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Abstract

Lignocellulose is one of the most abundant carbon sources in nature. This naitcating
substance is an underutilized source of bioenergy. A rbajtleneck in biofuel processing is the
enzymatic hydrolysis of lignocellulose into its ultimate fermentable product, glucose.
Cellulomonas fimis a weltstudied soil organism known for its capabilities to efficiently
hydrolyze celluloseRecently sequared genomes d@ellulomonas fimandCellulomonas
flavigenahave allowed analysis to reveal previously unidentified cellulases from several
glycosice hydrolase (GH) familiesThis studyalsoincludesthe expression o$ecreteaellulases
from families GH5, 6, am 9 at theprotein levelby the native organism after growth in media
supplemented with carboxymethylcellulose or soluble xyarder to find enzymes with novel
gualities, the loning and expression of these newdgmtified cellulases fror@. fimi andC.
flavigenawere doneOne of these enzymes is Celf 1230 (Cel6C), a putative cellobiohydrolase
from the glycoside hydrolase family 6. Using substituted cellulose derivatives as substrates, we

have characterized Celf_1230 to be a thermostablevenzyth endoglucanase activity.
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Chapter 1

Summary



Lignocellulose is a abundant organic compound that is currentiygaly underutilized carbon
source thahas potential for biofuel productioBnzymesare necessary for the saccharification
of cellulose into oligosaccharide=llobiose, and ultimately into glucose for downstream
fermentationin nature, cellulose decompositioreishieved through the actiaf cellulase
enzymes frommicroorganisms like fungi and bacteria. These organisms are responsible for the
recycling of carbon that is trapped in the terrestrial biosphiéues, the glycoside hydrolases of
interest, which are necessary for the completeatkzgion of this substrate, are: erud,4-
glucanase¢éendoglucanasesgxob-1,4-glucanases (cellobiohydrolasels)glucosidasesand the
corresponding enzymes that act on hemicellulosic subst@##glomonaspp. potentially
possess the key enzymes to improve industrial productiompfdauctsAnalysis of the

recently sequenced genomesofinobacteri€ellulomonas fimandCellulomonas flavigena
havereveakdpreviously unidentified cellulases of several glycoside hydrolase (GH) families.
Thisthesisfocuses on expressi@md charaerizationof recombinanglycosidase&rom families
GH 5, 6, and 9. Thipermitted me tanvestigate uncharacterized erdldlL -gldcanases and
cellobiohydrolases. Moreover, GH 5 andr@large familieswith diverse substrate specificities

that are of interedbr biomass utilization

In Chapter 2biomass is introduced arikde composition ofignocelluloses discussed in detalil.
Additionally, cellulosic substrates usedresearctareexplained and compare@dditionally,
glycoside hydrolases, specifically those that act owloslic substratesare discussed in this
chapter This detaildiscussinghe mechanisms utilized by these enzymes. Celkgeasducing
organismarebriefly comparedn Chapter2. Furthermore,His chapter introducethe traits of
the Cellulomonasspp for a complete profileChapter 3 presentee complete materiand

methods for the entire thesBGhapte presentshe results of the thesis. This includes



bioinformatics, proteomic and RFCR data and procedures used to elucidate the expression of
cellulases fronC. fimi andC. flavigena Information gathered frorthis, along with genomic
analysisprovided an initial screen for targets to be cloned, expressed, and purified for detailed
characterization of enzymatic activiggmong the dozens of genes that were cloned, there was
one successful and interesting celkd Celf_1230. The expression, purification, and
characterization of this enzyme is the subjed¢hefsecond half of Chapter Bhe last chapter

will focus on the future perspectives that can be pursued to complement the work that is

presented here.



Chapter 2

Introduction



2.1 Biofuels

The decreasing global reserves of fossil fuels and the exponential increase in daweand
necessitated the search for alternative sources of energy. In particular, l@ofoels of the
popular options for renewabémergy for several reasons. First, biofuels are readily introduced
into our current energy infrastructure duehesimilarity to fossil fuels. In fact, contemporary
fuel is already supplemented with as much-49% bioethanol in certain geographic 2
Also, slight modifications to combustion engines can allo&machiney to run on 85%

biofuels today’. Secondly, its liquigbropertyallows energy to be stored and transported for long
durations and dtances. This is in contrast to the limitations of the energy grid of other
alternative solutions (i.e. hydro, wind, and solar energy). Biofuels can be subcategorized into two
broad categories. Contemporary biofuelseaitieer sugarcaner starchbased; wile second
generation are based on lignocellulosic starting matditie.intrinsic diffeence between the

two feedstockss their characterization adpha and betacarbohydrates, respectively.

Contemporary (first generation) biofuels poses two probidtinst, existinguppliesof starch

raw materials are insufficient to meet increasing derh&etondly, they are a controversial
resourcedr biocorversion due to rising food codt$lowever relative to starch, lignocellulose is
difficult to process due to its composition of lignhemicellulose, and crystalline cellulose. For

this reason, contemporary biofuels continue to be the choice of biofuel producers.

Production of lignocellulose biofuel (next generation) requires three fundamental steps:
Pretreatment of lignocellulose; dnplysis/saccharification of loaghain carbohydrates; and
fermentation of monosaccharides into ethdn®ne of the major bottlenecks in lignocellulose

processing are enzyme production and saccharification, which is the hydrolysis of cellulose and



hemicellulose intdheir respective fermentable sudars a result of the current pretreatment
methods, the industrial bioconversion of cellulose into ethanol is currently uneconomical and
unfeasible due to the ladft inexpensive efficient biocatalysts that can perform at harsh

conditions*®,
2.2 Starch

Starch a source of firsgeneration biofuels a carbohydrate macromolecule compaosed
amylopectin andraylose®. Amylose isa linear polymer made &f1,4 linked Dglucopyranosyl
monomersOn the other hand, amylopectin is a polysaccharide composgtl, 4fglucan chains
thatbranches with}1,6 linkagesn a clustetlike design®. Amylase (EC 3.2.1) hydrolyzes
amylose & amylopectin bgither acting at random sites or from the meducing endo
ultimately produce maltose, which is a disaccharide of glucose molecule}ib,4n
configuration’. Amylase has huge economic and industrial impact, which makabout 30%

of the worl doés® enzyme producti on
2.3Lignocellulose

Plants contain 99% of the carbon found in living organisms, approximately 27 tods”.
Lignocellulose is a highly abundant organic compound from plant biomass that is underutilized
in the rising efforts towards renewable green en&fgy*** There are rich sources of
lignocellulose from agricultural residues and industrial waste, which makes it an excellent
alternative compared to biofuel from food crpkignocellulose is made up of three significant
substance@~igure 1): Cellulose makes up the core and acts as the framework; Hemicellulose

surrounds the cellulose as a matrix component; and Ligniresslaent encrusting substance that



gives wood its hardy characteristiccan be extrapolatethat about 40% of the plastarbon is

bound in cellulose, 30% in lignin, 26% in other polysaccharides
2.4Plant cellwall

The fundamental organization lofindledcellulose ighe elementary fibril. A crossectional

view of an elementary fibril shows that it could contain roughly 40 cellulose chajgsegates

of elementary fibrilsare covered by heigellulose and lignirt®. These micelles then form highly
orderedcellulose microfibrils and its width can vary between different materiafsThese
microfibrils are indefinite in length and are linked laterally into lamellae that form different cell
wall layers'®. The conceptual organization of the cell wall contains a thin primary outer layer
and three secondary layéfsThese layers are differentiated from one another based on the order

and orientations of the microfibrils.
2.5Lignin

Lignin accounts for roughly 30% of the organic carbon found in the biosphere, which makes it
the seconanost abundant biopolymér existence®. Here, the importance of lignin lies within
understanding the pretreatmergthiods and innovations for processing efficiency. However, due
to its carbon content, lignin itself is actually a source of potential energysasfial chemical

components.

