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ABSTRACT

An essential element of a modern biorefinery isgheymatic conversion of biomass to soluble
sugars. Although the optimization of this procéss been pursued by both academia and
industry for decades, it still represents a bo#ttdn in the biorefinery concept. Recent
discoveries of a lytic polysaccharide monooxygern@a&M) activity among members of family
33 of carbohydrate binding modules (CBM33), boagtilme degradation of recalcitrant
polysaccharides, have given more insight to theratkgion of complex polysaccharides in
nature that could be adapted for biorefining preess These findings have also prompted an
effort in cloning, expressing and characterizingvige variety of CBM33s in order to get

information on CBM33-family diversity in terms afifiction and mechanism.

The genome of the Gram negative soil bacter@atiulomonas flavigenancodes four CBM33s
(CfCBM33s), all possessing C-terminal CBM2a domaingjicating substrate specificity
towards either cellulose or chitin. The bacteriignpreviously known to metabolize cellulose
and xylan. Conversely, results from binding antivig assays performed with two of the
CfCBM33s(CfCBM33A-N andCfCBM33B-N) in this study show no specificity towarelgsher
of these substrates. However, both show affiratychitin, which is intriguing as the genome of
C. flavigenacontains no identified chitinases. In additionthe unexpected binding affinity
towards chitin, CFCBM33B-N shows Iytic chitin monooxygenase activiapd is also able to
boost the degradation pfchitin by chitinase A, B and C froi@erratia marcescensMoreover,
intriguingly, CiCBM33B-N generates partly deacetylated products fitee oxidation of-chitin

possibly showing a new function or binding speditiot previously reported for LPMs.

Finally, a CBM33 containing a CBM20 (indicating ding affinity for starch) from the fungus
Aspergillus terreuswas successfully cloned and expressedichia pastoris. Preliminary
binding experiments using isothermal titration cahetry indicate thatAtCBM33A binds
specifically to starch. Analysis of LPM activityas prevented by the time restrains of this
study, but will be the focus of consecutive work starch active LPM would be completely new

to the field and could be an important finding floe starch processing industry.



SAMMENDRAG

Enzymatisk nedbrytning av biomasse er en viktig spss innen det moderne
bioraffinerikonseptet. Pa tross av at bade derdexkiske verden og industrien har jobbet
malrettet for & optimalisere denne prosessen,idiaden fullstendige nedbrytningen til lgselige
sukker fremdeles flaskehalsen i bioraffinerien. ligy oppdagelser viser en lytisk polysakkarid
monooksygenase (LPM)-aktivitet blant medlemmer imife 33 av karbohydratbindende
moduler (CBM33) som gker nedbrytningshastighetengganstridige polysakkarider. Disse
oppdagelsene har gitt stgrre innsikt i den natarfigdbrytningen av komplekse polysakkarider
som kan benyttes i bioraffineringsprosessen. légi er det nd gkt interessen for & klone,
utrykke og karakterisere ulike CBM33er for a kagtle ulike funksjoner og mekanismer innad i

familien.

Genomet til den Gram-negative jord bakterf@ellulomonas flavigen&oder for fire CBM33
(CfCBM33) med C-terminale CBM2a-domener som indikengstratspesifisitet mot cellulose
eller kitin. Bakterien har tidligere vist & metéibere cellulose og xylan. Resultater fra
bindings- og aktivitetsstudier me@fCBM33A-N og CfCBM33B-N viser derimot ingen
spesifisitet for disse substratene. Derimot vikeaffinitet for kitin, noe som er sveert interegsan
siden genomet tiC. flavigenaikke inneholder identifiserte kitinaser. | tiligdil denne uventede
substratspesifisiteten uteve€fCBM33B-N lytisk kitinmonooxygenase aktivitet og w@ke
nedbrytningshastigheten @wkitin i synergi med chitinase A, B og C f&erratia marcescensl
oksidasjon a\p-kitin genereretCf{CBM33B-N delvis deacetylerte produkter, en funksgmm
tidligere ikke er beskrevet for LPM.

| tillegg ble en CBM33 fra soppeAspergillus terreuAtCBM33A) suksessfullt klonet og
uttrykt i Pichia pastoris. AtCBM33A inneholder et CBM20 domene som indikerer
bindingsaffinitet for stivelse, som ogsa ble obserwed innledende bindings eksperimenter
utfert ved hjelp av isotermisk titrerings-kalorimet Studiets tidsbegrensing hindret videre
analyser avAtCBM33As LPM-aktivitet, men oppfglgende studier Vidkusere pa dette.
Stivelseaktive LPMer er ikke tidligere beskrevditteraturen og vil veere sveert betydningsfullt

for industrielle prosesser hvor nedbrytning avedtie er ngdvendig.
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1 INTRODUCTION

1.1 Polysaccharides

A carbohydrate is an organic compound with the fdenG,(H.O),. Carbohydrates represent
one of the most common biomolecules in nature ars$gss important roles including roles in
cell signalling and energy storage to structurdéspe.g. as components of the cell wall.
Carbohydrates are divided into four groups: i) nmsamzharides, which form the basic
carbohydrate unit, ii) disaccharides, which are posed of two monosaccharides, iii)
oligosaccharides, typically composed of two to teonosaccharides, and iv) polysaccharides,
that are long carbohydrate polymers with structugegging from linear to highly branched.
Mono-, di-, and oligosaccharides are important &ll signalling and metabolism, while
polysaccharides function as structural componeetg. (cellulose, xylan, and chitin) and in

energy storage (e.g. glycogen and starch).

In carbohydrate polymers the monosaccharides arelently joined by glycosidic bonds. A
glycosidic linkage is formed between the hemiacgtalp in one saccharide and the hydroxyl
group of another saccharide. A glycosidic bonde#imer havex— or 3-conformation depending
on the axial or equatorial orientation, respecyivedf the bond (Figure 1.1). Different
conformations of glycosidic linkages combined withe large amount of different
monosaccharides enable the enormous molecularsdivseen among polysaccharides (Vaaje-
Kolstad 2005).

a) CHz0H CH20H b)  cH.0H CH20H
H 0 H H 0 H oOH /—0 H 0 OH
H ) H " H
OH OH H 0 H
0 OH ~ OH
OH OH H H H
H OH H OH H OH OH

Figure 1.1. Glycosidic linkages. Glycosidic linkages carheit be ina-conformation as in maltose (a), or fin
conformation, as in lactose (b).
Figure source: http://chem-guide.blogspot.com/204@arbohydrates.html.

The annual production of polysaccharides in natsrdominated by cellulose, hemicellulose
(with xylan as main component) and chitin. Theaimfunction is to protect the organism or
cell from mechanical and chemical stress, by fogmigid insoluble and sometimes crystalline

structures that are insoluble and difficult to dety chemically.



1.1.1 Cellulose

The cell wall of plant is a complex structure mage of several layers of microfibrils of
cellulose in a crosshatched pattern, impregnatett wiher polysaccharides (hemicellulose,
pectin), lignin, and some proteins; alltogetherwnaas lignocellulose (Lynd et al. 2002). The
main component, cellulose, is a linear polymef-df,4 linked D-glucose with the consecutive
monomers rotated 180 degrees to each other(Fig@e 1Thus, the repeating units of the
cellulose chain are the disaccharide cellobiosearallRl chains of cellulose are connected
through hydrogen bonds, forming a microfibril netwavith great mechanical strength (Viétor et
al. 2000). These microfibrils are crystalline armh-soluble.

CH.OH H o H  oOH
HA \—o— /o0 I\U oH  H\H
OH H H H o
H H d H d
OH CHLOH CH,OH

Figure 1.2. The structure of cellulose. Cellulose consistB-df4 linked D-glucose. Note that the repeating ohi
the cellulose chain is a glucosamine-dimer as em@gosaccharide unit is rotated 180° in relatioth® next unit.
Figure source: http://www.scientificpsychic.comiéiss/carbohydrates1.html.

