recA mutants
deficient in homologous recombination have been selected for many decades
[248].

The canonical RecA protein in the model organisms E. coli and Bacillus
subtilis is a single-stranded DNA (ssDNA)-binding protein that initiates
homologous recombination [247, 249]. RecA monomers join together to form a
helical filament on ssDNA, protecting and preparing the DNA for strand invasion
into duplex DNA. Once assembled, the RecA filament forms a second DNA
binding site that allows strand invasion. This complex scans the invaded duplex
and freezes when sequence homology is detected so that replication,

subsequent branch migration and recombination can occur. Besides the RecA
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protein’s function in homologous recombination, it recognizes DNA damage and
triggers the SOS response. It does this by promoting autocleavage of the global
transcriptional repressor LexA, thereby alleviating repression on a variety of
genes involved in DNA repair. Also, RecA and other ssDNA-binding proteins are
required for mutagenic translesion synthesis by DNA polymerase V in cases of
DNA damage.

Unsurprisingly, there are a variety of phenotypes observed with recA
mutants in different bacteria. recA mutants in Thermus thermophilus [250], E. coli
[251], and B. subtilis [252] all exhibit decreased cell viability. The thermophile T.
thermophilus has extremely low viability (only 1 colony-forming unit in 103-10°
cells) while more moderate decreases are observed in the other organisms (50-
90% decrease in colony formation). The T. thermophilus strain also has a
hypermutable phenotype, which could be attributed to a higher mutation rate at
high temperatures [250]. In Streptomyces lividans, a Gram-positive
actinomycete, recA mutants are inviable unless suppressor mutations are
selected [253]. Nucleoid morphologies often change as well, with ~10% of E. coli
mutants being anucleate due to defective chromosome partitioning [254]. Many
organisms exhibit increased susceptibility to DNA damage like UV rays or
mitomycin C, since the RecA protein is not available to initiate recombination-
mediated repair at DNA lesions [255]. However, recA mutants in some organisms
like Thiobacillus ferrooxidans are less sensitive to radiation than mutants in E.

coli and B. subtilis [256].
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We have deleted the recA gene in Clostridium thermocellum to show the
phenotype of the strain with regard to homologous recombination. The primary
goal was not only to stabilize a plasmid-based gene expression system by
eliminating undesired recombination, but also to learn about the basic biology of
RecA in Gram-positive anaerobic thermophiles. We show that growth and DNA
repair ability is compromised by removing recA in C. thermocellum, and that
transformation with a replicating thermophilic plasmid that functions in C.
thermocellum requires the RecA protein.

lll. Materials and Methods

Bacterial growth and media composition. Clostridium thermocellum
DSM 1313 and its derivatives were grown anaerobically in modified CTFUD
medium [205, 246] at 60°C, under an atmosphere of 85% nitrogen, 10% CO,,
and 5% hydrogen. Defined medium for selection was CTFUD-NY [205], which
contains a vitamin mix of para-aminobenzoic acid, vitamin B12, biotin, and
pyridoxamine in place of the yeast extract. Cells were grown without shaking for
transformation and for growth curves. Defined medium CTFUD-NY was
supplemented with 360 uM uracil for the comparative growth curve to minimize
the effect of the pyrF auxotrophic strain. Complex medium for recovery after
transformation of C. thermocellum LL1005 was similar to CTFUD but contained
casein (0.2% w/v) and less yeast extract (0.1% w/v), which is referred to as
CTFUD+C. Escherichia coli was grown in Luria-Bertani broth supplemented with

50 yg/mL apramycin when selecting for the presence of a plasmid.
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Construction of plasmid vectors. Q5 Polymerase (NEB, Ipswich, MA)
was used for the polymerase chain reaction (PCR), according the manufacturer’'s
instructions. Fast-link Ligase (Epicentre, Madison, WI) was used for all ligation
reactions. Multiple cloning steps were used to construct pyrF marker replacement
vector pJGW61. Primers X118 (with a Pstl site) and X119 (with a BamHlI site)
were used to amplify from genomic DNA from the region ~1100 bp upstream and
downstream around the Clostridium thermocellum recA gene (Clo1313_1163).
Primers X102 (with a BamHI site) and X103 (with a Pstl site) amplified backbone
vector pDCW140, and both fragments were subjected to a BamHI/Pstl digest
followed by ligation to create pCTHO7. The pyrF gene on the backbone vector
was removed by amplification with primers DC176 and DC230, and T4
polynucleotide kinase phosphorylation followed by blunt end ligation re-
circularized the fragment, creating pJGW57. The recA coding sequence was
removed in a similar fashion from pJGW57 using primers X120 (with a Kpnl site)
and X122 (with a Sphl site) to create pJGWS58. Next, primers JG137 (with a Bglll
site) and JG138 (with a BamHI site) were used to amplify the pNW33N replicon
from plasmid pMU1162 [122]. Primers JG133 (with a Bglll site) and X103 (with a
BamHI site) were used to amplify the pJGW58 backbone, and a Bglll/BamHI
restriction enzyme digest of both fragments followed by ligation created pJGW59.
To insert the pyrF gene between the recA flanking regions, the pyrF cassette
from pJGWO07 [219] was amplified using primers JG163 (with a Kpnl site) and
JG165 (with a Sphl site). A PCR fragment was amplified from pJGW59 using

X120 (with a Kpnl site) and X122 (with a Sphl site), and a Kpnl/Sphl restriction
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digest and ligation with the pyrF cassette from pJGWO07 was used to create
pJGW59.5. To create the tdk cassette for negative selection, primers JG168
(with a BamHlI site) and DC576 (with a Pstl site) were used to amplify a fragment
from backbone vector pDCW140 containing the Cbes2105 promoter [117], and
this fragment was digested and ligated to a PCR fragment of the
Thermoanaerobacterium saccharolyticum tdk gene (Tsac_0324) amplified by
primers JG166.2 (with a Pstl site) and JG167 (with a BamH]I site). The resulting
vector pJGWG60, containing the tdk gene driven by the Cbes2105 promoter, was
used as a template for PCR with primers JG169 (with a Nhel site) and JG170
(with an Aatll site). This fdk cassette was ligated to the PCR fragment amplified
from pJGW59.5 by primers DC176 with a Nhel site and DC230 with an Aatll site
to create the final knockout vector pJGW61.

Plasmid pJGW91 was the precursor to plasmids pJGW92 and pJGW93.
pJGW91 was created by amplifying pSKW001 [135] with primers DC576 (with a
Pstl site) and DC700 (with an Avrll site) and amplifying the recA gene from C.
thermocellum DSM1313 genomic DNA with primers JG248 (with a Pstl site) and
JG249 (with an Avrll site), digesting these products with Pstl and Avrll, and
ligating them together. To swap the selectable marker in pJGW92, JG024 (with
an Xbal site) and X014 (with an Ndel site) amplified pJGW91, JG099 (with an
Xbal site) and JG250 (with an Ndel site) amplified the cat marker from pDCW196
[246], and the fragments were digested with Xbal and Ndel and ligated. To swap
the replication origin for pJGW93, JG251 (with a Bglll site) and JG252 (with a

BamHI site) amplified pJGW92, JG137 (with a Bglll site) and JG138 (with a
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BamH]I site) amplified the pNW33N replicon from pMU1162 [122], and the
fragments were digested with Bglll and BamHI and ligated.

Selection for Clostridium thermocellum recA replacement with pyrF
from Caldicellulosiruptor bescii. C. thermocellum LL1005 was grown to ODggo
~ 0.7 in 150 mL of defined CTFUD-NY medium [173, 246] supplemented with
360 uM uracil and 0.4 g/L glycine (Sigma, St. Louis, MO). Cells were harvested
in three 50 mL aliquots at 7000 x g for 8 minutes, and washed twice with a
solution of ice-cold 10% glycerol (w/v) and 10% sucrose (w/v). Each of the three
pellets was resuspended in 350 pL of the wash solution, and pelleted in one
Eppendorf tube with a refrigerated desktop centrifuge for 5 minutes at 13,000
RPM. The pellet was homogenized with a pipet, and divided into 30 pL aliquots.
1 pg of pJGW61 plasmid was mixed with an aliquot, and cells were
electroporated in a 1-mm gap cuvette with an exponential pulse using a BioRad
Gene Pulser (1.8 kV, 25 yF, 350 ohms). Cells were immediately recovered in 10
mL CTFUD-C at 50 °C to allow replication of the pNW33N replicon. Subcultures
of 50 pL were transferred every 2 hours into 20 mL CTFUD-NY at 60°C to select
for uracil prototrophy.

After 3-5 days, several subcultures became turbid, and these cultures
were diluted again to ensure that cells were prototrophs. The fresh cultures were
plated onto CTFUD medium with 4.5 g/L yeast extract and 0.8% (w/v) agar,
supplemented with 10 pg/mL 5-fluoro-2'-deoxy-uridine (FUDR) to select against
the plasmid backbone. Colonies formed after 2-3 days, and were picked into

CTFUD-NY medium. Only 2 of 20 colonies grew in CTFUD-NY medium, both of
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which were shown by PCR with internal primers to be merodiploids (Figure 4.3).
After a subsequent round of plating on solid CTFUD-NY medium, 1 in 20
colonies sustained a clean deletion of the recA gene. This strain was named
JWCT10.

