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SUMMARY

Cellulosic biomass represents a major untappeduresocapable of replacing
many products derived from fossil fuels. Cellulodee major component of cellulosic
biomass, is composed entirely of glucose and as soeversion of cellulose to glucose
would permit formation of any bioproduct with glesoas the precursor. Enzymes exist
that are capable of hydrolyzing cellulose and ferrtenerating glucose. One approach to
reducing the cost associated cellulose bioprocgssnto develop a consolidated
bioprocess in which enzymes are produced, celluiedeydrolyzed, and products are
formed in a single reaction must be developed. Tfitee main objectives of this
dissertation are to develop the components estetttiaa consolidated cellulose
bioprocess: (1) a minimal set of enzymes capabixtdnsive cellulose hydrolysis under
physiological conditions, (2) characterization ofoteins capable of transporting
hydrolysis intermediates into the cytoplasm, angdg3ystem for rapid conversion of
cellodextrins into glucose.

A minimal set of cellulase enzymes, Cel5H, Cel9R] €el48S, was selected for
cellulose hydrolysis. Cel9R and Cel48S frdin thermocellumhave been shown to
synergistically hydrolyze cellulose. These enzymese endoglucanase and one
cellobiohydrolase, take advantage of the typicalbgerved endo-exo cellulase synergy.
Addition of a second endoglucanase, Cel5H fiendegradansakes advantage of the
endo-endo type synergy that can be observed betpeeessive endoglucanases. The

performance of the system was evaluated at conditioompatible withE. coli

Xvii



fermentation. It was observed that these three reagyare capable of extensive
hydrolysis of cellulose across a broad range of pmsitions. Furthermore, substantial
product formation was observed when this mixtures waed during fermentation of
cellulose. With all three enzymes acting in concproduct titers as high a 0.2% wi/v
were obtained and action of Cel5H alone was everalda of generating product as
much as 0.1%. This system, upon initial investaatiis shown to achieve higher
hydrolysis rates in-vivo than those developed theptesearchers.

Three transporter enzymes were identified and cheniaed in their capacity for
transport of cellobiose, a major product of celb@dydrolysis, across the cell membrane.
All three were shown to be suitable for fermentatad cellobiose byE. coli. Further
conversion of cellodextrins produced by cellulasesglucose was achieved by two
enzymes, Ced3A and Cep94A fr@n degradansExpression of Ced3A led to complete
consumption of all glucose oligomers with a DP liglthan 2 in a mixture of
cellodextrins and expression of Cep94A generatpd renetabolism of cellobiose that
was left behind by Ced3A. Together these enzymesgepr capable of rapid conversion
of all the products of cellulose hydrolysis to femmable glucose. When combined, the
three components developed and characterized sndiksertation represent all that is
needed for a consolidated bioprocess in which losluis converted into bioproduct in a

single step reaction.

XViii



CHAPTER 1

INTRODUCTION

1.1 Céllulosic Biomass

Biomass is biological material derived from livieg recently living organisms.
As it pertains to renewable energy it typically asmfrom plants. In 2012 the U.S
produced 8.130 quadrillion BTUs of energy from reable sources with 45% of that
derived from biomass[1]. Cellulose is a major comgrd of plant biomass and is the
most abundant organic polymer on the planet. The@dnce of cellulose is so high as to
be considered inexhaustible with current technelegilts availability and lack of
importance as a major food source makes plant l@sraa attractive, renewable material

for carbon neutral industrial applications.

1.1.1 Sources of Cellulosic Biomass

Biomass has a variety of different applicationsrr€utly, sugars from corn and
cane sources are used to produce ethanol as &bidifile seed oils, especially soybean
oil, are used as precursors for biodiesel prodactiajor sources of cellulose include
energy crops, forestry products and wastes [2]wal as wastes from agricultural,
industrial and residential processes|3].

While the sources of cellulose are abundant veny dé these sources represent
pure cellulose. Plant matter is composed of a maxtof lignin, hemicellulose, and
cellulose with the relative abundance of each gsewarying widely from species to

species [4] and is even affected by factors suadeagraphy, climate, storage conditions,



and processing techniques[5-7]. In general, cakilcomprises between 40 and 60
percent of plant biomass. In this biomass the ki fibers are wrapped in
hemicellulose polymers which are all held togethelignin molecules|[8].

Hemicellulose is a complex polymer of xylose andcgke that is very highly
substituted with many functional groups includingnjpses, hexoses, and carboxylic
acids[9]. Lignin is another complex heterogeneoalymper composed of a variety of
phenylpropanoid groups that are cross-linked byrdwytinnamic moieties[10-12].
Hemicellulose helps to protect the cellulose fifessn enzymatic degradation and lignin
is very hydrophobic further protecting the constrfiom degradation by inhibiting
diffusion of water soluble chemicals and protein®ithe cellulose fiber core[13, 14].
This superstructure causes this material to be vecglcitrant, greatly retarding the
depolymerization of this carbon reserve.

Cellulose itself is attractive because it is a pody of D-glucose molecules joined
by B, 1-4, glycosidic bonds and complete depolymermzatvill generate glucose: the
most widely known fermentable sugar. Cellulose mdles can vary in degree of
polymerization anywhere from 300 in wood pulps ®§0DO0 in bacterial cellulose[15].
These chains will interact with each other via bg#m der Waals and hydrogen bonding
to form fibers[16-18]. These bundles can arrangengelves in a variety ways resulting
in non-uniform crystallinity between cellulose fradifferent sources[19, 20].

The composition of cellulose makes it incredibliraattive for a wide variety of
applications. Because it is made entirely of glecesonomers it can be used for
production of any chemical that has glucose aswdirsg substrate. Glucose is the most

widely usable sugar in the microbial world[21] aisda precursor to the formation of



products by both aerobic and anaerobic processemdel organisms such &s coli, Z.
mobilis and S. cerivisiae as well as less studied species with more specific
applications[22-25]. Products include biofuels asllvas other high-value chemicals
which can replace petroleum based alternativegnploying biological processes we
can couple the production of high-value chemicalghwower value fuels and

commodities to make cellulose bioprocessing a taioté industrial endeavor.

1.1.2 Biofuels

A wide variety of biofuels have been explored fgplacement of petroleum based
fuels. These include but are not limited to ethabaktanol, and biodiesel. Ethanol and
butanol are obtained through anaerobic fermentstiomany bacterial and yeast strains.
Strains used for production of ethanol are eitregurally well performing ethanologens
like Zymomonas mobilisor Saccharomyces cerevisig@6, 27], or metabolically
engineered to remove the capacity for formatiommf other fermentation products. (
coli and S. cerivisiag{28]. In the case of butanol, heterologous enzyiinem other
bacterial species must be added to complete treblugenerating metabolic pathway in
industrially relevant organisms[29, 30].

Additional efforts to improve the conversion of fmass to these products include
improving pathways by supplementing heterologousyeres or introducing upstream
pathways to broaden substrate ranges to includeinase, and xylose, the pentose
monosaccharide components of hemicellulosic biofj8&s33]. Finally, improvement of

the tolerance to stress generated by overproduofionganic solvents has resulted in the



emergence of organisms suitable to production @h hamounts of butanol and

ethanol[34, 35].

Biodiesel is generated through a simple transdsiion reaction using glycerol
and lipids obtained from plant sources[36]. Trauttilly the major sources of these were
plant oils derived mostly from seed crops suchmsand palm[37]. Recently, however,
microalgae have been in major consideration asiecedor the biodiesel precursors. The
ability to use more traditional bioreactors to gate the biodiesel as well as the fact that
cultivation does not require arable land offer savadvantages over plant oils[38].

Currently ethanol can be added to gasoline up % %6rving as an oxygenating
species for combustion. Ethanol, however, cannot ttamsported with existing
infrastructure[39, 40]. Butanol is less hygroscopind has a higher energy density than
ethanol making it less challenging to transport amore economically feasible than
ethanol[41]. These liquid fuels represent an immedireplacement for gasoline and
diesel fuel and offer a future improvement overreat compounds used as alternative
liquid fuels and most importantly offer alternavior resources obtained from foreign
sources.

In addition to liquid fuels, several fuel gases tangenerated through biological
processes. A variety of different organisms, botiotptrophic and chemotrophic, are
capable of generating hydrogen from biomass. Pkotbstic organisms can generate
hydrogen from water alone as well as from simplgassi and organic acids[42-44]. Non-
photosynthetic biological processes generate hyrogom substrates ranging from
simple sugars and complex carbohydrates to ligmd solid sewage waste[45, 46].

Methane can also be obtained from biological preegsThis fuel gas is generated from



metabolism of a wide variety of residential andeothvaste residues including crop
resideus, slaughterhouse waste, waste activatddeslenergy crops and fertilizer wastes
by a wide variety of methanogenic bacteria[47]. |G also be converted to methane
gas by using a microbial consortia of a multitudehae species [48]. Gas fuels from
biomass conversions can be directly utilized fonegation of electricity by turbine as

well as heat generation and use in combustion t#obies.

1.1.3 Commodity Chemicals

1.1.3.1 Lactic Acid

Lactic acid is a carboxylic acid produced by thedakon of pyruvate by the
lactate dehydrogenase enzyme[49]. Also called atll it is abundant in dairy products.
There are several species of bacteria that areatigtwery efficient at producing lactic
acid as a major product[50]. Other bacterial spggciacluding E. coli have been
metabolically engineered to product lactic acidhessole anaerobic growth product[51].
It is of industrial relevance as a precursor tolifeelegradable polymer polylactic acid, or
PLA. Because lactic acid is present in two différenatiomeric forms the polymer is
tunable in many relevant properties for a wide etgrof applications[52]. All reports of
significant lactic acid generation during fermematuse monosaccharides, usually either
glucose or xylose, as the fermentation feedstocklikel many other fermentation
products, lactic acid contains carbons and its ycbdn does not result in the loss of

carbon via carbon dioxide.



1.1.3.2 Butanediol

2,3-butanediol is a product of the fermentation ahetism of a variety of
organisms including. polymxaandK. pneumonigb3]. Due to its chemical nature it has
a very broad variety of applications ranging fromemgy to valuable precursors. The
energy density is very similar to ethanol and metthand as such can be used as a liquid
fuel[54]. Perhaps more interestingly it can be @ted to a number of different
molecules through simple chemical reactions. 1,&dane, the precursor to synthetic
rubber, can be produced by a simple dehydratiocticed55]. Methyl ethyl ketone, a fuel
additive, is also produced by dehydration[56]. Finasterification generates molecules
that can be further converted to polyurethanesdhatused in pharmaceuticals and other
health care products[57]. Because of the massivenpal of this bioproduct pathways
for its production have been introduced irffo coli with great success[58]. Three
proteins, acetolactate synthase and acetolactatartexylase fromB. susbtilisand
acetoin reductase frol. pneumoniavere expressed iB. coli and strains were able to
produce BDO up to 0.42 g/g glucose (theoreticaldyis 0.5 g BDO/g glucose).

Operation of this foreign i&. colirequires low oxygen or anaerobic conditions.

1.1.3.3 Poly-hydroxybutyrate

Many valuable bioproducts are simple molecules #ratsecreted and must be
purified from the extracellular milieu. Microbessal produce valuable products that
cannot be secreted, especially polymers accumulatdte cell for energy storage. One
of the most interesting of these is polyhydroxyalb@e, a biodegradable and
biocompatible thermoplastic produced by bactenacges[59]. Microbes produce these

when the carbon/nitrogen ratio is high[60]. The woer units are butyric acid or valeric
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acid with some organisms producing polymers of dnifyrate (PHB), some producing
polymers of only valerate (PHV), and others prodga copolymer (PHBV)[61, 62]. As
a thermoplastic with a high melting point, this emile which is not water soluble like
many other biopolymers, represents a replacemergetoleum derived polymers with
industrial applications and its biocompatibility kes it attractive for medical
applications[63, 64].

Metabolism of the two major components of lignoglelsic biomass, glucose and
xylose, is achieved by glycolysis, resulting innfation of pyruvate and acetyl-CoA. The
products presented above, among others, are okbgttéor consolidated bioprocessing
because they are all produced by pathways thatthesgoroducts of glycolysis as a
starting material. Furthermore, introduction ofghgathways requires minimal genetic
manipulation and recombinant protein expression ingaknodifications suitable for

enhance cellulose degradation easier to realize.

1.1.4 Biomass Processing, Pretreatment and Hydsolys

As mentioned above, cellulosic biomass exists taneaas a complex structure of
a variety of different compounds that is very resis to degradation. As such, after
harvesting the material it must be broken downhsd it can be utilized. This process
represents one of the most intensive parts of Bemuailization. It is estimated that
nearly 20% of the cost of cellulosic ethanol can dbgibuted to pretreatments[65].
Typically a variety of pretreatments are employadan effort to remove disrupt the
mechanical superstructure, remove lignin, presethe chemical integrity of

hemicellulose and cellulose and reduce the crysitgllof the cellulose fraction. In order



for the resulting material to be usable for biogssing this must all be done without
producing compounds inhibitor to cell growth andtabelism. The three major types of
pretreatment technologies currently used are phalysichemical, or microbial

processes[66].

1.1.4.1 Physical Pretreatments

A variety of physical pretreatment technologiesteand are mainly employed for
the removal of lignin and the reduction of voluntetloe biomass to help increase the
accessible surface area. The simplest form of phygfretreatment is milling. Milling
can be done in wet or dry conditions with a variefyways including ball milling,
grinding, hammer milling, and roll milling. Theserins of treatment tend to decrease
crystallinity and increase surface area while mgkiary few chemical modifications to
the substrate.

Other forms of physical treatment employ watertgvarious phases to disrupt
the biomass. Uncatalyzed steam explosion usesgriggsure steam to rapidly heat the
substrate. Once heated, the pressure is releasedapinl decompression or expansion
occurs causing disruption of the substrate’s stipetsire[67, 68]. Liquid hot water can
also be used to pretreat biomass. This method vagdboiling the biomass in water at
high temperatures. These treatments using watex hagn reported to cause increased
digestibility in more herbaceous feedstocks such casn stover and sugarcane
bagasse[69]. Additionally, these processes are #blat least partially hydrolyze
hemicellulose and remove many of the side groupk as acetic and uronic acid that can
lead to formation of inhibitory compounds underdacipretreatment conditions. Just as

importantly, these pretreatments are capable afbdading a majority of the biomass
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including lignin and report recovery of monosacdies between 55 and 90 percent

depending on the identity of the biomass treated[6671].

1.1.4.2 Chemical Pretreatments

Many different methods for chemical pretreatmentcefiulosic biomass have
been employed by the paper and pulp industry lagfgrb the interest in biofuels. The
major technologies developed thus far include aalkhline, ammonia, and ionic liquid
treatments. These chemicals are generally inexpenbowever their chemical nature
may require specialized equipment which is expensis well as extensive recycle in
order to make the processes cost feasible. Addifigrhydrolysates generated by these
processes require downstream treatments before thay be effectively used in

bioprocesses.

1.1.4.2.1 Acid Pretreatment

Dilute acid pretreatments employing sulfuric acidric acid, hydrochloric acid,
phosphoric acid, and peracetic acid have been odgeeélfor a wide range of biomass
substrates. These processes generally use dilgte@acentrations (up to 1% acid) and
high temperatures (120-180 °C) in many reactor syjpeluding batch, plug flow, or
countercurrent operations. In general, sulfuriaasi the most widely applicable to a
range of different biomass sources, however otbielsdisted above have been shown to
be more effective on some substrates[70, 72].

When biomass substrates are treated with thes&e dilcids the hemicellulose
molecules are hydrolyzed and generally the ligmd aellulose portions remain intact

with minor disruption of the lignin fraction. Remalvof hemicellulose allows an
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increased accessibility of the cellulose which $ead increased digestibility[66].
Depending on the reaction conditions and the naifitbe substrate the process can also
yield a high abundance of the monosaccharide coemenof the hemicellulose or
conversely can lead to formation of oligomers whielm are transformed into inhibitory
compounds such as carboxylic acids, acetate, ahdduin the acidic environment[73].
Acid pretreatment is an attractive technology beeait has been successfully
applied to biomass ranging from hardwoods to energps to municipal solid waste.
Additionally, near complete hydrolysis of hemicédlse is possible under these
conditions[70]. Drawbacks of the technology, howewgclude the need for downstream
treatment and the formation of inhibitory compounbdat would need to be removed

before bioprocessing.

1.1.4.2.2 Alkaline Pretreatments

Alkaline pretreatments are done using basic comg®usuch as sodium
hydroxide, calcium hydroxide, aqueous ammonia, @ameahonium hydroxide. Processes
generally operate with chemical concentrations betw 5% and 10% at room
temperature. This method is generally more effectwm substrates with lower lignin
fractions such as agriculture residues or hardw66¢30].

Alkaline pretreatments are effective in removingnin as well as solubilizing
hemicellulose. The hydroxide ions work in sapomificn of ester linkages between the
xylan in hemicellulose as well as the ester bohds$ &re abundant in lignin[74]. While
the effects on lignin and hemicellulose help to en#tke cellulose more accessible, this
process also removes the carboxylic acid substduemhich further increases

accessibility to the substrate[75]. Ultimately, allke pretreatment results in increased
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surface area and accessibility due to disruptiotigoiin as well as decreased DP and
crystallinity[76].

Alkaline pretreatments are attractive because tloegsses require much less
extreme conditions of temperature and pressurerddmtions are much slower, however,
as a result and pretreatment using this technoladyes much longer than other
approaches. Additionally, the compounds used camdmporated into the substrate as

salts which requires removal downstream beforestiostrate can be fermented[77].

1.1.4.2.3 Ammonia Fiber Explosion (AFEX)

Ammonia Fiber Explosion pretreatments are donexposing substrates to hot
liquid ammonia at high pressure. Reactions arergéipearried out at a 1:1 mass ratio of
ammonia to substrate at nearly 100 °C. Use of pamnonia results in reactions with pH
higher than 12. Much like alkaline pretreatmentBEX is generally more effective with
substrates having lower amounts of lignin[70].

After incubation at conditions above the pressgrelriopped and the substrate
expands rapidly, altering its structure and indreathe digestibility. This process results
in removal of lignin, solubilization of hemicellide, and decrystalization of the cellulose
fraction[66]. Unlike many other pretreatment forniise chemical composition of the
substrate is nearly unchanged by the processingitdesignificant superstructural
changes[71]. AFEX is attractive due to the faeit thery few, if any, side products are
generated that would potential cause formation nifibitory species. The cost of
ammonia and toxicity of ammonia make it such thatemsive recovery must be

performed.
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Table 1.1: Advantage and Disadvantages of DiffeR¥atreatments[76]

Pretreatment method

Advantages

Disadvantages

Biological - Degrades lignin and hemicellulose - Low rate of hydrolysis
Low energy consumption
Milling Reduces cellulose crystallinity - High power and energy consumption

Steam explosion

AFEX

CO; explosion

Wet oxidation

Causes lignin transformation and hemicellulose solubilization

Cost-effective

Higher yield of glucose and hemicellulose in the two-step method

Increases accessible surface area

Low formation of inhibitors

Increases accessible surface area
Cost-effective

Do not imply generation of toxic compounds
Efficient removal of lignin

Low formation of inhibitors

Minimizes the energy demand (exothermic)

- Generation of toxic compounds
- Partial hemicellulose degradation

Not efficient for raw materials with high lignin
High cost of large amount of ammonia

Does not affect lignin and hemicelluloses

Very high pressure requirements

- High cost of oxygen and alkaline catalyst

Ozonolysis - Reduces lignin content - High cost of large amount of ozone needed
- Does not imply generation of toxic compounds
Organosolv - (Causes lignin and hemicellulose hydrolysis - High cost

Concentrated acid

Diluted acid

High glucose yield
Ambient temperatures

Less corrosion problems than concentrated acid
Less formation of inhibitors

Solvents need to be drained and recycled
High cost of acid and need to be recovered
- Reactor corrosion problems

Formation of inhibitors

- Generation of degradation products

- Low sugar concentration in exit stream

Chemical pretreatments for cellulosic biomass canbbth rapid and quite
effective at increasing substrate digestibility.faftunately, all of these processes use
chemicals that must later be removed before biggssiog can continue. In some cases
additional toxic compounds are produced. Becaushisf enzymatic as well as whole

cell microbial treatments are an attractive altéwea

1.1.4.3 Microbial Pretreatment

Microbial pretreatment of biomass employs naturaltgurring fungal species to
breakdown its individual components. Many fungaapes are capable of degrading each
of the components of biomass. Some species of whitieingi like C. subvermisporare

capable of fully degrading lignin while leaving lkeébse and hemicellulose components
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relatively unaltered. They produce and secreteethmajor types of enzymes, lignin
peroxidase, manganese peroxidase, and laccase oidike lignin. The products of this
oxidation are then ultimately metabolized by thedus. Brown-rot and soft-rot fungi, on
the other hand, are capable of significantly redgdhe cellulose fraction of biomass
while having a minimal effect on lignin. Becausetloése characteristics, white-rot fungi
have been the most well studied because they caoveeand metabolize lignin to make
the cellulose and hemicellulose more accessibldewbaving the cellulose intact for
metabolism by microbes capable of producing vakigimpoducts[78].