Crystalline cellulose is found in two forms, &nd B (Ip being the major type of cellulose found
in plants), while other types (i.e. type I, lllciV) of crystalline cellulose can be gained by-pre

treatment (chemically or enzymatically).

1.1.2 Xylan

Besides cellulose, the plant cell wall is composédther polysaccharides generically termed
hemicelluloses, a collectively name for various-gefiulose polysaccharides. The predominant
component of hemicellulose in grasses, angiospamdshardwood is the polysaccharide xylan,
which is also found in the cell walls of green @&gaXylan has a backbone pf1,4 linked D-
xylopyranosyl residues (1.3) which are pentose su@ahereas glucose is a hexose). This
backbone often has side chain substitutions and rbay decorated witha-L-D-
glucuronopyranosyl, 4-O-methytD-glucuronopyranosyl, a-L-arabinofuranosyl, O-acetyl,

feruloyl or coumaroyl residues.



H H OH H H OH
0 0
H/H 0 oH HAH H/n 0 oH HAH
OH H H OH H H
0 o—
H H d H H d
H OH H H OH H

Figure 1.3. The structure of xylan. The backbone of xylamede up of D-xylopyranosyl residues connectefl-by
1,4 linkages. Figure source: http://www.sciengiigchic.com/fitness/carbohydrates1.html.

1.1.3 Starch

Starch is present in all green plants as energagtoof glucose derived from carbon dioxide
through photosynthesis. Starch is stored in seystalline granules the shape and size of which
vary between plant organs and species (Smith 200hg two major polysaccharides in starch
are amylose and amylopectin, with a relative wejgtcentage ranging from 72% to 82% for

amylopectin and from 18% to 28% for amylose (Bulédnal. 1998). The most abundant

compound in starch granules, amylopectin (Figuf, is a large molecule with a main chain

composed ofi-1,4 linked D-glucopyranosyl residues which is higakranched through-1,6

linkages.

L]
AEREEEREERRRRREEE
Eddddddddddd

Figure 1.4.The branched nature of amylopectin. Amylopects h main-chain of 1,4-linkedD-glucopyranosyl
residues and is heavily branched withi,6 linkages.
Figure source: http://www.scientificpsychic.comiéiss/carbohydrates1.html.

Amylose is a relatively long and linear chaineeD-glucopyranosyl units connected through
1,4 linkages (Figure 1.5) with few1,6 linkages (Buléon et al. 1998).



0
H/H H
OH H
H OH

Figure 1.5. The structure of amyloseAmylose consists af-1,4 linked D-glucopyranosyl units.
Figure source: http://www.scientificpsychic.comiéiss/carbohydrates1.html.

Both the amylose chains and some exterior chainanoflopectin can form double helices
which, in turn, may associate to form crystallinergins. Starch is biosynthesized as semi-
crystalline granules, and the varying content of/lapectin and amylose in the granules gives

varying degrees of crystallinity (Buléon et al. 899

1.1.4 Chitin

Chitin is an important structural biopolymer thanétions as the main component of the cell
walls of fungi, the exoskeletons of arthropods sashinsects and crustaceans (e.g. crabs and
shrimps) (Rinaudo 2006) as well as in molluscs€Re1972) and algae(Jeuniaux 1972). Chitin
is a linear insoluble homopolymer d3-1,4 linked N-acetylf3-D-glucosamine (GIcNAc)
(Blackwell 1988) as shown in Figure 1.6. The rejpgadisaccharide units of the unbranched

chitin chain contain two GIcNAcs that are rotat&d1relative to each other.

CHEOH NHCOCH, CHEOH NHCOCH,
NHCOCH;  CHyOH NHCOCH;  CH,OH

Figure 1.6. The structure of chitin. The repeating unithitin are disaccharides with the subsequent morme
of B-1,4 linked N-acetylglucosamine (GIcNAc) rotatedd& to each other.
Figure source: http://www.scientificpsychic.comifiss/carbohydrates1.html.

Chitin is similar to cellulose, only differing byhé acetamido group on C2 in GIcNAc being
replaced by a hydroxyl group in cellulose. Likdldese, chitin chains also form rigid crystal
structures by intermolecular bonding. However dose of the presence of the acetamido group,
the structure of chitin is somewhat more open thanstructure of cellulose (Eijsink et al. 2008)
In nature, crystalline chitin is found in three fdient polymorphic forms dependent on the
orientation of the GIcNAc-chainsi-chitin has an anti-parallel arrangement of theividldal

chains (Minke & Blackwell 1978) while the chains frchitin have a parallel arrangement

4



(Gardner & Blackwell 1975). The least frequentnioof chitin, y-chitin, has a repeating

structure of two parallel and one single anti-gdatahain.

The o-form is the most rigid and abundant chitin polyraed the anti-parallel packing of the
chains is stabilized by a high number of intra- amérmolecular hydrogen bonds (Carlstrom
1957). This arrangement contributes to the mechhrmstrength and stability seen drchitin
containing organisms such as crustaceans and snsddte crystal structure @fchitin shows
looser packing of the chains and fewer interchaidrdgen bonds, which is reflected in the
ability to accommodate water molecules and resut® more flexible chitinous structure
(Merzendorfer & Zimoch 2003)-chitin is frequently found in squid pen, a rigiternal body
part found in some squids, and in certain phytdgtam (Blackwell 1988).

Figure 1.6 above shows the fully acetylated form obiitin, however, deacetylation by
concentrated NaOH or enzymatic hydrolysis yieldsader-soluble copolymer of GIcNAc and
D-glucosamine (GIcN) referred to as chitosan (Hetral. 2006a). Chitosans may differ in their

degree of acetylation and solubility.

The annual production of chitin in nature is estdato be 1¢- 10" tons (Gooday 1990). In
principle, chitin is available in considerable amtsuas underutilized waste product from e.g. the
shrimp and crab industry. Currently, only a snplt of this biopolymer is utilized for the
production of glucosamine and chitosan for use.gn water treatment, agriculture, food and
paper industry, and personal-care products (Ram&2000). There are several other potential
applications for chitin or chitosan based mateneith both antibacterial and antifungal effects
(Hoell et al. 2010). Alternatively, the polymersncéde converted to bioactive oligomeric
compounds or building blocks for bioactive glycolrugates (Aam et al. 2010). However, lack
of efficient enzyme technology is a hinder for thtimal degradation and utilization of chitin
(Horn et al. 2006a).



1.2 Microbial degradation of polysaccharides

As mentioned, the annual production of polysacclesriin nature is dominated by cellulose,
hemicellulose and chitin. Their main use is tot@cothe organism or cell from mechanical and
chemical stress, thus forming rigid crystallineustures that are insoluble and difficult to
chemically degrade. In nature, however, thereoisomg term accumulation of these abundant
polysaccharides, indicating efficient break down fajcroorganisms. Bacterial and fungal
degradation of complex polysaccharides is perfortnedxtracellular enzymes which are either
released in the surroundings or remain associatédthe cell surface. Secreted enzymes act
synergistically to hydrolyse crystalline substrateso soluble mono-and oligosaccharides

(Merino & Cherry 2007) which can be taken up by dhganism and further processed.