The lignin architecture is fundamental for the structural integrity of the cdlbwdlthus the

rigidity of the wood". Likewise, the structure and constitution of lignin makes it highly resistant
to degradaon and enzymatic action. It istereedimensionaracemic aromatipolymer with an
irregular and disordered branching structlif® Its configuration is a random combination of
phenylpropanghydroxycinnamyl alcohol] units ggoumaryl, coniferyl, and sinapyl alcohols)

7



that differ in their degree of rtteoxylation*>*® However, studies in the past decade show that

there are other monolignols involved aside from the three aforemenfibeegipropanoids>.
2.6 Hemicellulose

Hemicellulose is a heterogeneous polysaccharide that has a complex structure made up of
polymers of different sugars. Depending on the plant material, hemicellulose will have varying
content ofpentoses (xylose and arabinogexoses (gicose, mannose, and galactosepar
acids and deoxysugars-®. For hardwoods, the primary hemicellulose component is xylan
(polymerof xylose), while softwoods containh&teropolymer such agucomannamand
arabinogalactans'®!’ Hemicelluloses differ from celluloses by containing shorter chains and
significant branching of these chathén particular, xylan is comprised of a homopolymer
backbone of xylose that is interlaced with an irregular patterr®ethylglucuronic acid
sidechains as well as traceslodmnose and galacturonic alid'hese sugaacid molecules are
suggested to be the reason for alkali resistance of hiétose **"* Furthermore,

hemicellulose serves as the link that connects the lignin golgmd the crystalline cellulose to

create a more rigid complé%

Among the three main components of lignocellulose, hemicellulose is the most-tte¥mal
sensitive componert. During pretreatment, the sidegroups of hemicellulose reacttfiestthis

is followed by reactionwith the backbone
2.7Pectin

This polymer is aninor component ithelignin-hemicellulose network #t encapsulates the
microfibril structure?’. The pectirpolysaccharide iamatrix component for plant cell wét. Its
structure is made upf alternatingblocks of copolymergbranched or unbranchedjhe

8



branched block has a main chain that is comprised of galacturonan subunits and interlaced &
bent by rhamnose units with various sidechains (arabinose and/or galatiessgcond

copolymeris unbranche@nd is madeip of a galacturonan backbofte
2.8Cellulose

At the center of each microfibril is a core of dengahgked crystalline cellulose, a linear
polysaccharide df-1,4-linked D-glucose subunifs The dry portion of plant material can be
composed of 4@15% of cellulosé’. Furthermore, the cellulose chain has a reducing and non
reducing end. The Oigroup at the C1 position has reducing properties due to the pyranose ring
formation creating an adthyde hydrate group at one ehdhe norreducing end of the cellulose

chain is an alcoholic hydroxyl group at the C4 position.

In order to further appreciate the structure of the cellulose polymer, it is crucial to understand its
biosynthesisCellulose synthase (a specific glycosyl transferase) acts in a processive manner by
adding two-D-glucosesrom UDP-glucoseto the growing chaif®. The twoby-two addition of
D-glucose molecules removes the need foelulose primer; and maintains the tiadd screw

axis shaped by the repeating cellobiose (disaccharidefuRimdamentally, the repeating unit

of cellulose is a cellobiose unit. The adjacent glucose molec@gsiaed by elimination of one
water molecule between their hydroxylic groups at carb@@l1}and carbon 4C4) of the first

and second unit respectiv@ljrheb-linkage requires the second glucoset to rotate 180°

aroundthe C1C4 axis(Figure 2). This allows the linear chain to maintain a single plane

arrangementAn Ulinkage would lead to a helicalfmation as observed in amylose.

Moreover, the cellulose fibers have a strong tendency to iftira and intermolecular hydrogen

bonds, which intensifieits supramolecular structtfeThe cellulose synthase polymerizes



adjacent glucan chains in close proximity that encouragetatization®. A structure called the
terminal complex is found at the growj end of themicrofibril. The variations of the terminal
complex are responsible for producing different niisists of crystalline cellulogé Segments
of the nativecellulose core are amorphous regions that lack hydrogen bosaihare more

susceptible to enzymatic hydrolysis.

Crystalline cellulose has been investigated brya)X diffraction to solve for its structure. Native
cellulose (cellulose 1) have their chains orgad in a parallel orientatioH. In contrast,
regenerated cellulose (cellulose Il) has a staggered and antiparaii¢hton. Cellulose | is
converted into cellulose Il by alkali swelling, which introduces more hydrogen bonding and
defoms the latticé’. Cellulose Ill and IV are formed when | and Il are exposed to heat and

chemical treatment¥.
2.8.1Cellulose as a substrate

Pretreatment of natural substrates required the delignification of the plant material. The product
achieved after deligfication is called holocellulose. Ideally, this process should completely
remove all lignin material without chemically modifying or hydmhg the polysaccharide

inside®. For research purposehge two most common methods for delignification are

chlorination (then alcohol extraction) and acidificatfoMultiple investigators have modified

these processes to obtain hemicellulose andlos# that are less unaffected. Factors that were
considered include reaction temperature, time, ctanimount, and pH of solutidn

Lignocellulose pretreatment is a vast subject matter on msamat will not be further discussed
here. Detailed descriptions are given in the following review art{elgs Fan et al., 1982;

Hendriks & Zeeman, 2009; Mosier et al., 2005; Sun & Cheng, 2002)

10



Producing pure cellulose for research requires intensive treatments inyudwvirad hydrolysis,
dissolution and precipitation, whichonsequently leads t@ry short molecular chairfls Thus,
when isolating cellulose from natural substrates, it is common to achieve a crude preparation
calledU-cellulose. This compound refersttee material that remains insoluble after treating
wood with strong sodium hydroxide solutidacellulose refers to the soluble fraction that can be
precipitated by neutralizing the solution. The matter that remains soluble in the neutralized

fraction iscalleda-cellulose’.

It is worth noting that alkali alone is unable to solubilize native cellulsenly depolymerized
cellulose fragments with a low degree of polymerization are alkali soiltAékali celluloses,
those that are swollen by sodium hyddesiareimportant intermediatedue to its increased
reactivity. This allows other reagents to penetrate the substrate and permit downstream

modifications and derivatiorfé,

Commercial grades of cellulose derivatives are distinguished based on their degree of
substitution (DS) and degree of polymerization (DP). These two factors have a greftaa

on the viscosity of solubilized substrates. An increase in DS increases the solubility of the
modified cellulose. To be considered as cellulose, the glucan chains must have at least several
hundred residues; although a very low DP -& will already render the Beth,4-glucan as
insoluble®?. Native cellulose can have DP of 10,000 glucose resfdumes

carboxymethylcellulose would be roughly 3200 (Sigma C5013).
2.8.2 Cellulose derivatives

Cellulose derivatives have garnered interesbfiihindustrial use and research purposes.

Derivatives such as regenerated cellulose afidlose ethers are used as filters, coatings, films,

11



and as additives (i.e. food, buildingaterial, and pharmaceuticafé) Each Dglucopyranose

within a polysaccharide chain retains three reactive hydignoyps (OH2, OH-3 and OH6) *'.
Cellulose can be esterified widlither organic (i.e. acetic acid) ioorganic acids (e.g. nitric,

sulfuric, and phosphoric acidd) is essentiathatthe acidhas he ability to induce swellig of

the polysaccharide chaff Nitrocellulose and cellulose acetates are two common materials for
filtration systems. Cellulose esters are typically insoluble in water but soluble in various organic

solvents oin acidic/alkaline solutions

Cellulose etherare, in general, water soluldabstrates such as hydroxyethylcelkd and
carboxymethylcellulos&’. These compounds are prepared by treating askadilen cellulose
with various reagents like alkyl or aryl halid&synthesis and molecular descriptions of these

compounds will not & discussed further in detail.

Cellulose (and hemicellulose) datives can be further modified to crosslink dye compounds.

These substrates are then used to assess glycoside hydrolases for enzymatic activity. However,
most cellulases are inhibited by the magitions on these substrates hence there is a decrease in
availablehydrolysissi t es. Thi s necessitates the need for
cellulolytic activity. Cotton, which consists of 989% crystalline cellulose carelused to assess
exocellulaseS. Unmodified swollen cellulose is a prime example pfetreatechatural

substrate. Swelling of avicel (crystalline cellulose) can be economically performed by

investigators. The most popular method is the preparation of phosphorsnaiien cellulose

(PASC). Details of thiprocesswill be discussed furthaemder experimental proceduré&ettion

6.1.3.
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2.9Glycoside hydrolases

2.9.1 Annotation by the CAZy database

Carbohydrateactive enzymes are those that create, modify, or cleavesyliycdonds. The

CAZy [CarbohydratéActive erZymes] database (http://www.cazy.org/) classifies known
CAZymes according to family based on amino acid sequence sinffidfityhere are only five
enzyme classes that are presently annotated by CAZy: glycosid#dsgd (GH) (EC 3.2.9);
glycosyltransferases (GT) (EC 2.4.x.y); polysaccharide lyases (PL) (EG}.@aPhohydrate
esterases (CE) (mainly EC 3.1)1and recently, auxiliary activities (AA) (mainly EC 1.1.8nd
1.11.1-). Additionally, CAZy also anotates associated modules. Presently, this category only

covers carbohydrateinding modules (CBMs).