In these processes the substrate is inoculatethandated between 25 and 30 °C
for several weeks. Types of innocula include liqaidtures, cells grown on grains, or
even preseeded lignocellulosic biomass[79]. Moestuontent is an important parameter
in this process, with most showing optimum degradgatbetween 60 and 80%
moisture[71, 80]. Microbial pretreatments areaattive because delignification can be
very significant, energetic requirements are mihjraad the resulting product does not
contain any toxic compounds that need to be remopedr to fermentation.
Unfortunately, it also has the longest reactioretiof all the methods discussed, several

weeks in most cases, making it questionable fgelacale industrial applications.

1.1.5 Enzymatic Hydrolysis of Treated Biomass

As mentioned above, the main goal of pretreatmétiamass is to enhance its
propensity to be digested enzymatically. This eratyendigestion of cellulose, often
called saccharification, converts the cellulose eooles into oligosaccharides called

cellooligomers. Current industrial processes wdilienzyme cocktails gathered from
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cellulolytic fungal species to obtain maximal saadication of cellulose[81]. Once

generated, the cellooligomers can then be metaubliay organisms capable of
producing valuable bioproducts. While some processing strong acids are capable of
generating monosaccharides from pretreated cedudogymatic approaches are widely
preferred because the product streams can be saighs to fermentation processes
without an cleaning or treatment steps[82]. Micablmellulolytic species are incredibly

abundant and as such, a cornucopia of potentighees applicable to saccharification is

available.

1.1.5.1 Enzymes used in cellulose Hydrolysis

Two major classes of enzymes are required to hyzeotellulose completely to
cello-oligomers. Different species use differeatnilies of these same enzymes to
achieve their goals. Fungal species, for exampgeauimmily 6, 7, and 48 enzymes while
bacterial cellulotrophs use family 5, 9, and 48 yemes[83]. Despite the structural
differences between the families of enzymes botledyof enzymes have preserved
mechanisms of action on cellulose.

Cellobiohydrolases, sometimes referred to as ehkdasés, hydrolyze 1,8-
glycosidic bonds to form cellooligomers from theaithends of the cellulose molecule.
While each individual enzyme is end specific, #tisss of enzymes can hydrolyze either
the reducing end or non-reducing end of the cedlilonolecule[84]. These types of
enzymes tend to prefer more crystalline types dillose substrates and often times
show no hydrolysis toward soluble or amorphousutedle. Cellobiohydrolases, falling
into families 6 and 48 in bacterial species, getieecallobiose as their major hydrolysis

product with small amounts of cellotriose also proet[85].
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Endoglucanses hydrolyze 134glycosidic bonds to release cellooligomers from
the internal regions of a cellulose molecule. Theseymes are also reducing or non-
reducing end specific with the end specificity vagyfrom enzyme to enzyme. This class
of enzymes prefers more amorphous types of cebuémel is often completely inactive
on crystalline cellulose. Endoglucanases fall witthe families 5 and 9 and generate
cellooligomers ranging from cellobiose to celloheise[86-88].

Each of these enzyme classes can perform in a ggiweemanner. Processive
enzymes work by catalyzing more than one hydrolgiient per each association and
dissociation event, proceeding along the moleauleatalyze product formation. During
hydrolysis by processive enzymes it is possiblaHerinitial hydrolytic event to release a
product with a different degree of polymerizatiomarn the subsequent processive
hydrolyses. Like activity, the processivity of amzgme is dependent on the substrate on

which it is acting[89-91].

1.1.5.2 Synergy with Cellulases

Because of the nature of cellulose as a substradetlze functionality of the
enzymes capable of hydrolyzing it several enzymeastmwork in tandem to fully and
completely hydrolyze cellulose. Naturally cellulaty organisms produce dozens of
different enzymes in varying quantities to metabmitellulose[92, 93]. Synergy between
cellulase enzymes is well studied and somewhatitiveu The mechanism of
endoglucanase action removes internal portionkehtolecule, leaving behind two new
chain ends on which cellobiohydrolase enzymes adn @ellobiohydrolases remove

portions at the end of the molecule exposing regitat an endoglucanase can attack.
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Without both types of enzymes each will exhaustawsilable sites before complete
hydrolysis is achieved.

Because of this requirement, cellulase synergybeas very widely studied. The
synergism between pairs of enzymes expressedidstridium species has shown good
synergy between family 9 endoglucanases and fa@8y cellobiohydrolases with
hydrolysis rates depending on the relative amouots each enzymes[94, 95].
Furthermore, enzymes from different organisms destmate the same synergistic
effects[96, 97]. It has also been shown that refnofva single cellulolytic enzyme from
the genome can result in much less rapid rateslbilase degradation[98]. In studies
characterizing the performance of three differeallutase molecules it is seen that
inclusion of very small amounts of one of the enegntan double the cellulose

hydrolysis rate compared to reactions with only tetulases[99, 100].

1.1.5.3 Mechanisms of Cellulolytic Organisms

Among the known cellulolytic organisms a wide varief cellulolytic systems
exist. The total number of cellulase enzymes aedréfative amounts of each class can
vary widely as can the families into which theseyenes fall. In some organisms a single
cellulase enzyme dominates (>50%) the cellulolgtistem while other species express
similar amounts of many different types of enzynfsdegradansioes not express any
cellobiohydrolase enzymes and relies solely on glhdanases, especially processive
ones, to completely hydrolyze cellulose[101].

Aside from the identities of the components of agaaism's cellulolytic complex
two major strategies are employed by cellulolytigamisms to maximize substrate

degradation. In the first approach enzymes areesspd in high amounts and secreted
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into the extracellular space to freely associath wubstrates. In the second approach the
enzymes assemble themselves into nanostructurkesl aa@llulosomes that remain cell
associated.

Cellulolytic organisms that grow aerobically have @undance of energy that
allows them to produce an abundance of proteinkouwtt significant metabolic burden.
Organisms that secrete free enzymes are geneuwally.fT. reeseihas such an effective
secreted cellulase system that it is used in im@listpplications[102]. Anaerobes, on the
other hand, employ a system to keep the cellulasg do produce associated with the
outer membrane, resulting in more energeticallyneatc protein production[103]. This
technique allows enzymes that may act synergistitalbe in close proximity of each
other and any products formed will be generatederldo the cell for more rapid
translocation. Many cellulolytic bacteria are rualiror soil bacteria that are strict
anaerobes and many of them utilize cellulosomaymes. It is interesting to note that
some species that utilize cellulosomal -cellulasdso aproduce free cellulase
enzymes[104]. Studies have been done to convéulasbmal cellulase to free cellulases
and vice versa. This was not shown to drasticdlfr ghe enzymes cellulolytic activities,
indicating that the cellulosomal incorporation likemproves enzyme synergy and

substrate uptake[94, 105].

1.1.6 Utilization of Cellooligomers

No matter the enzymes used or their cellular laeéibbn, the products formed
during enzymatic hydrolysis of cellulose are cdilgamers ranging from cellobiose to as

high as cellohexose. Naturally cellulolytic organgsuse a number of different enzymes
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to further reduce these oligomers down to glucok&hvcan then be used in central
carbon metabolism and energy production. Cellulolgtganisms often express as many
of these enzymes as they do cellulases[106-108$. ifdicates that this process is not
only critical for cellulose metabolism, but alsaacs in many different ways. It is known

that cellooligomers act as inhibitors to cellul@seymes so removal of these will hasten
cellulase hydrolysis[109, 110]. Additionally, mapid glucose generation will increase
carbon flux and result in more available energy eatbon to be used for cell growth and

enzyme production.

1.1.6.1 Mechanisms of Cellooligomer Utilization

In order to further depolymerize the products afyenatic cellulose hydrolysis all
the way to glucose, two mechanisms are employea@. firet mechanism is a simple
hydrolysis in which the enzyme uses water to hydicdlly cleave the 1,4-glycosidic
bond to release a single glucose unit from theoatigr, reducing the DP by 1[111].
Enzymes that catalyze hydrolysis of cellooligomemes called3-glucosidases. In the case
of hydrolysis glucose molecules will be phosphamldbby hexokinase, which uses ATP
to achieve this end. The glucose-6-phosphate geakecan then be used in glycolysis.

The second mechanism uses inorganic phosphate aed to phosphorolytically
cleave thep-1,4-glycosidic bond to release a single glucog#dsphate molecule,
leaving behind an oligomer with DP reduced by 1]1Ehzymes that perform these
reactions are called cellodextrin or cellobiose gutmrylases. The phosphorolytic
mechanism generates phosphorylated glucose, efimgnahe need for ATP in
phosphorylation. By using this mechanism the omhetATP is used for phosphorylation

is when glucose is generated from cellobiose. Ge«bphosphate must be converted to
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glucose-6-phosphate by phosphoglucomutase beforeant be used in glycolysis.
Glucose-1-phosphate is also the substrate for UD&sge pyrophosphorylase which is
the first enzyme in the glycogen synthesis pathway.

It is apparent that the phosphorolytic mechanisrfersf energetic savings
compared to the hydrolytic mechanism in the fornuépent ATP. This is enhanced as
the DP of the cellooligomers increases as eachpblooslytic step saves one ATP that
would otherwise be necessary under the hydrolychanism. While this savings of
ATP could ultimately lead to more rapid substratiéization, cell growth, and product
formation it is important to note that the glucdsphosphate produced must be
converted to glucose-6-phosphate to be used imlysis. Furthermore the products of
phosphorolytic cleavage can be shunted to glycagereration, removing it from the
immediately available carbon pool. The hydrolytieeeghanism, on the other hand,
produces only glucose which can be used directgtyoolysis for energy production and
product formation. The relative physiological betsebf each mechanism have yet to be

thoroughly explored.

1.1.6.2 Phosphorolytic and Hydrolytic Enzymes

Cellooligomer phosphorylase and hydrolase enzymres amnotated as such
because of their ability to bregk1,4-glycosidic bonds. These enzymes also have
specificity for cellooligomers of specific DP. Mangnzymes capable of utilizing
cellobiose as a substrate have drastically redumedceven no activity on longer
cellooligomers and enzymes that can degrade loolgggws may not be able to degrade
cellobiose. An enzyme’s specificity can be diffictd predict and does not depend on the

enzyme family. Additionally these enzymes may hasduced activity on oligomers
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containing other glycosidic bonds such as maltad®xt1,4 glycosidic bonds) ang-

glucanf-1,3 glycosidic bonds) among others[113-115].

Phosphorolytic Cleavage Hydrolytic Cleavage
Cellotriose Cellotriose
Cellobiose Glucose-1-P Cellobiose Glucose
/\ f 1xATP /\ J/ 2XATP
Glucose Glucose-1-P  4xATP Glucose  Glucose 4xATP
J/ 2XATP f 1xATP f 2xATP f 2XATP
4xATP 4XATP 4xATP 4xATP
ATPIN: 4 ATPIN: 6
ATP OUT: 12 ATP OUT: 12

Figure 1.1: Hydrolytic and phosphorolytic mechargsm

1.1.6.3 Expression of Phosphorolytic and Hydrolfaizymes

As mentioned above cellulase enzymes must be seopet of the cell in order to
hydrolyze cellulose. Many glucosidases are alsoesed to the extracellular space but
some will remain within the cell, resulting in geagon of glucose within the
cytoplasm[111, 116, 117]. Interestingly, none & ffhosphorylase enzymes are known
to have secretion signal sequences meaning that wé remain within the
cytoplasm[114, 118, 119]. This is likely becauseogghorylase enzymes require
inorganic phosphate of which a pool is maintainettiw the cells and an abundance of
extracellular phosphate is unlikely to be pres@dditionally, generation of extracellular
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glucose-1-phosphate would need to then be trarespamto the cell. Furthermore, any
glucose equivalents generated extracellularly wéelcdvailable to other microorganisms
whereas organisms capable of degrading cellodextimtracellularly will generate

glucose equivalents immediately available for meliain by the host strain. Regardless
of cellular localization, metabolism of cellooligens removes cellulase inhibitors and

generates molecules that can be readily metabdfigedany microorganisms.

1.1.6.4 Transport of Cellodextrins

As mentioned above, many cellooligomer degradingyeres are expressed and
remain in the cytoplasm. In this case, cellooligsmaust be translocated across the cell
membrane before they can be converted to glucogguoose-1-phosphate. Two major
classes of different proteins are responsible fandporting cellooligomers into the
cytoplasm. ABC transporters, or ATP binding cagsgtinsporters, are proteins that use
ATP to transport molecules into the cytoplasm. AB@nsporters use two different
subunits with one subunit responsible for substbateling and another responsible for
ATP binding and cleavage[120, 121]. Because sulestransport by these proteins is
coupled with energy generation from ATP bond clgavmansport can also occur against
a concentration gradient. lllustrations of these twechanisms can be found in figure
1.2.

Permease enzymes are capable of passive transpastigomers along a
concentration gradient. Permease enzymes fall imtoMajor Facilitator Superfamily
class of transport proteins[122]. Permease protgeot require energy in the form of

ATP but rather utilize naturally occurring gradierior transport[123]. Permeases often
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utilize a symporter or antiporter mechanism to talleantage of energy associated with

ion gradients to transport other chemicals[124].
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Figure 1.2: Mechanisms of (A) MFS [125]and (B) ABErmease transport[126]

Much like glucosidase and phosphorylase enzymespmt proteins can have a
range of substrate specificity. Lac12Kflactis and LacY ofE. coli are known lactose
permease proteins which also facilitate transpbdetiobiose[127, 128]. Cdtl and Cdt2

from N. crassatransport cellobiose, cellotriose, and cellotesedh29]. Alternatively, the
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ABC transporter CbpA fromC. thermocellumbinds only cellotriose and nothing
else[130]. While both ABC transporters and permeaseteins are capable of
translocating cellooligomers across the cell membrpermease enzymes are capable of
doing so without any energy spent in the form ofPAThis lack of ATP requirement
makes permease proteins much more attractive farsatiolated bioprocessing
applications. Regardless of energetics of transpeltboligomers must be transported
into the cytoplasm to capitalize on the energegicdiits of phosphorolytic cleavage.

The current paradigm of cellulose bioprocessinglves three separate steps (1)
production of cellulase enzymes, (2) hydrolysis a#llulose, (3), metabolism of
hydrolysis products. Cellulose is an extremely tmst, renewable feedstock, but in order
to make products produced from cellulose more ewncally these three processes must
be consolidated into a single process in which eresyare produced, hydrolysis occurs
and product is formed. Much work has been doneadireegarding cellulase enzymes
and their activities and as such strategies forravgd hydrolysis rates and cellulase
degradation have been developed. Strategies fabwoietm of the products of enzymatic
cellulose hydrolysis must be developed in ordedéwelop an efficient consolidated

bioprocess.

1.2 Project Objectives
The work presented in this dissertation focuses tloree objectives: (1)
characterization of a new cellodextrinase enzynpaloie of hydrolyzing a wide range of
cellooligomers and its application to improved fentation of sugars produced during

enzymatic cellulose hydrolysis, (2) characterizatid proteins suitable for the transport
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of cellobiose intoE. coli during consolidated bioprocessing and (3) devekpnof a

minimal set of cellulases capable of extensiveutadle hydrolysis.

1.2.1 Characterization of a Cellodextrinase and\figlication to Improved Fermentation
of Sugars

During enzymatic degradation of cellulose multigi&erent cellooligomers are

produced ranging from cellobiose up to cellohex@smversion of these oligomers into
glucose equivalents is essentialGf coli is to be used as a whole cell catalyst for
consolidated cellulose bioprocessing. In the iseref energetics and minimizing
complexity of the system it would be ideal to enypls few enzymes as possible to
achieve complete and rapid conversion of cellootiges to something th&t. coli can
metabolize.S. degradansa marine bacterium capable of degrading a widayaof
complex polysaccharides including cellulose, exgmesfive annotate@-glucosidase
enzymes. Three of these, Bgl1A, BgllB, and Bgl3@, @llobiases while Ced3A and
Ced3B are annotated as cellodextrinases. Ced3Roisrsto be expressed when avicel,
carboxymethylcellulose, and xylan are used as #ibon source while Ced3B is only
seen during growth on xylan. Ced3A seems to betizagme responsible for the majority
of cellooligomer hydrolysis ir5. degradansnd as such is an attractive candidate for
expression in ak. coli strain to be used for consolidated bioprocessmgharacterizing
the activity of this enzyme on a range of celloofiters and its performance during
fermentation we can evaluate its suitability fastapplication.

As mentioned above, xylose is a major componeth@hemicellulose portion of
cellulosic biomass. Because of this it is likelgttlduring consolidated bioprocessing of

realistic cellulosic substrates xylose generatechfhemicellulose may be present along
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with the cellooligomers generated from enzymatidrbiysis of cellulose. In this case it
would be essential to be able to rapidly fermerthsugars with the same whole cell
catalyst. Verification of the capacity for cellodemrase to allow for cofermentation of
cellobiose and xylose would make this enzyme iriblgdattractive for consolidated

bioprocessing.

1.2.2 Selection of Cellobiose Transporters

Many of the enzymes capable of degrading cellobi@se expressed
cytoplasmically. This obviously requires transpoft the cellobiose across the cell
membrane in order fdE. coli to metabolize cellobiose. Three permease protémsy
from E. coli and CP1 and CP2 frorS. degradanshave been selected as potential
candidates for cellobiose transportEncoli. By characterizing the kinetics of cellobiose
and their performance during cellobiose fermentatiee will be able to select the
optimal protein for cellobiose translocation for neolidated cellulose processing

applications.