UV sensitivity assay. Cultures of 25 mL of both LL1005 and JWCT10
were grown in CTFUD medium to early exponential phase (ODgoo = 0.35-0.4).
Cells were divided into 3 mL aliquots and chilled on ice for 20 minutes before
being harvested at 4000 x g for 6 minutes. The cells were then suspended in 3
mL ice cold 0.1 M Mg>SO4 (JT Baker, Phillipsburg, NJ, USA) as recommended in
the literature to eliminate absorption of UV light by the rich medium [257].
Resuspended cells were then exposed on plastic Petri dishes to varying
intensities of UV light ranging from 0 to 1000 pJ/cm?. Although no apparent
photolyase homologs are present in the C. thermocellum genome that would
photoreactivate DNA in response to UV damage [234], cells were manipulated
and incubated in the dark after UV exposure. Cells were diluted and plated on
CTFUD medium at 60°C for 3 days. Percent survival was calculated for each
exposed sample by comparing colony forming units (CFU) to the CFU of cells not
exposed to UV light.

Transformation of C. thermocellum ArecA::pyrF. C. thermocellum
LL1005 was grown to ODgpo~ 0.4 in 150 mL CTFUD medium with 1 g/L yeast
extract [173, 246] supplemented with 40 uM uracil and 0.4 g/L glycine (Sigma, St.
Louis, MO, USA). Cells were harvested in three 50 mL aliquots at 7000 x g for 8

minutes, and washed twice with a solution of ice-cold 10% glycerol (w/v) and
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10% sucrose (w/v). Each of the three pellets was resuspended in 350 uL of the
wash solution, and pelleted in one Eppendorf tube with a refrigerated desktop
centrifuge for 5 minutes at 13,000 RPM. The pellet was homogenized with a
pipet, and divided into 30 uL aliquots. Plasmid (700 ng) was mixed with each
aliquot, and cells were electroporated in a 1-mm gap cuvette with an exponential
pulse using a BioRad Gene Pulser (1.8 kV, 25 yF, 350 ohms). Cells were
immediately recovered in 10 mL CTFUD-C at 53°C for plasmids with the
pNW33N replicon or 60°C for plasmids with the pBAS2 replicon. Subcultures of 1
mL were transferred three times over the course of 24 h into 10 mL CTFUD with
6 pug/mL thiamphenicol at 60°C to select for resistance.

After 3-4 days, several subcultures became turbid, and these cultures
were diluted again to ensure that cells were thiamphenicol resistant. The fresh
cultures were plated onto CTFUD medium with 1 g/L yeast extract and 0.8%
(w/v) agar, supplemented with 10 pg/mL thiamphenicol. Colonies formed after 2
days and were picked into the same liquid medium.

Analysis of transformed plasmid stability. C. thermocellum culture (5
mL) was harvested at 3,220 x g for 7 minutes, and the pellets were used for
extraction of DNA with the Quick-gDNA Extraction kit (Zymo Research, Irving,
CA, USA). PCR with Taq polymerase (Sigma, St. Louis, MO, USA) was
performed with two sets of primers (JG162/JG144 and JG161/JG155) to check
for internal bands, and JG161 and DC232 to check for the pyrF marker,
according to the manufacturer’s instructions (94°C duplex denaturation, 56°C

annealing temperature, 1 minute per kb at 72°C for elongation). Approximately
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180 ng of the mixture of genomic and plasmid DNA was electrotransformed into
E. coli DH5a via single electric pulse (2.5 kV, 200 Q, and 25 microF) in a pre-
chilled 2-mm cuvette using a Bio-Rad Gene Pulser. The cells were placed into 1
mL SOC medium for 1 h with shaking at 37°C, and then plated onto LB agar
supplemented with 50 uyg/mL apramycin. The colonies were picked into 10 mL LB
with 50 pg/mL apramycin, and the plasmid DNA was extracted using a Miniprep
kit (Qiagen, Valencia, CA, USA) and screened with restriction enzymes EcoRl
and Aval for pJGW92 (NEB).
IV. Results

The Caldicellulosiruptor bescii pyrF gene functions efficiently for
marker replacement of recA in Clostridium thermocellum. We used a pyrF
gene from Caldicellulosiruptor bescii to transform a ApyrF strain of Clostridium
thermocellum DSM 1313 to uracil prototrophy (Figure 4.1). By constructing a
plasmid with the pyrF gene placed between 5’ and 3’ flanking regions of the C.
thermocellum recA gene, we were able to select for a replacement of the recA
gene in the genome. Employing the thymidine kinase (tdk) gene from
Thermoanaerobacterium saccharolyticum, we subsequently counter-selected for
the presence of the plasmid backbone sequence, in doing so isolating
transformants that had acquired the pyrF gene but had not integrated the entire
plasmid into the C. thermocellum genome.

A polymerase chain reaction (PCR) using genomic primers outside of the
5" and 3’ flanking regions verified this gene replacement (Figure 4.2).

Additionally, PCR with multiple sets of internal primers demonstrated the
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absence of the recA gene in the genome of the new strain (Figure 4.3), named
JWCT10 (Clostridium thermocellum DSM 1313 ApyrF ArecA::pyrF, see Table
4.1).

Deletion of recA results in UV sensitivity. The ArecA strain exhibited a
long lag phase in comparison to its ApyrF parent strain and to the C.
thermocellum DSM 1313 wild-type strain (Figure 4.4). It also exhibited a much
slower growth rate and reached much lower cell densities in defined medium
(Figure 4.4A, Table 4.2), but these effects were less apparent in rich medium
(Figure 4.4B). In rich medium, the growth rate of C. thermocellum ArecA was
comparable or even slightly better than its parent strain, although the lag in
growth was appreciable (Table 4.2).

In addition to growth phenotypes, ArecA strains often exhibit sensitivity to
UV light due to the deficiency in recombination-mediated double strand break
repair [247, 248]. Fewer colonies of C. thermocellum ArecA formed after
exposure to UV light than formed after the same treatment of the parent strain C.
thermocellum ApyrF, indeed showing that ArecA cells are more UV sensitive
(Figure 4.5). The effect was pronounced at UV intensities below 1000 uJ/cm?.
Results for the wild-type strain were comparable to previous studies of UV
sensitivity in C. thermocellum [257].

The ArecA::pyrF mutant has a much lower transformation efficiency
than the wild-type strain and requires complementation for pBAS2
replication. Fifteen attempts to transform the ArecA strain to thiamphenicol

resistance with pJGW37 on solid medium failed. Attempts to complement the
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ArecA strain with a wild-type copy of recA (plasmid pJGW92, Figure 4.6A) were
also unsuccessful on solid medium. However, when cells electroporated in the
presence of pJGW92 were selected in liquid medium containing thiamphenicol,
dense cultures grew after 3-4 days. Thiamphenicol-resistant cultures could be
plated onto solid medium, and colonies were viable.

The C. thermocellum ArecA transformants maintained plasmids that could
be back-transformed into E. coli cells by DNA extracted from C. thermocellum
(Figure 4.6B). Polymerase chain reaction (PCR) performed on the extracted DNA
showed that the transformed strains still had the C. bescii pyrF gene in place of
the recA gene (Figure 4.7). PCR using primers with homology to the wild-type
recA sequence did not amplify DNA with 30 cycles. However, if the number of
cycles was extended to 40, a faint band was observed in the transformed ArecA
strain that migrated around the same size as the predicted wild-type fragment.
Control reactions containing purified plasmid pJGW92 mixed with purified ArecA
genomic DNA revealed that this was almost certainly a PCR artifact. It likely
results from hybridization and amplification between the plasmids and genomic
DNA that is only visible with extended cycles (Figure 4). This strongly suggests
that these strains are not contaminants; it is expected that if a wild-type
contaminant were grown under selection for thiamphenicol resistance and recA
function in liquid medium, it would outcompete the mutant strain and this would

be observable as stronger amplification of wild-type alleles by PCR.
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V. Discussion

We report that plasmids based on thermophilic replicon pBAS2 cannot
successfully transform a recA mutant of Clostridium thermocellum. This is not
useful for overcoming the issues of recombination with homologous sequences
on pBAS2-based plasmids, but these results do shed light on the replication
mechanism of this plasmid.

The pBAS2 replicon has a conserved Firmicute origin of replication for
rolling-circle plasmids, but the single stranded intermediates characteristic of
rolling-circle origins were not observed [178]. While it is not an inherent feature of
rolling-circle plasmids to require recombination, there is a Xer-like recombinase
encoded on pBAS2 [177, 246]. The presence of this recombinase is consistent
with the necessity of recombination for replication, and therefore the necessity of
RecA. Because of the unsuccessful transformation attempts, it appears that
pBAS2 might require recombination, and RecA function, for faithful replication.
Similar results have been observed in Streptococcus pneumoniae. Establishment
of multi-copy rolling-circle plasmid pMV158 was blocked but not completely
abolished by a recA mutation [258]. However, this effect was not observed in
plasmid establishment in recA mutants of B. subtilis, even though the established
plasmid also had a rolling-circle replication mechanism [259].

Thiamphenicol resistance was only observed when selection was
performed in liquid medium rather than solid medium. The absence of
transformation on solid medium is reminiscent of results observed in T.

thermophilus, in which colony formation was 100,000-fold worse in a ArecA strain
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[250]. The combination of a powerful antibiotic like thiamphenicol and the already
poor colony formation of a ArecA strain could feasibly result in the lack of
transformed colonies that we observe. However, the liquid selection method
yielded thiamphenicol-resistant colonies harboring intact plasmids, as long as a
copy of recA was present on the plasmid.

Additional experiments will clarify the effect of the recA deletion. Further
passages of the complemented ArecA strain will determine whether plasmids
eventually integrate at the small regions of homology to the chromosome on the
plasmid (~20 bp of residual recA sequence). Further characterization of the
spontaneous mutation rate would also be informative. It has been shown that the
mutation rate of C. thermocellum to 5-FOA resistance is ~2 x 10° [257]. The
ArecA strain could be put to a similar test to see if the mutation rate is higher like
T. thermophilus ArecA, or if like E. coli ArecA, it is defective in DNA damage-
mediated mutagenesis (via translesion synthesis) and actually has a lower
mutation rate [250]. Although this ArecA strain will likely not be useful with
plasmid replicon pBAS2, it may prove useful with other thermophilic replicons
that are applied to the organism, like pNW33N.