1.2.1 Degradation of cellulose

Cellulose is degraded by bacteria and fungi whiebrete cellulolytic enzymes (cellulases).
Cellulases (EC 3.2.1.4) are found in family 5-19, 18, 19, 26 44, 45, 48, 51, 61, 74 and 124 of
glycoside hydrolases (GH; for details on the cfassion of carbohydrate active enzymes see
section 1.3.1). They are divided into exoglucasasellobiohydrolases and endoglucanases.
Synergistic cooperation of these enzymes is reddoeefficient cellulose degradation (KuraSin
& Véljamae 2011). Endoglucanases are non-processizymes and cleave at random positions
along the crystalline cellulose, thereby generatimgw chain ends for the processive
cellobiohydrolases to attach to and continue dexdrawl, releasing cellobiose units (Kurasin &
Véljamae 2011).p-glucosidases (EC 3.2.1.21, found in GH family 1539, 30, 116) finally

hydrolyse cellobiose into single glucose units.

In recent years (Forsberg et al., 2011; Quinlaalet2011) it has become clear that microbial
degradation of cellulose involves at least one tamwil class of (oxidative) enzymes known as

lytic polysaccharide monooxygenases (LPMs); thdissussed in more detail in section 1.3.4.

1.2.2 Starch degradation

The hydrolysis of starch is performed damylases (EC 3.2.1.1), belonging to GH families 13
14, 57 and 119. Various physical and structuratuees influence the degradation of starch
granules. The main parameter determining degmauagificiency is granule crystallinity,

depending on the extent of helix formation in amsgl@nd amylopectin. However, also granular
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size, phosphorous contents, and complex formatemvden amylose and lipids affect the

enzymatic degradation (Asare et al. 2011).
1.2.3 Chitin degradation

Two major are known. The first pathway encompa#isesieacetylation of chitin to chitosan by
chitin deacetylases (EC 3.5.1.41, belonging to fadhiof carbohydrate esterase), followed by
hydrolysis of the-1,4 glycosidic bond in chitosan by chitosanase3 822.1.132, belonging to
GH families 5, 7, 8, 46, 75 and 80) (Hoell et2010). The other pathway, the chitinolytic
pathway, involves initial hydrolysis of tif1,4 glycosidic linkages in chitin by chitinasesO(E
3.2.1.14) belonging to GH families 18 and 19 (Hssat 1991; Henrissat & Davies 1997). This
hydrolysis results in production of mainly dimefs@GcNAc that are subsequently degraded to
GIcNAc monomers by family 20 glycoside hydrolasedled chitobiases (EC 3.2.1.29). Like
for cellulose, microbial degradation of chitin alswolves LPMs (see section 1.3.4) (Vaaje-
Kolstad et al. 2010).

Chitinolytic degradation is achieved in a syneigishanner by mixtures of hydrolytic exo- and

endo-acting enzymes (Horn et al. 2006b), simiamwhat is seen for cellulose degradation.
These enzymatic machineries have the potentiabhwert the biomass to fermentable sugars,
and are therefore of great interest for induspialpose Enzymes involved in degradation of
crystalline polysaccharides have to be able to@asowith the insoluble substrate, disrupt the

polymer packing, and guide a single polymer chiaia the catalytic centre (Eijsink et al. 2008).

1.2.4 Biomass degrading microorganisms relevant for thistudy

1.2.4.1 Serratia marcescens

One of the most efficient chitin degraders desdii®ethe Gram-negative enterobacteri®n

marcescensThe bacterium is commonly found in soil, water atahts.

The chitinolytic machinery 0%. marcescens induced by chitin (Brurberg et al. 1995; Monreal
& Reese 1969) and consists of three family 18 chges, two processive enzymes working in
opposite directions called ChiA and ChiB, and a-porcessive endochitinase called ChiC, an
LPM known as CBP21 (CBP for chitin binding protesee section1.3.4 for more details), and a
family 20 chitobiase (Brurberg et al. 1994; Brugpet al. 1995; Fuchs et al. 1986; Horn et al.
2006b).



1.2.4.2 Cellulomonas flavigena

C. flavigena(Bergey et al. 1923) is an aerobic Gram-positiven-mmtile bacterium with
snapping division (a post fission movement aft@iddnorizontal division of the cell resulting in
an angular (V-) arrangement of the daughter calfsrie complete separation (Krulwich & Pate
1971)). C. flavigena’'spreferred habitats are cellulose enriched enviemmsuch as soil, bark,
wood, and sugar fields. The bacterisacretes amylases in addition to multiple enzyfoes
utilization of different lignocellulosic substratéSanchez-Herrera et al. 2007). Members of the
genusCellulomonasare known to degrade cellulose, xylan and stafdit €t al. 2010). The
genome ofC. flavigenaencodes four family 33 carbohydrate-binding modyléBM33s) all
connected to a CBM2 domain (see section 1.3.5.d)tlese proteins’ substrate specificity and
function as putative lytic polysaccharide monooxyages (LPMs, described further in section
1.3.4) were the prior focus of this study.

1.2.4.3 Asperqillus terreus

The Aspergillusspecies are adapted for the degradation of conpgéex polymers by secreting
acids and enzymes into the surrounding environmeamd, are thus found in various terrestrial
habitats. A. terreusis a filamentous fungus that produces statinsjoglly relevant secondary
metabolites used in cholesterol-lowering drugs, tmdhs associated with aspergillosis of the
lungs and/ or disseminated aspergillosis (Benr@0®2 The genome &. terreusencodes one
CBM33 connected to a CBM20 domain (see sectior6 33.) ant the substrate specificity and

putative LPM-activity of this protein were the saddocus of this study.

1.3 Enzymes and binding modules involved in the degrad@&n of

polysaccharides

1.3.1 Classification of carbohydrate active enzymes

All enzymes are provided with an Enzyme CommisgB&) number by the Nomenclature
Committee of the International Union of Biochemyséind Molecular Biology representing the
reaction catalyzed and the substrate specificitghef enzyme. However, this coding fails to
identify enzymes with multiple substrate specifest and does not account for evolutionary

relationships provided through sequence and stictata. In 1991, Henrissat et al introduced a



new classification system to improve the classiiwaof glycoside hydrolases This system is
based on amino acid sequence similarities (Hertri$981; Henrissat & Davies 1997) and
formed the basis of the Carbohydrate-Active Enzy(@&ZY) database. Today, an extended
version of CAZY describes different families of wtturally related enzymes that degrade,
modify or create glycosidic bonds, and their cagfashte-binding modules (Cantarel et al.
2009). As of June 2012 the, the database incli@@sfamilies of glycoside hydrolases, 94
families of glycosyl transferases, 22 families oblysaccharide lysases, 16 families of

carbohydrate esterases and 64 families of carbalsqinding modules.

1.3.2 Glycoside hydrolases

Glycoside hydrolases (GHs, EC 3.2.1.-) are enzyoaalyzing the hydrolysis of glycosidic
bonds in di-, oligo- or polysaccharides. GHs artim polysaccharides can be either exo-acting,
cleaving the substrate from one end or endo-actinly, cleaving interior bonds in the substrate
chain (Dilokpimol 2010). GHs have a high structuti@ersity but the shape of the active site is
more conserved and can be divided into three gewctasses: (i) pocket, (ii) cleft, and (iii)

tunnel (Davies & Henrissat 1995).

A deep cleft or a tunnel topology allows the enzytmeemain attached to the substrate during
saccharification and degrade the substrate in eepsive manner. Processivity is a common
feature of glycosidases that degrade crystallifgspocharides such as cellulose and chitin. As
the process of gaining access to a single polyrhaincis energetically unfavorable for an

enzyme, a processive mechanism is thought to befioei for degradation of crystalline

substrates. However, the same properties that @mualenzyme processive, may contribute to a
reduced enzyme efficiency for certain substrategrasessive enzymes tends to “get stuck” on

their substrates.