1.2.3 Development of a Minimal Set of Cellulasep&tde of Extensive Cellulose
Hydrolysis

A key component of a consolidated cellulose biopss is the cellulases used to

hydrolyze cellulose. Three enzymes, Cel5H frBmdegradansand Cel9R and Cel48S
from C. thermocellumwere selected for their demonstrated synergy, mglividual
activities, and apparent importance in their reepecellulolytic system. By using these
enzymes we will be able to capitalize on endo-gxersyy as well as endo-endo synergy

that have been observed. Additionally, use of @&bnzymes will help to maintain low

25



complexity of the system allowing better controdamderstanding of its behavior. By
characterizing the performance of a mixture of ¢heszyme at physiological conditions
relevant toE. coli fermentation we can determine the suitability bistsystem for
generation of hydrolysis intermediates in a comlsdéd bioprocess that usés coli as

the microbial chassis.
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CHAPTER 2
PERIPLASMIC EXPRESSION OF A SACCHAROPHAGUS

CELLODEXTRINASE ENABLESE. COLI TO FERMENT CELLODEXTRINS

2.1 Abstract
Metabolic engineering has been successful in géngraighly efficientE. coli

catalysts for production of biofuels and other uk@iroducts. However, most of these
engineered biocatalysts are only effective wherage is used as the starting substrate.
Strategies to overcome this limitation in the padiost exclusively relied on
extracellular secretion or surface display @3-glucosidase. We show here, for the first
time, a periplasmic expression ofSacchrophagus degradargllodextrinase (Ced3A,
EC 3.2.1.21) as a successful strategy to erfabb®li to use cellodextrin. The engineered
strain was able to grow with cellodextrin as saebon source. Additionally, we show
that penetration of cellodextrin into periplasmpase was enhanced by using a mutant
with leaky outer membrane. Furthermore, we dematesthat the catalyst can efficiently
ferment cellodextrin to lactic acid with about 8G8eld. The ability of a biocatalyst to

use cellodextrin should make it useful in consdédéabioprocessing of cellulose.

2.2 Introduction
Cellulosic materials are abundant renewable feelsfmtentially useful for
production of biofuels and other molecules. Theffeative use could alleviate
environmental concerns associated with petroleusddimck and reduce the reliance of

imported oil. The prevailing cellulosic technologgquires cocktails of enzymes to
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completely de-polymerize cellulose to glucose befonicrobial fermentation. This
requirement stems from the inability of microbiatalysts to use cellulose polymer
directly. In fact, most microbial catalysts are bigato use even the much smaller partial
hydrolysis products collectively known as cellodex{or glucose polymer with DP of 2
or higher). The concerted action of cellulases ¢ghtcanases and exoglucanases) yields
a mixture of cellodextrin, whose further breakdowaguires ap-glucosidase which
releases a glucose molecule from cellobiose. Asnoermial cellulases are typically not
adequate if3-glucosidase activities to produce sufficient glesoits supplement is often
found to be necessary [1, 2]. Overall, the demdndrge amounts of enzymes is one of
the most important obstacles in commercializinduéesdic technology [3, 4].

Several approaches were used to develop microbialysts to assimilate (as
opposed to hydrolysis to glucose first) cellodexttirectly. Researchers aimed to reduce
the amount required fop-glucosidase, and generate a microbe capable fingi
cellobiose, were reported for yeast [5] and othekaeyotes [6]. In most cases, a
B—glucosidase was expressed extracellularly or dyspleon cell surface to avoid the
need to transport cellobiose into cells. Only leditsuccess was achieved. While cells
thus engineered were able to use cellobiose, teeofgproduct formation did not match
what was from glucose [7, 8]. This may be due ®dhtra burden on cells for synthesis
of glucosidase and limited extracellular expressiorisplayed enzyme. An alternative
approach for direct assimilation of cellodextrinyi@ast was reported recently, in which
cellobiose intracellular assimilation was enabled do-expression of a fungal MFS
transporter and3-glucosidase [9]. When used in simultaneous satfaaion and

fermentation (SSF), it increased consumption ratés glucose and cellobiose
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significantly, relative to a control without theatrsporter. Additionally, in a follow-up
study, the ability to assimilate cellobiose intdadarly was shown advantageous in
mixed sugar fermentation, allowing cells to simnéausly convert cellobiose and xylose
to ethanol [10].Among the efforts to engineer bacteria suchEascoli [11, 12],
Zymomonas mobiliKlebsiella oxytocg13], the work onE. coli from Ingram’s lab is
most noteworthy. To eliminate the need for extiatal [3-glucosidase, the cellobiose
operon fromKlebsiella oxytocawas cloned intcE. coli and expressed intracellularly,
which encodes proteins in the PTS cellobiose uptakstem and a phosplfie-
glucosidase (catalyzing the hydrolysis of cellobi®sinto glucose and glucose-6-P). The
resulting strain was able to ferment cellobiose ethanol with about 90% yield without
exogenoug-glucosidase supplement [14]. However, cellodextvith DP greater than
two was not utilized due to the limitation of thE¥system.

In this work, we demonstrate a successful stratgggificantly different from
these previous attempts. Instead d3-glucosidase, &accharophagusellodextrinase,
exhibiting broad substrate specificity with highactivity on larger cellodextrin
molecules is used. Expressing the enzyme with igive signal peptide, the
cellodextrinase is localized in the periplasm. Wevs that periplasmic expression of the
enzyme is sufficient to enable cell growth on addetrin and additionally, to convert
cellodextrin into lactic acid with high yield. Witthe availability of outer membrane
permeable mutant, periplasmic expression offers adternative to make active
recombinant enzymes accessible to substrate mekethét are permeable to the outer

membrane but not to the inner membrane, as isabe for cellodextrin.
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2.3 Results

2.3.1 Expression ddaccharophaqu€ellodextrinase Ced3A iB. coli

Saccharophagus degradaissa marine bacterium, adept at degrading of eetyar
of polymers existing in Nature, including cellulodé®, 16]. Cellodextrinase, Ced3A, is
one of the enzymes expressed and secreted @heegradansvas grown on crystalline
cellulose, suggesting its importance in cellulosgrddation [16]. The gene of 3208 bp,
ced3A encodes a catalytic domain of family 3 hydrolasel a catalytic domain of an
acetylesterase[17]. To evaluate the impact of #terblogous expression of the gene on
E. coli, both the full length gene and truncated geneaioimg only the structural gene
(designated as mature form) were cloned iBtocoli via a low-copy number plasmid
pSTMCED and pSTfCED, respectively. The mature faras additionally cloned into
the pQES8OL plasmid which has a His tag at the Niteus to allow for its facile
purification.

Initial analysis using synthetic substrates, patephenyl glucopyranoside
(PNPG) showed that both the mature form and fulgte form were functionally
expressed. Purified mature protein was used torrdate Michaelis-Menten kinetic
parameters of the cellodextrinase on cello-oligafiem cellobiose (G2) to cellopentose
(G5). As shown in Table 2.1, Ced3A was active drsabstrates tested. Based on the
value of \hax as well as catalytic efficiency, defined as thigoraf the turnover number
to the K, value of the enzyme, the highest activity was oles® with cellotetraose. The

measured Vax and K, values on cellotetraose are 6t21.2 Units mifnt mg* and 1310
& 300uM, respectively. Overall, the enzyme was more a&ctim longer oligomers (G4

and Gb5) than on shorter ones (G2 and G3). Thisnsistent with the annotation.
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To confirm proper translocation of Ced3AHEn coli, subcellular fractionation was
carried out and the extracellular, periplasmic,opldsmic, and insoluble fraction was
analyzed for enzyme activity with the syntheticahogenic substrate PNPG (Figure
2.1). The cells containing the empty plasmid showedctivity in any cellular fraction,
as expected. The cells expressing the mature Ced3Anost of the enzyme activities in
the cytoplasmic fraction whereas the cells expnestill length of the gene has most of
the enzyme activities in the periplasm, suggestirag the signal peptide is needed for
translocating the recombinant protein through tirer member. There was no activity in
the insoluble fraction, indicating neither inclusidoody nor significant membrane
association of the enzyme under the conditions siigated. Since there was no
extracellular activity, the full length recombinargllodextrinase was therefore expressed

as a soluble periplasmic protein.

Table 2.1: Activity of Mature Ced3A on Cellobiogggllotriose, Cellotetraose, and
Cellopentose

Substrate Wax Km (uM) Keamin™) Efficiency
(Units/mirimg) (min? pM™)
Cellobiose 0.27+ 0.03 192+ 8.70 5040 26.1
Cellotriose 0.54=+ 0.20 406+ 15.6 9970 24.5
Cellotetraose 6.2+ 1.2 1310+ 300 114000 86.7
Cellopentose 3.4+ 0.7 1230+ 225 62200 50.7
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2.3.2 Expression of Full-Length Ced3AHln coli Enabled Growth on Cellodextrin

Upon confirmation that Ced3A is active on cellodexbf varying chain lengths
and that it can be properly translocated, cell gnoexperiments were performed to
determine the capacity d&. coli to grow on cellodextrin. In anticipating diffusicof
large cellodextrin molecules through outer membranagy be limiting the cell growth.
The two recombinant plasmids were transformed anltmst strain, E609Y, which carries
an Ipp deletion. This deletion mutant was previpuséveloped in the Chen lab and
extensively characterized with significant increaseuter membrane permeability [18].
The two recombinant strains E609Y/pSTVMCED and E8PSTVICED along with a
control strain E609Y/pSTV28 were cultivated in M@ahia containing either cellobiose

or a cellodextrin mixture (containing G2 to G5 agimcomponents prepared in house as
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described in Materials and Methods section) as caileon source at concentration of 0.5
wiv %, and IPTG at 1.0 mM to induce the synthedishe recombinant enzyme. As
shown in Figure 2.2, cells expressing the full-kncellodextrinase were able to grow on
cellobiose and cellodextrins while cells expressthg mature-form cellodextrinase
exhibited no growth in either case, confirming tiortance of presence of the enzyme
in periplasmic space for the growth phenotype. giwvth rates of E609Y/pSTVICED
on glucose, cellobiose, and cellodextrin were @ 2502 hi*, 0.20 + 0.02 ht, and 0.30 =+
0.04 hi* respectively. The slightly lower growth rate ofetmecombinant strain on
cellobiose, relative to cellodextrin, is consistemith the enzyme kinetics showing

cellobiose is the least favorable substrate (Taldg

Cell Density (OD600)

1| ~—E60ovipstmcep A Ai'i | ——E609Y/pSTmCED  (B)
o 1.4
0.8 | —m-E609Y/pSTICE 3 1o | -~E609Y/pSTfCED
< 1L
0.6 - Qo 1
>0.8 -
04 T 8 06 N
()]
0.2 o 0.4 -
e — 0 0.2 -
O T T T ] 0 T T ; !
0 10 20 30 40 0 10 20 30 40
Time (hrs) Time (hrs)

Figure 2.2: Growth of plasmid containing E609Y stseon (A) Cellobiose and (B)
Cellodextrin

To evaluate the effect of outer membrane permewglah cell growth, the same

plasmids were transformed into a host strain, EGB8, parental strain of E609Y,
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resulting in the two recombinant strains E609/pSEHDCand E609/pSTfCED. Growth
experiment was carried out as above. As beforeresgpn the mature protein did not
result in cell growth whereas expressing the fitigth enzyme enabled a robust growth
on both cellobiose and cellodextrin. While thisuless qualitatively the same with those
from studies from E609Y, a careful examination aivwgth rates on cellodextrin between
the two host strains, E609 and E609Y, showed dfisignt difference, 0.12 vs. 0.30'h
(Table 2.2). Thus, apparently, thg deletion mediated outer membrane permeability

increase help the cells gain access of cellodeitrine periplasm.
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Figure 2.3: Growth of plasmid containing E609 stsaon (A) cellobiose and (B)
cellodextrin
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Table 2.2: Average Growth Rates of E. Coli E609 B6A9Y on Cello-oligomers (hr-1)

Strain Substrate Plasmid

E609 pSTV28 pSTVMCED pSTVfCED
Glucose 0.41+ 0.03 0.31£ 0.04 0.40+ 0.03
Cellobiose N/A N/A 0.17+ 0.02
Cellodextrin N/A N/A 0.12=+ 0.03

E609Y
Glucose 0.30£ 0.02 0.25+ 0.02 0.25% 0.02
Cellobiose N/A N/A 0.20* 0.02
Cellodextrin N/A N/A 0.30* 0.04

2.3.3. Periplasmic Expression of Ced3A Allowedcolito Ferment Cellodextrins to
Lactic Acid

To illustrate thak. coli cells engineered to express a periplasmic celkvidase
are useful as catalyst in biorefinery applicatiadditional experiments were carried out
to evaluate the ability oE. coli cells to produce lactic acid from cellodextrin.Z63
strain (obtained from Ingram Lab), which has beegireeered to produce optically pure
lactic acid as the sole product of fermentation,[s modified by thépp deletion[18]
and the resulting SZ63Y was transformed with bo8Ty¥28 and pSTVfCED vectors,
and these strains were used for fermentation dbdektrin mixtures. A two stage
process was used. Cells were first grown aerolyigallLB medium and induced for
recombinant protein synthesis with IPTG at conegitn of 1.0 mM. After 16 hour
induction, cells were harvested and were suspemitedM9 media containing 0.5%
carbon source to an OD of 2.5 and cultivated artéeatly. For the strain expressing the
full length Ced3A, significant cellodextrin hydrelg was evident (Figure 2.4a).
Reducing sugar concentration measured by a DNS adeftietails in Materials and

Methods section) during the fermentation showedef transition period during the first
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two hours with an increase of sugar concentrattogufe 2.4A). This was followed by a
rapid decrease in sugar concentration until abduhdurs, when the hydrolysis was
leveled off, resulting in an overall conversion ab{b8%). For the strain expressing the
mature enzyme, only about (20%) conversion wasrabdgindicating the importance of
periplasmic expression for the hydrolysis of cedleilin. Figure 2.4B shows that strains
expressing full length Ced3A were able to conveetdello-oligomers to lactic acid while
those expressing the mature form of Ced3A produsedlactic acid. Lactic acid
formation from cells expressing the full-length GA&d peaked at 10 hours, with
accumulation of lactic acid to about 2.3 g/L (0.23%6m initial 5 g/L(0.5%) cellodextrin
that was reduced to 2.1 g/L (0.21%), achieving &@@36 of the theoretical yield based
on the consumed sugars. The reason for the imitaéase in sugar concentration was
further investigated by analyzing the sugar preftrring the fermentation. As shown in
Figure 2.5, the cellodextrin mixture was quicklylueed to one dominated by glucose
and cellobiose during the first two hours of feritagion. The increase in reducing sugar
concentration could be explained by the faster ¢lydis to generate more monomer and
dimeric sugar than the cells could use. After timgial period, the reducing sugar
concentration decreased with time (Figure 2.4A)arixing the chromatograms taken
between 2 and 14 hours (Figure 2.5), the decrengkicose was more significant than
cellobiose. At 14 hours, most of glucose was corslimhereas significant amount of
cellobiose remain, which explains incomplete cosir of collodextrin (58%). Overall,
the preferred use of longer cellodextrin over dstige is consistent with the enzyme

kinetics shown in Table 2.1.
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Thus, periplasmic expression of recombinant celtde allows cells to use

cellodextrin as feedstock for production of val@aptoducts.
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SZ63Y strains expressing Ced3A
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2.4 Discussion

In the present study, we cloned, expressed, andadiesized a recombinant
cellodextrinase fronsaccharophagus degradanale have shown that the heterologous
protein can be properly translocated across therimmembrane when a native signal
peptide sequence is included with the structurahegeand the presence of the
recombinant enzyme in the periplasm is necessamgnableE. coli cells to grow on
cellobiose and cellodextrins and ferment thesetsatles anaerobically to lactic acid.

In addition to the N-terminal sequence, this geastains a family 3 glycoside
hydrolase catalytic domain as well as a PlateldtvAting Factor (PAF) acetylesterase-
like domain in the C-terminal region. A carbohyérainding module is not present. This
gene represents one of the two annotated celladagé genes present $1 degradans.
The gene product has been detected during growthvarel, carboxymethylcellulose,
and xylan, while Ced3B has only been detected dugnowth on xylan,[16] suggesting
that Ced3A is a critical component of the cellutimyand hemicellulolytic system of this
bacterium. Cellodextrinases afdjlucosidases are enzymes that cleave cellodexttim
release of glucose. Cellodextrinases are enzymbebigrg higher activity on longer
cello-oligosaccharides than they do on cellobiosd ahorter cello-oligosaccharides
while B-glucosidase enzymes show the opposite preferente2D, 21]. Kinetic studies
with Ced3A show a higher activity on cellotetra@s®l cellopentose than on cellobiose
and cellotriose, which is consistent with the aatioh of cellodextrinase. Additionally,
when hydrolyzing cellodextrins and cellobiose, timal product is glucose, confirming
the annotation. It is not clear, however, the fiorcof C-terminal acetylesterase domain

but its removal rendered the enzyme inactive (datahown).
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Subcellular fractionation and subsequent evaluatm@n enzyme activities
associated with the periplasmic and cytoplasmictifvas provided solid evidence that
the recombinant Ced3A in its full length had itr&af sequence properly recognized
which resulted in translocation of the enzyme te tberiplasm. Enzyme activity,
however, was not observed in the membrane fragtidicating the enzyme may not be
acylated upon translocation. Therefore, the recomtii enzyme appeared to exist as a
soluble enzyme in the periplasm, unlike in its veathost, which exists as a lipoprotein. It
is unknown what differences betwedén coli and Saccharophagus degradarere
responsible for the lack of acylation.

We demonstrated here that expression of the fuihfof Ced3A from a low-
copy-number plasmid enabl&s coli cells with and without a leaky outer membrane
phenotype to grow on cellobiose as well as celltitexmixture, suggesting sufficient
hydrolysis of oligomers. Hydrolysis was in factrepid in the E609Y strain that growth
on cellodextrin was as fast as that on glucose 9Efains did not show this trend, but
rather demonstrated much slower growth on botloliglse and cellodextrins compared
to glucose. This suggests that the leaky outer mamaballows for more rapid diffusion
of cello-oligomers into the periplasmic space whére hydrolytic enzyme resides.
Without this increased permeability the transpditedlo-oligomers is clearly hindered to
the point of limiting growth rates.

The similar growth of E609Y on glucose and cellddes is interesting because
it indicates that under these conditions the diffasand hydrolysis of oligomers to
glucose generates a carbon flux comparable to ithples diffusion of glucose (Table

2.1). Additionally, the growth of E609Y on cellob® is only slightly slower than the
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growth on glucose indicating that even though tatlse is the least preferred substrate
for this enzyme its hydrolysis rate is adequatekingait useful for SSF applications, in
which cellobiose is the major intermediate fromudeke hydrolysis by cellulases.