VI. Future Directions

pNW33N is also believed to be a rolling-circle plasmid [260], but it is not
known whether recombination is required for stable replication. Use of pNW33N
as a replication origin in the C. thermocellum ArecA strain could facilitate a
recombination-free plasmid-based expression system. pNW33N and a pNW33N-

based recA complementation plasmid will be transformed into C. thermocellum
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ArecA to see if a similar effect is observed as with pBAS2. If pPNW33N can readily
transform C. thermocellum ArecA without complementation, plasmids will be
transformed and tested for 1) functional expression and 2) absence of
chromosomal integration of the plasmid, using homologous promoters for
expression of the -glucosidase reporter gene developed in Chapter 5 for C.

bescii.
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ArecA::pyrF
replacement plasmid
Ura-/ TmS/ FUDRS

ApyrF host strain
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5’ Flanking —x—— 3’ Flanking

1. Select uracil prototrophy at 60 °C ¢,

2. Select FUDR resistance to \l,
remove plasmid backbone

W

; l-' 3’ Flanking merodiploid strain

5’ Flanking

AND ApyrF ArecA::pyrF
Ura* / TmS / FUDRR
3 [N recA N 2
5’ Flanking A 3’ Flanking
3. Purify on solid media sl:

pure ApyrF ArecA::pyrF
n | Ura*/ TmS / FUDRR
5’ Flanking 3’ Flanking

Figure 4.1. Scheme to delete the recA gene in C. thermocellum. Gene
replacement plasmid pJGW61 transformed C. thermocellum ApyrF to uracil
prototrophy. Then a combination of uracil protrophic selection and FUDR
exposure selected for those cells which had acquired the pyrF gene but lost the
tdk gene on the plasmid backbone. Finally the merodiploid was cured on solid
media to generate a pure ArecA strain. pyrF: C. bescii orotidine 5’-phosphate
decoarboxylase-encoding gene (Cbes1377). recA: Clostridium thermocellum
DSM 1313 RecA-encoding gene (Clo1313_1163). tdk: Thermoanaerobacterium
saccharolyticum thymidine kinase-encoding gene (Tsac_0324). FUDR: f-fluoro-

2’-deoxy-uridine. pNW33N: replication origin from plasmid pNW33N.
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Figure 4.2. Verification of the pyrF replacement of recA. PCR using primers
X123 and X124. Wild-type band, 3.3 kb. pyrF recplacement band, 3.5 kb. MW:
molecular weight standards. Lane 1: wild-type C. thermocellum genomic DNA.

Lane 2: C. thermocellum ArecA::pyrF genomic DNA.
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Figure 4.3. Internal PCRs to verify the deletion of recA. From left to right, Gel
1: PCR using primers X123 and JG155. Gel 2: PCR using primers JG144 and

X124. Gel 3: PCR using primers JG199 and JG200.
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Figure 4.4. Growth of C. thermocellum ArecA. (A) Growth in defined medium
supplemented with uracil as measured by ODeggo. (B) Growth in rich medium (4.5

g/L yeast extract) supplemented with uracil as measured by ODgo.
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Figure 4.5. UV sensitivity of wild-type and ArecA C. thermocellum. Percent
survival is calculated by colony forming units from cells treated with increasing
amounts of UV compared to untreated cells. Error bars show the standard
deviation resulting from two biological replicates. LL1005: C. thermocellum

ApyrF. JWCT10: C. thermocellum ApyrF ArecA::pyrF.
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Cbes2777
EcoRI  (xerD recombinase)

Aval

& Cbes2105 putative
promoter pBAS?
replication
origin

Cbes2303
S-layer
Clostridium promoter
thermocellum recA
(Clo1313_1163)

pBAS2-based complementation plasmid

Aval EcoRlI

M,+123H+123\

Figure 4.6. C. thermocellum ArecA is transformable when it is

complemented with a wild-type recA gene. A) recA complementation plasmid

pJGW92. The hatched region was derived from Caldicellulosiruptor bescii native

plasmid pBAS2. apr?, apramycin resistance casette; caf®, thiamphenicol

resistance casette; repA, replication initiaton protein for the E. coli pSC101

replication origin; par, partitioning locus for E. coli. Restriction sites for structural

verification are shown on the plasmid map. B) Restriction digests with Aval and

EcoRI. The expected bands from Aval are 5076 bp, 2628 bp, and 1067 bp. The

expected bands from EcoRI are 6908 bp and 1863 bp. +: purified pJGW92 from

E. coli. Lanes 1-3: plasmids isolated from E. coli transformed with DNA isolated

from JWCT26 (ArecA + pJGW92).
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Figure 4.7. ArecA strains transformed with complementation plasmids
retain the chromosomal deletion of recA. Primers indicated in the gene
diagram were used to amplify DNA extracted from C. thermocellum strains.
JG161 and DC232 verified the replacement of recA by the C. bescii pyrF gene.
Two different primer pairs (JG161/JG155 and JG162/JG144) were used to
ensure that the transformed strain retained the recA deletion. PCR was
performed for both 30 cycles (30X) and 40 cycles (40X) using primer pair

JG162/JG144.
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Table 4.1. Strains and plasmids used in Chapter 4

Strain or Genotype / phenotype Source
plasmid
Clostridium
thermocellum
LL1005 C. thermocellum DSM 1313 ApyrF (ura/5-FOAR) [122]
JWCTO02 C. thermocellum ApyrF + pDCW89 (ura* /5-FOAS) [246]
C. thermocellum ApyrF ArecA::Pcpes2105-pyrF ,
JWCT10 (ura’/ 5-FOAS) This work
C. thermocellum ApyrF ArecA::Pcpes2105-pyrF +
JWCT26 pJGW92 This work
(ura*/ 5-FOASTmMR)
E. coli
JW421 BL21 containing pJGW37 (Apr") [246]
JW442 DH5a containing pJGW57 (Aer) This work
JW444 DH5a containing pJGW58 (Aer) This work
JW445 DH5a containing pJGW59 (Aer) This work
JW446 DH5a containing pJGW59.5 (Aer) This work
JW447 DH5a containing pJGW60 (Aer) This work
JW448 DH5a containing pJGW61 (Aer) This work
JW449 BL21 containing pJGW61 (Apr") This work
JW478 DH5a containing pJGW91 Aer) This work
JW479 DH5a containing pJGW92 (Apr®, CmR) This work
JW480 BL21 containing pJGW92 (Apr<, CmR) This work
JW506 BL21 containing pCTHO7 This work
Plasmids
pDCW89 E. coli/ C. bescii/C. thermocellum shuttle vector
with pBAS2 replicon (Pcpes2105— pyrF, Aer) [177]
pDCW196 E. coli/C. thermocellum shuttle vector with pBAS2
replicon (Pcpes2105— PYrF | Pgapon— cat, Aprt, CmF) [246]
pJGW37 E. coli/C. thermocellum shuttle vector with pBAS2
replicon (Pcpesz105—cat, Apr, CmF) [246]
pJGW61 recA (Clo1313_1163) marker replacement vector This work
with pNW33N replicon (Pcpes2105— pyrF, Aer)
pJGWI1 E. coli/C. thermocellum shuttle vector expressing reg
with pBAS2 replicon (Pcpes2105— pyrF, Aer) This work
pJGW92 E. coli/C. thermocellum shuttle vector expressing reg

with pBAS2 replicon (Pcpes2105— cat, Aprt, CmN)
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Table 4.2. Comparative doubling times of wild-type and ArecA strains.

Medium DSM 1313 LL1005 ApyrF  JWCT10 ArecA::pyrF

CTFUD with4.5¢g/L | 1.9+0.02h 34+0.2h 3.1+0.05h
yeast extract

CTFUD without 20+0.04h 20=x0.07h 47+0.2h
yeast extract
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Table 4.3. Primers used in Chapter 4.