1.3.3 A closer view at GH18 chitinases and the chitinotic machinery of S.

marcescens

One of the best-studied enzyme systems for theadatjon of recalcitrant polysaccharides is the
chitinolytic system fromS. marcescengEijsink et al., 2008). The lytic polysaccharide
monooxygenases, which are the main topic of thegmtestudy (see below), where originally
discovered in this bacterium (Vaaje-kolstad et200Q5a,b, 2010).



As stated in section 1.2.4.8. marcescenproduces three GH18 chitinases when grown on
chitin; ChiA, ChiB, and ChiC. All these chitinasesnploy a substrate-assisted double
displacement catalytic mechanism and contain tagrdistic sequence motif D-X-X-D-X-D-X-

E (D corresponds to aspartic acid, E to glutamid aad X can be any amino acid), where the
final glutamate in the motif acts as the catalgotd (Durand et al. 2005). Crystal structures of
both ChiA (Papanikolau et al. 2003; Perrakis et1894) and ChiB (van Aalten et al. 2000)
reveal deep “tunnel-like” substrate-binding clditsving a path of aromatic residues extending
over the surface of the substrate-binding domaigufe 1.7) (Perrakis et al. 1994; van Aalten et
al. 2000). In ChiB, this substrate-binding domaancarbohydrate-binding module family 5
(CBM5)-domain, extends the cleft on the side whiee reducing end of the substrate binds,
where in ChiA another type of substrate-binding doma fibronectin Ill-domain ( see section
1.3.6.2), extends the cleft towards where the malucing end of the substrate binds. The deep
substrate-binding clefts in both ChiA and ChiB urpdie the notion that these enzymes work in a

processive manner.

Glycosidases acting processively on non-soluble/gaaicharides share a common feature of
having aromatic residues, particularly tryptophdiméng the substrate-binding cleft. Together
with hydrogen bonding, aromatic residues are thmidant interaction in protein-carbohydrate
complexes (Sarlie et al. 2012). The impact of atnresidues near the catalytic centres of
ChiA and ChiB was demonstrated by Zakariassen ef(28l09) and Horn et al. (2006a),
respectively. In the former study, it was showatthy mutating two tryptophan residues near
the catalytic centre (TH'> Ala and Tr3">-> Ala, see Figure.1) ChiA showed a decrease in
the processive degradation of crystallfrehitin. However, the loss of processivity resdlia
increased activity towards chitosan, indicating thea rate-limiting step of the reaction depends
on the solubility of the polymeric substrate (Zakssen et al. 2009, (Zakariassen et al. 2009;
Zakariassen et al. 2010). Similar observation® limen made for ChiB (Horn et al. 2006a).
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Figure 1.7. Crystal structures of ChiA (left, PDB: 1ctn) a@tiB (right, PDB: 1e15). The catalytic acids, ChiA
Glu**® and ChiB-GId*, are colored blue and the aromatic residues imebla substrate binding are highlighted and
numbered. Note that the catalytic domains arentetein a similar manner and that they are extetge@BMs in
opposite directions (to the “non-reducing side”GhiA, and to the “reducing side” in ChiB. Protestructure
graphics were made using PyMol (DeLano 2002).

While both ChiA and ChiB are processive, exo-acengymes, the third chitinase expressed in
S. marcescen€hiC, is a non-processive endo-chitinase. Judiged sequence alignments with
ChiA and ChiB, ChiC has a much more open subshiating groove (Suzuki et al. 1999). ChiC
randomly hydrolyzes the polymer and yields long&tooligosaccharides as products (Baban et
al. 2010; Horn et al. 2006b). It has two extrandms; one fibronectin lll-like domain and one
CBM12 domain, both with chitin-binding propertie€hiC often occurs in two forms in cultures
of S. marcescenghe complete protein, referred to as ChiCl, angraeolytically truncated
variant, called ChiC2, lacking the two chitin-bindidomains (Horn et al. 2006b; Suzuki et al.
1999).

ChiA and ChiB degrade chitin chains from oppositdse ChiA from the reducing end and ChiB
from the non-reducing end (Baban et al. 2010; Harial. 2006b). When including the non-
processive endo-acting ChiC, the thr8e marcescenshitinases show strongly synergistic
effects in degradation of different chitinous sudists (Brurberg et al. 1996; Hult et al. 2005;
Suzuki et al. 2002). The available data convinlgisgow that the three chitinases have different
and complementary activities and directionalitiediich explains the synergism (Horn et al.
2006b). Still, the picture is not completely cleas ChiB and ChiC show little synergy in the
hydrolysis of powdered chitin, while ChiA in combition with either ChiB or ChiC, show a
clear synergy on the same substrate (Suzuki @08R). Recent findings on the role of CBP21

from S. marcescensvhich disrupts and depolymerizes the structurergétalline chitin by an
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oxidative mechanism, and thereby potentiates tlitehake activity (Vaaje-Kolstad et al. 2005a;
Vaaje-Kolstad et al. 2010) suggest other explanatior the synergistic effects as discussed in
section 1.3.4).

1.3.4 Lytic Polysaccharide Monooxygenases

It has recently been discovered that enzymes ndiedchytic polysaccharide monooxygenases
(LPMs) contribute to the depolymerization of polysharides. These enzymes are currently
represented by two families in CAZY, carbohydraiteding module family 33 (CBM33) and
GH family 61 (GH61); both these families await tassification). The first structure of LPMs
to be solved was of a CBM33, the chitin-bindingtpmo CBP21 fronS. marcescen@-igure 1.8)
(Vaaje-Kolstad et al. 2005b). In 2005 Vaaje-Kdlstt al (2005a; 2005b) discovered that
CBP21 increases chitinase efficiency in degradadforertain forms of crystalline chitin. At the
time it was thought that the binding of CBP21 tgstalline chitin somehow led to changes in the
substrate structure and increased substrate awdigssi It was shown that CBP21 promoted
hydrolysis offf-chitin by ChiA and ChiC, while it was essentiat fall degradation by ChiB. In
2010, Vaaje-Kolstad et al. revealed that CBP21 isetal-dependent enzyme which generates
chain breaks and oxidizes chain ends on the sudiceystalline chitin, thereby depolymerizing

the substrate and making it more available for @egfion by chitinases.

Similar activities have been observed for membérh® GH family 61 (GH61) (Phillips et al.
2011; Quinlan et al. 2011; Westereng et al. 201TMhe GH61 enzymes share structural
similarity with CBM33s (Fig. 1.8), but share a segoe identity of less than 10%. The GH61
family consists of fungal proteins up regulated imyr growth on cellulose and other
polysaccharides from plant biomass (Hori et al. 1301 They were originally classified as
glycoside hydrolases in the CAZy database on tkeslud weak endo-1,8-D-glucanase activity
detected for one of the family members. Howevarrid et al. (2010) concluded that GH61
proteins are unlikely to be classical glycosiderbjakes based on the lack of the characteristics
of a glycosidase hydrolase. Like CBM33s, GH61sehavremarkably flat substrate-binding
surface and lack catalytic residues that are typaraglycoside hydrolases. Furthermore, unlike
GHs, CBM33s and GH61 require divalent metal ionsdjatimal activity. Harris et al. (2010)
also described synergistic effects of GH61 andutades in hydrolyzing lignocellulose,
indicating that GH61 activity corresponds to théwty of CBP21 (Harris et al. 2010). In their
paper on the discovery of the lytic oxidative pmtjgs of CBP21, Vaaje-Kolstad et al. (2010)

pointed out that GH61s were likely to carry out Haene chemistry, as suggested by conserved
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active site architectures (Fig 1.8) and as laterficoed experimentally (Phillips et al. 2011,
Quinlan et al. 2011; Westereng et al. 2011).
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Figure 1.8.Crystal structure of CBP21 (left, PDB ID: 2BEM)AhGH61E fromThielavia terrestrigright, PDB ID:
3Ell). The side chains of conserved histidinedess in the active site involved in binding of der& copper are
coloured in magenta in both models. Note that Hs28 His19 in the left and right panels, respebfijvare the N-
terminal residues of correctly processed secretetkips. Protein structure graphics were madeguBigMol
(DeLano 2002).