The mature form of Ced3A containing no signal pigptiemains in the cytoplasm
and is unable to access the potential substratesdeuthe cytoplasm. Attempts at
growing strains expressing this form of the enzymeellobiose and cellodextrins failed.
This observation is consistent with numerous stithat indicate wild-typ&. coli strain
is incapable of transporting cellodextrin into selhder normal growth conditions [3, 22,
23]. Periplasmic expression of a cellodextrinasewa cells to expand its substrates to
include multiple cellodextrin molecules, includingllobiose. This is a distinct advantage
over the strategy when B-glucosidase is used, which has more narrowly @dfin
substrate specificity. Further, as cellodextrinragation is through glucose metabolism,
there is no alteration in the intracellular endagencarbon metabolism and regulations.
This metabolic engineering strategy is also adwgeuas in its simplicity, as the only
genetic modification can be achieved by using dgesang of a suitable signal sequence
to a structural gene of an enzyme of interest. Aaluklly, compared to outer surface
display, cellodextrinase periplasmic expressiomved! cells to access glucose while
keeping its extracellular concentration very loaducing the chance for contamination, a
non-trivial issue for industrial applications. Ometother hand, periplasmic expression
and outer surface display are not mutually exckisiVhe periplasmic expression
technique could complement the widely used outefasa display to increase the
concentration of recombinant proteins per cell fadilternatively, outer surface display

of one enzyme and periplasmic expression of anatbald be used synergistically to
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engineer a more efficient whole-cell catalyst. Tét®uld open up new opportunities for
metabolic engineering. This may be particularly amant for cellulose degradation, as
cellulases and other associated enzymes are nagtyrimefficient and multiple enzymes
are needed for complete hydrolysis. Maximizing #meount of enzymes displayed and
exploiting their synergy could be important to e&@se cellulose degradation by
engineered microbial catalysts. Therefore, periplasexpression of enzymes may find

broad applications as a metabolic engineeringegyat

2.5 Material and M ethods

2.5.1 Strains and Plasmids

Strains and plasmids used in this study are listéchble 2.3 E. coliJM109 was
used for cloning and expression of both full-lengtid mature form ated3Afor in-vitro
characterization. SZ63 is a gift from Dr. Ingramn{ersity of Florida) and was further
modified by a one-step PCR deletion method [24}i&dd SZ63Y.E. coli strains E609
and E609Y were used for all growth studies. SZ63Mirs was used in lactic acid

fermentation.
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Table 2.3: Strains and Plasmids

Strains or Plasmids Description Source
Strains
E609 HfrCppsisogenic parent of E609Y Miller et al. (1998); Yextnal.
(1978)
E609Y Lpp deletion strain oE. coliE609 Ni et al. (2007)
JM109 Expression host faed3Afor in-vitro Yanisch et al. (1985)
characterization
SZ63Y Lpp deletion strain of SZ63 This Study
Plasmids
pQES8OL Amp', T5 promoter, ColE1 ori Qiagen
pSTVZ28 Cmf, Lac promoter, p15 ori Takara
pQECED pPQES8OL vector with structural geneceti3Afrom  This Study
S. degradansserted into BamHI and Sall sites
pSTVICED pSTV28 vector containinged3Awith lipoprotein This Study
signal sequence fro®. degradansserted into Pstl
and Sacl Sites
pSTVMCED pSTV28 vector containirngd3Awithout This Study
lipoprotein signal sequence frd® degradans
inserted into BamHI and Sall sites
Genomic DNA
Saccharophagus degradans S. degradangenomic DNA ATCC

2-40T ATCC 43961
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2.5.2 Construction of Recombinant Plasmids

2.5.2.1 Plasmid pSTfCED for expression of full-tergellodextrinase
To construct the expression plasmid pSTfCED, tHedextrinase ¢ed3A gene

was amplified from the genomic DNA &accharophagus degradabg PCR using two
primers, FCED-F and FCED-R (Table 2.4). PCR reastiovere performed using
iProof™ High Fidelity DNA Polymerase (BIO-RAD). Melg temperature of 65°C and
elongation times of 105 seconds were used. Thiditipgene fragment was digested
with Pstl and Sacl and subsequently ligated intd\f(#8 vector to generate pSTfCED
Direction of the cloneced3Awas verified by PCR using the same primers used for

cloning.

2.5.2.2 Plasmids pQECED and pSTmCED for expressiomature form cellodextrinase
To construct the expression plasmid pQECED, thedextrinase ¢ed3A gene

was amplified from the genomic DNA &accharophagus degradaby PCR using the
primers MCED-F and MCED-R. PCR reactions were perém using iProof™ High
Fidelity DNA Polymerase (BIO-RAD). Melting tempeua¢ of 65°C and elongation
times of 105 seconds were used. These primers ademigned to amplify the region of
the gene without the N-terminal signal sequenceas Tragment was digested with
BamHI and Sall restriction enzymes and ligated itlte pQES8OL vector that had
undergone the same digestion. pQECED plasmids thereharvested and digested with
BamHI and Sall and theed3Aportion was purified by gel extraction. This pied
fragment as then ligated into the pSTV28 vectoesligd by BamHI and Sall to create

the pSTmCED plasmid.
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All transformations were performed by heat shock4at°C for 30 seconds,
followed by incubation in SOC media for 1 hour ahdn plated on LB containing an

appropriate antibiotic (ampicillin 1003/mL or chloramphenicol 2pg/mL).

Table 2.4: Cloning Primers

Primer Name  DNA Sequence

FCED3-F 5'-CGGCGGGAGCTCATGAAAAATACTTTATCCTTTAAAACA
FCED3-R 5-CGGCTGCTGCAGAAGTACTATGTACTATTCGCC
MCED3-F 5'- ATTGGGGGATCCTGTCAGGGTGTTAAACAGCAA
MCEDS-R 5'- ATTCGGGTCGACCTATTCGCCCAGCATTTTTTT

2.5.3 Cultivation and Expression Conditions

Single colonies of plasmid bearing strains wereutated into LB supplemented
with an appropriate antibiotic and cultivated ovght. This overnight seed culture was
used to inoculate up to 100 mL LB in Erlenmeyeskkto ORy, of 0.1. When cell
density reached between 0.3 and 0.4, isoprfgyhhio-galactoside (IPTG) was added
to a final concentration of 1.0 mM and flasks wamansferred to a room temperature

incubator for 16 hours to induce the expressiorecbmbinant proteins.

2.5.4 Enzyme Purification

Ced3A to be used in kinetic characterizations vperéied by column affinity
using a Nickel-NTA resin. Elution was performedngsiL M imidazole. Eluent was

dialyzed against HPLC grade water to remove salts.
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2.5.5 Enzyme Assays

For determination of activity of crude lysates,|€@&ere harvested after 16 hours
of induction (induction condition as section 2.8)ddysed by ultrasonication in 50mM
MES buffer (pH 6.0). All assays were performed riplicate. Hydrolysis of pNPB-
glucoside and was determined by monitoring p-nhewl formation
spectrophotometrically. Reaction mixtures (1QQ contained 50 pL of crude lysate and
3 pg/mL of substrate with the balance 50mM MES éwffpH 6.0). Assays were
incubated at 25°C and the absorbance at 400nm wasured periodically to determine
product formation.

By using anion-exchange chromatography, the hydmlyf cellooligomers,
cellobiose, cellotriose, cellotetraose, and celidpse, was monitored. The reaction
mixture (100uL) contained 50mM MES (pH 6.0) and cellooligpmemcentrations
ranging from 5 pg/mL to 7hg/mL. Reactions were initiated by addition of Qu of
purified Ced3A. Reaction mixtures were incubated3@ minutes at 25°C and terminated
by the addition of 30 pL of 100 mM NaOH. Samplesemdiluted 10X and then analyzed

by anion-exchange chromatography.

2.5.6 Cell Fractionation

Cells were harvested from culture that had beended by 1mM IPTG for 16
hours. 25 mL of cell culture was centrifuged at0B@ for 25 minutes and resuspended in
3 mL of shock buffer (100 mM Tris-HCI, pH 8.0, 0vdM EDTA, 0.5 M Sucrose and
phenylmethylsulfonyl fluoride (PMSF) (2@g/mL). 1 mL of this suspension was
incubated on ice for 5 minutes and then centrifuged 6,000g for 5 minutes. Pellets

were warmed to room temperature and resuspended® imL of ice-cold water. After 1
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minute on ice, 8auL of 20 mM MgCh was added. Osmotically shocked cells were
centrifuged at 16,000g for 5 minutes and the swgianm was saved as the periplasmic
fraction. Remaining cells were lysed by ultrasotimaand centrifuged at 16,0009 for 5
minutes. Supernatant was saved as the cytoplasradation and cell pellets were

resuspended in 50mM MES and saved as the membeatiom.

2.5.7 Metabolism of Cellodextrin

Innocula for cell growth experiments were prepagdharvesting cells that had
been induced by 1mM IPTG for 16 hours in LB (asva&)and washed with Phosphate
Buffered Saline (pH 7.0) before inoculation. Inatidn was performed by resuspending
the washed cell pellets in 10 mL of M9 media supy@eted with glucose, cellobiose, or
a cellodextrin mixture with varying concentraticass indicated. The cellodextrin mixture
was prepared in house by a chemical method fromulasé following the method by
Zhang et. al.[25]. The mixture contains G1 (2.8%R (10.7%), G3 (26.1%), G4
(30.4%), G5 (21.8%), G6 (8.2). Antibiotic concetivas used were as follows:
Ampicillin  100pg/mL(for strains containing pQE80Ln& pQECED vectors) and
Chloramphenicol 25g/mL(for strains containing pSTV28 and pSTfCED and
pSTmCED). Upon inoculation into M9 media to init@D of 0.1, IPTG was added to a
final concentration of 1mM. All cultures were parfeed at 37°C and 250 rpm. Samples

were taken at 3 hour intervals and the cell der{€so0) was measured.
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2.5.8 Fermentation of Cellobiose and Cellodextrins

Cells harvested from induced cultures (as abovegweashed with Phosphate
Buffered Saline (pH 7.0) and resuspended into M#8ianto final cell density of OD 2.5.
Anaerobic cultivation was carried out at 37 °C @50 rpm in capped 20 mL scintillation
vials with at least 10 mL of liquid volume. Sampiesre collected periodically and cell
mass was measured spectrophotometrically as abedecing sugar concentrations
measured by DNS method (below) and lactic acid eotmations determined using a

HPLC method.

2.5.9 DNS Method

In order to determine soluble reducing sugar coinagons, 100uL of sample
was added to 90@L of DNS solution. DNS solution was prepared atofaes: 0.75% 3,5-
dinitrosalycylic acid, 1.4% sodium hydroxide, 21.g%tassium sodium tartrate, 0.55%
phenol, 0.55% sodium metabisulfate, dissolved itew& hese mixtures were then boiled
for 5 minutes, centrifuged at 15,000g for 5 minutesd their optical density was

measured.

2.5.10 Analytical method

Cell density (Olaog) and para-nitrophenol concentration was measuré@@nm
and 550 nm, respectively, on a UV/VIS spectrophetiem(DU530; Beckman Coulter,
USA). Analysis of cellooligosaccharides was perfedwsing High Performance Anion-
Exchange Chromatography on a DIONEX system with EAD60 electro-chemical
detector. Separation was achieved using a Carb&?a20 column. Detection was

achieved by pulsed amperometry (waveform :t=8ekl p =-2.00 V; t=0.42 sec, p = -
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2.00V;t=0.43sec, p=0.60V;t=0.44 sec,9¥40V;t=0.50 sec, p=-0.10 V). The
mobile phase consisted of a degassed solution faicoamng 100 mM sodium hydroxide
and degassed solution B containing 500 mM sodiuetagée and 100 mM sodium
hydroxide. The mobile phase was continuously pressti with helium gas to prevent
dissolution of airborne oxygen and carbon diox@élow rate of 0.5 mL/min was used.
A linear gradient of acetate in the mobile phase aghieved as follows: t = 0 min, 100:0
(A:B); t = 30 min, 30:70; t = 35 min, 30:70; t = 4%n, 100:0; t = 55 min, 100:0.

The concentration of Lactic Acid was measured by EllPAgilent Technologies)
instrument equipped with an Aminex HPX-87H colurBio¢Rad). 5 mM HSOy at a

flow rate of 0.4 ml/min was used as the mobile phas
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CHAPTER 3
IMPROVED CELLOBIOSE UTILIZATIONIN E COLI BY INDLUCING BOTH

HYDROLYSISAND PHOSPHOROLYSISMECHANISMS

3.1 Abstract

Cellobiose is a major intermediate from cellulagerblysis of pretreated plant
biomass. Engineering biocatalysts for direct useadobiose could eliminate the need
for exogenoug-glucosidase. Additionally, rapid removal of cellade in a simultaneous
saccharification and fermentation facilitates enaym hydrolysis as cellobiose is a
potent inhibitor for cellulases. We report here ioyed cellobiose utilization by
engineering E. coli cells to assimilate the disaccharide both hydicdyty and
phosphorolytically(complete consumption occurring h4 sooner). Additionally, we
demonstrate that engineering intracellular cellsioutilization could circumvent
catabolite repression, allowing simultaneous fernawon of xylose and cellobiose,
resulting complete sugar utilization. Usingese2,3-Butanediol as model product, we
further demonstrate that the accelerated carbomabuksm in turn led to an improved
product formation (0.3% w/v vs. 0.26% w/v and 0.76%v vs. 0.61% w/v when
fermenting 1% w/v and 2% w/v sugar respectivelylystrating the utility of the

engineered biocatalysts in biorefinery applications

3.2 Introduction
To utilize lignocellulosic requires a combinatioh pretreatment and enzymatic

hydrolysis to overcome recalcitrance of the maldfie8]. This generates a mixture of
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sugars containing cellooligosaccharides and mombsaicles, dominated by glucose,
cellobiose, and xylose [4-8]. While wild tyfe coli readily metabolizes many types of
monosaccharides, including xylose [9, 1B],coli strains are not able to use cellobiose
and other cellooligosaccharides. Engineetngoli cells for direct use of cellobiose is of
interest as the disaccharide is a major intermediatm enzymatic hydrolysis. Direct use
of cellobiose by a biocatalyst in a fermentatiolmgass could eliminate the need for
exogenoug3-glucosidase. Additionally, rapid removal of cellode in a simultaneous
saccharification and fermentation (SSF) facilitagegymatic hydrolysis as cellobiose is a
potent inhibitor for cellulases [11-13].

Engineeringe. colifor direct use of cellobiose has been attemptatemast. By
surface display of §-glucosidase, cellobiose was hydrolyzed into glecaghich was
then taken up by cells and metabolized intraceljpld4]. Recently, we showed that a
periplasmic expression of §accharaphagusellodextrinase was also successful in
generating a strain capable of utilizing cellodiexincluding cellobiose [15]. Alternative
to surface display or periplasmic expression ofydrblase where the disaccharide is
hydrolyzed outside of cytoplasm, cellobiose coutdttansported into cells by utilizing a
transporter, such as LacY [16]. Once inside theomlgsm, cellobiose could be
hydrolyzed into glucose molecules by a recombiramrolase such aB-glucosidase
[17, 18]. We have recently demonstrated that celk# could be alternatively
metabolized via a phophorolysis mechanism [16] d&md approach, instead of a
hydrolase, a cellobiose phosphorylase is used,hndpits a cellobiose molecule into one
glucose molecule and one glucose-1-phosphate nmel@sing inorganic phosphate as

donor.
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The present study investigates whether a combmatd hydrolysis and
phosphorolysis could improve cellobiose utilizatidle show that engineerdgl coli
cells with both hydrolysis and phosphorolysis maegsms could readily convert
cellobiose intomese2,3-butanediol with high yield and conversion ralemonstrating

the utility of the improved biocatalyst in biorediry.

3.3 Results

3.3.1 Cellobhiose Metabolism in Engineered Strains

Previously, we constructed & coli strain capable of growth on cellobiose for
lactic acid production by expressing, in its pexgsh, a cellodextrinase, Ced3A, from
Saccharophagus degradaf$5]. In this strain, cellobiose was split intodvglucose
molecules in the periplasm, where they were uptdkenntracellular metabolism. We
also constructed a strain that metabolizes celk#biia phosphorolysis mechanism by
expressing a cellobiose phosphorylase, Cep94A, Bactharophagus degradafks].
This strain was shown to be able to grow on cefiebi and additionally convert
cellobiose to ethanol with high yield [16]. The gaa the present study was to
investigate whether cellobiose metabolism couldabeelerated by engineering a strain
with both hydrolysis and phosphorolysis mechanismsgditionally, we hope to
demonstrate that the potential acceleration ofobedse metabolism could lead to an
enhanced production of a biorefinery product.

We chose to use meso-2,3-butanediol (BDO) as a Inppdduct. To this end, a
MG1655 derivate, designated as MGLAP (Table 3.Hs wsed in this study. This strain
was previously engineered to eliminate productibtactic acid and acetate production

by knockout of genes associated with these two oétas. As a result, the host strain
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transformed with a plasmid containing enzymes fBxCBproduction, pBBDO, produced
(from glucose) 2,3-butanediol as the major ferm@naproduct [19]. The strain was
further modified by transforming it with pSTCED apfQECEP, expressing both the
cellodextrinase (CED) and the cellobiose phosplasey/l(CBP), respectively (Table 3.1).
The resulting strain, capable of metabolizing detiee using both hydrolysis and
phosphorolysis mechanisms is designated CED+CBmila8ly, the control strains
expressing either cellodextrinase or cellobiosesphorylase, are designated as CED and
CBP strains, respectively. Finally, an empty vedtain, designated as empty vector
control, was also included in this fermentationdgt(Table 3.1). The four strains were
compared with respect to their ability to utilizellobiose (Figure 3.1A) and their ability
to produce BDO (Figure 3.1B). As shown, during Ti2ehour anaerobic fermentation of
1% cellobiose (detailed conditions in Materials anethods), minimal consumption of
cellobiose was observed for the empty vector cantansistent with the expectation. In
contrast, significant consumption of cellobiose waserved for other three strains, with
fast consumption evident for strains expressing @Ride or both CBP and CED. For
example, at 36 hours, the cellobiose concentrationghe two strains expressing single
enzyme were 0.69% and 0.2% for the strain exprg$SED and for the strain expressing
CBP, respectively, indicating that the phosphomsdaspressing cells consumed
cellobiose faster than the cellodextrinase-expngssells. The lowest residual cellobiose
concentration at 36 hours was found with the steipressing both cellodextrinase and
phosphorylase, with about 0.05% cellobiose remginilfthese results show that
hydrolysis and phosphorolysis are synergistic aii$ evith both mechanisms metabolize

cellobiose much more rapidly. It can be seen gufé 3.1A that CED+CBP and CEP
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were able to completely utilize cellobiose in ab&Gt hour. In comparison, the CED
strain expressing only cellodextrinase was ablatilze only 40% of the cellobiose by
the end of the fermentation (72 hours).

Time profiles of meso-2,3-BDO production from céllase were shown in Figure
3.1B. Significant product formation was only obsstvwith the strain expressing
cellobiose phosphorylase and the strain expredsaily cellobiose phosphorylase and
cellodextrinase (Figure 3.1B), with the latter adpd the former before the product
concentration peaked at 48 hrs. Both strains rehti® same maximum, 0.40 %, at 48
hours, representing an 80% of theoretical yielde TED expressing strains produced
slightly more BDO than the empty vector controlastrto a maximum of 0.07%,
suggesting that expressing Ced3A alone is not cseiffi for significant cellobiose
metabolism and BDO production.