Primer Sequence (5’—3’)
DC176 AGA GCT AGC TCC AACGTCATC TCGTTCTC
DC230 AGA GAC GTC TCA TCT GTG CAT ATG GAC AG
DC232 AGAGACGTCTTAAGAGATTGCTGCGTTGATA
DC576 AGA CTG CAG CTC ACC AAA CCT CCT TGT ATG AT
DC700 AGA CCT AGG CAT CAC CAT CAC CAT CACTAATAAT
JG024 AGA TCA TCT AGA GAC CAT CCT TTC TAT GTA GAA A
AAGA TCT AGA ATG AAC TTT AAT AAA ATT GAT TTA GAC AAT
JG099 TGGAA
JG133 TCATCAAGA TCT AGC CAATTT AAT CCAAAT GCGTTATCG T
JG137 AAC AAC AGA TCT TAT GGG AAA CAA AAT ATT GCG TAT GCGA
JG138 AGA AGA GGA TCC AAG TCAATC CCG TTT GTT GAA
JG144 AAC CAA CTC AGA GAA AAG GTA GGA
JG155 CGT CGT CCT GGATTT GTT GAT
JG161 CCA GGT GGT TTC GCT GATT
JG162 ACA CTT ATG CAG CAC AGG TA
JG163 TCT TGT GGT ACC TTC AAC AAC CAG AGACACTTG GGA
JG165 ACATCT GCATGC TTAAGAGATTGC TGC GTT GATA
JG166.2 | TGT TGT CTG CAG TGT ATG GGC CTAAAG ACCA
JG167 TCTTCT GGATCC TGC TGC ACC TCC TTA AAAATC
JG168 TGT TGT GGATCC TGG AAG AACTTGAAAGCAGGCT
JG169 ACA ACA GCT AGC ACAGTTTGATTACAG TTT AGT CAG AGCT
JG170 AGA AGA GAC GTC TGC TGC ACC TCC TTA AAAATC
JG248 AGA AGA CTGCAG ATG ATT GAG AAG AAA AAA GCT CTG GA
JG249 TGT TGT CCTAGG TTCTTC ATCTTC CAAATCCACTTCA
JG250 TCT TCT CAT ATG CTT CAA ACT TCC CAA AGG
JG251 AGA AGA AGA TCT ACC AGC CTA ACT TCG ATC ATT GGA
AGA AGA GGATCC ACAGTTTGATTACAG TTT AGT CAG
JG252 AGCT
X014 AGA CAT ATG GAC AGT TTT CCC TTT GAT ATG
X102 AGA CTG CAG ACC AGC CTAACT TCG ATC ATT GGA
X103 AGA AGA GGATCC ACT CACGTT AAGGGATTTTGG TC
X118 AGA CTG CAG TGG AGT AAT GCT AAG CTC GCT G
X119 AGA AGA TCT AGC CAATTT AAT CCA AAT GCG TTATCGT
X120 AGA GGT ACCTCCAGAGCTTTTTTCTTC TCAATCA
X122 AGA GCA TGC TGA AGT GGA TTT GGA AGA TGA AGA
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CHAPTER 5
A NEW REPORTER GENE FOR ANAEROBIC CELLULOLYTIC
THERMOPHILES: USE FOR THE ANALYSIS OF MALTOSE-REGULATED

PROMOTERS*

* Groom J, Kim S, Yi X, and Westpheling J. To be submitted to Biotechnology for
Biofuels.

123



l. Abstract
The availability of facile genetic tools is critical for the manipulation of all
microbes but is especially important for the study of non-model systems.
Reporter genes that allow visual inspection of colonies on plates are virtually
nonexistent for hyperthermophilic anaerobes, limiting the ease of assaying for
gene expression under a variety of genetic and environmental conditions. Here
we demonstrate the use of a thermostable (3-D-glucosidase from Acidothermus
cellulolyticus in Caldicellulosiruptor bescii and its use as a reporter gene for the
analysis of maltose regulated promoters. The in vitro zymogram assay
demonstrates that one of the promoters responds to growth on maltose but not to
cellobiose or glucose. These experiments establish precedent for further gene
expression analyses in C. bescii and other cellulolytic thermophiles, with future
applications ranging from proof of gene essentiality to controlled expression for
biofuel engineering.
Il. Introduction

The rapid analysis of gene expression in bacteria has relied on genes
encoding enzymes that can convert substrates into colors detectable in colonies
growing on agar surfaces. It would be difficult to overstate the contribution that 3-
galactosidase as a reporter gene has made to the study of gene regulation in E.
coli, other bacteria, yeast, and even mammals [261]. While enzyme assays are
not a direct measure of transcriptional activity, reporter genes provide a facile

indication of regulated promoter activity and the regulatory factors involved.
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Thermophilic -galactosidases have been developed in the past few
decades in aerobic thermophilic bacteria and archaea like Thermus and
Sulfolobus spp. [262]. Fluorescent reporter genes exist that are able to fold and
fluoresce properly above 70°C [263, 264], and anaerobic fluorescent reporter
genes have also been engineered from blue-light photoreceptors [265]. For
organisms requiring both conditions—high temperature and anaerobiosis— in
vivo reporter genes are more difficult to find, since the enzymes they encode
either cannot fold properly or cannot be detected visually in a colony without
oxygen. Even if the oxygen requirement is omitted for an in vitro reporter gene
assay, anaerobic cellulolytic thermophiles present a problem because they
encode many carbohydrate-active enzymes. For instance, Caldicellulosiruptor
bescii has 52 glycoside hydrolase enzymes that can degrade sugar-analog
substrates typical of reporter genes [266], making results from in vitro assays
with a wild-type strain uninformative because of the overwhelming background
from the endogenous genes.

Still, advances in genetic tools have been made in Gram-positive,
cellulolytic anaerobes. In Caldicellulosiruptor bescii, both replicating and
integrative plasmids have been instrumental for the expression of homologous
and heterologous genes from promoters identified by transcriptional profiling.
These promoters have been used successfully for metabolic engineering of
pathways for the production of ethanol directly from unpretreated plant biomass
[117] and for analyzing and improving the cellulolytic capabilities of the organism

[132, 179, 182]. Improvements to existing replicating vectors for another
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cellulolytic thermophile, Clostridium thermocellum, have enabled enzyme
expression [267] and the rapid assessment of endogenous promoters [176]. The
application of the pBAS2 plasmid replication origin from C. bescii [177, 178] to C.
thermocellum provides a more thermostable alternative to existing vectors [246]
and has been used for the expression of a butanol dehydrogenase enzyme that
achieves tolerance to common bacterial inhibitors found in plant biomass [135].
Control of gene expression is important for engineering goals, and while some
exciting achievements have been made using a glyR3-regulated system in C.
thermocellum [149], regulated promoters in C. bescii have not been identified. Of
special importance in this context is the ability to demonstrate essentiality of
genes involved in central metabolism using regulated expression of the genes of
interest. Most of the information on pathways for energy metabolism, product
synthesis and energy flux are predicted from bioinformatic analysis. An inability
to generate a deletion often leads to the assumption that the gene in question is
essential, but showing that viability is dependent on induction of the gene is proof
of essentiality [268].

Promoters derived from C. bescii have been used for gene expression in
their native host [117] and heterologously in C. thermocellum [135, 246]. More
promoter options will help coordinate different gene expression programs during
growth. Additionally, using heterologous promoters in C. thermocellum would be
beneficial because it would prevent the homologous integration that has been
observed at promoter sequences [129, 135]. While recent strides have been

made in the application of synthetic and combinatorial promoters to bacteria
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[269], a necessary first step for promoter development is to use naturally
occurring promoters controlled by the presence of certain nutrients. For instance,
C. bescii can utilize starch and its breakdown product maltose. Preliminary global
gene expression data suggested that cells grown on maltose had high RNA
levels corresponding to genes involved in maltodextrin transport, but low RNA
levels on switchgrass, crystalline cellulose and glucose (BioEnergy Science
Center, unpublished results). As maltose is an inexpensive substrate, we sought
to investigate this phenomenon further in the hopes of developing a regulated
promoter system using maltose, based on the native promoter regions of
maltodextrin utilization genes.

Maltodextrins are storage glycans in both animals and plants. They are
polymers of glucose residues linked by a-1,4 glycosidic bonds with a-1,6-linked
glucose branches [270]. Animals contain the more extensively branched and
compact macromolecule glycogen, while plants contain both linear and branched
chains called starch [1]. Microorganisms ranging from human pathogens to plant
biomass-degraders to deep-sea vent hyperthermophiles have systems to utilize
the a-linked glucose polymers they find in their environments—both to degrade
the polymers and to further metabolize the various breakdown products. The
breakdown products include glucose, the disaccharide maltose as well as longer
maltosaccharides such as maltotriose and maltotetraose (generally called
maltodextrins), and the more complex pullulan that retains both a-1,4- and o-1,6-
linked bonds. Some organisms are able to import maltodextrins with up to seven

glucose units [271]. Diverse bacteria use similar enzymes to break down starch
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(i.e. amylases, pullulanases, and cyclomaltodextrinases) [270]. They also
express similar types of protein complexes to import the breakdown products. In
some cases these are phosphoenolpyruvate-dependent phosphotransferase
system (PTS) complexes [272], and in others they are ABC transporters [273,
274]). Although the molecular mechanisms for import are analogous, the
genomic organization and gene regulation of the involved structural genes exhibit
many differences. For instance, the Gram-negative enteric bacterium E. coli uses
the same ABC transporter system to import both maltose and longer
maltodextrins [274], whereas the Gram-positive pathogen Streptococcus
pneumoniae has distinct ABC transporter systems for the import of maltose,
maltotriose, and maltotetraose [275].

ABC transporters consist of several protein subunits localized to the
plasma membrane of both Gram-negative and Gram-positive bacteria [276].
Although gene names between species differ for historical reasons, complexes
associated with maltose and maltodextrin have the general structure MalEFGK:>
(Fig. 1B and 1C). MalE is an extracellular solute binding protein. MalF and MalG
are both integral membrane proteins—the permease components of the
complex. The two MalK subunits are ATPases that perform the ATP hydrolysis
necessary for substrate import. While the malEFG genes are usually located
near one another in the genome or even in the same operon, the malK ATPase
component is usually separate in the genome in Gram-positives [276]. In fact, in
some organisms it has been shown that one ATPase functions for multiple

systems [277], or that the ATPases are interchangeable [271]. The S.

128



pneumoniae malXCD gene cluster is analogous to malEFG in E. coli, but
functions specifically for the uptake of maltodextrins with higher numbers of
glucose units than the disaccharide maltose [275, 278].