Glycosyltransferases catalyze the formation of glycosidic bonds, while glycoside hydrolases
degrade or rearrange glycosidic bonds. To date, there agdyt®2ide hydrolase (GH) families.
However, some families have since been deleted (i.e2GHO0, 41, 60, 69) due to

reclassification. The list of families is systematically updated based on NCBI releases and using
the dat abaseds i nisare listed eithBrlaktdenaticallyPoonsanutlly wnder the
family with sequence similarity. Enzyme activity/biochemistry and structure are extracted from

the literature after they are experimentally demonstrated and publicly available.

Members of these failies will have similar mechanism, protein fold, and catalytic residues
responsible for hydrolysis but then vary between different famMeseover, hydrolase families
can be further classified into larger groups called clans that are based on sigsifickarity of

their tertiary structure, which is better conserved than their sequ@nthss, predicted protein
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folds of the new cellulases, compared to folds of sseltlied enzymes, should provide clues to

its potential action on cellulosic substrates.

This thesis focuses on families GH 5, 6, argin@e these are the major families that include
cellulasesGH5™ employs a retaining mechanism while GH familiésahd §* uses a single
displacement reaction thereby causing an inversion of stereochemistry configuration at the
anomeric carbof(discussd further below) The GH 5 family belongs to the clan &xwhere it

s h ar e sgbaarel foldwithhembers of thatcffn GH 9  hdbarrel amd is ¢lassifigd)
as part of the GHB clarf®. On the other hand, 56 does not belong to any clan and members of

this family have varying folds in respect to their activity.
2.9.2 Mechanism

In terms of mechanism, all glycoside hydrolases act by a general acid/nucleophile mechanism
where two amino acids in the active sd&e part in either a singler doubledisplacement

reactior* (Figure 3). There are two types of mechanisms for glycoside hydrolases: inverting or
retaining,depending on the anomeric hydroxyl group configuration after the re&ttibine

inverting mechanism relies on two amino acids in the catalytic pocket. Both of these amino acids
have a COOH side group (i.e. aspartic acid andghic acid)where one would serve as a

general acid while the other as a general Basghe catalytic acid residue donates a proton to

the anomeric carbon of the substrate, Awhil e
molc ul e t o i ncr ea sThe reastiomproceéds thrpulgh ah dxocarbegiwm ion

like transition staté’.

The retaining glycoside hydrolases generally follow the classical Koshland retainingmsech

Initially, one of the carboxytontaining amino acids serves as a general acid by protonating the
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oxygen of the glycosidic bond. The other catalytic residue serves as a nucleophile to the
anomeric carbon which forms a glycogyizyme intermediat&. Subsequently, the carboxylate
deprotonates a water molecule and increases its nucleophilicity to disrupt the gireosyle
intermediaté®*® Other glycosyl hyddases that degrade naellulosic substratres have been
observed to follow a neKoshland retaining mechanism. These enzymes employ either
neighboring group participations, alternative nucleophiles, NAD as a cofactor, or substrate
assisted mechanisfisThese mechanisms are beyond the scope of this work and will not be

discussed furthdrere
2.9.3 Classes of Glycoside Hydrolases

Glycoside hydrolases can also be classified based on their substrate specificity. In particular,
cellulsses are GHs that act on cellulosic substrates. Based on their mode of action, cellulases can
then be sutategorized into endoglucanases, exoglucanases/cellobiohydrolasles, and
glucosidase€ndoglucanasg$igure4), whose abi |l i #¢glycosidda o hydr ol y
linkages, are enzymes that act randomly on internal sites in the chain thereby increasing the

amount of shorter chains availablExoglucanase@igure 4) thendegrades the molate

further by processively removing cellobiose either from the reducing end eedoaing end

(CBHI and CBHII, respectivel§) After removing the disaccharide product, several subsites on

the enzyme allow it to remain bound to the polysaccharide suBi&tfatgucosidases hydrolyzes

cellobiose into glucose in preparation of downstream ferment&udrstantiahydrolysis of

native cellulose typically requires the synergistic activitthese three types of cellulas&s.

Some glycoside hydrolases have a mmadular organization that contains one or more

§8,40

catalytic domains (CD) and one or more fuatalytc domain One of the noratalytic
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modules is the carbohydrabending module (CBM), which playsrale in substrate binding,
while other modules (fibronectin type 11l and immunoglobdike domains) have unknown
functions®*? %2, Non-modular cellulases, those that do not contain a CBM, have decreased
activity on insoluble substrates but maintains their ability on soluble sub$trateimilar
observation is seen on modified modular enzymes when the CBM is genetically or

proteolytically excisetf**>

2.10Cellulaseproducing organisms

2.101 Ovaview

Cellulaseproducing organisms span the phylogenetic tree across all three kingdoms. Most of the

lignocellulose degradation is accomplished by fungi and bacferia

Animal parasites such as insects (e.g. boring beetles, termites, and ants), crustaceans (i.e. gribble)
and mollusks (i.e. shipworms) are also able to feed on Wdderbivores and soil macro

invertebrates rely on symbiotic gut bacteria to utilize cellulosic maf&riak exemplars,

ruminants process their diet in their fea®mach that allows slow transit, anaerobic conditions,

and thus the formation of sharhain fatty acids for host liiation “°. The rumen holds a

complex microbial community corsding of anaerobic fungi, protozoa, bacteria, and

methanogenic archad This community contains numerous organisms whose growth

conditions have not been elucidated and thus remain elusive as research strains. As a result, there
is considerable amount of interest in metagenomic analysis to discover novel glycoside

hydrolases from various sourcE$®
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2.102 Eukaryotic sources

Fungal cellulases are cantly popular in industrial applications due to its potency, ease of
purification, and sheer yield of enzyme production. The fungal model organisichsderma
reesej but substantial attention has also been givekxspergillusspp andHumicolaspp among
other industrially relevant cellulase produc&r<Cellulolytic fungi can be subdivided based on
the wood condition after degradation (i.e. brenah whiterot, and softrot) °. These groups vary
in their ability to degrade lignin and polysaccharides. For instance, inaviuingi are able to

hydrolyze polysaccharides of lignocellulose with minimal degradatiomeoignin coating.
2.103 Prokaryotic sources

Although fungal cellulases are the preferred enzymes for industrial applications, bacterial
cellulases still receive strong interest in the queshdoel enzymes. Bacterial enzymes represent
greater diversity compared to their fungal counterparts. It was common to view the cellulolytic
systems of the two as similar. However, it is evident that cellulolytic fungi are better equipped to
penetrate natutavoody substrated Furthermore, cefree supernatants of cellulolytic bacteria

have a decreased activity on crystalline cellulose even though the cultures are able to feed on the
substrates’. However, current bioprocessing practices rely on heat and acid for the pretreatment
of lignocellulose. Thus considerable attention has been focused on discovering thermophilic and
acidophilic cellulased That being said, theteavebeen relatively few thermophiles and

acidophiles whose genomes have been fully sequenced. This can be attributed to the difficulty in
cultivating these organisms under laboratory conditfolsiditionally, recombinant strategies to
produce these thermostable enzymes in a mesopbit bacteria can be challengitg? It has

been assumed that bacterial communaigissynergistically and symbiotically to degrade
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varying lignocellulosic substrates. As an exemplar, it was surprisin@kbstridium
thermocellurrcan efficiently degrade xylan but is unable to utilize xylose as a carbon Sttitce

Within this community are cellulolytic species of aerobic actinobacteria.