In 2011, the oxidative properties and direct degtiath of cellulose by a GH61 from
Thermoascus aurantiacf$aGH61) were described (Quinlan et al. 201TpGH61’s oxidative
activity was proven to be copper-dependent. Thmpepbinds to a type Il copper site involving
the methylated N-terminal histidine of the enzyrhattacts as a metal-coordinating residue
(Quinlan et al. 2011). A similar activities werestélcted forPcGH61D, a GH61 from
Phanerochaete chrysosporiufWestereng et al. 2011) and for Cdh-1, frblauropora crassa
(Phillips et al. 2011). The GH61s cleave cellulas¢he glycosidic bond and oxidize one of the
new chain ends. This is analogous to what has desaribed for the chitin-active CBM33s
CBP21 (Vaaje-Kolstad et al. 2010) and CBM33A framterococcus faecali@/aaje-Kolstad et
al. 2012) and the cellulose-active CBM33 CelS2 ¢berg et al. 2011) Importantly, while data
indicate that CBM33s andlcGH61D exclusively oxidize C1 in the scissile C14@hd, it seems
that other GH61 oxidize C4 in the scissile bond padhaps even C6 at the newly generated non-

reducing end.

Available data show that the activity of CBM33s aBH61s is increased by the presence of
external electron donors such as ascorbic acidn{@uiet al. 2011; Vaaje-Kolstad et al. 2010;
Westereng et al. 2011), while Langston et al. (284d Phillips et al. (2011) showed the same

using an electron donating enzyme, cellobiose delgghase (enzymes oxidizing cellobiose to
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the corresponding 1-&lactone). Furthermore, after some initial conbas{Harris et al. 2010;
Vaaje-Kolstad et al. 2010), several studies havesiogingly shown that CBM33s and GH61s
are copper dependent oxidases (Aachmann et al; Bdlllips et al. 2011; Quinlan et al. 2011,
Westereng et al. 2011). Details of the catalytichamism remian to be unravelled but reaction
mechanisms and names for these novel enzymes legre groposed. One proposed reaction

mechanism proposed by Phillips et al. (2011) isxshim

Figure1.9. Possible names for these enzymes include pollgagde monooxygenase (PMO) or
the name adapted in this report, lytic polysacclearonooxygenase (LPM). In their 2011
paper presenting a possible mechanism for GH61iflipBret al. (2011) only consider C1- or

C4- oxidation generating a lactone or a ketoaldaspectively.
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Figure 1.9 PMO/LPM reactions and proposed mechamsm (TopType 1 PMOs abstract a hydrogen atom from
carbon 1 leading to the formation of a sugar laesprwhich will be spontaneously hydrolyzed to aldarids,
depending on pH. Type 2 PMOs catalyze hydrogen aabstraction from carbon 4 leading to formation of
ketoaldoses. Rottom) PMO mechanism: an electron, in this case fromeaé domain of the cellobiose
dehydrogenase, reduces the PMO Cu(ll) to Cu(l) scad bind. By internal electron transfer, a coppgreroxo
intermediate is formed, which then abstracts afréin C1 or C4 on the carbohydrate. A second edectrom the
cellobiose dehydrogenase leads to a cleavage @uHeound hydroperoxide. The copper oxo-species@uhen
couples with the substrate radical, hydroxylatihg tsubstrate. Addition of the oxygen atom destadslithe
glycosidic bond and leads to elimination of theaadnt glucan (Phillips et al. 2011). The Figuré&dsn Phillips et

al. (2011).
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CBM33s and GH61s are not active on soluble celtazhito-oligosaccharides (Vaaje-Kolstad et
al., 2010; Westereng et al., 2011) and their ftaiva site surfaces (Fig. 1.8), suggest that these
enzymes are optimized for interacting with ordesalstrate surfaces as in crystalline substrates.
Interestingly, the chromatographic profiles of proté generated by oxidation of various
cellulose or chitin substrates (PASC, Avicel, delse nanofibrils) differ from each other in
terms of the dominance of even-numbered produtlss might reflect different binding modes
towards different substrates with varying degreecwfstallinity (Vaaje-Kolstad et al. 2010;
Westereng et al. 2011). Westereng et al. (201int mut that putative functional difference
between cellulolytic GH61s and CBM33s may yieldegistic effects when combining several
of these proteins working on the same substrateis iE interesting, as the genomes of most

biomass-degrading microorganisms contain multiglees encoding CBM33s or GH61s.

Recently, Medie et al. (2012) introduced these B1&gyas lytic oxidases, a name that is broad as
oxidases covers all oxidizing enzymes and moreriétive than “PMO” as it indicates bond
cleavage (“lytic’). However, as monooxygen is immarated into the product of the
CBMB33/GH61 catalyzed reaction (convincing experitaéavidence from both Vaaje-Kolstad et
al. (2010) and Beeson et al (2012)), the optimummendahat would cover all aspects of the
mechanism would be lytic polysaccharide monooxygeriaPM), which is the name adopted in
this report. An overview of the degradation oflalelse by the synergistic action of LPMs,

endoglucanases and cellobiohydrolases is showigimd=1.10.
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Figure 1.1Q0 An overview of the enzymatic degradation of wele in presence and absence of LPMs (referred to
as “lytic oxidizes” in the Figure)r) Endoglucanases catalyze hydrolytic chain cleavegsilting in non-oxidized
chain ends (blue hexagons). LPMs introduce chiaimvages on the crystalline substrate, resultiraxidized chain
ends (red hexagons). Cellobiohydrolases are psoeeenzymes, and hydrolyze the cellulose intoobédise. 3-D-
glucosidases can then further cleave the celloltimggucose monomerdh) In the absence of oxidative cleavage,
endoglucanases and processive cellobiodydrolaggadkethe cellulose, but the rate limiting stethes numbers of
chain ends (Medie et al. 2012). The Figure is fidedie et al. (2012).

1.3.5 Carbohydrate-binding modules

Carbohydrate-binding modules (CBMs) are non-catalgomains with a carbohydrate-binding
activity that enhance the activity of many enzyraesng on complex carbohydrates (Cantarel et
al. 2009). CBMs are usually small and occur aarbedistinguishable domains separate from
the catalytic domains of hydrolytic enzymes (Soxhiaet al. 1997). They are thought to
enhance the catalytic efficiency of the enzyme tolwansoluble substrates by bringing the
catalytic module in intimate contact with the subt (Hashimoto et al. 2000), thus increasing
the local concentration of substrate. There adications that certain CBMs may have a
substrate-disrupting effect (Eijsink et al. 2008he CBM33s discussed above are no true CBMs
but enzymes and will be re-classified in the negure.