While the basic components of these maltose/maltodextrin ABC
transporters are similar with regard to amino acid sequence and protein complex
architecture, many different regulatory mechanisms have been discovered. MalT
is the activator of the mal regulon in E. coli that is induced by maltotriose [279].
Mall, a Lacl homolog, is a repressor in E. coli that controls genes involved in
metabolism of internal inducers of the maltose activator MalT [280]. These
regulatory functions are not apparent in most Gram-positives. However, the MalR
protein has considerable sequence similarity to E. coli Mall [281] and is the
repressor of maltose import and utilization genes in Streptococcus, Streptomyces
and others [273, 282]. In these systems maltose binds to MalR and relieves the
repression of transcription from the maltose/maltodextrin ABC transporter genes.
Interestingly, a MalR homolog has been shown to function as an activator in
Lactococcus lactis—an unusual function of Lacl-like proteins [283]. In general,
members of the Lacl/GalR family of proteins have high sequence similarity,
particularly in their helix-turn-helix (HTH) DNA-binding domains [284]. These
HTH domains recognize and bind to operator sites in DNA, portions of which are
well conserved between Gram-negatives and Gram-positives [284, 285]. The
other domains of Lacl-like proteins confer further specificity with regard to
activity: they are for binding particular inducers or co-repressors, or for

multimerization.
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Firmicutes, low G+C Gram-positive organisms, typically contain multiple
Lacl-like proteins [286]. C. bescii is no exception with eight Lacl homologs, two of
which are clear MalR homologs. One such MalR homolog resides in a cluster of
genes with sequence homology to members of the maltodextrin uptake locus
from S. pneumoniae. We analyzed the DNA sequence of this region and
identified conserved MalR-binding sites upstream of the start codons of several
genes. Since repressor proteins bind operator sites in other Lacl-like systems to
control transcription, we chose two regulatory regions to characterize with regard
to their control of gene expression during growth on different carbon sources.
The promoter region for an ABC transporter permease was expressed highly on
maltose versus other sugars, while the promoter of an extracellular solute binding
protein was constitutively expressed. Overexpression of the MalR protein, rather
than making regulation tighter, seemed to reduce expression even in the
presence of maltose. This is the first characterization of a regulated promoter in
C. bescii by a reporter gene, and shows promise for application to gene
expression studies in C. bescii and other industrially useful thermophiles.

lll. Materials and Methods

Bioinformatic analysis. The National Center for Biotechnology
Information (NCBI) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
were used to search for homologous proteins to those encoded by the genes in
the mal cluster of C. bescii. BPROM was used for bacterial promoter sequence

prediction [287]. The Erpin [288] and RNAmotif [289] algorithms were used for
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terminator hairpin prediction on the ARNold web server (http://rna.igmors.u-
psud.fr/toolbox/arnold/index.php).

MAST software (http://meme-suite.org/tools/mast) in the MEME suite was
used for motif searches in C. bescii genomic DNA sequences with default
settings [290]. The published Streptococcus pneumoniae D39 MalR binding site
consensus sequence 5—CGCAAACGTTTGCR—3' [273] was used for an initial
motif search in the C. bescii gene clusters of interest. Then, the motifs that were
identified in C. bescii sequences were used to create a degenerate consensus
motif specific to C. bescii, which was iteratively used to search relevant regions
of C. bescii genomic DNA. This approach identified more motifs missed by
searching with the S. pneumoniae MalR binding site consensus sequence.

Bacterial media and growth conditions. Caldicellulosiruptor bescii was
grown anaerobically in low osmolarity defined medium (LOD) and low osmolarity
complex medium (LOC) as previously described [194]. Escherichia coli was
grown in Luria-Bertani broth supplemented with 50 pg/mL apramycin when
selecting for the presence of a plasmid.

Plasmid vector construction. All PCR reactions for cloning were
performed with Q5 polymerase (New England Biolabs, Ipswich, MA) according to
the manufacturer’s instructions (98°C duplex denaturation, 60°C annealing
temperature, 30 seconds per kb at 72°C for elongation). All restriction enzymes
were ordered from New England Biolabs. Ligations were performed with the

Fastlink Ligation Kit (Epicentre, Madison, WI). All primers are listed in Table 5.2.
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Plasmids for testing the mal promoters are derivations of the pBAS2-
based p-glucosidase expression vector pSKW18 (Kim et al., 2017, submitted).
This plasmid is a replicating E. coli/ C. bescii shuttle vector derived from
pJGWO7 [219] that contains the 1.8 kb Acel_0133 p-glucosidase gene, the
regulatory region of Cbes2303 (encoding the S-layer protein), a C-terminal 6X
Histidine-tag, and a Rho-independent transcriptional terminator. For pJGW76
and pJGW80, primers SK044 and JG201 were used to amplify a 9.269 kb
backbone fragment from pSKW18. To generate the malF regulatory region for
pJGWT76, a 282 bp fragment was amplified from the C. bescii genome with
primers JG204 and JG206. For the malE regulatory region for pJGW80, primers
JG209 and JG211 amplified a 597 bp region from the C. bescii genome. For both
pJGW76 and pJGW80, the respective fragments were digested with Sphl and
Bglll and ligated overnight at 17°C.

pJGW84 was generated in two steps. First, the malR gene (Cbes2575)
was placed under the control of the S-layer promoter (Pg),) from C. bescii [117].
Primers JG168 and DC576 amplified a fragment from pDCW140 [117], and
primers JG202 and JG203 amplified the Cbes2575 ORF from the C. bescii
genome. These fragments were digested with BamHI and Pstl, and ligated
overnight to generate pJGW74. The Pg,—malR cassette was amplified with
primers JG217 and JG220, and pJGW80 was used as a template to amplify a
fragment with primers DC283 and JG221. These fragments were digested with

Kpnl and Clal and ligated overnight to create pJGW84.
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Transformation of C. bescii. Transformation of C. bescii was performed
as previously described [185, 186]. Briefly, 50 mL starter cultures of strain
JWCBO018 were inoculated into 500 mL of LOD supplemented with 40 yM uracil
and a mixture of 19 amino acids. Cells were grown to ODggo ~ 0.03, washed twice
with 10% (w/v) sucrose, and divided into 50 L aliquots. Plasmid DNA (500 ng)
was incubated with each aliquot for 10 minutes in pre-chilled 1 mm cuvettes.
Cells were electrotransformed with a single exponential pulse with a Gene Pulser
(BioRad, Hercules, CA) set at 1.8 kV, 25 uF, and 350 Q, and placed immediately
into 75°C LOC medium supplemented with 40 uM uracil for recovery. A 0.5%
inoculum was transferred to LOD medium lacking uracil at 65°C every hour for
three hours. Prototrophic transformants were passaged on solid LOD medium
once before making frozen stocks in 10% glycerol/10% DMSO solution.
Structural stability of plasmids was verified by back-transformation into E. coli
DH5a (Figure 5.5).

Protein preparation and zymogram analysis. Protein for zymogram
analysis and reporter gene assays were prepared using a procedure modified
from Kim et al. (2017, submitted). To collect cell free extracts (CFE), C. bescii
cells were grown in 50 mL of LOD medium with 40 mM MOPS in closed bottles
with shaking at 150 rpm at 65°C to an ODego of 0.25-0.3, and then harvested by
centrifugation at 6,000 x g at 4°C for 10 min. Cells were washed once with 50
mM Tris-HCI pH 8.0, and suspended in CelLytic B cell lysis reagent (Sigma,
USA). Lysis was achieved by three freeze-thaw cycles followed by sonication

(twice for 15 s at 40 amps with one min rests on ice). Samples were centrifuged

133



for 10 minutes at 15,000 x g in a desktop centrifuge at 4°C to separate protein
lysate from cell debris, and the supernatant was used as CFE. Protein
concentrations were determined using the Bio-Rad protein assay kit with bovine
serum albumin (BSA) as the standard. CFE (60 pg) samples were
electrophoresed in 4-20% gradient Mini-Protein TGX gels (Bio-Rad) and protein
bands were visualized by staining with Coomassie Brilliant Blue R-250. For the
zymogram analysis, the gel was soaked for 1 h in 2.5% (v/v) Triton X-100
solution to remove the SDS and washed in distilled water. After incubating the
gel at 75°C for 20 min in reaction buffer containing 5 mM 4-methylumbelliferyl 8-
D-glucopyranoside (Sigma), 20 mM MES (pH 5.5), 1 mM dithiothreitol (DTT), 1
mM CaCl,, and 1 mM MgCl,, the presence of fluorescent reaction product was
visualized under UV light. The quantification of band intensity was carried out
using densitometry software (Imaged). Biological triplicates (n=3) were used for
zymogram expression quantification, and equal loading of protein was verified by
Coomassie gel staining. Student’s T-tests were performed on the quantification
results, accounting for a two-tailed distribution and heteroscedastic variance in
the samples.
IV. Results

C. bescii contains homologs to genes involved in maltodextrin
transport, utilization and regulation. The C. bescii genome contains separate
gene clusters responsible for the metabolism of maltose and
maltooligosaccharides, as does the genome of the closely related thermophile