The model organisms for cellulolytic actinobacteria have G&emmobifida fuscand
Cellulomonas fimf°. The following section further describ€gllulomonaswhich is the focus

of this thesis.
2.103.1Cellulomonas

Cellulomonasspp. are Granpositive and coryneform rod bacteria of thetiAcbacteria phylum
(Grampositive bacteria with high G+C ratid&)ForCellulomonasits G+C ratio has been
determined to be in the range of78 mol%°"*% They arebest known for their capability of
decomposing lignocellulosic substrdfedheir main habitat is the soil where they were initially
isolated®’. More specificallyCellulomonas fimandC. flavigenawere isolated from a landfill of
domestic refusg’. There are currently 10 species within this genus, all of which have
cellulolytic activities®”. They are differentiated phenotypically by peptidoglycan determination,
cell wall sugars, and utilization of various substrafe€ellulomonasspp. has received
considerable attention relative to other cellulolytic bacterial spetiaéhoughC. flavigenais
considered the type species for @a&lulomonagenus, most of the biochemical studies on

hydrolases were done wi fimP’.

All species ofCellulomonascan grow at aerobic or microaerophilic conditions whilaidaand
C. fermentansan also grow under strict arabic conditions’. With C. fimi, it was observed

that glucose uptake was doubled under aerobic conditions relatigeotad-growth conditions

57
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Under laboratory condition€;. fimiandC. flavigenaare typically grown under aerobic
conditions in lowsalt media (containing yeast extract or peptone at neutral pH) at a moderate

temperature (3@).

Recently, widespread genome sequencing has allowed the identification of putative glycoside
hydrolases in numerous organisms, both eukaryotic a@pyotic.Currently,Cellulomonas

fimi (NC_015514.1, NCBI) an€@. flavigenaNC_014151.7f are the only two species of their
genus to have their genomes fully satesl. This has provided reason to revisit the two
Cellulomonasspp. to identify and characterize hydrolases that were previously overlooked due

to technical limitations.

C. f CAZAmé sonsists of 109 glycoside hydrolases, wiildlavigend has 89 othese

enzymes. Among these, only 14 have been characteriz2dimi ATCC 484, and only 5

enzymes irC. flavigenaCDBB-531 (a di fferent strain to our g
enzymes of interest fro@. fimiare: 4 enddl.,4-glucanases (A, B, C, &), 2 cellobiohydrolases

(A & B), 3 xyl an a s-glscos(d&e Xhe feWw€enzydes ihat are siudied fram b

C. flavigenaare: endel,4-glucanase B, cellobiohydrolase A, and a xylanase (fragment).

The overall goal of this project is the pur#ton, biochemical and molecular analysis of newly
identified cellulases i€ellulomonas fimandC. flavigena This will hopefully identify enzymes

with novel or superior qualities that are beneficial for industrial applications.

! http://www.cazy.org/b1651.html Accessed 8013-07-23
2 http://www.cazyorg/b1248.htmlAccessed or2013-07-23
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Structure of lignocellulose.
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EM Rubin Nature 454, 841-845 (2008) doi:10.1038/nature07190

naoure

Figure 2.1. Structure of lignocellulose Reprinted with permission frolRubin EM Genomics
of Cellulosic BiofuelsNature Copyright (2008 Nature Publishing Group
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Figure 2.2. Cellobiose Two glucose molecules with a twold screw axis along the @14
plane.
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Figure 2.3. General mechanisms for (a) inverting and (b) retaining glycosidaseReprinted
with permission from Zechel DL and Withers SG. Glycosidase Mechanisms: Anatomy of a
Finely TunedCatalys. Accounts of Chemical Resear€opyright (2000) American Chemical
Society.
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Thermostable Enzymes as Biocatalysts in the Biofuel Industiyances in applied
microbiology.Copyright 010 Elsevier
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Chapter 3

Materials and Methods
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3.1Strains
Cellulomonas fimATCC 484 andCellulomonadlavigenaATCC 482, both of which are type

strains of their respective speciegre source for genomic DNA for cloning purpos&B202*

is an OmpTproteasedeficientE. coli strain(K-12 derivaive) used for expression of

recombinanpr ot ei ns. Shuf fl e Ex pf¥wassusetfor(pidteiv Engl and
expression that requires disulfide bond format®m u f f | e i€an B.rcadi B2LE

derivativethat constitutively expressegtoplasmiadisufide bond isomerase Dsh@hich also

serves as a chaperone for protein foldingaddition, it has gene deletions for glutaredoxin
reductasedgor) and thioredoxin reductasgifxB) to prevent the reduction of cysteines in the
cytoplasmOccasionally, vai ous cl oning str aiemessedforch as DH5U

troubleshooting purposes.
3.2 Supernatant proteomics by LGMS analysis

AOvernight (16 hrs) o Cbhfemcabhd€.rflavgdnavereigroovuimleas (1 L
salt LB media (1.0% Tryptone;®% Yeast extract; 0.1% NaCl (w/v)). This was used to

inoculate fresh media supplemented with either carboxymethylcellulose (CMC)spadiat

xylan at 0.2% wi/v. These were incubated at 30°C with shaking for 24 h. After a centrifugation

step (8,000 x g fot0 min) to remove cellular matter and debris, the supernatant was pooled and
collected. The supernatant proteins were concentrated by TCA precipitation (20% w/v, on ice 30
min, then collected by centrifugation 20,000 x g for 30 min). The proteins wersdhasilized

for 1D SDSPAGE analysis. Bands were visualized after staining with BidSafenassie blue

(BioRad). For GelLC, each of the samyglentaining lanes were cut into 25 equal slices, using a

®F-, [araD139s;, (laa g)F169, omp TI 0 0D:5 3KERY7250FART), veldl, rpsL1EErR)
rbs R22 fimg§32(i:191B deoClhttp://cgsc.biology.yale.edu/Strain.php?ID=30158

*fhuA2 [lon] ompT ahpC gall (0 ( Y Y1lkcbsdqSpecRiacfyd  n (i NI RMck BEminiTn16-Tet)2 [dem]
R(zgh210:Tn10-Te) Sy R! m p 3 anNyL1d:dSI@® NJ
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gel cutter, from about 150 kDa to just above the dadesrat the bottom of the gel. Tryptic
fragments were then examined by-MS analysis. The protein ID was performed using
MASCOT, and proteins with aere ovel50 are showm Figures4.4-4.7. Processingnd
analysis were performed by the Biological M&gsectrometry and Glycomics Facility of the

National Research Counditstitute of Biological Sciences (NRIBS).
3.3Cloning and expression oputative cellulases from families GH 5, 6, 9
3.31 Genomic DNA extraction

C. fimiandC. flavigenagDNA was harvsted from saturated 40 hour cultures grown in-8ai
LB. The procedure follows the standard protocol for Gpasitive bacteria found in DNeas

Blood & Tissue kit (Qiagen).
3.32 Primer design and Polymerase Chain Reaction

The list of primers used inighstudy is found in Tablé. Primers were supplied by either
Eurofins MWG Operon or Sigmaldrich. Constructs were designed to include an EcNBél
His6’i n t he 56 endSalkinddlal IStoipt € oallont he 36 end.
complementary sequee betwee20-28 base pairsPrimer design was optimized for &C
ratiosandprimer length, andlsoagainst hairpins and dimerization. Primer melting temperature
(Tm) could not be optimized due the intrinsic high GC ratio of théellulomonagienome.

Thus, PCR amplification of the genes of interest had various annealing temperatures and
conditions. For cloning purposes, Phusion Higtielity polymerase and GC buffer (New

England Biolabs) were used and DMSO was frequently used as an additive to asbeassful

amplification.

® Hexamer of histidine residues to serve as a tag for protein purification
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3.3.3 Digestion, Ligation, and Transformation

Initially, the restriction enzymes used were Ndel and Sall but due to unforeseen internal
restriction sites, Ndel and HindlIIl were used for cloning purposes insteadfddl@nzyme
loading) overdigestion was regularly followed as recommended by the manufacturer.
Furthermore, an additionatf8ld increase was used when dealing with supercoiled plasmids.
The reaction was allowed to proceed fet hours prior to enzyme inactivationGfi°C.

Restriction enzymes were purchased from New England Biolabs.