These results suggest that cellobiose phosphosolisi a more effective
mechanism than cellodextrinase-mediated hydrolygishanism. These two mechanisms
appear to be synergistic in terms of cellobiose soomption. While early faster
production of BDO was observed, cells with both haegsms did not result in higher
product concentration over the fermentation cycdpparently, product vyield is
determined by factors more than the rate of cedlediconsumption. However, product
yield of 80% from cellobiose[20], is close to whaas achieved with glucose, (87%,
[19]), indicating that cellobiose could be used eftectively as glucose for BDO

production.
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Figure 3.1: Cellobiose (A) and 2,3-butanediol (Bhcentrations during the fermentation
of LB with 1% cellobiose by MGLAP/pSTV28+pQESOL  ¢)(
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3.3.2 Co-Fermentation of Cellobiose/Xylose for BBfdduction

As shown above, cellobiose utilization could be riayed by inclusion of both
hydrolysis and phosphorylase mechanisms. To furtimestigate its utility in
biorefinery, additional experiments were carried oader the condition of mixed sugar
fermentation with cellobiose and xylose. We exphat fast intracellular metabolism of
cellobiose by cellobiose phosphorylase may geneaateondition that extracellular
glucose concentration is sufficiently low to remasegtabolite repression. If this is the
case, simultaneous consumption of cellobiose ards&ywill result and this should
improve the overall carbon metabolism. To inveséigais possibility, anaerobic mixed
sugar fermentation (0.5% cellobiose and 0.5% xylosere run forE. coli cells

expressing both CED and CBP. This is compared &@aimonosaccharide fermentation
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of the same concentration (0.5% glucose and 0.5/1%¥s&). Figure 3.2A shows that the
strain exhibited similar total sugar (cellobioseuglxylose or glucose plus xylose)
consumption rates. However, consumption of eaclvioheghl sugar was considerably
different. When cells were supplied with 0.5% glse@nd 0.5% xylose, the utilization of
glucose and xylose is biphasic (Figure 3.2B). Thasamption of xylose began only
when glucose was exhausted. Glucose was exhaugted the first 6 hours, and xylose
metabolism started at 6 hours and exhausted atolishin contrast, in the case of
cellobiose and xylose, a clear co-metabolism wasleat from Figure 3.2C, with

cellobiose concentration and xylose concentratiecrehsed with time, starting from the
very beginning. In fact, xylose was apparently rnetized faster than cellobiose. Xylose
was completely consumed by 9 hours while cellobioges exhausted in 15 hours.
Despite the differences in the dynamics of sugdization, little differences were

observed in final BDO titers.
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Figure 3.2: (A) total residual sugar, (B) residghlicose and xylose, and (C) residual
cellobiose and xylose during fermentation of 1%asadpy MGLAP/pSTCED+pQECEP

In both cases, the final 2,3-butanediol concemmatvas 0.31 % wi/v after 12
hours of fermentation (Figure 3.3A), representing0&o yield. This is lower than 80%
yield on cellobiose (Figure 3.1B). HPLC analysi©whd that a precursor molecule,
acetoine, was accumulated in both cases. The enwygaef byproduct, acetoine, was
previously observed [19], and was presumably duthéoreversible nature of the last

reaction step in the BDO synthesis. Typically, aret production is more pronounced
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when sugar concentration is low. The combined caimagon of BDO and Acetoine
reached 0.4% and 0.38% for glucose/xylose mixturd eellobiose/xylose mixture,

respectively (Figure 3.3B), suggesting the lostidyi@ BDO is accounted for by the

byproduct acetoine.
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Figure 3.3: (A) total 2,3-butanediol concentrataord (B) total product concentration
during fermentation of 1% sugars in a 1:1 ratid$LAP/pSTCED+pQECEP

The above mixed sugar experiment was repeated igther concentration of
carbon source, 1% cellobiose and 1% xylose, cordpardd% glucose and 1% xylose.
As shown in Figure 3.4A, initial rates of total amgonsumption were identical for both
cases but diverged after 12 hours, with the mormbsaixle fermentation lagged behind
and about 0.5% sugar remained at the end of the #&mentation. This compares to a
complete fermentation of cellobiose/xylose by 32ifsp indicating the ability of use
cellobiose directly in this strain improved the euksugar fermentation. More careful
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examination of sugar profiles showed that fermémaof 1% glucose and 1% xylose
was biphasic as was the case with lower conceotr@tivith minimal xylose utilization
until glucose was exhausted at 12 hours. In thigecaowever, the xylose was not
exhausted by the end of the fermentation, with 4%he xylose remaining after 48
hours (Figure 3.4B). Fermentation of 1% cellobiomed 1% xylose resulted in
simultaneous utilization of both sugars in this ecagith the exhaustion of xylose
occurring after 22 hrs and the exhaustion of céed occurring after 32 hours (Figure
3.4C). Consistent with the sugar concentration il@®f product formation during
fermentation of the cellobiose/xylose mixture wasrenrapid than the glucose/xylose
mixture with a maximum level of BDO reaching 0.72v#6 at 26 hours (Figure 3.5A),
whereas the glucose/xylose fermentation achiev@D@ concentration of 0.50 % w/v at
the same time, and the maximum of BDO concentratias not reached until after 36
hours, which is 0.61%, lower than the case wittob&se/xylose mixture (Figure 3.5A).
The combined BDO and acetoine concentration reathatPo w/v and 0.91% w/v for

2% glucose/xylose mixture and 2% cellobiose/xyloseture, respectively (Figure 3.5B).
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Figure 3.5: (A) total 2,3-butanediol concentrataord (B) total product concentration
during fermentation of 2% sugars in a 1:1 ratid$LAP/pSTCED+pQECEP

These results clearly demonstrate that engineerrigacellular cellobiose
utilization could circumvent catabolite repressiatipwing simultaneous use of xylose
and cellobiose. As a result, overall carbon metabolwas improved and product

concentration and yield were also improved.

3.4 Discussion
In this study, we constructed a strain with theligbto metabolize cellobiose
through both hydrolysis and phosphorolysis mecimasisWe showed that while
phosphorolysis was more effective than cellodeasgmediated hydrolysis, an
improvement in cellobiose utilization was obsenbgdcombining the two mechanisms.
Additionally, intracellular metabolism of cellob<ircumvented catabolite repression.
Consequently, engineered biocatalysts are capdbiermenting xylose and cellobiose

concurrently, resulting in improved carbon consuopt The accelerated carbon

77



metabolism in turn led to an improved product fatiora Demonstrated with BDO as
model product, increases in product concentratyggld, and productivity with mixed
cellobiose/xylose fermentation relative to mixedagise/xylose fermentation suggest that
the E. coli strains capable of cellobiose utilization can lvamtageously used in

biorefinery applications.

3.5Material and methods

3.5.1 Strains and Plasmids

Strains and plasmids used in this study are ligteflable 3.1.Escherichia coli
MGLAP is a derivative of MG1655, previously congtied to overproduce pyruvate
[19]. Three expression plasmids used in this sty3BDO, pSTCED, and pQECEP
harbors genes for production of meso-2,3-butang@blO), the cellodextrinase(CED),
and cellobiose phosphorylase(CEP), respectivelpl€Ta.1).

All transformations were performed by heat shockafC for 30 s, followed by
incubation in SOC media for 1 hour and then plaiedLB containing an appropriate

antibiotic (ampicillin 200ug/ml or chloramphenicol 2bg/ml or kanamyacin 50g/ml).
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Table 3.1E. coli Strains and Plasmids

Strains or Plasmids Description Source

Escherichia coli Host Strains

MGLAP MG1655, FATilvGrfb’50 rph™;A poxB A IdhA Shin, et. al. [19]

A ackA andA pta
Plasmids

pQESOL Amp', T5 promoter, ColE1 ori Qiagen

pSTV28 Cmf, Lac promoter, p15 ori Takara

pQECEP pQEBS8OL vector with structural geneep94Afrom Sekar, et. al. [15, 16]
S. degradans

pSTCED pSTV28 vector containirngd3Awith lipoprotein Rutter, et. al[15]
signal sequence fro®. degradans

pBBDO pBBR122 derivative replaced Egene with T5  Shin, et. al. [19]

expression cassette of pQE80L. Contairals$ and
alsD of Bacillus subtilis168 andbudC gene of
Klebshiella peumoniae

E. coli transformants

MGLAP/pBBDO/pQE8OL/pSTV28 Empty vector control This study
MGLAP/pBBDO/pQES8OL/pSTCED CED: expressing cellrtimase This study
MGLAP/pBBDO/pQECEP/pSTV28 CBP: expressing celbaia This study
phosphorylase
MGLAP/pBBDO/pQECEP/pSTVCED CED+CBP: expressingbot This study

Cellodextrinase and cellobiose phosphorylase
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3.5.2 Cultivation and Expression Conditions

Single colonies of plasmid bearing strains wereiated into Luria Broth (LB)
supplemented with an appropriate antibiotic andivated overnight. This overnight seed
culture was used to inoculate up to 100 ml LB itemeyer flasks to Ofg, of 0.1.
When cell density reached between 0.3 and 0.4, IR&& added to 0.2 mM and flasks
were incubated for 16 h to induce the expressiomecbmbinant proteins. MGLAP

strains were induced at 18 °C.

3.5.3 Enzyme Assays

For verification of activity of crude lysates ofrahs expressing Ced3A and
Cep94A, cells were harvested after 16 h of induc{induction condition as above) and
lysed by ultrasonication in 50 mM MES buffer (pHO)%.Hydrolysis of cellobiose was
determined by monitoring glucose formation using 8igma Glucose (GO) Assay Kit.
Reaction mixtures (10@l) contained 10 ul of crude lysate and 90 ul of gimte-
buffered saline (PBS) containing 1% cellobiose.aysswere incubated at 25 °C for 30
minutes and the GO reagent was added 1:1 to tiegeamixture. The mixture was then

incubated at 37 °C for 30 min and absorbance anbd@vas measured.

3.5.4 Fermentation Conditions

Cells harvested from induced cultures (as aboveg washed with PBS (pH 7.0)
and resuspended into LB medium containing 1% wissate along with the appropriate
antibiotics to initial cell density of Odgy 0.05. Anaerobic cultivation was carried out at
37 °C and 250 rpm with 0.2 mM IPTG in capped 20saihtillation vials with at least 10

ml of liquid volume. Samples were collected peroadly and residual sugar, 2,3-
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butanediol and acetoine concentrations determisedya HPLC method. Cell mass was

measured spectrophotometrically.

3.5.5 Analytical Method

The concentration of Cellobiose, Glucose, Xylosegtdine, and 2,3-butanediol
was measured by HPLC instrument equipped with amnaxmHPX-87H column (Bio-

Rad). 5 mM HSQO, at a flow rate of 0.4 ml/min was used as the neopiiase.
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CHAPTER 4
CHARACTERIZATION OF THREE CELLOBIOSE PERMEASE ENZYMES

AND THEIR USE IN CELLOBIOSE FERMENTATION

4.1 Abstract

During enzymatic hydrolysis of cellulose, cellol®os generated as a major
product. In order to further convert cellobioseviduable bioproducts it must be further
converted to glucose equivalents that can be useflycolysis and subsequent product
formation pathways. Many enzymes capable of thisversion are expressed in the
cytoplasm and require transport of the cellobiose the cell by proteins to act. We
selected three permease enzymes to evaluate forab#ity to transport cellobiose
intracellularly. LacY fromE. coli and CP1 and CP2 frons. degradanswere
characterized kinetically as well as by their parfance during fermentation using
cellobiose as the sole carbon source. All thre¢eprs were found to have affinity for
cellobiose and their expression allowed adequdtebiese uptake to allow cell growth

and product formation during cellobiose fermentatio

4.2 Introduction
Hydrolysis of cellulose by cellulase enzymes yieddmixture of cellooligomers
ranging between cellobiose and cellopentose[l, Anost all cellulases generate
cellobiose from cellulose with a majority of themogucing cellobiose as the major
product of hydrolysis[3-5]. As such, conversionceflobiose to glucose equivalents is a

critical step in bioconversion of cellulose to \ahle products. This conversion can be
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achieved by a number of different enzymes usingeeia hydrolytic or a phosphorolytic
mechanism[6, 7]. Expression of these enzymes ih batterial and yeast systems has
led to the ability of those organisms to metabotiedobiose, resulting in cell growth and
formation of a wide variety of fermentation prodsj8&t 9].

Many studies have been done using extracell@lgtucosidase enzymes to
convert cellooligomers to glucose extracellularBjf1Studies have shown, however, that
conversion to glucose within the cytoplasm allos coli to ignore any catabolite
repression by glucose resulting in more rapid carfiux[11]. In order to take advantage
of this metabolic phenomenon, however, we requaesiport of cellobiose across the cell
membrane into the cytoplasm. Two major types ofging are responsible for transport
of cellobiose. ABC transporters, or ATP binding stte transporters, are proteins that
use ATP to transport molecules into the cytopla@h[Permease enzymes fall into the
Major Facilitator Superfamily class of transporof@ins and often couple sugar transport
with transport of ions down a gradient to repldwe requirement of energy in the form of
ATP[13, 14].

Three permease proteins were identified as putagllebiose transporters. LacY
from E. coliis a lactose permease that has been shown tddwose transport inhibited
by the presence of cellobiose. Additionally, deletoflacY from the genome was shown
to abolish growth on cellobiose bE. coli expressing a cytoplasmic cellobiose
phosphorylase[9]. Several permease genes werdfidenn theS. degradangenome by
their homology to the Major Facilitator Superfamity proteins. Putative cellobiose
transporters were selected based on the proximitgiter genes responsible for cellulose

and cellobiose metabolism. CP1 is adjacent to & geding for g3-glucosidase enzyme
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and CP2 is located near the gene coding for tHalasé Cel5H which is shown to be a
major component of the cellulolytic system[15].

In this study we evaluate the performance of tipe@nease proteins, LacY from
E. coliand CP1 and CP2 froi8. degradansfor their ability to transport cellobiose
across the cell membrane. Michaelis-menten parametere determined for each
protein expressed in a whole cell microbial catalpslditionally, cells expressing each
transporter along with a cytoplasmic enzyme capableonversion of cellobiose to
glucose equivalents had their performance duringéatation of cellobiose evaluated. In
so doing we can identify proteins suitable for s@ort of cellobiose into the cell for

conversion to bioproducts.

4.3 Results

4.3.1 Kinetic Characterization of Cellobiose Tramsers

Previous work has suggested that the lactose tatesprotein, LacY, irE. coli
has some activity towards cellobiose. In orderneestigate this furtheylacY strains
were constructed anldcY was complimented on the plasmid pBBR122. Additigna
two other major facilitator superfamily cellobiogansporter candidates, CP1 and CP2,
were identified inS. degradandased on their proximity to cellobiose utilizingregs in
the genome. These genes were all cloned with Niut@lnGFP fusions in order to
guantify individual expression levels. Polyserimkérs were used between the GFP and
structural regions to insure proper incorporatibthe protein into the membrane.

Kinetic characterization was carried out using thiestop method. Substrate
concentrations ranging between 0.2 and 10 mM celdebwith 1M tritiated cellobiose

as the radioactive label were used to charactetiaeY and CP1l. Substrate
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concentrations ranging between 0.1 and 200 tritiated cellobiose were used to

characterize CP2. The control strain in both cagas the KY strain expressing GFP
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As can be seen in Table 4.1 all proteins are capablkransporting cellobiose
across thée. colimembrane. CP2 has the highest affinity with,@d 0.038 mM which
is 100 fold lower than the 2.32 mM and 4.56 m\ ¥alues measured for LacY and CP1
respectively. LacY and CP1 showed similag.Vvalues at 0.032 U/min/mg and 0.035
U/min/mg respectively. The control strain demortstidmax values of 0.004 U/min/mg
and 0.0002 U/min/mg under high concentration and looncentration reaction

conditions respectively, each roughly 10% of meagwalues for transporter proteins.

Table 4.1: Kinetic Parameters of LacY, CP1, and CP2

Vmax (U/min/mg) Km (mM)
LacY 0.032 + 0.006 2.32+£0.88
CP1 0.035 +0.014 456 +1.61
CP2 0.0017 + 0.0003 0.0384 +0.014

4.3.2 Aerobic Fermentation of Cellobiosebycoli Strains Expressing Transporters

As shown above, all three transport proteins apalsle of transporting cellobiose
into the cytoplasm ofE. coli. In order to investigate the industrial utility tfiese
enzymes, these strains were used for fermentafioelimbiose. One of two cytoplasmic
cellobiose utilizing enzymes, BgI3C or Cep94A fr@n degradanswere ligated into
pHCE plasmid and transformed into transporter-gfpidn expressing strains. Strains
expressing BgI3C and LacY, CP1 and CP2 wil be rrete to as
KY/pBBRGLACY/pHCEBGL, KY/pBBRGCP1/pHCEBGL, and
KY/pBBRGCP2/pHCEBGL respectively. Strains expregstep94A and LacY, CP1 and
CP2 will be referred to as KY/pBBRGLACY/pHCECEP, KWBBRGCP1/pHCECEP,
and KY/pBBRGCP2/pHCECEP respectively. Strains vieesm grown aerobically in M9
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minimal medium containing 0.5% cellobiose. Cell wtlo and substrate consumption
were measured.

As shown in Figure 4.1, all strains expressing ahthe transporters are capable
of growth on cellobiose. Relative growth rates dfiff however, between strains
expressing BgI3C and strains expressing Cep94A. tlhie case of BgI3C,
KY/pBBRGCP2/pHCEBGL  grows  the highest  final OD of .62
KY/pBBRGCP1/pHCEBGL and KY/pBBRGLACY/pHCEBGL botheach a similar
final OD ~ 1.7. Fermentations by Cep94A strains apnly showed different growth
trends between transporters but overall growthsratere slower than the BgI3C strains.
KY/pBBRGCP1/pHCECEP and KY/pBBRGLACY/pHCECEP stsireached the same
final OD of 1.8 with KY/pBBRGCP1/pHCECEP strain cdang this more than 12 hours
before KY/pBBRGLACY/pHCECEP. KY/pBBRGCP2/pHCECEP osfed a similar
growth rate to KY/pBBRGCP1/pHCECEP but the lag ehlasted nearly 6 hours longer
and it reached a final OD of 2.5. Interestingly,ilelgrowth rates differ depending on the
identity of the cellobiose utilizing enzyme eachnsporter allowed growth to the same

OD regardless of cellobiase.

Table 4.2: Growth Rates of Transporter Strains mgiAerobic Growth on Cellobiose

Growth Rate (1/hr)

BgI3C Cep94A
Control 0.072 + 0.024 0.058 + 0.04
LacY 0.140 £ 0.016 0.093 + 0.015
CP1 0.253 £ 0.015 0.226 + 0.009
CP2 0.180 + 0.020 0.087 + 0.015
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In addition to growth rates, substrate consumptiees measured for each
strain(Figure 4.2). Of the BgI3C expressing straik¥/pBBRGCP2/pHCEBGL and
KY/pBBRGCP1/pHCEBGL consumed all the cellobioseeaft8 hours and 33 hours
respectively. KY/pBBRGLACY/pHCEBGL consumed neal@% of the cellobiose by
the end of the fermentation. Of the Cep94A expngss strains,
KY/pBBRGCP2/pHCECEP and KY/pBBRGLACY/pHCECEP contplg consumed the
cellobiose after 12 hours. KY/pBBRGCP1/pHCECEP ocomsd the cellobiose
completely in 19 hours. In the case of BgI3C ssaiallobiose consumption rates match
growth rates. Consumption of cellobiose by Cep9#airss, however, should show more
rapid consumption by KY/pBBRGCP1/pHCECEP than ath&hich is the opposite of

what is seen.

4.3.3 Anaerobic Fermentation of Cellobiosebbycoli Strains Expressing Transporters

As shown above expression LacY, CP1, and CR2 itoli expressing cellobiose
utilizing enzymes allows for consumption of cellode and subsequent cell growth. In
order to further analyze whether these proteinssar@able for industrial applications,
similar fermentations were carried out under anaieroonditions. The same strains as
above were grown anaerobically in M9 minimal mediwith 0.5% cellobiose added.

Cell growth, substrate consumption, and produchédion was measured.
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Figure 4.4: Cell growth profiles of (A) BgI3C stnai and (B) Cep94A strains expressing
no transporter«), LacY (m), CP1 (A), andCP2 (0) during aerobic growth
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Figure 4.5: Cellobiose consumption by (A) Bgl3Casts and (B) Cep94A strains
expressing no transportex)(LacY m), CP1 (A), and CP2¢) during aerobic growth

As above, all strains expressing transporter pmeteare able to grow
anaerobically on cellobiose(Figure 4.3). All Bglashs expressing transporters grew to a
similar final OD of 1.6 with KY/pBBRGCP2/pHCEBGL aehing this OD faster than

BglLacY or KY/pBBRGCP1/pHCEBGL. Cep94A strains egpsing transporters all also
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reach similar final OD of 1.6. However, in this eaSepLacY reaches final OD more
quickly than KY/pBBRGCP1/pHCECEP or KY/pBBRGCP2/pHCEP. No growth was

seen in KY strains expressing Bgl3C or Cep94A.