Caldicellulosiruptor saccharolyticus [291]. The presence of separate systems is
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consistent with gram-positive pathogen Streptococcus pneumoniae [275], but is
different from E. coli, which has one system for both maltose and maltodextrin
uptake [274]. The distinct C. bescii gene cluster encoding maltose uptake
proteins has a configuration similar to that of the mal cluster in the gram-positive
actinomycete Streptomyces coelicolor [292]. The S. pneumoniae maltodextrin
gene cluster consists of three operons: malXCD encoding the extracellular solute
binding protein (MalX) and the two permease proteins of the ABC transporter
(MalC and MalD); malMP encoding amylomaltase (MalM) and a-glucan
phosphorylase (MalP), enzymes involved in maltooligosaccharide polymerization
and depolymerization; and malAR encoding a maltose utilization enzyme (MalA)
and the transcriptional regulator of the maltodextrin regulon (MalR) [278, 285]. In
both S. pneumoniae and C. bescii, the gene coding for the ATPase subunit of the
ABC transporter, MalK, is located elsewhere in the genome (Figure 5.1B). This
has been noted to be true of many Gram-positive bacterial species [276].
Besides this common feature, the organization of the gene cluster in C.
bescii is quite different from S. pneumoniae. However, it is relatively similar to a
gene cluster in the gram-positive acidophilic thermophile Alicyclobacillus
acidocaldarius (Figure 5.1A), although the proteins encoded by the A.
acidocaldarius cluster are involved in the uptake of both maltose and
maltooligosaccharides [293]. Unlike S. pneumoniae, the A. acidocaldarius cluster
has the malR transcriptional regulator directly downstream of the ABC
transporter genes, rather than in a completely different transcriptional unit. It also

encodes more enzymes for maltodextrin and maltose utilization like
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cyclomaltodextrinase (CdaA), amylopullulanase (AmyA), and alpha-glucosidase
(GlcA). C. bescii contains cdaA and malP in its maltodextrin gene cluster, and
has the malR gene directly downstream of the permease genes and malP
(Figure 5.1A). There are no clear malM or malA homologs in the C. bescii
genome. The gene encoding the extracellular solute binding protein, malkE, is
downstream of all the other genes, and contains its own predicted promoter
(Figure 5.2A). Other promoters with strong sequence similarity to known -10 and
-35 boxes were predicted upstream of malP, malF, and cdaA with BPROM [287].
A predicted transcriptional terminator exists downstream of the malE gene in C.
bescii (AG=-15.9 kcal/mol), whereas a predicted terminator is found after g/cA in
A. acidocaldarius [293]. We emphasize that these analyses are solely based on
sequence homology and bioinformatic prediction—to date no work has been
performed to determine operon structure or transcriptional start sites, or to
characterize promoters in detail in C. bescii.

MalR binding sites are located in the maltodextrin gene cluster.
Sequence analysis of the C. bescii maltodextrin gene cluster revealed several
candidate promoter regions for developing a regulated gene expression system.
Because operator sites in DNA bind repressor proteins that conditionally inhibit
transcription, the nucleotide sequence of the entire gene cluster was queried for
DNA motifs similar to the consensus MalR operator site for S. pneumoniae [273,
285]. Potential operator sites were enriched in this gene cluster upstream of or
near the ATG of the cdaA, malF, and malE open reading frames (Figure 5.2A).

These DNA motifs were used to create a working consensus C. bescii MalR
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operator site, from here on referred to as malO (Figure 5.2B). The malO
sequences are imperfect closely spaced inverted repeats, strikingly similar to
those observed upstream of the malM and malX genes in S. pneumoniae [285].

Although it is clear that the C. bescii operator sequences are very similar
to those described for S. pneumoniae, the number of predicted malO sites in the
regulatory regions varies from those published for the model system. In C. bescii
each of the sequences around the ATG codons of the cdaA, malfF, and malE
ORFs contains at least two predicted malO sites, three in the case of malF
(Figure 5.2A). cdaA and malE each have one malO site directly 3’ of the
predicted -10 box and another malO site within the coding sequence of the gene.
The malF gene cassette contains two malO sites in similar relative locations as
the other genes, and an additional site 5’ of the predicted -10 and -35 boxes.
There are ~200-300 bp of spacer between the malO sites of a specific gene. As
the goal of this study was to find promoters useful for regulated gene expression,
nucleotide sequences upstream of the start codon for the malE and malF genes
were chosen to test for regulation using a thermophilic f-glucosidase assay.

The malF regulatory region responds to maltose, but not to glucose
or cellobiose. In a variety of bacterial systems, the MalR protein acts as a
transcriptional repressor of genes required for maltodextrin uptake and utilization.
Maltose act as the inducer, preventing the MalR repressor from binding its
operator sequence and thereby allowing RNA polymerase to transcribe genes
[285]. To examine whether gene expression driven by the regulatory regions of

malE and malF could be controlled, these DNA sequences were placed
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upstream of a -glucosidase gene from Acidothermus cellulolyticus [294] and
transformed into C. bescii on a replicating shuttle vector (Figure 5.2C) [177]. The
Pmaie and Ppqr promoters were compared to the promoter of the Cbes2303 gene,
encoding an S-layer protein highly expressed in C. bescii during growth on a
variety of carbon sources [117, 179].

The expression of the $-glucosidase protein using these promoters could
be observed and quantified using a zymogram analysis, in which the entire
protein lysate from a C. bescii sample is separated by SDS-PAGE before treating
the gel with a fluorescent substrate specific for p-glucosidase enzymes. Since C.
bescii expresses multiple endogenous p-glucosidase enzymes, there is a very
high background p-glucosidase activity. Particularly, there is a highly expressed
B-glucosidase enzyme that migrates at ~115 kDa on the zymograms that is
present even in strains harboring empty expression vectors (Figure 5.3). The
unique molecular weight of the Acel_0133 B-glucosidase makes it possible to
observe the specific band of enzymatic activity encoded by the heterologous
gene once the proteins are separated by electrophoresis, overcoming the issue
of background noise.

All three regulatory regions tested—Pg,, Pmae, and Pra—drove
expression of the reporter gene when C. bescii was grown on maltose (Figure
5.3A and Figure 5.3B). A striking decrease in expression from P,,r was
observed when the cells were grown on either glucose (Figure 5.3A) or
cellobiose (Figure 5.3C). Interestingly, expression from P4 did not decrease

when cells were grown on non-maltose sugars, but rather drove expression
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similarly to Py, (Figure 5.3A and Figure 5.3C). Because of this, P4 was chosen
for further study. Enzymatic activity of the heterologous B-glucosidase was
quantified in triplicate, confirming that maltose increases expression from P,qr
by a factor of about 7- and 10-fold when compared to glucose and cellobiose,
respectively (Figure 5.4A).

Glucose or cellobiose cannot repress expression from Pp,,F, yet
overexpression of the MalR protein decreases expression. As it has been
observed that the presence of glucose can repress the expression of maltose
utilization genes in Streptomyces coelicolor [282, 292], we also grew C. bescii on
combinations of maltose and other sugars to test for carbon catabolite
repression. The presence of either glucose (Figure 5.3B) or cellobiose (Figure
5.3D) in addition to maltose did not lead to repression of Ppgr. This finding is
particularly useful if Pnar were to be used as a maltose-inducible promoter, as
the presence of either glucose or cellobiose in the growth medium would not
repress gene expression.

The MalR protein is in the Lacl-GalR transcriptional repressor family [281].
Lacl-like repressors typically bind operator sequences to prevent transcription by
RNA polymerase, but when their inducer is present they cannot bind [295].
Overexpression of the maltodextrin-associated MalR in S. pneumoniae allowed
tightly controlled expression of a green fluorescent protein-encoding reporter
gene [296]. In contrast, overexpressing MalR in C. bescii did not result in

repression. Rather, overexpression of MalR resulted in low gene expression

139



even in the presence of maltose, in what could be interpreted as reduced
induction by maltose (Figure 5.4B).
V. Discussion

The organization of the C. bescii gene cluster and sequence homology
with the encoded proteins is more similar to A. acidocaldarius than S.
pneumoniae. Biochemical studies of the ABC transporter complex have not been
performed for the C. bescii proteins, so it is not known whether the complex is
specialized for longer maltodextrin uptake or whether, like the A. acidocaldarius
complex [293], it imports both substrates. Since malK is located elsewhere in the
genome, it is possible that it provides ATPase function for more than one ABC
transporter. This would not be unusual, as the Streptomyces reticuli homolog
msiK provides ATPase function for the import of both maltose and cellobiose
[277].

Our motif searches in C. bescii revealed multiple malO sites near various
start codons in the maltodextrin gene cluster, but multiple operator sites for
MalR-regulated promoters were not reported for S. pneumoniae. The S.
pneumoniae malO sites were determined by DNA footprinting analysis rather
than bioinformatic prediction, and those determined experimentally are likely
bona fide MalR-binding sites [285]. There are a few possible explanations for our
observations in C. bescii. (1) The specific site involved in the regulation requires
the palindrome 5" GCAA-N4-TTGC 3’ found in malOg; and malOg, for the
repression to be detected by our reporter assay. The malOg; site lacks the 5’ G

nucleotide, but the site within the ORF of malE that was not analyzed with the
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repoter gene assay, malOg,, does contain the palindrome (Figure 5.2B). (2)
Multiple malO operator sites are required. Multiple /acO sites have been shown
to be involved in full repression via DNA looping and binding by a tetramer of
Lacl repressor proteins in E. coli [297, 298]. It could be that there are actually
multiple malO sites in the intergenic region between S. pneumoniae malM and
malX (Figure 5.1A) but this was not recognized before. The other sites might be
important in vivo but are not bound as strongly, and therefore could not be
identified by DNA footprinting experiments reported by Nieto et al (1997).
Consistent with this idea, the sequence near the divergent promoter Px in S.
pneumoniae has a clear regulatory influence [299]. This result might be the effect
of a second malO site located there. Our own motif searches in the S.
pneumoniae sequence reveal a potential malO site near the Px promoter
oriented towards the Py promoter in addition to the Px malO site previously
determined by footprinting [285]. Additionally, motif searches of the A.
acidocaldrius gene cluster reveal three clear MalR binding sites upstream of the
malE gene that are each separated by 200-300 bp, similar to the spacing
between predicted malO sites in the C. bescii gene cluster.