After digestion, insert DNA was purified by MinElute PCR Purification Kit (Qiagen) while the
cut vector backbone was gel extracted before being applied to a MinElute spin column. Ligation
reactions were typically prepared in a 3:1 (Insert : Vector) molar ratio with approximately 30
fmol of vector. The reaction mixture consists of linear vector, insert DNA, ligase buffer, and T4
DNA ligase supplied by Fermentas. Transformations into batttrains were performed by

either heashock or electroporation. Ligated DNA samples were purified and eluted with water
to remove salts for electroporation. This step was not necessary for chemical transformation.
Electrocompetent cells were thawed oa {no longer than 20 min) andiceld DNA sample

was added to the cells. The DMo&Il mixture was then transferred to an-améd electroporation
cuvette (2nm gap size). An electric charge was delivered to the cuvette using a Micropulser
(Bio-Rad) setaEc2 (2.5 kV, 1 pulse). SOC (2% w/v Tryptone, 0.5% w/v Yeast extrachMO
NaCl, 2.5mM KCI, 20mM MgCh, 10mM MgSQ,, 20mM D-glucose) media was immediately
added and mixed with the DNeéell suspension. The cells were allowed to recuperate at 37°C

with shaking prior to plating i antibioticcontaining plates.

3.34 Preparation of Competent Cells
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Chemical competent

An overnight culture of ak. colistrain is prepared in 5 mL L-Bliller broth at 37°C. This is

used to inoculate a 100 mL flask of fresh-Mil ler broth at 1:100 dilution. The culture is

incubated again at 37°C until it reaches an eadygrowth phase indicated by an OD600

between 0.2.4. The cells are chilled on ice for 10 min then pelleted by centrifugation (&,000

for 5 min). The supernattmedia is removed and the cells are washed with steritideD.1

M CaCl and left on ice for at least 30 minutes. The cells are subjected to a second centrifugation
step (5,00@ for5mi n) and then resuspenGyealolisaded®®h mL o f
final concentration of 16% (v/v) to allow long term storage in the freezer. Cells are divided into

50 pL aliquots for each transformation experiment.
Electrocompetent

Similarly, an overnight culture of &a colistrain is prepared in 10 mL LBliller or Super

Optimal Broth (SOB, BeckteDickinson). This is used to inoculate a 500 mL flask ofNBler

or SOB broth at 1:100 dilution. The culture is incubated at 37°C until it reaches midexponential
phase indicated by an OD600 of @5. The culture are placed on ice for at least 15 minutes

and it is crucial for the cells to stay tceld from this point on. The cells are centrifuged (500

for 10 min) and then washed with 200 mL of chilled sterile 10% (v/v) glycerol. This step is
repeated at lea8ttimes to remove the salts from the media. The cells are eventually resuspended
in 2 mL of 10% (v/v) glycerol, which leads to an gpof 200-250. The high density of cells is

crucial to successful electroporation. The cells are divided intd-Z0iguats and stored at

80°C.
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3.35 Cloning verification

To verify successful ligation of PCR products into digested plasmid vectors, colony PCR was
performed. Colonies were picked off the plates using sterile wooden toothpicks and swirled into
sterile water. Tis dilute cell suspension was used as the template for the PCR reaction with

either Taqg or Phusion polymerase. Cycling conditions were adjusted to accommodate the change
in enzyme. Occasionally, the purified plasmid is further subjected to double didest a

diagnostically run on an agarose gel for a more conclusive analysis.

3.36 Gene sequencing

Plasmids were prepared from clones using standard protocol from Qiaprep Spin MiniPrep kit
(Qiagen). To accommod-medi imr c bp yotogoipash d mmj dt pe
followed. Purified plasmids containing inserts of the appropriate size were sent for gene
sequencing using specific sequencing primers (T@ldby either the NRC (Ottawa) or The

Centre for Aplied Genomics (TCAG, Toronto).

3.37 Smallscale epression of recombinant proteins

E. coliexpression strain AD202 was used for all expression trials unless otherwise stated. Strains
containing cellulase constructs were grown overnight in LB media (1.0% w/v Tryptone, 0.5%

w/v Yeast extract, 1.0% w/v NaGhith 150 pg/mL Ampicillin (Amp150) as a selective marker.

A fresh 20 or 50 mL LBAMp150 was inoculated 1:100 and grown at 37°C with shaking in

beveled flasks. These were grown to-fitase (Olgyy 0.5-0.7) and the shaking was discontinued
while the incubair was changed to the desired induction temperature. After the incubator has
achieved its new setting, the flasks were allowed to equilibriate with its new temperature prior to
addi ng st e rD-ltheogalastapyanasidey(IPTGh. The final concatiom of IPTG
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was either 0, 0.1, or 0.5 mM unless otherwise specified. Induction and protein expression was
allowed to go on for-35 hours. The cells were then harvested by centrifugation G0Q010

min at 4°C). The cell pellet was then frozer21°C until needed. The cell pellet was then

thawed and resuspended in binding bufferr(®@ NaPQ, 20mM Imidazole, 500nM NacCl, pH

7.4 @ 25°C) to a final concentration of 10% w/v. The cell suspension was then sonicated on ice
for cell lysis. A 20 pL fractiorwas set aside to represent the whole cell extract (WCE). The rest
was centrifuged for 15 min at 18,09t 4°C to remove cellular debris. The supernatant fraction

containing the soluble proteins wast aside for SDAGE analysis.
3.4SDSPAGE analysis

The whole cell extract and the supernatant fractions were diluted 1:4 in water to prevent
overloading. The diluted samples were then added to the 6x sample buffer\i0T3i850H 6.8,

10% w/ v SDS, 50% v /mercagtbethanel, r0.025% w/idihdphemol blue) b

and heated for 5 min at 95°C before being loaded onto 0.78hnkn10% acrylamide gels.

Standard discontinuous buffer system by Laeffmlas employed to separate proteins for

analysis. The proteins were visualizedibVision in-gel His stain (Invitrogen) followed by
CoomassidR-250 stain. Stejpy-step procedure forthe Hst ai n f ol | owed t he ma
recommendation with slight modifications to the volumes used. Occasionally, tseahiiss

skipped and only @omassie blue staining was employed for visualization. Gels were incubated
with the stain and subjected to microwave treatment to accelerate the process. Once sufficiently
stained, the background stain was removed using a destain solution (10% acéiia%cid,

EtOH) and also heated by microveatreatment until satisfactory.
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3.5Congo Red analysis

Agar plates containing 1.0% (w/v) CMC and 50 mM KPO4 (pH 7 at 25°C) was used to screen
and qualitatively detect endoglucanase activity. Fipgoer discs were aked with enzyme
containing solutions (of various purity) were placed on top of the agar and allowed to incubate
for a few hours or overnight at 37°C. After the incubation, the filter paper discs are removed and
the petri dish is flooded with congo redwwodn (0.1% w/v)(Figure $). After soaking for at

least 30 minutes, the solution is poured off the plate and quickly rinsed with deionized water to
remove residual solution. The petri dish is then flooded withNaCl for 5 minutes twice.
Optionally, thecolor contrast can be increased by soaking the plate in 5% (v/v) acetic acid
solution because the reagent is sensitive to pH. The congo red reagent was purchased from J.T.
Baker (F788)The sodium chloride solution interferes with the hydrogen bond$aitmaéed

between the cellulose and the azo & amine groups of congti ir@gossible to completely wash

off the congo red stain but it preferentially decreases the stain at sites of hydrolysis. At those

sites, the congo red molecule is more readily lileetaiff shorter chains of cellulose.

Alternatively, the agar plates can contain-Maler, Cellulose, and IPTG to induce growth of
strains that contain plasmid constructs. After the colonies have grown to sufficient size, the
colonies are smeared away usingloved finger and then washed away with deionized water.
The congo red staining follows the aforementioned procedure from this point forward. Colonies
that expressed active cellulases are able to produce zones of hydrolysis without an added lysis

step.This method works for both secreted and unsecreted recombinant cellulases.
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3.6 Expression and purification of recombinant proteins
3.6.1Celf_12301rom here on known also &l6C)

Celf_1230 (aa5¥15) was codowptimizedfor E. coliexpressiorand susequently gene
synthesized by GeneArt® (Life Technologies). The construct featured EtdtIrestriction
sites at the 506 end and a -Xlaaldemestoipcficiodmns if 1
end. This construct proved difficult to express andfp, and thus required modifications. The
original construct was modified by PCR and DNA techniqgues to extend-thed\Gterminus

that contained aa2433. This resulting construct was subcloned into pMEEK(see

supplementary information) and renamedCdi-28, which features an-drminal Histag fusion
protein. The nucleotide sequence was verified prior to downstream experiments. The primers
used to lengthen the original construct can be found in Tal@é-28 was transformed into
Shuf fl e HewEngksBiBlab$) for protein production. Another construct was made
to extend only the @erminus of the original construct and produce residues-435.1This

plasmid is renamed as €1D, which produces soluble active protein but was not thoroughly

investigated.