OD 600
OD 600
=

0 15 30 45 0 15 30 45
Time (hrs) Time (hrs)

Figure 4.6: Cell growth by (A) BgI3C strains and) (Bep94A strains expressing no
transporter«), LacY m), CP1 (A), and CP2¢) under anaerobic conditions

In addition to growth rates, substrate consumpti@s measured for each strain
(Figure 4.4). Of the BgI3C expressing strains, BglY, KY/pBBRGCP1/pHCEBGL,
and KY/pBBRGCP2/pHCEBGL all consumed a similar antoof cellobiose, but
KY/pBBRGCP2/pHCEBGL showing a higher initial sulag&r consumption rate. Of the
Cep94A producing strains, CepLacY shows a moredrapbstrate consumption than
KY/pBBRGCP1/pHCECEP or KY/pBBRGCP2/pHCECEP. In stsaexpressing either
BgI3C or Cep94A no substrate consumption was saeKY strains expressing no

transporter.
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Figure 4.7: Cellobiose consumption by (A) Bgl3Casts and (B) Cep94A strains
expressing no transportes)( LacY @), CP1 (A), and CP2 ¢) under anaerobic
conditions

Ethanol formation was measured for all strainset&sBgI3C expressing strains
all showed similar final ethanol titers of 0.13 lwifow/v with the control strain
(expressing no transporter) producing no ethanbIB4I3C strains reached final ethanol
titers at the same time. Cep94A strains also shawadar final ethanol titers of 0.15 %
w/v with the control strain (expressing no trans@Qrproducing no ethanol. CepLacY
however reached this final ethanol concentrationteraf 18 hours with
KY/pBBRGCP1/pHCECEP and KY/pBBRGCP2/pHCECEP produceximal product

concentrations after 30 hours.
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Figure 4.8: Ethanol production by (A) BgI3C straarsd (B) Cep94A strains expressing
no transporter 4«), LacY @), CP1 (A), and CP2 ¢) under anaerobic conditions

4.4 Discussion

In this study we cloned, expressed, and charaetkribree different putative
cellobiose permease proteins. We have shown th&Xt Blmm E. coliand CP1 and CP2
from S. degradansre capable of transporting cellobiose acrossétlenembrane oE.
coli. Results indicate that CP2 has the highest bindifigity for cellobiose.CP1 and
LacY show similar cellobiose affinity to each otlmeughly 100x lower than that of CP2.
CP1 and LacY also show similar maximum reactiomeiies to each other. CP2 shows
a maximum reaction velocity ten times lower thae tther two proteins tested. These
numbers indicate that CP2 has a catalytic effigigkcat/Km) ten-fold higher than either
CP1 or LacY. This indicates that CP2 is likely thest suitable of the three for use in

consolidated bioprocess where transient celloltoseentrations will remain very low.
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In addition to the ability of these proteins tawsport cellobiose, this transport has
been shown to be rapid enough to generate growthraatabolism during fermentation
using cellobiose as the sole carbon source. Whapleo with expression of eitherfa
glucosidase or a cellobiose phosphorylase expresdgieach of the transporters caused
E. coli to grow, consume cellobiose nearly completely, gederates ethanol as a
product. Interestingly, the dynamics of cell grovahd substrate consumption varied
based on the identity of the cytoplasmic cellohidsethe case of strains expressing
BgI3C all strains grew and consumed cellobioselpedentically with the CP2 showing
slightly more rapid growth and consumption profilés strains expressing Cep94A,
however, the LacY strain was able to grow and comsaellobiose more rapidly than the
other strains. It is possible that because celk®ie a likely native substrate of both CP1
and CP2 it is inhibited by the presence of cytapiasglucose-1-phosphate which is
generated by Cep94A but not Bgl3C. Product fornmatias consistent between the two
types of cellobiase enzyme, however, little differe was seen between strains
expressing the different transporters. The low eatration of substrate combined with
the 52% theoretical yield of ethanol combined wita low apparent conversion makes it
likely that any differences that exist would be leov as to be difficult to detect
analytically. Low product yields are likely a resaf growth in minimal medium as it has
been shown that fermentation in LB greatly improe#isanol yields compared to M9
medium.

Together this data demonstrates that the threeipsot.acY, CP1, and CP2 are
capable of using cellobiose as a substrate foslwaation across the cell membrand=of

coli. This marks the first time these three proteingehbeen identified as cellobiose
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transporters and had their transport kinetics cteraed. Furthermore, expression of
each of these proteins i coli allows growth and product formation using celldg@@s
the substrate. As such these proteins are highiedsufor consolidated cellulose

bioprocessing, which generates cellobiose as arnmgrmediate.

45 Materialsand M ethods

4.5.1 Strains and Plasmids

All strains and plasmids used are listed in Tab8 KO1l114lacy, annotated KY,
was used for all kinetic characterizations and @artations. All transformations were
performed by heat shock at 42 °C for 30 s, followgdncubation in SOC media for 1 h
and then plated on LB containing an appropriateébentic (ampicillin 100 ug/ml or

chloramphenicol 2ig/ml or kanamyacin 5(g/ml).

4.5.2 pHCECEP Plasmid for Expression of Cep94A

To construct the expression plasmid pHCECEP, thHilsese phosphorylase
(cep94A)gene was amplified from the genomic DNASdiccharophagus degradaby
PCR using two primers, CEP-F and CEP-R (Table £8R reactions were performed
using iProof™ High Fidelity DNA Polymerase (BIO-RADMelting temperature of
60°C and elongation times of 105 seconds were ud@ad.amplified gene fragment was
digested with Ndel and Sphl and subsequently lyatto pHCE vector to generate

pHCECEP.
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4.5.3 pHCEBGL Plasmid for Expression of Bgl3C

To construct the expression plasmid pHCEBGL, fikgtucosidaselgl3C) gene
was amplified from the genomic DNA &accharophagus degradabyg PCR using two
primers, BGL-F and BGL-R (Table 4.3). PCR reactiorese performed using iProof™
High Fidelity DNA Polymerase (BIO-RAD). Melting tgrerature of 60°C and
elongation times of 105 seconds were used. Thidi@epgene fragment was digested
with Ndel and BamHI and subsequently ligated intBlCjk vector to generate

pHCEBGL.

4.3.4 Construction of GFP-Transporter Fusions

Green fluorescent protein was fused to the c-teamai all three transporter,
LacY, CP1, and CP2. These modules were joined 5§ amino acid polyserine linker
identified in the Cel5H protein fror8. degradansEach operon is under the control of
the Lacl promoter frons. degradans?lasmids were constructed using Gibson assembly
reaction (New England Biolabs) to insert the cdsseito the pBBR122 plasmid. The

Zral restriction site was used to digest the plasmi

4.5.5 pPBBRGFP for Expression GFP

Lacl was amplified using LaclP-F, and LaclP-R phisad_aclP-F has a region
that overlaps the pBBR-F primer. GFP was amplifisthg GFP-F and GFP-R primers.
GFP-R has a region that overlaps the pBBR-R priemet GFP-F has a region that
overlaps the LaclP-R primer. Primers to amplify f#BR plasmid nucleotides 5106-

5125 and 3880-3900 are named pBBR-F and pBBR-Rectisply. These individual

98



fragments were then mixed together and in a Gilveantion (New England Biolabs) to

create the Lacl-GFP gene construct inserted alrthlesite of pPBBR122.

4.5.6 pPBBRGLACY for Expression of LacY-GFP Fusions

Lacl was amplified using LaclP-F, and LaclP-R pnisad_aclP-F has a region
that overlaps the pBBR-F primer. The LacY gene wamplified using the LacY-F and
LacY-R primers. LacY-F has a region that overlape taclP-R primer. GFP was
amplified using pBsGFP-F and GFP-R primers. GFPaR & region that overlaps the
pBBR-R primer. Primers to amplify the pBBR plasmigcleotides 5106-5125 and 3880-
3900 are named pBBR-F and pBBR-R respectively. PB& portion was amplified
using SGFPPSL-R and LacYPSL-F primers. sGFPPSLsRah&gion that overlaps with
pBsGFP-F and LacYPSL-F has a region that overlaps vacY-R. All fragments were
amplified individually by PCR. These individual fiaments were then mixed together and
in a Gibson reaction (New England Biolabs) to aetite Lacl-LacY-PSL-GFP gene

construct inserted at the Zral site of pPBBR122.

4.5.7 pPBBRGCP1 for Expression of CP1-GFP Fusions

Lacl was amplified using LaclP-F, and LaclP-R pnisad_aclP-F has a region
that overlaps the pBBR-F primer. The CP1 gene waplied using the CP1-F and
LCP1-R primers. CP1-F has a region that overlags lthclP-R primer. GFP was
amplified using pBsGFP-F and GFP-R primers. GFPaR & region that overlaps the
pBBR-R primer. Primers to amplify the pBBR plasmigcleotides 5106-5125 and 3880-
3900 are named pBBR-F and pBBR-R respectively. PB& portion was amplified

using SGFPPSL-R and CP1PSL-F primers. sGFPPSL-Ri lnegion that overlaps with
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pBsGFP-F and CP1PSL-F has a region that overlagis @®#1-R. All fragments were
amplified individually by PCR. These individual fn@ments were then mixed together and
in a Gibson reaction (New England Biolabs) to @etite Lacl-CP1-PSL-GFP gene

construct inserted at the Zral site of pPBBR122.

4.5.8 pPBBRGCP2 for Expression of CP2-GFP Fusions

Lacl was amplified using LaclP-F, and LaclP-R pnisad_aclP-F has a region
that overlaps the pBBR-F primer. The CP2 gene waplihed using the CP2-F and
LCP2-R primers. CP2-F has a region that overlags lthclP-R primer. GFP was
amplified using pBsGFP-F and GFP-R primers. GFPaR & region that overlaps the
pBBR-R primer. Primers to amplify the pBBR plasmigcleotides 5106-5125 and 3880-
3900 are named pBBR-F and pBBR-R respectively. PB& portion was amplified
using sGFPHL-R and CP2HL-F primers. sGFPHL-R haggion that overlaps with
pBsGFP-F and CP2HL-F has a region that overlapk @P2-R. All fragments were
amplified individually by PCR. These individual fiments were then mixed together and
in a Gibson reaction (New England Biolabs) to @etite Lacl-CP2-PSL-GFP gene

construct inserted at the Zral site of pPBBR122.

4.5.9 Kinetic Characterization

Transporter kinetics were evaluated using the tojprsmethod using tritiated
cellobiose[15]. Labeled cellobiose at concentraioanging from 0.5 to 20QM was
used for characterization of CP2. For charactedmadbf SdeCP1 and LacY unlabeled
cellobiose ranging from 1 to 10 mM was used witlnNMlOabeled cellobiose added to

each concentration. Strains expressing the GFRgoater fusions were induced with 0.2
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mM IPTG and appropriate antibiotics for 20 hoursl8t°C. Cells were harvested by
centrifugation at 16,000xg and resuspended to O ZBS. 50uL of substrate solution
was added to 5QL of cells and incubated at room temperature fors@@onds. This
mixture was added on top of 50 of silicon oil and centrifuged at 16,000xg for 5
minutes and then put in an ethanol dry ice mixtararrest metabolism. The pellets were
then snipped off into scintillation vials contaiginEcoscint Original (National

Diagnostics)¥or counting.

4.5.10 Fermentation of Cellobiose

KY strains expressing the gap-transporter fusioesewnduced in LB medium
with 0.2 mM IPTG and appropriate antibiotics at I8 for 20 hours. These were then
inoculated to OD 0.05 into fresh M9 medium contagn®.5 % cellobiose and appropriate
antibiotics and incubated at 37 °C and 250 rpm. Be@smwere collected periodically for

analysis on HPLC.

4.5.11 Analytical Methods

Radioactive decay was measured by a Packard Th-C&00TR Liquid
Scintillation Counter using energy channel divisofs0-18.6, 18.6-256, and 256-2000
KEV. Cell density (Olghg) and was measured at 600 nm on a UV/VIS specttopieter
(DU530; Beckman Coulter, USA). Fluorescence of @Gdfons was measured at 485nm
and 510nm for excitation and fluorescence respelgtion a microplate reader (M5;
Spectramax, USA) The concentrations of ethanol esltbbiose were measured by
HPLC (Agilent Technologies) instrument equippedhwain Aminex HPX-87H column

(Bio-Rad). 5 mM HSQ, at a flow rate of 0.4 ml/min was used as the nsopiiase.
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Table 4.3: Primers

Primer Sequence

pBBR-F 5-GACGTCAGGTGGCACTTTTCG

pBBR-R 5-TCCCAGAGCCTGATAAAAACG

LaclP-F 5-GAAAAGTGCCACCTGACGTCCATTTACGTTGACACCA
TCGAATGG

LaclP-R 5-AGCTGTTTCCTGTGTGAAATTGTTAT

sGFP-F 5-ATAACAATTTCACACAGGAAACAGCTATGCGTAAAG
G TGAAGAACTGTTCAC

sGFP-R 5-GTTTTTATCAGGCTCTGGGATTATTATTTGTACAGTTC
GTCCATACC

pBsGFP-F 5-ATGCGTAAAGGTGAAGAACTGTTCAC

LaclP-R 5-AGCTGTTTCCTGTGTGAAATTGTTAT

sGFPPSL-R 5-TGAACAGTTCTTCACCTTTACGCATGTTTTCTGCTTCA
ATGCGCGCGGG

LacY-F 5-TAACAATTTCACACAGGAAACAGCTATGTACTATTTA
AAAAACACAAACTTT

LacY-R 5-AGCGACTTCATTCACCTGACGACG

LacYPSL-F 5-GTCGTCAGGTGAATGAAGTCGCTGTTAAAAACTTAAT
TAAAACATGGAACG

CP1-F 5-TAACAATTTCACACAGGAAACAGCTATGTTGTCAGTA
AAAGAAAAAGTAG

CP1-R 5-GTTTACAGTTTTTAAATTTAGCGCTTG

CP1PSL-F 5-AAGCGCTAAATTTAAAAACTGTAAACGTTAAAAACTT
AATTAAAACATGGAACG

CP2-F 5-TAACAATTTCACACAGGAAACAGCTATGGTCTCTCCA
AACAGTCAAGTTAG

CP2-R 5-TTTTCTGCGCTCGGCTAATTCTGCG

CP2HL-F 5-CGCAGAATTAGCCGAGCGCAGAAAAATGGAGCTCCGT
GGATCATCG

SGFPHL-R 5-GTGAACAGTTCTTCACCTTTACGCATGATATCTCTAGA
GTCGACACTAGTG

CEP-F 5-ATGCATAGCATATGAAATTTGGGCACTTTGACGACAA

CEP-R 5-CATCGATAGCATGCTTAGCCCAATGTAACT TCT

BGL-F 5-GTACTAGACATATGATGCTGCTAAGCTTAAAAAACAC
TCA

BGL-R 5-GCATGCAGGATCCTTACTGCTGGTATTGGAAGCTAGT

1T
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Table 4.4: Strains and Plasmids

Strains or Plasmids Description Source
Escherichia coli Host Strains
KY KO11A lacy Sekar, et al. [9]
Plasmids
pHCE Amg', HCE promoter, ColE1 ori Takara
pBBR122 Amp ,.Cmf, T7, Rep ori Takara
pHCECEP pHCE vector containimgp94Afrom S. degradans This Study
pHCEBGL pHCE vector containinggl3Cfrom S. degradans This Study
pBBRG pBBR122 vector containitgdp This Study
pBBRGLACY pBBR122 vector containing theey-gfp fusion This Study
pBBRGCP1 pBBR122 vector containing ®B1-gfp fusion This Study
pBBRGCP2 pBBR122 vector containing ®E2-gfp fusion This Study
E. coli transformants
KY/pBBRG Expressing GFP This Study
KY/pBBRGLACY Expressing GFP-LacY fusion Shisly
KY/pBBRGCP1 Expressing GFP-CP1 fusion Thidys
KY/pBBRGCP2 Expressing GFP-CP2 fusion Thidys
KY/pBBRG/pHCECEP Expressing GFP and Cep94A is Study
KY/pBBRGLACY/pHCECEP Expressing GFP-LacY fusi@hCep94A This Study
KY/pBBRGCP1/pHCECEP Expressing GFP-CP1 fusiah@ep94A This Study
KY/pBBRGCP2/pHCECEP Expressing GFP-CP2 fusiah@ep94A This Study
KY/pBBRG/pHCEBGL Expressing GFP and BgI3C s Btudy
KY/pBBRGLACY/pHCEBGL Expressing GFP-LacY fuaiahBgI3C This Study
KY/pBBRGCP1/pHCEBGL Expressing GFP-CP1 fusiahBgi3C This Study
KY/pBBRGCP2/pHCEBGL Expressing GFP-CP2 fusiahBgi3C This Study
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CHAPTER S
EVALUATION OF A MINIMAL SET OF CELLULASESFOR CONSOLIDATED

BIOPROCESSING OF CELLULOSE

5.1 Abstract

One approach to reduce the cost associated withti-steh cellulose
bioprocessing is to develop a consolidated systemvhich enzymes are produced and
cellulose is hydrolyzed under conditions conduciee product formation. A key
component of this type of system is a system diileedle enzyme capable of extensive
and rapid hydrolysis of cellulose. Selection of mimal set of enzymes to achieve this
goal will result in a system low in complexity atiterefore much easier to understand
and manipulate. Three cellulases were selecte®HCiebm S. degradansand Cel9R and
Cel48S fromC. thermocellumand studied for their performance under conditions
physiologically relevant tde. coli. This system is shown to achieve upwards of 15%
PASC hydrolysis under at least half of the compasé# tested. Furthermore, optimized
mixtures used in a simultaneous saccharificatiacess using a whole cell biocatalyst
engineered for conversion of cellobiose to @@sebutanediol were capable of

converting 20% of the substrate to product in 7@reo

5.2 Introduction

In order to utilize cellulosic biomass in a codeefive way a consolidated

bioprocess in which cellulases are produced cedtls hydrolyzed and products are
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formed must be developed. The major bottlenechigsgort of process is often the slow
rate of cellulose hydrolysis by the enzymes produ&esearch has shown that complete
degradation of cellulose requires several typesnafymes acting simultaneously. Two
major categories of enzymes are responsible fordhyzing the cellulose molecule.
Endo (1,4) B-D-glucanases (EC 3.2.1.4) hydrolyze cellulosentdrnal regions of the
molecule and cellobiohydrolases (EC 3.2.1.19) hydeo cellulose by releasing
cellobiose from the chain end[1-3].

Engineering a microbial platform for consolidate@lldose bioprocessing
requires the development of a system of cellulassgsable of extensive and rapid
cellulose hydrolysis under conditions also suitdblefermentation[4]. It has been shown
that binary cellulase systems are capable of sigterglegradation of cellulose. These
studies have shown that the types of enzymes dsaw¢he enzymatic family to which
they belong are critical factors in achieving hagygrees of synergy. High synergy can be
observed between endoglucanase and cellobiohydretasymes[5]. Some studies report
synergy between two endoglucanases while almosgtstances of synergy between two
cellobiohydrolases have been seen[6]. Furtherntogh synergy is often seen between
family 48 and family 9 enzymes as well as betweenilfy 5 and family 6 enzymes. It has
also been shown that the relative abundance of eazyme in the mixture can alter the
hydrolysis rate and synergy drastically[7-10].