The results of the pB-glucosidase reporter assays (Figure 5.3) are
consistent with a model in which maltose induces the malF gene, and the
absence of maltose (i.e. the presence of either glucose or cellobiose) results in
repression by the MalR protein. This is the case in S. pneumoniae:
electrophoretic mobility shift assays demonstrated that maltose is the inducer of

the malM and malX genes, preventing the MalR protein from binding the operator
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site [285]. Our results from cell growth on multiple sugars did not provide
evidence for catabolite repression by glucose or cellobiose over maltose (Figure
5.3B and Figure 5.3D). Carbon catabolite repression (CCR) is observed in other
organisms and is usually exerted by glucose over other sugars [300]. This result
is consistent with the fact that the C. bescii genome contains no
phosphenolpyruvate-dependent phosphotransferase system for glucose, and
also consistent with the lack of observed CCR in another closely related member
of the Caldicellulosiruptor genus [105]. Mearls et al. (2015) obtained a similar
result for a Lacl-regulated promoter in C. thermocellum when they demonstrated
a lack of cellobiose repression on the laminaribiose-induced promoter for celC.

The regulatory region for the malE gene did not exhibit the same
regulatory patterns as that of malF (Figure 5.3A and 5.3C). The fact that Ppae
directed similar expression on cellobiose and maltose is supported by
extracellular proteomic data showing that the MalE protein encoded by ORF
Cbes2574 is highly expressed and secreted during logarithmic growth on
crystalline cellulose [301]. This could indicate that the MalE protein is involved
with uptake of other substrates including cellobiose or longer chain p-glucans, or
that a basal level of MalE is always available for uptake of maltodextrins.

Rather than making regulation tighter, malR overexpression appeared to
abolish induction by maltose from P, (Figure 5.4B). It has been shown that
overexpression of the S. pneumoniae malR gene from a tet promoter on a
plasmid achieved tight regulation of a reporter gene [296]. However, expressing

malR from a multicopy plasmid did reduce the level of depression of the malM
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gene in the presence of maltose [281], which is more consistent with our results.
Overexpression of the maltose-specific malR in Streptomyces coelicolor actually
prevents the utilization of maltose entirely [282]. This was not expected to occur
with the C. bescii malR, because the malR gene (ORF Cbes2575) is located in
the presumed maltodextrin import/utilization cluster rather than the maltose-
specific cluster. What we observe for C. bescii malR overexpression could result
from the behavior of Lacl regulatory proteins. The E. coli Lacl inducer,
allolactose, reduces the affinity of the Lacl repressor for its specific operator
sequence [302]. An inducer-bound repressor protein retains nearly identical
affinity for non-operator genomic DNA [303]. In fact, Lacl rarely dissociates from
DNA in vivo, spending ~90% of its time bound to and diffusing along DNA
strands non-specifically [304]. Thus, if MalR in C. bescii behaved similarly to E.
coli Lacl, expressing MalR with the powerful S-layer promoter would make more
repressors available to bind operator sequences that could prevent transcription
even in the presence of maltose. Alternatives for future use of this system would
be to express MalR with a weaker promoter, the native sequence upstream of
the malR gene that contains potential -10 and -35 boxes, or even the regulated
Pmair sequence, similar to what was done with the glyR3 regulator in Clostridium
thermocellum [149].
VI. Future Directions

The MalR-regulated gene expression system will be tested in C.
thermocellum. Another regulated promoter system would be very useful for this

promising cellulolytic organism, especially a system that is induced by a
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substrate like maltose—an inexpensive sugar that the organism cannot utilize as
a sole carbon source.

This system will be developed further in C. bescii by deleting two
annotated p-glucosidase genes that are likely responsible for the high molecular
weight bands visibile on the zymogram. One is bglA (Cbes0458), encoding a
family 1 glycosyl hydrolase, and the other is bg/X (Cbes2354), encoding a family
3 glycosyl hydrolase. If successful, this would allow a high throughput in vitro

assay rather than a zymogram.

144



Streptococcus
pneumoniae D39

Alicyclobacillus

acidocaldarius LAA1

Caldicellulosiruptor bescii

Alternative | C. bescii Annotation
gene nhame ORF

malE
malR
malP
malG
malF
cdaA
glcA
malK
amyA
malM
malA

DSM 6725

malX

malD
malC

msiK

malQ

Athe_2574
Athe_2575
Athe_2576
Athe_2577
Athe_2578
Athe_2579
Athe_2057
Athe_1803
Not found

Not found

Not found

malP malM malX g malC | malD @ malR
L

glcA cdaA malR|malG malF = malE amyA
—

@ malE ZmalRly malP malG maiF @

Maltose or
maltooligosaccharides

C

Extracellular solute binding protein
Lacl-like transcriptional regulator
Alpha-glucan phosphorylase |
ABC transporter transmembrane component MalF | MalG
ABC transporter transmembrane component
Cyclomaltodextrinase / maltogenic a-amylase
Alpha-glucosidase

ABC transporter ATPase subunit
Amylopullulanase

Amylomaltase

Maltodextrin utilization protein

Figure 5.1. A gene cluster in Caldicellulosiruptor bescii encodes an ABC

transporter and enzymes for maltodextrin metabolism. (A) Genomic regions

of maltodextrin ABC transporters in Streptococcus pneumoniae, Alicyclobacillus

acidocaldarius, and Caldicellulosiruptor bescii with indicated open reading

frames. (B) Gene table containing assigned gene names for C. bescii with

published alternative gene names in other organisms where needed. Gene
annotations come from Nieto et al. (1997), Hulsmann et al. (2000), and BLAST
results for C. bescii proteins. (C) General model for the ABC transporter complex

MalEFGK_. Protein names correspond to the gene names and annotations in (B).

145



P malE P malF

A
C. bescii genome @ malE gZmalR " malP [malG malF @
vy Ty VY

GENE SITE SEQUENCE J
malE malOg, 5’ TGCAACCAATTGCA 3’
malE malOg, 5’ ATCAAACGTTTGCA 3’
malF malOg; 5’ CGCCAACATTTGCA 3’
malF malOg, 5’ AGCAAACGATTGCA 3’
malF malOg, 5’ CGCAAAGCTTTGCA 3’
cdaA malO, 5’ CGCCAAGATTTGCG 3’
cdaA malO,, 5’ TGCAAACATTTGCA 3’
* %k *okokK

bits

2  G—— 4
malO operator site
1 consensus sequence
A AC T A for the C. bescii mal
ene cluster
ERu [ @-= - AN 9
5 - N [y} < n © ~ -] o g : s! 2 E 3

wetiogo berkeley du

C 100y [ ) P, + (-Glu  pSKW18

malOg,

A
so7vo (D) . ¢ BGlu  pJGWSO

malOg, malOg,

A A
20200 (D) P, < (-Glu pJGW76

Figure 5.2. MalR-binding operator sites are found in the C. bescii
maltodextrin utilization gene cluster. (A) C. bescii maltodextrin utilization gene
cluster with predicted MalR-binding sites, labeled as malO. Distinct sites are
named with an abbreviated gene name in the subscript as well a number
representing the 5’ to 3’ orientation of the site. Conserved nucleotides are
indicated by an asterick (*). Chosen promoter regions are indicated by colored
lines above the gene diagram. (B) The malO consensus site determined for the
C. bescii maltodextrin gene cluster. Imperfect inverted repeats are indicated with
orange arrows. (C) Map of constructs used for reporter gene assays, with
predicted malO operator sites indicated. The promoter names and plasmid

names are listed next to their respective maps.
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Figure 5.3. Reporter gene assays for chosen promoters. Zymogram
expression results for Pgjp, Pmaie, and Pparin response to growth on various
sugars. The arrow in each panel indicates the expected molecular weight for the
heterologous B-glucosidase encoded by A. cellulolyticus ORF Acel_0133. (A)
Cells were grown on either 0.5% (w/v) maltose or 0.5% (w/v) glucose. (B) Cells
were grown on either 0.5% (w/v) glucose or 0.25% (w/v) glucose + 0.25% (w/v)
maltose. (C) Cells were grown on either 0.5% (w/v) maltose or 0.5% (w/v)
cellobiose. (D) Cells were grown on either 0.5% (w/v) glucose or 0.25% (w/v)

glucose + 0.25% (w/v) maltose.
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Figure 5.5. Back-transformation of plasmids from C. bescii into E. coli.
+: pure plasmid before transformation into C. bescii, isolated from E. coli DH5a.
1-5: individual E. coli back-transformant colonies obtained by electroporation of

E. coli with total DNA isolated from C. bescii.
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Table 5.1. Strains and plasmids used in Chapter 5.

Strain or plasmid Genotype / phenotype Source
Caldicellulosiruptor
bescii
JWCBO018 C. bescii DSM 6725 ApyrFA Acbel [185]
Idh::1SCbe4
JWCB082 JWCBO018 + pJGWO07 (ura*/5-FOAS) Kim et al.,
submitted
JWCB134 JWCBO018 + pSKW18 (ura*/5-FOA®) This work
JWCB138 JWCBO018 + pJGW80 (ura*/5-FOAS) This work
JWCB139 JWCBO018 + pJGW76 (ura*/5-FOAS) This work
JWCB141 JWCBO018 + pJGW84 (ura*/5-FOAS) This work
Escherichia coli
JW292 DH5a containing pDCW89 (Aer) [177]
JW313 DH5a containing pDCW140 (Apr®) [117]
JW402 DH5a containing pJGWO07 (Aer) [219]
JW461 DH50. containing pJGW74 (AprY) This work
JW464 DH50. containing pJGW76 (Apr?) This work
JW467 DH50. containing pJGW80 (Apr?) This work
JW469 DH50. containing pJGW84 (Apr?) This work
JW5&27 DH50. containing pSKW18 (Apr®) Kim et al.,
submitted
Plasmids
pDCW89 E. coli/C. bescii shuttle vector [177]
(Pcbes2105— C. bescii pyrF, Apr®)
pJGWO7 E. coli/C. bescii shuttle vector [219]
(Pcpes2105— C. thermocellum pyrF, Apr?)
pSKW18 pJGWO7 with Pgp— pB-Glu Kim et al.,
submitted
pDCW140 C. bescii integrating vector [117]
(Pcbes2105— C. bescii pyrF, Apr®)
pJGW74 pSC101-based cloning vector with This work
Psp— MalR (Apr®
pJGW76 pJGWO7 with Ppar— p-Glu This work
pJGW80 pJGWO7 with Ppae— B-Glu This work
pJGW84 pJGWO7 with Ppar— p-Glu This work
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Table 5.2. Primers used in Chapter 5.