E.coiShuf fl e Expr es s E-28%was iroculatedcinor2® raLi oh2iyhbgothC f i
(Sigma) containing Amp150 and grown overnight at 30°C with shaking. The saturated bacterial
culturewasthen diluted into a fresh 1 L of 2YT broth confam Amp150. This was incubated at
30°C for a few hours until the OD600 was betweer&indicating midog growth phase. The
culture was induced with a final concentration of 0.5 mM IPTG and left to express overnight at
30°C. The cells were harvesteddsntrifugation (80009 for 10 min) and frozen2®°C and

then stored ai80°C until needed. For lysis and purification, the cells were thawed in the
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refrigerator and resuspended in 10% w/v of binding buffen{®ONaPO4, 20nM Imidazole,
500mM NaCl, pH7.4 at 25°C) containing cOmplete EDffee Protease Inhibitor Cocktall
(Roche). The cell suspension was then subjected to lysis by using an Emulsiflex C5 (Avestin)
with >17,000 psi. The lysate was centrifuged (18,@0r 20 min) to remove debris. The
supernatant fraction of this was subjected to further centrifugation (44,000 rpm for 1 hour) to
remove material that clogs the chromatography columns. The clarified cell lysate was then
injected into a prequilibrated HisTrap column (GE Healthcare) using@Mad FPLC

equipment. Afterwards, the protein bound to theNIWA resinwaseluted using a linear gradient
from 0-60% of elution buffer (20nM NaPO4, 500nM Imidazole, 500nM NaCl, pH 7.4 at

25°C) over 50 mL. Selected fractions were pooled and placedAmécon® Ultra 10K

(Millipore) for concentration and buffer exchange to remove the contaminating imidazole. The
concentrated protein sample was aliquoted in 20 uL amounts and frobeiguid nitrogen for

storage.
3.6.2 Celf_3184 (Cel6A)

The Celf_3184construct was created by Dr. Anthony Clarke and his group at the University of
Guelph. This construct featured the fighgth protein and was inserted into a pEa(+),

which fused a @erminal Histag. For more details, please see the correspondimgme&*.

Also, the expression and purification of the protein followed their methods with minor changes.
For my purposes, the immobilized metal affinity chromatography (IMAC) was sufficiently pure

without the need adinion exchange chromatography.
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3.7 Assays

3.7.1HBAH reducing sugar assay

The increase of reducing ends produ<ed by gly

hydroxybenzoic acid hydrazide (HBAH) as a reagent developed by*®eSeveral changes

were made to his original methods and the followiragedure contains these modifications.

The alkali solution (0.51 NaOH, 0.02M EDTA pH 8, and 0.021 CaCl) was prepared fresh

daily in advance from stock solutions and then kept chilled on ice. The HBAH reagent is

weighed and added to the alkali solutioratfinal concentration of 1.0% w/v. This solution is

left in the refrigerator on a stirplate until it is fully dissolved. The solution is then dispensed in 3
mL volumes using a repeat pipetter into-phéled glass test tubes. The soluticontaining

tubes are kept on ice and must be used within a few hours once the reagent is dissolved. To stop
a time point, 500 pL of the assay is added to the 3 mL of HBAH solution. These ddB¥sté

mixtures are kept on ice bath until all time points are completedy@asly boilingwater bath

is used to heat the solutions for 6 min then promptly returned to ice to stop the heating process. A
200 pL aliquot of these samples are transferred tovaeBplate for colorimetric quantification

at a wavelength of 410 nmsiale from the Michaelidlenten experiments, all HBAH assays

were performed on 1.0% CMC (medium viscosity, Sigrr888). Standard curves of glucose

were prepared to determine the amount of reducing sugars released. One unit of activity (U) is
defined as te number of micromoles of glucose equivalents released per minute. The typical

amount of enzyme used was approximately 0.667 pg/mL of assay.
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3.8Preparation of PASC (Phosphoric acidswollen cellulose)

Avicel PH102 (2.59) is slowly added t60 mL ofcold neat HPO, (85% w/v orthephosphoric

acid) and left on a stirplate in the refrigerator for 1 hour. The cold temperature is necessary to
decrease acid hydrolysis of the cellulose. The suspension is poured into 1-caltliveater and

left to stir for 30min. Pour off the water and repeat rinse with 1 L for 2 more times for 10 min
each. Next, wash the swollen cellulose with cold 1% (w/v) of NaHCOS3 three times to neutralize
the solution. Centrifugation (80@Pfor 15min) was used to sediment the cellulosbetween
washes. Wash (3x) the cellulose with 500 mL ofdokl water again to remove the sodium
bicarbonate solutes. The slurry is collected by centrifugation and homogenized by an overhead
stirrer (Wheaton) (Figure3. Hardy lumps of avicel are remed and discarded. Sodium azide

is added to a final concentration of approximatefyM as a preservative and then the

suspension is kept at 4°C. The concentration (% w/w) of the substrate is determined comparing

the dry weight over the wet weight afteaping an aliquoin a 37°C incubator overnight.

3.9Differential Scanning Calorimetry

In order to determine the melting temperature of the enzymes, a differential scanning calorimetry
(VP-DSC) machine from MicroCal was used. The enzymes were diluted-fo@rbg/mL in

buffer (25 mM MOPS (or NaPf) 50mM NaCl, pH 7 at 25°C) and degassed using a vacuum
pump. The DSC was equilibrated with an overnight bitgifer scans to create a baseline.

During a downscan, the buffer is quickly removed from one of ¢éisgels in the DSC and

replaced with enzymeontaining sample. After the measurements are complete, the enzyme
sample is removed and kept aside to measure the actual protein concentration within the vessel.

Baseline determination was done automaticallyh@y@righ program for the DSC machine.
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3.10Thin-layer Chromatography

Determination of hydrolysis products was done by separating the molecules-tay#rin
chromatography (TLC). Using a classical silica gel 60 plate on a glass backing (Merck), there
wasa distinct separation of cellodextrins (&b molecules) as observed with the standard that

had a concentration of 2 mg/mL of each molecule. The hydrolysis of cellopentaose (G5) was
done with or without Cel6C in a 60°C water bath for approximately one fibe sample was

then dried onto the silica plate prior to exposing it to the liquid phase solvent. The solvent (Ethyl
acetate : MeOH : Water : Acetic acid in a 4:2:1:0.1 ratio by volume) was placed in a glass jar and
sealed to maintain a saturated aviesnment. Finally, the carbohydrates on the TLC plate are
visualized by dipping the plate in the staining solution (5% wWS® in ethano), air-dried, then

charred over a hatlate until bands are visible.

3.11Dye-conjugated cellulosic substrates

Various substrates have to be used to give a complete picture of cellulolytic activity since
cellulases are diverse in nature. Azuraresslinkedsubstrates (Megazyme) (AZCL) like AZ€L
Hydroxyethylcellulolose (ECL-HEC), AZCL-Avicel, and AZCL-Xylan was useda determine
substrate specificity in a colorimetric assay. These substrates are insoluble and tend to adhere to
tubes and pipets making them problematic to handle. The powdered substrate is directly weighed
in microfuge tubes to approximately 10 mg. Bufi2s mM MOPS, 50 mM NaCl, pH 7 at 25°C)

and water was added to a final volume of 1 mL then incubating it in a water bath for preheating.
The enzyme or buffer is added and then mixed by inverting the tubes. The reaction is allowed to

proceed for 4 hours @pending on the enzyme activity. The assay is chilled on ice to stop the
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enzymatic action then centrifuged (50§@r 10 min) to pellet the insoluble material and-100

200 pL is moved to a 9&ell plate for quantification and readz0nm.
3.122,4dinit rophenyl-b-D-cellobioside

The soluble substratz4-dinitrophenytb-D-cellobioside(dNPC) was generously provided by

Dr. Steve Withers from the University of British Columbia. It has been shown to be an excellent
substrate for screening for both types elfidases, endoglucanases and cellobiohydrof§ses

This characteristic can be attributed to the modified analogudalif@tfophenol) which makes it

a better leaving group relative to theidrophenol at neutral pf{. The reaction conditions
consisted of InM of substrate, Hter (20mM MOPS, 50mM NacCl, pH 7 at 25°C). The

reaction was initiated upon addition of the enzyme in a temperature controlled plate reader. The
molar extinction coefficient of dNPC is 0.9384 riiMm™, which was derived experimentally

using a nanodrop speophotometer. The dNPC substrate can be detected at 300nm, while the
2,4dinitrophenol product is detected at 360nm. The kinetic assays are done on standard
polystyrene flatbottomed 96well plates (Greiner Bimne). The enzyme concentration for

Cel6A ard Cel6C was 4.61 and 6.22 pg/mL of assay, respectively.
3.13Determination of the Michaelis constant

The Michaelis constant @ was determined using the HBAH reducing sugar assay and using
CMC as the substrate. A range of substrate concentrations wasamsdH05 to 1.4% at pH 7
using 20 mM MOPS with 50 mM NacCl as the buffer. The amount of enzyme us€&d0sgsg
permL of assayo minimize substrate depletion. Thg Mas determined by nonlinear
regression of th#lichaelisMentenplot based on the subate inhibition (uncompetitive)

equationusing the enzyme kinetics module ofj@iaPlot (SysStat Software Inc).
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3.14Ball-milled Biomass substrates
Time of Flight-Secondary lon Mass Spectrometry (ToFSIMS)

In order to better characterize Cel6C, natural sates was used to detect hydrolytic activity.