1.3.6 Carbohydrate-binding modules

Carbohydrate-binding modules (CBMs) are non-catalgbmains with a carbohydrate-binding
activity that enhance the activity of many enzyraeng on complex carbohydrates (Cantarel et
al. 2009). CBMs are usually small and physicayparate from the catalytic domains of

hydrolytic enzymes (Sorimachi et al. 1997). Theythought to enhance the catalytic efficiency
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of the enzyme towards insoluble substrates by brinthe catalytic module in intimate cont

with the substrate (Hashimogt al. 200, thus increasing the local concentration of salbst
1.3.6.1 CBM2

CBM family 2 (CBM2) contains members that primaritynd cellulose (CBM2a) and xyle
(CBM2b), and in some instances ck(Fujii & Miyashita 1993) The subdivision is based on
8-residue loop in CBMZ2a that is absent from CBMSimpson et al. 2000)Family 2i has three
surfaceexposed tryptophan residues, forming a planar bingurface(Xu et al. 199) (Figure
1.11)ideal for binding to the planar surface of crystelcellulose. Oneof these tryptophar
(W17 in Figure 1.11, leftis locatecwithin the 8-residuéoop region. CBM2b contains only tv
conserved surfacexposed tryptophan residues, and one of these (\WizFigure 1.11, right) is
rotated by 90 compared to its corresponding position in CBM2alpWn Figure 1.11, left)
(Simpson et al. 2000)In crystalline xylan, the subsequepyranose ringsare rotated 120° to
each otheand the orientation of the suce exposed trytophans in CBM2b (W291 and W2E&
Figure 1.11, right) favours biimy via stacking interactions between the tryptophamsevery

second pyranose ring of xylan.
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Figure 1.11. Crystal structte of the CBM2a oxylanase B Cfixyn10A, PDB ID: 1EXG left) and the CBM2b
domain of xylanase DQfixyn11A, PDB ID: 1XBL, right) both found in the genome Gkllulumonas flaviger.
The surface exposed tryptophans involved in sutestranding are showrn sticks andabellec. The substrate
specificity-determining residues, Glycine in Xyn10A and Argmiim Xyn11A (see text)are both shown in stick
but not labeled. Protein structugeaphic: were made using PyMol (DeLano 2002).
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Regarding the substrates, the only difference batwglucose and xylose (sFigure 1.2 and
Figure 1.3 is the presence of a GOH group attached to carbon 5 in glucose. Simpsai.
(2000)describes how a mutation of an arginine near thated tryptophan iiXyn11A-CBM2b
(Uniprot ID: P54865)0 a glycine resulted in loss of affinity - xylan and a gainf cellulose-
binding properties. They conclude that the arginholds the tryptophan in an orientat
favorable for xylan-bindingRigure 1.12). The structure of the R262G mutadgtermine by
nuclear magnetic resonancgjpports tts, as Trp259 had planar orientation in the mutat

protein (Simpson et al. 200).

Figure 1.12. Cartoon and stick representation of the major fonet difference between CBM familia and 2.
The representation shows a zoowshowing the orientation of ttkey surface tryptophan i@fixyn10A (left) and
Cfixyn11A (right) and theresidue determining the conformation of thyptophan (glycine it€BM2a and rginine
in CBM2b). Protein structure graphiagre made using PyMol (DeLano 2002).

1.3.6.2 Fibronectin llldike domairs and immunoglobulin-like folds

The immunoglobuline fold consists of a t-sandwich of seven or more strands divided intc
sheets f{ttp://www.ebi.ac.uk/interpro/IEntry?ac=IPR014). It is one of the most comm
protein modules found in animals, but modules wttlictural similarity have also been founc
bacterial genomedPérrakis et al. 199. Some of these immunoglobulin-foldse structurally

similar tofibronectin type Ill domain
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Both ChiA and ChiC contain an N-terminal domaintthas an immunoglobulin-like fold, both

structurally similar to fibronectin 11l domains. owever, the N-terminal chitinase domains share
no sequence similarity with fibronectin 11l domai(®errakis et al. 1997). Perrakis et al. (1997)
proposed that such fibronectin lll-like domainsdhitinases are involved during catalysis by
forming interactions with the chitin chain. The gabf these domains in chitin-hydrolysis has

been confirmed by several experiments (Watanabé #994).

1.3.6.3 Starch binding domains

Starch binding domains (SBDs) are present in apprately 10% of amylases and are usually
located at the C-terminal end of the enzyme. 8&tdioding domains are classified in CBM
families 20, 21, 25, 26, 34, 41, 45, 48 and 5ha €AZy database (Christiansen et al. 2009b).
These domains mainly act on the surface of crysealtarch, allowing the enzyme to degrade
whole starch granules (Morris et al. 2005). Moetsal. (2005) also showed that proteolytic
removal of the starch binding domain from Aspergillus nigerglucoamylase led to a dramatic
reduction in activity towards granular starch, vdar this modification did not affect the activity

towards soluble starch and oligosaccharides.

1.3.6.3.1 CBM20

Among the SBDs, the CBM family 20 (CBM20) is thesbstudied family. CBM20s are found
in archaea, bacteria and eukaryotes, mainly linikcedmylolytic enzymes (Christiansen et al.
2009a). The structure of the CBM20 of glucoamylasél,4«e-D-glucan glucohydrolase, EC
3.2.1.3) fromAspergillus nigethas been determined both when free in solutionirt@ehi et al.
1996) (right in Figure 1.13) and when bound{oyclodextrin, an analogue of starch (Sorimachi
et al. 1997) (left in Figure 1.13).
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Figure 1.13 Cartoon representation of ttCBM20 domain fromA. niger glucoamylase Wwhen bound o f-

cyclodextrin (left, PDB ID: 1ACO0) andith no ligandbound (right, PDB ID: 1KUL). The flexible loop associate
with binding site 2 andhowing the largest conformational change upontsatiesbinding is colorepurple. Protein
structure graphics were made using PyKeLano 2002).

A. nigers glucoamylase is a mult-domain enzyme containing antBrminal hydrolase (GH1¢
domain and a @erminal CBM20 joined by a highlO-glycosylated ihker. The enzyme h:
exo-acting activity, releasingD-glucose from the n¢-reducing end of starch and related c-

and polysaccharide@Vorris et al. 200t. The structural folds conserved among SBDs,

having ap-sandwich fold with anmmunoglotulin-like fold (Christiansenet al. 2009b). Th
best charachterized SBD is the CBM20 f glucoamylase 1 (Figure 1.18pnsising of seven
betastands (one parallel and six antiparallel pairsining an ope-sided distorted be-barrel
(Sorimachi et al. 1996) This wel-defined B-sheet structure is maintained whehe
SBD/CBM20 is bound to substrai@orimachi et al. 199.

Most CBM20s havéivalent interactios with the substrate via two carbohydrhteding sites,
each involving two or three conservedvent accessible aromatic residuéeirininga et a
1996; Sorimachi et al. 1997).Site 1 is considered to bee site where the binding st
commences (Morris et al. 2005)t is shallower and more solvent exposed th#nXiancsite 1
showsonly minor structural changeupon bindingto a substrate. Site 2, compared to site

more extende@nd undergoes sttantial structural changes upon substrate bin(Sorimachi
et al. 1997) This conformational change, combined with argjey binding in binding site 2,
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thought to lock the substrate into position foratggis. A flexible loop associated with binding
site 2 (Fig. 1.13) allows binding of the SBD torsta strands in a variety of orientations
(Sorimachi et al. 1997).

CBM20 domains are proposed to play two roles irchtdegradation. Firstly, they help enzymes
to attach to granular starch and to increase tlzgne@ concentration at the substrate surface
(Morris et al. 2005). Secondly, they “unwind“glucan helices on the granule surface, enhancing

the cleavage by the catalytic domain (Southall.e1299).
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1.4 Goal of this study

The aim of this study was to provide more insightbithe roles of different putative Iytic
polysaccharide monooxygenases (LPMs) from the faB8l of carbohydrate binding modules.
These LPMs are of great interest both for the wtdading of microbial polysaccharide
degradation as well as for industrial purposesfadilitate the degradation of crystalline
substrates. The main objective has been to cexpress, purify and characterize CBM33s from
two different organisms, the bacteriuth flavigena the primary target being CBM33s with
activity on chitin or cellulose, and the funglisterreus with the primary target being CBM33s

with activity on starch.