While hydrolysis using a cellobiohydrolase and aaglucanase enzyme has
been shown to be effective, addition of a secortbglucanase enzyme has the potential
to capitalize on both exo-endo synergy as wellnraeendo synergy to improve cellulose

hydrolysis rate and extent. In this study we preskata on the performance of a ternary
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mixture of Cel5H fromS. degradansand Cel9R and Cel48S frod@. thermocellum
during hydrolysis of cellulose undét. coli physiological conditions. This mixture is
capable of extensive hydrolysis in-vitro across idewange of enzyme compositions.
This performance translates well into in-vivo penfiance during a pseudo-consolidated
bioprocess to produce butanediol in abundance gddolyzing 20% of cellulose, an

extent never before reported.

5.3 Results

5.3.1 Hydrolysis of Cellulose by Three Cellulases

Sugars released during hydrolysis of 2% PASC bytunes of Cel5H, Cel9R, and
Cel48S at a range of enzyme ratios was measur@N3yafter 24 hours of incubation at
37 °C and pH 6.0. Extent of hydrolysis and enzymaittivity was calculated from
sugars released for each enzyme composition. A Iriziss ratio of Cel5H to Cel9R to
Cel48S showed the most extensive hydrolysis of b¥orphous cellulose at 22% total
hydrolysis. This 22% hydrolysis translates to atividg of 1.3 mU. All compositions
tested demonstrated > 5% hydrolysis of amorpholisil@ge. Additionally maximal
hydrolysis of binary interactions was observed watlB:1 composition of Cel5H and
Cel9R showed 16% hydrolysis at a rate of 0.95 mt) @ri:6 ratio of Cel9R to Cel48S

showed 16% hydrolysis at a rate 0.93 mU.
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Table 5.1: Activity, Extent of Hydrolysis, and Sygeg of a Ternary Enzyme Mixture
Acting on PASC

Fracton of Enzyme Activity Extent of Hydrolysis [y
Cel5H Cel9R Cel48S muU %
0.5 0.5 0 0.824 + 0.035 13.9+0.6 1.59
0.5 0 0.5 0.540 + 0.049 9.16 + 0.8 2.13
0 0.5 0.5 0.886 + 0.057 15.0+0.9 1.84
0.75 0.25 0 0.995 £ 0.015 16.8 +£0.3 2.46
0.25 0.75 0 0.842 £ 0.045 14.2+0.1 1.33
0.166667 0.833333 0 0.911 + 0.042 154+ 0.7 1.36
0.83 0.16 0 0.934 £ 0.015 15.8+0.3 2.59
0.25 0 0.75 0.465 + 0.022 7.89+0.4 1.98
0.166667 0 0.833333 0.398 + 0.058 6.75+0.9 1.74
0.75 0 0.25 0.501 £ 0.065 8.48+1.0 1.84
0.833333 0 0.166667 0.542 + 0.086 9.19+14 1.95
0 0.25 0.75 0.859 + 0.109 145+1.8 2.47
0 0.166667 0.833333 0.928 + 0.065 15.7+£1.0 3.05
0 0.75 0.25 0.595 £+ 0.016 10.0+£0.3 0.97
0 0.833333 0.166667 0.688 + 0.075 11.6+1.3 1.04
0.33 0.33 0.33 0.597 £ 0.035 10.1+0.6 1.44
0.5 0.25 0.25 0.975 £ 0.040 16.5+0.6 2.53
0.25 0.5 0.25 1.30 £ 0.033 22.0+05 2.60
0.25 0.25 0.5 0.704 £ 0.012 11.9+0.2 1.92
0.4 0.4 0.2 0.915 £ 0.002 155+0.1 2.00
0.2 0.4 0.4 0.663 + 0.024 11.2+0.4 1.50
0.4 0.2 0.4 0.687 + 0.025 11.6+0.4 1.95
0.714286 0.142857 0.142857 0.728 + 0.09Y 12.3+0.2 2.11
0.142857 0.714286 0.142857 1.09 £ 0.056 185+1.0 1.81
0.142857 0.142857 0.71428¢ 0.554 + 0.059 9.38 £ 0.6 1.83
0.090909 0.454545 0.454545% 0.891 £ 0.011 15.1+0.2 1.92
0.454545 0.090909 0.454545% 0.789 £ 0.032 13.3+0.6 2.65
0.454545 0.454545 0.090909 0.966 + 0.032 16.3+1.4 1.97
0.166667 0.333333 0.5 0.779 £ 0.006 13.2+0.1 1.92
0.333333 0.166667 0.5 0.702 £ 0.030 11.9+0.5 2.13
0.5 0.333333 0.166667 0.93 £ 0.029 15.7+0.5 2.17
0.166667 0.5 0.333333 0.839 + 0.005 14.2+0.1 1.70
0.333333 0.5 0.166667 0.887 £ 0.01Q 15.0+0.2 1.76
0.5 0.166667 0.333333 0.902 + 0.047 15.3+0.7 2.64
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Figure 5.1: (A) Extent of hydrolysis (%) and (B) giee of synergy of
Cel5H/Cel9R/Cel48S mixtures during hydrolysis of S\

While maximum cellulase activity was observed at2l ratio of Cel5H, Cel9R,
and Cel48S, maximal enzymatic synergy value ofv@8 observed with a 1:6 ratio of
Cel9R to Cel48S. The Cel5H/Cel9R binary system sitbmaximum synergy of 2.6 at a
6:1 enzyme ratio and the Cel5H/Cel48S binary sysshowed a maximum synergy of
1.9 at a 1:4 enzyme ratio. Maximal synergy for tdr@ary system of 2.65 was observed
for a 4:1:4 mixture of Cel5H: Cel9R: Cel48S. Allnopositions demonstrated a synergy
value greater than 1 with the exception of a 3:ttune of Cel9R to Cel48S showing a

synergy of 0.97..
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5.3.2 Removal of Cellobiose by a Whole Cell Biobatha

It is known that cellobiose inhibits cellulase &it}i[11]. Because of this any
system developed for consolidated cellobiose psigsmust be capable of rapid
conversion of cellobiose into product to enhaneeddllulose hydrolysis rate. In this case
we grew strains shown previously to rapidly coneeiftobiose into butanediol by using a
periplasmic  cellodextrinase and a cytoplasmic batlee phosphorylase
(MGLAP/pBBDO/pQECEP/pSTVCED) alongside a strain ieegred for improved
expression and secretion of Cel5H (BL21/sCelSHpgisihe native signal sequence of the
protein and a strong promoter to achieve high egthalar titers. As can be seen in
Figure 5.2 addition of the cellobiose consumingistresulted in increased hydrolysis of
cellulose by the Cel5H enzyme. The system with B&€#I5H alone was capable of
generating cellobiose to a final concentration @006 w/v while the system with both
BL21/sCel5H and MGLAP/pBBDO/pQECEP/pSTVCED genealgbeoduct such that at
least 0.27% wi/v cellobiose must have been gener&8eth systems reached maximal

hydrolysis after 96 hours.
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Figure 5.2: Cellulose hydrolyzed during fermentatad PASC by ¢) BL21/sCel5H and
(m) BL21/sCel5H + MGLAP/BDO

5.3.3 Fermentation of Cellulose

To test the performance of this ternary cellulaggtesn in-vivo fermentations
were carried out using a BDO producing strain. Aaist engineered for secretion of
Cel5H was grown in the same culture with a stramevipusly engineering for
cellodextrin fermentation to 2esobutanediol. PASC was added to a final
concentration of 2% wi/v along with exogenously prcetl Cel9R and Cel48S to generate
the following enzyme compositions based on enzywnactivities: (1) 1:2:1
Cel5H:Cel9R:Cel48S, (2) 3:1 Cel5H:Cel9R, (3) 1:95ELCel48S and (4) Cel5H alone.
Anaerobic fermentations were carried out and thienédion of BDO was monitored in
each case.

As can be seen in Figure 5.3 the ternary mixturenaiymes and the Cel5H/Cel9R
binary mixture produced 2 Besobutanediol and acetoin combined to a concentration

0.2% w/v while the Cel5H/Cel48S binary mixture ahe@ Cel5H alone produced just
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under 0.14% wl/v butanediol and acetoin. If a 100#otetical yield is assumed this

indicates the mixtures are capable of attaining 209 14% hydrolysis of cellulose,

respectively, after 72 hours.

0.12 -
5 g 0.1 -
82008
S
5%0%-
8 = 0.04 —e—Cel5H+Cel9R+Cel48S
580 —8-Cel5H + Cel9R
~ 80.02- —&—Cel5H+Cel48S

0 —e—Cel5H
0 20 40 60 80 100 120 140
Time (hrs)

Figure 5.3: BDO product generation during pseudasotidated bioprocessing of PASC
using #) Cel5H/Cel9R/Cel48S mixturem) Cel5H/Cel9R, &) Cel5H/Cel48S, ande(

Cel5H
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Figure 5.4: Total product generation during pseadosolidated bioprocessing of PASC
using @) Cel5H/Cel9R/Cel48S mixturem) Cel5H/Cel9R, &) Cel5H/Cel48S, ande()
Cel5H

5.4 Discussion

In this study the performance of a mixture of thdiéerent cellulases, Cel5H
from S. degradansand Cel9R and Cel48S fro@ thermocellunwas evaluated in-vitro
at physiological conditions as well as in vivo digrianaerobic fermentation. This has
given insight into the behavior of not only thentry system, but also into the three
different binary systems. Results show that a méxtf the three enzymes at a 1:2:1 ratio
of Cel5H to Cel9R to Cel48S can achieve maximalkblydis of acid swollen cellulose at
pH 6.0 and 37 °C. More interestingly over 50% & ttompositions tested were capable
of achieving greater than 60% of the maximum atgtivl his indicates extremely tight
control of relative enzyme amounts is likely unresaey to ensure good performance.

Furthermore, performance of this system is the twah&n Cel9R concentrations are low
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with extent of hydrolysis dropping below 10% wheal®R comprises less than 20% of
the mixture. This suggests that Cel9R must repteseme than 20% of the protein in
order to achieve desired performance of this system

The binary systems of Cel5H and Cel9R or Cel9R@eld8S are also capable of
achieving hydrolysis close to the maximum obsetvedever, the Cel5H/Cel48S system
achieves comparatively poor hydrolysis (<10% hyygbial when Cel9R is omitted). The
binary systems that include Cel9R are all capablachieving a maximum hydrolysis
rate roughly 75% of the maximum observed with #redry mixture. These are achieved
at a 3:1 ratio of Cel5H to Cel9R and a 1:5 ratioCefl9R to Cel48S (Table 5.1). It is
important to note that the composition of theseabyirmixtures has a much larger effect
on the hydrolysis rate than is observed with tmeatey mixture. It is seen in figure 5.1
that the Cel5H/Cel48S system especially shows i @grrease in hydrolysis rate as the
composition diverges from the maximum, likely doetlie lack of presence of Cel9R in
the mixture. The other binary mixtures appear toabéit more robust with major
decreases in performance seen only far away frerméximum composition.

All synergy values measured were greater than oitle @& maximum synergy
observed with the binary mixture of Cel9R to Cel48Sa 1:3 ratio. Interestingly, this
enzyme ratio has been observed during the growt.ahermocellumon crystalline
cellulose, suggesting that this composition isact ideal for maximal efficient cellulose
hydrolysis. Synergy is affected much more greattytiie composition of the enzyme
mixture, with most compositions showing synergy ueasl much lower than the
maximum. Maximum synergy by a system including talee enzymes, however, is

observed at a composition coinciding with the matiobserved hydrolysis (Table 5.1).
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Before using these systems in a consolidated faatien we were able to verify
that a whole celE. coli biocatalyst engineered for cellobiose consumptiprexpression
of a cellodextrinase (Ced3A) and cellobiose phosghse (Cep94A)
(MGLAP/pBBDO/pQECEP/pSTCED) was able to improve liyerolysis rate by Cel5H
being secreted by a different strain Bf coli (BL21/sCel5H). The addition of the
cellobiose consuming strain improved the exterASC hydrolysis by Cel5H by 35%
compared to the performance achieved with Cel5Haelolhis indicates that the
MGLAP/pBBDO/pQECEP/pSTCED strain is well suited fansumption of cellobiose
generated during a consolidated cellulose biopsotesemove a significant inhibitor of
cellulase activity.

A pseudo-consolidated bioprocess (PCBP) was desdlopsing E. coli
MGLAP/pBBDO/pQECEP/pSTCED for conversion of cellattens to BDO ancE. coli
BL21/sCel5H for expression and secretion of Celbkk other two enzymes, Cel9R and
Cel48S, were purified and added to the fermentatdmgenously. Both strains Bf coli
were grown simultaneously in the presence of PAGLRBDO formation was measured.
Using this ternary system of cellulases to prodsggars during a PCBP resulted in
significant product formation and hydrolysis oflaast 20% of the cellulose substrate.
This is achieved by both the ternary system as agelthe Cel5H/Cel9R binary mixture.
Hydrolysis by Cel5H alone as well as the Cel5H/@8ldinary mixture resulted in 14%
hydrolysis. This was achieved after 72 hours ofrblyis after which point, hydrolysis
seemed to stop. Hydrolysis may have ceased dubetalégradation of the cellulase
enzymes or possibly due to the exhaustion of safilesthat the enzymes are still capable

of hydrolyzing.
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This data, taken together, indicates that mixtwethe three enzymes studied,
Cel5H fromS. degradansand Cel9R and Cel48S froB thermocellunare capable of
extensively hydrolyzing a model insoluble, amorphaellulose substrate at conditions
suitable forE. coli fermentation. This can be accomplished over a walgge of
compositions removing the need for strict contrbtiee system. The hydrolysis rate is
high enough to facilitate product formation durifgymentation and generating the
highest product titers after only 72 hours. Maximimavivo hydrolysis reaches 10% with
both the ternary system and the binary system dagu Cel5H and Cel9R. To our
knowledge hydrolysis this extensive has not yenkaehieved in a consolidated process

in which cellulase and fermentation product is gatezl simultaneously.

5.5 Materials and Methods

5.5.1 Strains and Plasmids

All strains and plasmids used are listed in Tab& B. coli IM109 was used for
expression of Cel9R and Cel48S. Butanediol prodactvas achieved by the MGLAP
strain previously characterized [13]. All transf@tions were performed by heat shock at
42 °C for 30 s, followed by incubation in SOC metbha 1 h and then plated on LB

containing an appropriate antibiotic (ampicillinGL4@y/ml or kanamyacin 50g/ml).

5.5.2 Construction of pQTCEL9 for Cel9R expression

To construct the expression plasmid pQTCEL9, thdoglucanase gened|9R)
was amplified from the genomic DNA @lostridium thermocellunby PCR using two

primers, CEL9-F and CEL9-R (Table 5.3). PCR reastizere performed using iProof™
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High Fidelity DNA Polymerase (BIO-RAD). Melting tgrerature of 60°C and
elongation times of 105 seconds were used. Thidifpgene fragment was digested

with BamHI and Sacl and subsequently ligated if@d H vector to generate pQTCELDO.

5.5.3 Construction of pOTCEL48 for Cel48S exprassio

To construct the expression plasmid pQTCEL48, tiunglucanase gened|48S)
was amplified from the genomic DNA @lostridium thermocellunby PCR using two
primers, CEL48-F and CEL48-R (Table 5.1). PCR iieast were performed using
iProof™ High Fidelity DNA Polymerase (BIO-RAD). Melg temperature of 60°C and
elongation times of 105 seconds were used. Thiditpgene fragment was digested
with BamHI and Hindlll and subsequently ligated oinpQTH vector to generate

pQTCEL4S.

5.5.4 Protein Expression and Purification

Cel5H strain was induced in LB medium with 0.2 mNITG at 18 °C for 48
hours. JIM109/pQTCEL9C and JM109/pQTCEL48 strainseweduced in LB medium
with 1.0 mM IPTG at 37 °C for 24 hours. Cells wdrarvested by centrifugation at
5,000xg for 30 minutes resuspended to 10x condsmran PBS and lysed by
ultrasonication. Cel5H crude lysate was purifieddmpalt affinity using Cobalt Resin
(Clontech). Cel9R was purified by nickel affinitysing His-Buster Nickel Resin
(Clontech). Cel48S was purified by incubation at & for 30 minutes followed by

centrifugation at 16,000 x g for 5 minutes. Cel48®ained in the supernatant.
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5.5.5 Hydrolysis of PASC in vitro

PASC was prepared from Avicel by [13]. PASC waseatltb phosphate buffer
pH 6.0 to a final concentration of 1%. Enzymes wien added in varying ratios to a
final loading of 0.6mg enzyme/mg cellulose. Readiavere incubated at 37 °C with

shaking at 250 rpm for 24 hours. Sugars produced wmeasured by DNS method.

5.5.6 DNS Method

In order to determine soluble reducing sugar comagans, 100uL of sample
was added to 90@L of DNS solution. DNS solution was prepared atofaes: 0.75% 3,5-
dinitrosalycylic acid, 1.4% sodium hydroxide, 21.¢¥tassium sodium tartrate, 0.55%
phenol, 0.55% sodium metabisulfate, dissolved itew& hese mixtures were then boiled
for 5 minutes, centrifuged at 15,0009 for 5 minwad optical density of the supernatant
at 550 nm was measured. Reducing sugar concensatiere calculated using glucose

as standards.

5.5.7 Fermentation of PASC

The soluble Cel5H strain obtained from collabomsiteras inoculated into LB
containing 5Qg/mL and induced with 0.1 mM IPTG at 30 °C for 23uks. Extracellular
activities were measured before transferring 10aihtulture to a 20 mL scintillation vial
containing 0.2 grams of PASC. Purified Cel9R ant#8® were added to the same vials
to appropriate enzyme ratios to achieve a finalyemzloading of 0.6 mg enzyme/mg
PASC. These were then incubated at 37 °C anaetlybioa 24 hours. After 24 hours a
butanediol producing strain engineered for cellsbioonsumption that had been induced

by 0.2 mM IPTG for 20 hours at 18 °C was addedcewials to a final OD of 2.0. Vials
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were capped and incubated for 1 week at 37 °C sathpling occurring every 24 hours.

Butanediol formation was measured by HPLC.

5.5.8 Analytical Methods

Cell density (O and was measured at 600 nm on a UV/VIS
spectrophotometer (DU530; Beckman Coulter, USA)e Thncentrations of butanediol
were measured by HPLC (Agilent Technologies) imsgnt equipped with an Aminex
HPX-87H column (Bio-Rad). 5 mM 30, at a flow rate of 0.4 ml/min was used as the

mobile phase.
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Table 5.2: Strains and Plasmids

Strains or Plasmids

Description

Source

Escherichia coli Host Strains

JM109
MGLAP/BDO

Plasmids
pQTH
pBBR122
pQTCEL9
pQTCEL48

E. coli transformants
JM109/pQTCEL9
JM109/pQTCEL48
BL21/sCel5H

Expression host for recombinant propggdbduction
Butanediol producing strain enginekfer cellobiose

metabolism

Amg*, T5, ColE1 ori, N-terminal TAT sequence

Amp ,.Cmf, T7, Rep ori

pPQTH vector containingel9Rfrom S. degradans
pHCE vector containirggl48Sfrom S. degradans

Expressing Cel9R
Expressing Cel48
Expressing Cel5H
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Sekar, et. al.[15]
Rutter et. al.[12]

Takara
Takara
This Study
This Study

This Study

This Study

This StudyA@m Dr. Kim
at Korean Institute of
Advanced Technology



Table 5.3: Primers for expression of cellodextrengsnes in E. coli

Primer DNA Sequence

CEL9S-F 5'- GCGATTGGATCCGCAGACTATAACTATGGAGA

CEL9-R 5'-GGCGCCGAGCTCGTATGAATAGTCTGTAGA

CEL48-F 5'- GCATACTAGATCTATGAACAATAACGATCTCTTTCAG

CEL48-R  5-ATAGTACAAGCTTTCAGTGGTGATGGTGATGGTGGTGGTT
TTGTACGGCAATGTATCTA
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CHAPTER 6
CONCLUSIONS SIGNIFICANT CONTRIBUTIONS AND FUTURE

DIRECTIONS

6.1 Conclusions

The work presented in this dissertation has accsimgd the three major
objectives stated in the introduction: (1) charaz&ion of a new cellodextrinase enzyme
capable of hydrolyzing a wide range of cellooligesnand its application to improved
fermentation of sugars produced during enzymatilcilose hydrolysis, (2) selection of
proteins suitable for the transport of cellobiosdgoiE. coli during consolidated
bioprocessing and (3) development of a minimaladetellulases capable of extensive

cellulose hydrolysis.