With the help of Drs. Emma Master and Marie Couturier of the University of Toronto, | was able
to perform analysis on bathilled biomass substrates (specifically aspen and spruce, which are
hardwood and softaod respectively). Surface analysis of these substrates was performed by
ToFSIMS. This technique employs bombardment of barium ions to the sample which liberates
secondary ions from the sample. The molecules containing the secondary ions project towards
the detector and their time of flight is a derivative of their mass. Unhydrolyzed substrates would
have spectra that contain more polysacchakievn peaks, while hydrolyzed substrates would
have a higher proportion of lignimeaks since the celluloses béween degraded. Analysis of

this data was done using Principal Component Analysis (PCA) that allows pattern recognition
for complex spectra. For more details on this technique and its application for investigating
cellulases, please see the following refee from Goacher, Jeremic, and MaSteA reducing

sugar assay accompanid@ ToFSIMS result to quickly check for hydrolytic activity on the
biomass substrate. The reducing sugar assay used here was the dinitrosalicylic acid (DNS) assay,

detailsof which will not be provided.
3.15Enzyme concentrations

Enzyme concentrations weedetermined by A, on a nanodrop spectrophotometer. The
theoretical extinction coefficient (Mcm) used for Cel6A and Cel6C are 107,745 and 108,205,

respectively. The coefficients used are with the assumption that all pairs of Cys residues form
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disulfide bonds. The predicted molecular weights are 48.25 kDa and 45.45 kDa respectively.

Both parameters were determined by EXPASy ProtPdram
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Chapter 4

Results
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4.1 Bioinformatics, cloning, and test expressions

4.1.1 Bioinformatics
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Figure 4.1 Amino acid sequence alignment between the catalyttomains of Family 5
Glycoside Hydrolases of Cellulomonas fimi and Cellulomonas flégena. Quality curve
depicting the al scgegsskeownbélsweach s & amina acid segquence.

The alignment was performed using ClustalX2 software.

The alignment and comparison of the catalytic domains of Qa1 &nd Qutative cellilases
from C. fimiandC. flavigenaare shown in Figusb.1-5.3,respectively Only Celf 1924
(Cel5A/CenD) has been characterized in d&taiCfla_1897 appears to be a close homolog.in

flavigenafor Cel5A.

TheGH 6 family consists of two distinct groups and two outliers. One group (Celf_3184,
Cfla_2912, Cfla_2913)ontainsputative endoglucanases since Celf 3184, also known as Cel6A,

41



has been characterized previol®l$*. Cfla_2912 and Cfla_2913 have closely related amino
acid sequencend their position in th€. flavigenagenome suggest this arose from a gene
duplication eventThe second group (Celf_1925, Cfla_1986) are cellobiohydrolases since
Celf 1925, also known as Cel6B, has been characterized previdtsigelf 1230 and

Celf_0233 are the two outliers with unknown function and substrate spgcificit

In the GH 9 family, Celf_0019 (Cel9A/CenB) and Celf 1537 (Cel9B/CenC) ar€timi
enzymes that have been characterized as endaghseslhere appears to seibstantial

sequence similarities among the Cel@iée group and the Cel9Bke group However, the

various differences in amino acid residues could lead to significant kinetic differences. It also

begs the question of the Ehglogical importance of the redundancy of Celd& enzymes.
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Celf 0045 171
cfla 1515 179
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Cfla 3563 467

Celf 0045 466

cfla 1515 478

Celf 1537 476

Cfla 3031 493

Celf 1705 494

Celf 1481 480

cfla 0016 436

Celf 0019 436

cfla 0139 518

Figure 4.3 Amino acid sequence alignment between the catalytic domains of Family 9
Glycoside Hydrolases ofC. fimi and C. flavigena Quality curve is shown below each row of
amino acid squenceThe alignment was performed using ClustalX2 software.

44



4.1.2 Proteomics of secreted proteins
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Figure 4.4. SDSPAGE analysis of the secretome . fimi and C. flavigenaunder CMC or
xylan. Gel was visualized by staining with Biosafe Coomassie (BieeRad).Preparation of the
secretome for proteomic analysis. Supernatants were precipitate20#étlv/vTCA, and the

proteins were then solubilized for 1D SIPAGE analysis (Figurb.4)

The following data (Figure$.4-4.7) are provided bypr. Wakarchil andthe Biological Mass
Spectrometry and Glycomics Facility of the National Research Ceunstilute of Biological

Sciences (NRABS).
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60 Cel6A/Cena Cellulomonas fimi secretome analysis
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Figure 4.5. Secretome analysis by masspectrometry of C. fimi cellulases or xylanases.
Proteins with a MASCOT scord less than 50 are not shown. The % coverage of protein is a
correlation to the relative amount of protdfoteins that are unique @ fimiare qualitatively

determined by amino acid sequeneeoteins that were identified in both supernatant sanapées

represented by stacked bars.

Severalprotens that had high % coverage &beledin Figure 5.5as these proteins matched
knowncharacterizegroteins frontheir corresponding literatur@hose experiments involved

blind cloning from screening recomilant libraries and from work involving purified enzymes

from the host organism. Thus, it goes to show that the highly expressed cellulases were more
easily detected with those techniques. Howeve
overlookedeven thogh they have a refi@ely modest expression level.
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8 Cellulomonas flavigena secretome analysis
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Figure 4.6. Secretome analysis by masspectrometry of C. flavigenacellulases or xylanases.
Proteins with a MASCOT score of less than 50 are not shown. The % coverage of protein is a
correlation to tk relative amount of proteiRroteins that are unique @ flavigenaare

gualitatively determined by amino acid sequeirreteins that were identified in both

supernatant samples are represented by stacked bars.
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Other proteins identified in the supernatant of C. fimi
B cMC supernatant
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Figure 4.7. Secretome analysis by masspectrometry ofother C. fimi proteins Proteins with
a MASCOT score of less than 50 are not shown. The % coverage of protein is a correlation to the
relative amount of proteirProteins that are unique @ fimiare qualitatively determined by

amino aa sequence.

Non-cellulase proteins were also found to be secretdd. hiyni. A substantial number of these
are hypothetical proteins and more than half of these were only expressed under growth with

CMC as a substrate.
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4.1.3Cloning of catalytic domains of putative cellulases

PCR attempts for downstream cloning

L 1 . 3 4 L 5 6 7 8

0 11
191!

30004‘.