The first issue to be addressed was the charaatienzof the four CBM33s in the genome@f
flavigena (CfCBM33A, CfCBM33B, C{CBM33C andCfCBM33D; UniProt IDs are listed in
Table 3.1). The intention was to clone, express and puriffallr CfCBM33s to study whether
the CfCBM33s have different substrate specificities,héyt work synergistically in substrate
degradation, and whether or not the C-terminal CBivi&sent in all fouCfCBM33 is required

for substrate specificity and degradation.

The second part of this study was focused on atipat€BM33 fromA. terreus(AtCBM33A;
UniProt ID in Table 3.1). This CBM33 is of greatarest as it is linked to a CBM20 domain,
suggesting specificity towards starch. So farhmgt is known about the starch degrading
properties of CBM33s. Since LPMs have proven t@sbahe degradation of chitin and
cellulose, two recalcitrant crystalline structurédsis conceivable that CBM33s from a starch
degrading fungus such @s terreuswork on starch. Notably, there are no publishathdn
CBM33s from fungi.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals

Chemical

2,5-Dihydroxybenzoic acid (DHB)
Acetic acid 99.8 %

Acetonitrile (CHCN)

Agar bacteriological (Agar No. 1)
Agarose, SeaKem®

Albumin, bovine serum (BSA), Fraction V
Ammonium bicarbonate (NJHCO,)
Ammonium chloride (NECI)
Ammonium sulphate (NH),SO,
Ampicillin

Ascorbic acid

Bacto™ Peptone

Bacto™ yeast extract
Bacto™Tryptone

Biotin

Bis-Tris (CsHisNOs)

Brain heart infusion (BHI)

Calcium chloride (CaG)

Calcium sulphate (CaSP

Coomassie Brilliant Blue R250
D(+)-Glucose monohydrate
DL-Dithiothreitol (DTT)

D-Sorbitol

Ethanol 96 % (v/v)

Ethidium bomide, ultrapure Bioreagent
Ethylenediaminetetraacetic acid (EDTA)

Ethylenediaminetetraacetic acid disodium salt diatel(EDTA-Na)

Gallic acid

Glycerol 85 % (w/v)
Hepes (@H1sN>0,S)
Hydrochloric acid (HCI)
Imidazole

Supplier

Bruker Daltonics
VWR
Fulltime

Oxoid
Lonza

Sigma-Algtri
Sigma-Aldrich
Fluka/ Sigma-Aldrich
Merck
Sigma-Aldrich
Sigma-Aldrich
Becton, Dickinson and Company
Becton, Dickinson and Company
Becton, Dickinson and Company
Sigma-Aldrich
Sigma-Aldrich
Oxoid
Sigma-Aldrich
Sigma-Aldrich
Merck
VWR
Sigma-Aldrich
Sigma-Aldrich
Arcus

J.T. Baker

Sigma-Aldric
Sigma-Aldrich
Sigma-Aldrich
Merck
Sigma-Aldrich
Merck
Sigma-Aldrich
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lodoacetamide
Isopropylp-D-1-thiogalactopyranoside
L-Gluthation, reduced

Magnesium chloride (MgG)

Magnesium sulphate (MgSP
Magnesium sulphate heptahydrate (Mgp07H,O
MES (GH13NO,S ) hydrate

Methanol, HPLC grade
N-Acetyl-D-glucosamine
Phenylmethanesulfonylfluoride (PMSF)
Phosphoric acid (KOH) 85 % (w/v)
Potassium chloride (KCI)

Potassium dihydrogen phosphate grRIG))
Potassium phosphate dibasickKRO,)
Potassium sulphate §RO,)

Simply Blue SafeStain

Sodium acetate (Ei;NaQ,)

Sodium acetate (GJEOONa)

Sodium chloride (NaCl)

Sodium hydroxide (NaOH) 50 % (w/v)
Sodium sulphate (N&QO,)

Sodium phosphate dibasic heptahydrate W, x 7H,0)

Sodiumdodecylsulfate (SDS)

Sulphuric acid (HSQ,)

Thiamine

Trifluoro acetic acid (TFA)
Tris(hydroxymethyl)aminomethan (Tris-HCI)
Yeast extract

Yeast Nitrogen Base (YNB)

Zeocin™

a-cyano-hydroxy-cinnamic acid (CHCA), 97 % (w/v)

B-lactoglobulin from Bovine Milk, 90 % (w/v)
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Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Qiagen
Merck
Merck
Sigma-Aldrich
LAB-SCAN
Sigma-Aldrich
Sigma-Aldrich
Merck
Merck
Merck
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
J.T. Baker
Sigma-Aldrich
Sigma-Aldrich
Bie & Berntsen
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aitcth
Remel
Fluka
Invitrogen
Allch
Sigmaidrich



2.1.2 Carbohydrate substrates

Table 2.1. Polysaccharide substrates used for cultivatigregrents, binding assays and degradation expetéimen

Note that only some of the substrate specificatamesknown.

Substrate | Origin Specifications provided by supplig Supplier

a-chitin’® Shrimp shell Dried and milled Hov Bio, TromsariNay

a-chitin® Crab shell Dried and milled Y. Nakagawa, Japan

a-chitin® Crab shell Milled by cutter mill 60 sec, 88 . Nakagawa, Japan
crystallinity

a-chitin® Crab shell Ball mill 30 min, 30% crystallinity Yakagawa, Japan

a-chitin® Nanofiber S. Ifuku, Japan

B-chitin”® Squid pen dried and milled France chitin, France

B-chitin® Squid pen dried and milled Y. Nakagawa, Japan

B-chitin® Squid pen Cutter mill 60 sec, 78 . Nakagawa, Japan
crystallinity

B-chitin® Squid pen Ball mill 60 min, 32 % crystallinity Y. Nakagawa, Japan

B-chitin® | Nanofiber S. lfuku, Japan

Cellulosé | Avicel ~50 um particle size PH101Sigma-Aldrich

Cellulos€ | PASC Phosphoric acid swollen cellulose K. Igarash

Cellulosé | Filter paper 0.5 mm Whatman no. 1

Xylan Birchwood xylan Roth, Karlsruhe, Germany
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2.1.3 Primers

Table 2.2.Primers by name and sequence.

Primer name Primer sequence (5> 3’)

INFCf33AF CGCAACAGGCGAATGCTCACGGCTCCGTCACCGACCC
INFCf33AR1 CAGCCGGATCAAGCTTTCAGGCCGCGGTGCAGGT
INFCf33AR2 CAGCCGGATCAAGCTTTTACGCGGTCCCGTTGATGTT
INFCf33BF CGCAACAGGCGAATGCTCACGGTGCCGTGTCCGACC
INFCf33BR1 CAGCCGGATCAAGCTTTCAGGCGGCTGCGCAGGT
INFCf33BR2 CAGCCGGATCAAGCTTTTAGCCACCGAAGGTCAC
INFCf33CF CGCAACAGGCGAATGCTCACGGGTGGATCTCCGACC
INFCf33CR1 CAGCCGGATCAAGCTTTCAGGCGGCCGCGCAGGT
INFCf33CR2 CAGCCGGATCAAGCTTTTAGCCACCGGGCGTGATGT
INFCf33DF CGCAACAGGCGAATGCTCACGGCGGTCTGACGAACCC
INFCf33DR1 CAGCCGGATCAAGCTTTCAGCGGACGATGCAGGGCT
INFCf33DR2 CAGCCGGATCAAGCTTTTAACCACCGAAGTCCACGT
SeqlCf33A CATCAACGGGACCGCGCCGACGCAG

Seq2Cf33A CCGCCTGGTAGAGACCGGTCGTGCC

Seql1Cf33B TGACCTTCGGTGGCGGTGGGACGCC

Seq2Cf33B TGCTTCGTCACGTAGATCTTCAGGT

SeqlCf33C CACCGCGACGTTCAAGACGAACAAC

Seq2Cf33C CTCGGGCAGGTTGTTGATCGTGTGC

Seql1Cf33D CGTTCTACAACTGCGTCGACGTGGA

Seq2Cf33D CTTGCCGCTCTTGTTCGACGGCAGC

3320_Xhol_SP ATAACTCGAGAAAAGAGAGGCTGAAGCTCACGGCTACIGACTATTC

3320_Xbal _ASP

GCGTCTAGATCAACGCCAAGAAGCGGCTG

pRSET-B SeqF

GATCTCGATCCCGCGAAATT

pRSET-B SeqR

TGTTAGCAGCCGGATCAAGC
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Table 2.3.Primers by name and description.