6.1.1 Characterization of a Cellodextrinase andgglication of Improved Fermentation
of Relevant Sugars

Complete characterization of Ced3A, a cellodeasenfromS. degradan$l], as
it pertains to cellulose metabolism was complekadetic analysis showed this enzyme
was capable of generating glucose from cellooligsmanging from DP 2 up to DP 5.
The protein both with and without its native N-tamal signal sequence was studied to
determine the role of the lipobox containing leapeptide[2]. It was determined that the
native signal sequence was recognizedtbgoli, resulting in translocation of the enzyme
across the inner membrane into the periplasm. Rahwaivthe signal sequence from the

gene caused the enzyme to remain within the cysapldurthermore, only when the
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enzyme was expressed in the periplasm werecoli strains capable of growing on
cellobiose or a mixture of cellodextrins as theesmrbon source. This suggests that not
only are cellodextrins able to diffuse through theer membrane d&. coli but also that
this diffusion rate is rapid enough to allow getieraof glucose by the cellodextrinase at
a rate adequate to support cell growth. Fermemtatfocellobiose and cellodextrin by
similar product forming strains led to lactic aeidd 2,3mesobutanediol yields upward
of 80%.

While expression of cellodextrinase alone broadghe substrate range Bf coli
to include cellobiose and longer cellodextrins, abetism of cellobiose was much slower
than longer oligomers, resulting in incomplete aonption of cellobiose, leaving behind
up to 60% of initial cellobiose provided during rfegntation. Because cellobiose
represents the major product of cellulose hydrelysis critical that it be metabolized
rapidly. To remedy this, the expression of cellddaase was coupled with expression of
a cytoplasmic cellobiose phosphorylase (Cep94A} Has been shown to have high
activity on cellobiose.E. coli expressing both Ced3A and Cep94A was shown to
completely metabolize cellobiose 10 hours soonem thvhen Cep94A alone was
expressed. This improved cellobiose metabolismmaltely led to more rapid product
formation with 60% more BDO present after 24 hafriermentation.

Additionally, we were able to show that conversimicellobiose into glucose
within the cytoplasm allows cells to ignore cataeolepression that would otherwise
occur when glucose is generated extracellularlymiatations of cellobiose/xylose
mixtures showed that both cellobiose and xyloseewsemsumed simultaneously while

fermentations of glucose/xylose mixtures showedsitadiauxic behavior. Furthermore,
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when fermenting 2% total sugar the cellobiose/xylosxture was completely consumed
while roughly half of the initial xylose remainedrthg fermentation of a glucose/xylose
mixture. Cellobiose and xylose, taken togetherresgnt upwards of 70% of sugars that
would be generated from cellulosic biomass andr tbemplete utilization is critical.
Furthermore, myriad cellular processes are affebiedatabolite repression [3] and the
ability to ignore this phenomenon has the potenttaldrastically improve product

formation during consolidated cellulose bioprocegsi

6.1.2 Characterization of Three Cellobiose Perngase

Three transport proteins were identified to bdobébse permeases suitable for
cellobiose transport during fermentation. LacYtdse permease, frofa. coli [4]and
two proteins never before studied frddn degradansCP1 and CP2[5], were shown to
transport cellobiose across the cell membrani. afoli. Evaluating the kinetics of each
protein showed that LacY and CP1 had Vmax and Kiwegaof 0.03 Units/min/mg and 3
mM respectively while CP2 had a Vmax of 0.002 Uniis/mg and a Km of 0.04 mM.
Furthermore, when coupled with a cytoplasmic cedleé individual expression of each
of these proteins ik&. coli allowed consumption of cellobiose leading to getiwth and
product formation. Interestingly, the identity dfet cytoplasmic cellobiase determined
which permease protein allowed for the best sutesttansumption and cell growth.
When coupled with a cellobiose phosphorylase alingase proteins grew and consumed
cellobiose at the same rate. When coupled witglucosidase, however, LacY
outperformed the other two proteins. The catalgticciency of CP2 is ten times higher

than the other two proteins which indicates thdbwatcellobiose concentrations that will
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be generated during consolidated cellobiose prowps3P2 is likely more suitable for

this type of bioprocess than the other two perngeeakaracterized in this work.

6.1.3 Development of a Minimal Set of Cellulases@onsolidated Bioprocessing

Successful hydrolysis of acid-swollen cellulose@tditions amenable fdt. coli
growth and fermentation was achieved both in-vénal in-vivo by the three cellulases
Cel5H from S. degradangd6] and Cel9R [7] and Cel48S [8]fror@. thermocellum.
Together in a 1:2:1 ratio of Cel5H:Cel9R:Cel48Ssthenzymes hydrolyzed 22% of acid-
swollen cellulose in 24 hours in-vitro. More impantly, over half of the enzyme
compositions tested were capable of achieving 7506the maximum observed
hydrolysis. This broad range of compositions thlabvs performance close to the
maximum indicates that tight control of enzyme cosifion, which can be difficult to
achieve in-vivo, is not critical for performancetbé cellulolytic system.

High hydrolytic activity in-vitro was easily trarskd into in-vivo performance.
First, we demonstrated that the previously engageastrain capable of rapid conversion
of cellobiose to butanediol, when grown in binagjtare with strains secreting Cel5H,
was able to increase cellulose hydrolysis by u@5& compared to hydrolysis by the
Cel5H strain alone. Next, this binary system of lghoell biocatalysts was used to
evaluate the in-vivo performance of the optimum dibons observed in-vitro. The
optimized ternary mixture outperformed the Cel5Sbhal as well as the binary mixture of
Cel5H and Cel48S. The performance of the Cel5SHR &hary system however, was on
par with the ternary mixture. Top performers weepable of conversion of 20% of

cellulose to product. Optimized ternary mixture<Cef5H, Cel9R, and Cel48S as well as
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binary mixtures of Cel5H and Cel9R are capablexpéresive cellulose hydrolysis in a
consolidated bioprocess to generate valuable binjuts.
6.2 Significant Contributions

This dissertation provides significant contribugoto the development of cost-
effective conversion of cellulose to valuable bamprcts. First, arE. coli whole cell
biocatalyst for conversion of all cello-oligomersoguced during enzymatic cellulose
hydrolysis, from cellobiose all the way to cellopzse, to the bioproducts ethanol, lactic
acid, and butanediol was developed. This was aetidwy expression of only two
enzymes, a cellodextrinase and a cellobiose phoglse, neither of which were
secreted from the cell. This leads to generatioglotose within the cell which allows
cells to ignore catabolite repression that wouldsben if glucose was produced. This
enables coutilization of xylose and glucose eqent in the form of cellobiose. This
catalyst was shown to work in tandem to improvelutede hydrolysis in-vivo by
removing cellobiose, a major cellulase inhibitoon the culture medium.

This dissertation also expanded on the knowledigensport of cellobiose across
the cell membrane. Three permeases LacY fiéncoli and CP1 and CP2 fror8.
degradanswere shown to have affinity toward cellobiose. t&ése three CP2 had the
highest catalytic efficiency, likely making it idefar use in consolidated bioprocesses in
which transient cellobiose concentrations will ywlow. Furthermore, expression of
each of these proteins along with a cellobiase mezy E. coli caused rapid growth and
fermentation of cellobiose. Each protein allowednptete consumption of cellobiose
after only 36 hours. When compared with an average of cellobiose generation by

cellulase enzymes (0.22 %w/v produced in 24 hatis)apparent that cellobiose uptake
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and conversion, as high as 0.7 %w/v consumed ino24s, is adequately rapid so as to
not be the rate-limiting step of the consolidatexplocess.

Finally, this dissertation contributes to the kiedge of systems of cellulases as
applied to rapid cellulose hydrolysis. We have destiated a minimal system of three
cellulase enzymes capable of rapid and extensiMglase hydrolysis at conditions that
match the optimal fermentation conditions Ercoli. Cel5H, Cel9R, and Cel48S, when
acting in unison are capable of extensive hydrslgdicellulose across a wide range of
compositions. Furthermore, when this system is used consolidated bioprocess in
which enzyme production, cellulose hydrolysis, gwdduct formation are achieved
simultaneously, cellulose is hydrolyzed rapidly eglo to allow significant growth and
product formation byE. coli. This represents the first time that a ternarytesysof
cellulases has been used in a consolidated bicggsagé¢hE. coli

Together, this dissertation presents improvemtntl three major components
required for consolidated cellulose bioprocessiogllulose product and hydrolysis,
transport of the hydrolysis intermediates, and eosion of those intermediates into
valuable products. Our advancements in all threthe$e processes operate effectively
individually but more importantly they have beemwh to operate in tandem under the
same process conditions such as temperature, pHdigaolved oxygen. As such we
have developed novét. coli biocatalysts that constitute a consolidated biogse in
which multiple cellulase enzymes substantially loygirte cellulose which leads to

formation of a variety of valuable bioproducts.
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6.3 Recommendationsfor Future Directions

Three objectives were accomplished in this diasert: (1) characterization of a
system for metabolism of intermediates of enzymatédlulose hydrolysis by a
combination of two enzymes, (2) identification bfde proteins suitable of cellobiose
transport, and (3) characterization of a minimalaseéhree enzymes capable of extensive
cellulose hydrolysis both in-vitro and in-vivo. @andicates that these three components,
when acting in concert, can be used to producerdiyets during fermentation in a
consolidated bioprocess using cellulose as the smbgtrate. However, in this instance
performance on only a single substrate, phosphacid swollen cellulose, a model
amorphous cellulose substrate was characterizedlitigwially, only one cellulase,
Cel5H, was produced endogenously while the other pwoteins, Cel9R and Cel48S,
were supplemented into the consolidated systemur&utirections into further
developing this system toward a completely conatdid bioprocess involve exploration
of performance on other substrates, developmertrains for high level secretion of
Cel9R and Cel48S, and evaluation of the three p@mers during consolidated
bioprocessing. Furthermore, characterization o$ tystem has offered insights into

critical elements in the development of other ctidated bioprocesses.

6.3.1 Perfor mance on a Range of Substrates

As mentioned previously, cellulose requires pedtreent before it is optimally
suitable for hydrolysis by enzymes. While extengvetreatment can almost completely
convert biomass into monosaccharides, the cleaaogssary after these processes makes
them unattractive. PASC represents a model amogploellulose substrate but it is

unfortunately generated through acid treatment wlaind as such requires subsequent
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cleaning steps before it is suitable for fermeotatiWhile valuable insights can be
obtained from studies done with PASC applicatioradystem to an industrial process
requires adequate performance on more realististsibs such as Avicel arcellulose.
Although both of these substrates have much higtystallinity than PASC they require
no form of chemical pretreatment to generate ared rapre ideal for consolidated
bioprocessing on the industrial scale. Because83has an exo mode of action it has
low activity on amorphous cellulose and as a resalk with PASC has shown, both in-
vitro and in-vivo, that Cel48S has a minimal cdmition to hydrolysis. By increasing the
crystallinity of the substrate by usingcellulose (40% crystalline) or Avicel (100%
crystalline) it is likely that Cel48S will play ancreasingly important role in achieving
extensive hydrolysis. As one of the three enzymesoimes more important, the
landscape of the activity-composition map will charand more importantly, the range
over which high levels of hydrolysis can be achéeweay be reduced. Additionally, due
to the increased recalcitrance of crystalline dedle, hydrolysis rates are likely to
decrease. Exploration of the behavior on less gaetd substrates is critical for providing
insight into the capacity for this system, and cthiée it, to perform in a completely

consolidated cellulose bioprocess.

6.3.2 Engineering E. coli for Secretion of Cellulases

A critical step in successful consolidated biogssng of cellulose is secretion of
high amounts of protein by the whole-cell biocasalyVhile it is difficult to achieve high
secretion irE. colidata here demonstrates a strain engineered faetgerof high levels
of Cel5H secretion can be used in consolidatedrbmgssing to convert cellulose into

valuable bioproduct. This strain, obtained from ladmbrators, was engineered for
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improved secretion without any major changes togireome or metabolism and is able
to achieve hydrolysis levels significantly highéan those previously reported during
consolidated bioprocessing. Success in secreti@chgeved, in this case, by use of a
foreign signal sequence that is recognized by #tev@E. coli machinery. These results

indicate that successful development of strainglskgpof secreting Cel9R and Cel48S in
large quantities is possible.

There are two potential approaches for improvenoémellulase expression and
secretion. The first approach is manipulation afedEe elements to improve expression.
Options include exploring the use of consituitive, inducible promoters as well as
altering the ribosomal binding site to increaseregpion. The second approach involves
altreration of signal sequences to accelerate acreSignal sequences from many
different species and proteins can be matched pribheins to identify sequences that
result in high secretion frork. coli. Armed with strains capable of secretion of the
Cel5H, Cel9R, and Cel48S cellulases a truly codat#id process in which all cellulase
enzymes are produced by the same strains resperisibtellodextrin fermentation to

product can be realized.

6.3.3 Evaluation of Cellobiose Per meases

A major challenge associated with developing cormepts of a system for
consolidated bioprocessing is the difficulty in neking the conditions present in a
consolidated bioprocess without all the necessargponents working in tandem. This
makes evaluation of the individual components \ffycult. More specifically, because
hydrolysis intermediates will be consumed as they produced, concentrations of

cellodextrins in a consolidated system will remaary low throughout the course of
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fermentation. Characterization at higher substcatecentrations is certainly useful for
identifying which permease proteins are respondibtetransport of individual sugars,
however, little can be gleaned regarding their biEhaat lower concentrations. All data
presented in this dissertation regarding cellobjmsenease proteins was collected using
relatively high levels of sugar substrates and s sthe results may not be directly
translatable into performance while transient sugarcentrations are as low as can be
expected in during CBP. By combining the existiggtesm for cellodextrin metabolism
with the cellulase secreting strains to be developbove, the performance of each

permease protein under true CBP conditions cavaleated.

6.3.4 Future Directions for Consolidated Biopr ocessing

6.3.4.1 Realistic Evaluation of System Performance

The work presented in this dissertation shows #htgrnary mixture of cellulase
enzymes can rapidly hydrolyze a cellulose substiehtés is achieved by high levels of
expression and secretion of recombinant proteirega @2lso indicates that after some
time, generally after 36 to 48 hours, the rate eflutose hydrolysis slows down
substantially. The cause of this phenomenon isoybe completely understood however,
several factors such as reduction in recombinaotepr expression efficiency, exhaustion
of usable substrate, and degradation of enzymeshefmexplain the loss of activity.
Keeping this in mind, it is suggested that instebdvaluating the degree of hydrolysis or
product formation after long time (greater than B6urs), a better metric of the
performance of a system can be obtained from thialinate data (first 24 hours). This
time frame represents a much more reasonable tiate fr industrial applications and it

would be relatively simple to invoke many of thexsuonly used engineering practices
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such as recycle and in-situ product capture totalge on the relatively fast initial
hydrolysis rates compared to those observed im fsges of fermentation. Over these
shorter time frames it is much easier to prediad aontrol the composition of the
celluloytic system and rates of formation of grova§sociated products will be higher,

both of which are critical for optimal fermentatiparformance.

6.3.4.2 Development of Systems for CBP of Celluldseicellulose Mixtures

Work in presented in this dissertation is donényitire cellulose and the products
of cellulose hydrolysis alone. A realistic consatied system would more likely use a
much more complicated substrate containing more tme of the major components of
lignocellulosic biomass. In this process a widayawof different sugars will be produced
including mono and oligosaccharadies of glucosdpsey mannose, arabinose, and
galactose as well as many organic acids. In omenaximize carbon flux through the
microbial catalyst used in this system, coutiliaatiof sugars is likely necessary. One
way to facilitate this is to metabolize oligomeespecially those of glucose, within the
cytoplasm to reduce the potential for catabolifgression of sugar utilization pathways
by other sugars. By generating glucose and/or eylaishin the cytoplasm, the microbe
will metabolize those sugars without repressing uptake and metabolic pathways for

other sugars or carboxylic acids present.

6.3.4.3 Control of Cellulolytic Systems In-Vivo

It is well known that the composition and relatiseundance of cellulases in a
mixture can drastically alter the cellulose hydsidyrate. The system presented in this

dissertation was capable of hydrolysis close to rtieximum over a broad range of
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compositions, however, a 25% increased performav&e observed at the optimum
compared to nearby compositions. The behavior ss igeal substrates or by different
cellulolytic systems may show an even more dradifierence between the optimum
compositions and those nearby. Maintaining opematib our system as close to the
maximum as possible will generate more rapid cafhonand product formation by the
whole-cell biocatalyst. This maintenance requiighttcontrol over relative amounts of
protein present in the extracellular space.

A lot of work has been done identifying the adtes of cellulase enzymes and
how they work on various substrates both indivijuahd in concert. Optimal enzyme
compositions have been identified in-vitro, howewe+vivo studies make no attempts to
control relative expression levels. Many tools e#isit have the potential to help control
relative expression levels, and many tools candweldped to do so as well.

Targets for regulation of protein expression eatdhe genetic, transcript, protein,
and metabolite level. Different types of promoterduding constituitive, inducible, and
repressible types are known to have different gttem One potential approach to
controlling relative levels of proteins is to useomoters with relative strengths
corresponding to the desired relative abundanceash protein. Promoters must be
selected carefully because some are known to kakyleresulting in poor control of
transcript levels[10]. Another tool for controllingrotein expression is the ribosomal
binding sequence present in the mRNA transcriptciMiike promoters, RBS can have
different relative strengths rising from factorcslas binding strength RNA secondary
structure[11]. Another technology that can be usecbntrol relative expression levels is

the construction of gene fusions. By fusing copiésgenes downstream of a single
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promoter in the same ratios we hope to attain antbagroteins we can guarantee that
the ratio is maintained at least at the transdéenpel. This is likely to be most valuable in
systems where desired enzyme-to-enzyme ratio®aras achieving higher ratios would
require a prohibitively long RNA transcript.

One final opportunity for engineering a control teys for protein expression
level lies in responding to the products of eachyare’s hydrolysis. This system would
be much more complicated than the others mentiteedl as it would require discovery
or development of signal proteins responsive taifipecellooligomers and a cellulolytic
system in which each cellulase has a product prafiique enough to distinguish it from
the others. Additionally, this approach would requa cellodextrin metabolism such as
the one developed in this dissertation in whichcgde is generated intracellularly as
extracellular depolymerization of cellodextrin widmove the capacity for sensing. If all
above conditions are met, expression of each prateuld be under control of a
promoter that responds positively to the produéta different protein in the system. A
transient increase in one enzyme’s products cabgeth increase in abundance of that
protein will induce a signal to increase the exgi@s of other enzymes to maintain the
desired balance. Furthermore, all of the approaahdgsechniques mentioned above can
potentially be combined to create a more senstivdynamically responsive system to
improve control of relative expression levels.

The suggestions mentioned here have the poteatiaigrove, in the short term,
the system for consolidated cellulose bioprocessiageloped and presented in this
dissertation. Additionally we have offered reswdtswell as suggestions that will allow

for improvement of any CBP systems that may bagfest in the future.
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