2000 o ¢

nm

1200 * ~ “ "

1000 s - 1000
- ikt mﬁ . -
_-g | -

: O Gene RuleDNA Ladder Mix(Fermentas SM1173Appendix)
: Celf 1924 (Cel5A) 1077 bp

: Celf 1925(Cel6B) i 1170 bp

: Celf_0019 (Cel9A) 1362 bp

: Celf_1537 (Cel9Bj 1485 bp

: Celf 001971 1362 bp

: Celf_1705 1539 bp

: Celf_0376 915 bp

: Celf_2403 684 bp

O~NOO O WNETTT

Figure 4.8 PCR attempt to check cycling conditions and annealing temperatures for
successful cloningLanes 4 and 6 were unsuccessfither lanes produced prominent bartos t

correspond to the specific gene target, among othespecific amplifications.
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L: O Gene Ruler DNA Ladder Mix
1: Cfla_2811i 750 bp

2: Cfla_2913 849 bp

3: Cfla_19861 1170 bp

4: Cfla_1515 1491 bp

5: Cfla_3563 1458 bp

6: Cfla_0139i 1581bp

7: Celf_0045i 1455bp

8: Celf_0233i 831bp

Figure 4.9. PCR attempt to check cycling conditions and annealing temperatures for
successful cloningLanes 2, 5, 7, and 8 all produced a weak band of the correct size. Other lanes
produced prominent bands tlwatrrespond to the specific gene target, among othespedific

amplifications.
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L: O Gene Ruler DNA Ladder Mix
1: Celf_1537 (Cel9B) 1485bp

2: Cfla_073671 603bp

3: Cfla_1897i 1074bp

4: Celf 14817 1497bp

5: Celf_1705i 1539bp

6: Cfla_30311 1536 bp

Figure 4.10 PCR attempt to check cycling conditions and annealing temperatures for

successful cloningOnly lane 1 wasinsuccessful. Other lanes produced prominent bands that

correspond to the specific gene target, among othespecific amplificaibns.
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L: O Gene Ruler DNA Ladder Mix
1: Celf_3184(Cel6A)T 846 bp

2: Celf_1230' 1152 bp

3: Cfla_2912 849 bp

4: Cfla_0016" 1365 bp

Figure 4.11 PCR attempt to check cycling conditions and annealing temperatures for
successful cloningLane 1 produed a weak band of the correct size, while lane 2 was
unsuccessfulLanes 3 and ere able to produce prominent batitst correspnd to the

specific gene targets.
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Figure 4.12 Colony PCR of clones made with Ndel and Hindlll as restriction enzymes
Quadrants 13 correspond to the following gene targets: (1) Celf_1924 (Cel5A), (2) Celf_1925
(Cel6B), (3) Celf_0376. The first 6 lanes in each quadrant refer to 6 different colonies tested for
the presence of inserts. ThBI[&ne (indicated by arrows) ofieh quadrant was performed with

genomic DNAto serve as positive controls.

Not all cloning experimentare showrhere
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4.1.4Test expressions of clones

Construct 6 (Celf 2403) Construct 7 (Cfla_0736)

L

Figure 4.13 SDSPAGE analysis of expression trial of Celf 2403 and Cfla_073@/CE:

whole cell extact. Expected sizes of Celf 2403 and Cfla_0736 are 23.76 kDa and 20.79 kDa,
respectivelyThe ladder (L) used was Pageruler Plus PrestainedThr@rmo ScientificThe
induction was initiated by the addition of GrBM IPTG at37°C for 3 hours Only insolube

recombinant protein is observed here.
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Construct 6 (Celf_2403) Construct 7 (Cfla_0736)

Figure 4.14 SDSPAGE analysis of expression trial of Celf 2403 and Cfla_073®/CE:

whole cell extract. Expected sizes of Celf 2403 and Cfla_0736 are 23.76 kDa and 20.79 kDa,
respectively. The ladder (L) used wRageruler Plus Prestained frdmermo ScientificThe
induction was initiated by the addition of 0BVl IPTG at30°C and left overnightThere is no

noticeable overexpression detected.
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Celf_0233
37°C 30°C

Celf_0233
37:€ A0E

(b)
Figure 4.15 SDSPAGE analysis of expression triad of Celf _0233for 37°C and 30°C

Different induction conditions are represented based on induction temperature (°C) or the final
concentration of IPTG (mM)he expected size of CelD233is 60 kDa. The protein gel was (a)
stained with Coomassadter (b) the sara gelhad beerstained using InVision hgel His-stain
(Invitrogen).The laddes used were: (L1B e n ¢ h Ma r-tagged Btanslardnvitrogen)and

(L2) Precision Plus (BidRad) WCE: whole cell extract.
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Celf_0233
15°C 20°C

Celf_0233
15°C 20°C
0.1mM 0.5mM L1 _O0mM 0.1mM 0.5mM

(b) -
Figure 4.16 SDSPAGE analysis of expressiottrial s of Celf 0233 for 15°C and 20°C.

Different induction conditions are represented based on induction temperature (°C) or the final
concentration of IPTG (mM). The expected size of Celf 0233 is 60 Kimprotein gel was (a)

stained with Coomassie aft(b) the same gel had been stained using InViskgeliisstain

(Invitrogen). The | adder s used we itagged Standhryl (InBiteogeo)larMda r k E  +

(L2) Precision Plus (BidRad). WCE: whole cell extract. The red arrow indicates the protein

57



bandis at 60 kDa as seen with the coomassie stain since the ladder was not visible during the

His-staining.

Celf 0233inVekl6 (Cfi-199 was placed in Shuffl éigespr ess E f
5.205.21). It mostly produces insoluble protein except whetuced at 15°C overnight. This
produced little but mostlysoluble protein (Figuré.21b). However, the expressed proteias

not able to bindo a nickel column (not shown).
4.1.5 Summary

Here weshowsequence comparisons, secretome analysis, anekfgessions of various
recombinant cellulases fro@. fimiandC. flavigena Though most of our expressions proved to

be unproductive, work must continue on expressing and characterizing the unique glycoside
hydrolases identified by sequence comparistins.very likely that the constructs designed to
express the catalytic domains of these cellulases were flalvedoundaries defined for the
catalytic domain was too restrictive and relied on BLAST homology determined by N,

the constructs reted intruncatedcatalyticdomainsand could be missing necessary amino

acids for proper folding. This design ertiely resulted intheinsoluble expressiotihat was
observedFuture directions include extending these domains to proper boundarieRPG&tng
amplification or recloning all the gene targets to makedelhgth protein construct$here have

been expression trials with a vec{pMalE-Thr) that fuses a maltod@nding protein to the N

terminal of the construct (data not shown). This apgkrg@roduce soluble protein but was

inactive on preliminary assays. The assumption from this observation is that the actual cellulase
construct continues to produce misfolded protein but is then able to maintain solubility due to the

large maltoséindingprotein. Thus, this approagiasabandoned for this particular project.
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Other attempts to express Celf_0233 involved moving it into vectors pCW @texghisrpV EK-
07 (Gterminal histagy. An attempt to remove the stop codon from the Celf 0233 insiexg u
PCR was unsuccessful. Thus, the \0gkconstruct would have been unusable since the C
terminal tag would not be expressed. The pC&f_0233 construct produced no significant
overexpressed protein. The Celf_0233 expression projeciswseen put omold and other

expression strategies are currently being explored by other members of the group.

Among all the constructs, Celf 1230 in pVEI showed promise in solubility and activity. The
work done with this enzyme is the focus of the followsegtion. This enzyme is renamed as

Cel6C, in reference to being the third GH 6 enzyme charactdar€&®llulomonas fimi

® For more information on these vectors, consult supplementary image (S4). T2@ (REKO6 with insert) is
derived from pCW.
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4.2 Characterization of Celf 1230 (Cel6C)
4.2.1 Bioinformatics of Cel6C

Cel6A (Celf_3184)
T " o———————————

Specific hits
Superfanilies CBM_2 superfamily Glyco_hydro_6 superfamily

Hulti-donains

Cel6B ((;elf_1925)

125 250 375 Son s?s ??0 872
Query seq. R R e e S B R IR T o

Interdormin contacts j§

specific hits FN3
Superfanilies Glyco_hydro_6 superfamily

Hulti-donains

Cel6C (Celf_1230)

150 228 300 378 433

Query seq. B i———
Specific hits
Superfanilies Glyco_hydro_6 superfamily
Hulti=donains
Cel6D (Celf _0233)

1 , _| 100 200 \ 3?0 , 400 s00 613
Query seq. | sy ) s ees—— S——

mannese binding site
dimerization interface

Specific hits Glyco_hydro_6
Superfanilies B_lectin Glyco_hydro_6 superfamily

Hulti-donains

Figure 4.17. Comparisons of the different members of the Faity 6 glycoside hydrolase
from C. fimi. The different domains of the GH6 cellulases are shown. Cel6A hasmrihal
CBM-2 domain while Cel6B has at&rminal CBM2 domain. Cel6C has no identifiable CBM

domain while Cel6D has a putative mannbgaling B-lectin domain on the Xerminal end.
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