Primer | Sequence (5°—3’)

DC283 | AGA GGTACC ACC GTG AGC ATT CTG GAC AGGT

DC576 | AGA CTG CAG CTC ACC AAA CCT CCT TGT ATG AT

JG168 | TGT TGT GGA TCC TGG AAG AAC TTGAAAGCAGGCT

JG201 | ACA ACA AGA TCT ATG ACA CAA ATC GAA GAG CGC

JG202 | TCTTCT GGATCC TTATAACGT TTG AGC TTT TCC GCA

JG203 | ACA ACA CTG CAG ATG GCA ACA ATA AAA GAA ATA GCT AAA GA
JG204 | TCTTCT GCATGC CTGTGTACATTCTTT TTAATC CACG

JG206 | AGT AGT AGATCT TTT CCT CCT TTG AAA TAG AAT GTG CA
JG209 | TCT TCT GCA TGC GAC CCA GTG ATT TGG TAG TAA

JG211 | ACAACA AGA TCT AAC AAC CTC CCT TAAGTT TAT TTAATATGC
JG217 | AGA AGA GGT ACC ACAGTT TGATTACAG TTT AGT CAGAGC T
JG220 | TGT TGT ATC GAT TTATAA CGT TTG AGC TTT TCC GCA

JG221 | AGA AGA ATC GAT ACC AGC CTAACTTCGATCATTG

SK044 | AGA GCATGC ATT CCC ATG AGC CCA CGA ACA GT

SKO051 | AGA GGG CCC ATG ACA CAA ATC GAA GAG CGC
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CONCLUSION
Though there has been documented success with genetic tool development in
several thermophiles, certain areas require more attention. In this work, we first
wanted to establish whether genetic methodologies from C. bescii could be
applied other organisms in the Caldicellulosiruptor genus. We demonstrated that
restriction-modification systems affected DNA transformation, but that they were
more important in C. bescii than in C. hydrothermalis. Therefore, the restriction
barrier to transformation must be empirically investigated when developing
genetic systems in new organisms,.

The thermophilic replicon pBAS2 would be useful if it could be applied to
other organisms, particularly cellulolytic thermophiles. However, it was unclear
how stable and useful the C. bescii pPBAS2 replicon would be in other organisms,
both within and outside of the Caldicellulosiruptor genus. We showed stable
plasmid replication in two thermophiles—one in the same genus, and one in a
completely different genus but still a member of the Clostridia. It was an exciting
result that vectors based on this plasmid were maintained at multiple copy in
other organisms, as this facilitates high-level gene expression. It is also vital that
the plasmid was structurally stable in both organisms using the tested vector
configurations.

Even though replicative stability was observed, it is clear from our work

and the work of others that Clostridium thermocellum recombines plasmids into
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its chromosome, and requires only short regions of homology. Could this be
overcome, and would altering recombination increase plasmid stability? Our
attempts at eliminating recombination were not successful because of the
particular replication mechanism of pBAS2, but there is hope that this strain
might prove useful with different or new thermophilic replicons. Nevertheless, we
have still learned something about thermophilic plasmid replication that can be
applied to future work.

The study and development of all of these methods and molecular
phenomena—transformation, plasmid replication, DNA restriction, DNA
recombination—are interesting from a basic biology standpoint. Still,
manipulative tools for stable, thermophilic gene expression is the end goal.
Constitutive promoters have been applied for homologous expression in C.
bescii, but the development of a reporter gene system to harness native dynamic
promoters was an important milestone in our engineering of this organism. The
ability to dissect the responses of C. bescii to different carbon sources and
different growth conditions will inform us about plant biomass utilization in this
organism and likely other organisms. The promoters will also be useful for future
engineering work in C. bescii, and possibly C. thermocellum and
Thermoanaerobacter strains.

These results as a whole are steps forward in the three organisms
described, but also for engineering in cellulolytic thermophiles on the whole, and
for the development of genetic methodologies for bacteria with industrially

promising metabolisms.
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APPENDIX A
Chung D, Young J, Bomble YJ, Vander Wall TA, Groom J, Himmel ME,
Westpheling J. (2015) Homologous expression of the Caldicellulosiruptor bescii
CelA reveals that the extracellular protein Is glycosylated. PLoS ONE 10(3):
e0119508.
Abstract
Members of the bacterial genus Caldicellulosiruptor are the most thermophilic
cellulolytic microbes described with ability to digest lignocellulosic biomass
without conventional pretreatment. The cellulolytic ability of different species
varies dramatically and correlates with the presence of the multimodular cellulase
CelA, which contains both a glycoside hydrolase family 9 endoglucanase and a
glycoside hydrolase family 48 exoglucanase known to be synergistic in their
activity, connected by three cellulose-binding domains via linker peptides. This
architecture exploits the cellulose surface ablation driven by its general cellulase
processivity as well as excavate cavities into the surface of the substrate,
revealing a novel paradigm for cellulase activity. We recently reported that a
deletion of celA in C. bescii had a significant effect on its ability to utilize complex
biomass. To analyze the structure and function of CelA and its role in biomass
deconstruction, we constructed an new expression vector for C. bescii and were
able, for the first time, to express significant quantities of full-length protein in vivo

in the native host. The protein, which contains a Histidine tag, was active and
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excreted from the cell. Expression of CelA protein with and without its signal
sequence allowed comparison of protein retained intracellularly to protein
transported extracellularly. Analysis of protein in culture supernatants revealed
that the extracellular CelA protein is glycosylated whereas the intracellular CelA
is not, suggesting that either protein transport is required for this post-
translational modification or that glycosylation is required for protein export. The
mechanism and role of protein glycosylation in bacteria is poorly understood and
the ability to express CelA in vivo in C. bescii will allow the study of the
mechanism of protein glycosylation in this thermophile. It will also allow the study
of glycosylation of CelA itself and its role in the structure and function of this

important enzyme in biomass deconstruction.
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APPENDIX B
Yu M, Ji L, Neumann DA, Chung D, Groom J, Westpheling J, He C, Schmitz RJ.
(2015) Base-resolution detection of N*-methylcytosine in genomic DNA using
4mC-Tet-assisted-bisulfite sequencing. Nucleic Acids Research 43(21): e148.
Abstract
Restriction modification (R-M) systems pose a major barrier to DNA
transformation and genetic engineering of bacterial species. Systematic
identification of DNA methylation in R-M systems, including N°-methyladenine
(6mA), 5-methylcytosine (5mC) and N4—methylcytosine (4mC), will enable
strategies to make these species genetically tractable. Although single-molecule,
real time (SMRT) sequencing technology is capable of detecting 4mC directly for
any bacterial species regardless of whether an assembled genome exists or not,
it is not as scalable to profiling hundreds to thousands of samples compared with
the commonly used next-generation sequencing technologies. Here we present
4mC-Tet-Assisted Bisulfite-sequencing (4mC-TAB-seq), a next-generation
sequencing method that rapidly and cost efficiently reveals the genome-wide
locations of 4mC for bacterial species with an available assembled reference
genome. In 4mC-TAB-seq, both cytosines and 5mCs are read out as thymines,
whereas only 4mCs are read out as cytosines, revealing their specific positions
throughout the genome. We applied 4mC-TAB-seq to study the methylation of a

member of the hyperthermophilc genus, Caldicellulosiruptor, in which 4mC-
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related restriction is a major barrier to DNA transformation from other species. In
combination with MethylC-seq, both 4mC- and 5mC-containing motifs are
identified which can assist in rapid and efficient genetic engineering of these

bacteria in the future.
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APPENDIX C
Kim S, Groom J, Chung D, Elkins J, Westpheling J. (2017) Expression of a heat-
stable NADPH-dependent alcohol dehydrogenase from Thermoanaerobacter
pseudethanolicus 39E in Clostridium thermocellum 1313 results in increased
hydroxymethylfurfural resistance. Biotechnology for Biofuels 10: 66.
Abstract
Background: Resistance to deconstruction is a major limitation to the use of
lignocellulosic biomass as a substrate for the production of fuels and chemicals.
Consolidated bioprocessing (CBP), the use of microbes for the simultaneous
hydrolysis of lignocellulose into soluble sugars and fermentation of the resulting
sugars to products of interest, is a potential solution to this obstacle. The
pretreatment of plant biomass, however, releases compounds that are inhibitory
to the growth of microbes used for CBP.
Results: Heterologous expression of the Thermoanaerobacter pseudethanolicus
39E bdhA gene, that encodes an alcohol dehydrogenase, in Clostridium
thermocellum significantly increased resistance to furan derivatives at
concentrations found in acid-pretreated biomass. The mechanism of
detoxification of hydroxymethylfurfural (HMF) was shown to be primarily
reduction using NADPH as the cofactor. In addition, we report the construction of
new expression vectors for homologous and heterologous expression in C.

thermocellum. These vectors use regulatory signals from both C. bescii (the S-
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layer promoter) and C. thermocellum (the enolase promoter) shown to efficiently
drive expression of the BdhA enzyme.

Conclusions: Toxic compounds present in lignocellulose hydrolysates that
inhibit cell growth and product formation are obstacles to the commercialization
of fuels and chemicals from biomass. Expression of genes that reduce the effect
of these inhibitors, such as furan derivatives, will serve to enable commercial

processes using plant biomass for the production of fuels and chemicals.
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