Primer name

Primer description

INFCf33AF Cfcbm33Aforward cloning primer

INFCf33AR1 Cfcbm33Areverse cloning primer, full-length protein

INFCf33AR2 Cfcbm33A-Nreverse cloning primer, N-terminal domain

INFCf33BF Cfcbm33C forward cloning primer

INFCf33BR1 Cfcbm33Creverse cloning primer, full-length protein

INFCf33BR2 Cfcbm33C-Nreverse cloning primer, N-terminal domain

INFCf33CF Cfcbm33D forward cloning primer

INFCf33CR1 Cfcbm33D reverse cloning primer, full-length protein

INFCf33CR2 Cfcbm33C-Dreverse cloning primer, N-terminal domain

INFCf33DF Cfcbm33Bforward cloning primer

INFCf33DR1 Cfcbm33Breverse cloning primer, full-length protein

INFCf33DR2 Cfcbm33B-Nreverse cloning primer, N-terminal domain

SeqlCf33A Cfcbm33Aforward sequencing primer (annealing in the madafithe gene)
Seq2Cf33A Cfcbm33Areverse sequencing primer (annealing in the raidfithe gene)

SeqlCf33B Cfcbm33C forward sequencing primer (annealing in the neduflthe gene)
Seq2Cf33B Cfcbm33Creverse sequencing primer (annealing in the raidéithe gene)

SeqlCf33C Cfcbm33D forward sequencing primer (annealing in the nédufithe gene)
Seq2Cf33C Cfcbm33D reverse sequencing primer (annealing in the raidfithe gene)
SeqlCf33D Cfcbm33Bforward sequencing primer (annealing in the madafithe gene)
Seq2Cf33D Cfcbm33Breverse sequencing primer (annealing in the raidfithe gene)

3320_Xhol_SP Atcbm33Aforward cloning primer

3320_Xbal_ASP

Atcbm33Areverse cloning primer

pRSET-B SeqF

pRSET-B, forward sequencing primer

pRSET-B SegR

pRSET-B, reverse sequencing primer
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2.1.4 Bacterial strains and plasmids

Table 2.4.Bacterial strains

Strain Source

Escherichia coli DH& Invitrogen

Escherichia coli TOP10 Invitrogen

Cellulomonas flavigena (DSM 20109) ATCC (http://wigestandards-atcc.org/)
Pichia pastoris X-33 Invitrogen

Table 2.5.Plasmids

Plasmid Source or reference
pPICZu-A Invitrogen (vector map is shown in Appendix Dg B.1)
pPRSET-Btbp21 (Vaaje-Kolstad et al. 2012) (pPRSET-B vector mapivet

from Invitrogen is shown in Appendix D, Fig D.2)
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2.2 Cultivation of microorganisms

2.2.1 Agars, cultivation media and substrates

All medium and agar solutions were autoclaved quidi cycle at 15 psi (1 bar) and £2ifor

20 minutes.

2.2.1.1 Luria Bertani (LB)

Liguid medium
10 g Bacto Trypton

5 g Bacto yeast extract

10 g NaCl
After carefully mixing and dissolving the ingredisnthe volume was adjusted to 1 litre with
dH,O and the medium was autoclaved. If the medium wssd to select for positive

transformants, 50 pg/ml ampicillin was added praocultivation.

Agar plates
15 glliter agar was added to the LB medium befatedaving. After cooling to ~5& and, if

selecting for transformants, addition of 50 pg/mipgcillin; the medium (1 liter) was distributed
on 20 Petri dishes. After cooling for 20 minutes thlates were stored wrapped in plastic at
+4°C.

2.2.1.2 Lowsalt LB
Liquid medium
10 g Bacto Tryptone
5 g Bacto yeast extract
5 g NaCl
After carefully mixing and dissolving the ingredierwith 900 ml dHO the pH was adjusted to
7.5 using 1 M NaOH. The volume was adjusted tieet With dHO before autoclaving. Prior

to use, Zeocil was added to 25 pg/ml final concentration.

Agar plates
15 glliter agar was added to the low salt LB medhafore autoclaving. After cooling to %5

Zeocin™ was added to 25 pg/ml final concentration andntieelium (1 liter) was distributed on

20 petri dishes. After cooling for 20 minutes, iates were wrapped in foil and stored @.4
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2.2.1.3 Terrific broth (TB)
10 x TB salts:
23.12 g KHPO
125.41 g KHPO,

The chemicals were carefully mixed, and dissolvediit,O to a final volume of 1 liter and

autoclaved.
Liquid medium
12 g Bacto Trypton
24 g Bacto yeast extract
4 g glycerol
All ingredients were carefully mixed and dissoladlH,O to a final volume of 900 ml before

autoclavation. After autoclavation the medium wdded 100 ml 10 x TB salts.

2.2.1.4 Brain Heart Infusion (BHI)

Liguid medium
37 g BHI

BHI was completely dissolved in dB to a final volume of 1 liter and autoclaved.

2.2.1.5 Yeast extract Peptone Dextrose (YPD)

Liguid medium
10 g yeast extract

20 g peptone

100 ml 20% (w/v) glucose, filter-sterilized
Yeast extract and peptone were dissolved ipQlkb a total volume of 900 ml and autoclaved,;
after cooling down glucose was added. When selgctor transformants of. pastoris

Zeocin™ was added to the medium to a final concentratfatug/ml right before use.

Agar plates
20 g agar was added per 1 liter final volume of mm@dbefore autoclaving. After cooling to

below 66C, glucose and 1 pug/ml Zeoth were added before spreading on plates. Plates

containing Zeocif! were stored in the dark at@
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2.2.1.6 Yeast extract Peptone Dextrose medium with Sorb®BDS)

Liquid medium
10 g yeast extract

20 g peptone

182.2 g sorbitol

100 ml 20% (w/v) glucose, filter-sterilized
Yeast extract, peptone and sorbitol were dissolmedH,O to a total volume of 900 ml and
autoclaved; after cooling down glucose was addetdeWselecting for transformantd P.

pastoris Zeocin™ was added to the medium to a final concentratfdhjog/ml right before use.

Agar plates
For agar plates, 20 g agar was added per 1 Inadl fiolume of medium before autoclaving.

After cooling to below 6%C, glucose and 1 pg/ml Zeocifewere added before spreading on

plates. Plates containing Zeotfnwere stored in the dark at@

2.2.1.7 Buffered complex media

1M potassium phosphate buffer, pH 6.0:
66 ml 1M K:HPO,
434 ml 1M KHPOy

The solutions were mixed together and the pH adswree 6.0 before autoclaving.

2.2.1.8 Buffered complex glycerol medium (BMGY):

10 g yeast extract

20 g peptone

100 ml 1M potassium phosphate buffer, pH 6.0

100 ml 13.4 % (w/v) YNB

2 ml 0.02 % (w/v) Biotin

100 ml 10 % (w/v) Glycerol
Yeast extract and peptone were dissolved in 70@kaD and autoclaved. After cooling to
room temperature, potassium phosphate buffer dtet-$terilized YNB, biotin and glycerol

were added.
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2.2.1.9 Buffered complex methanol medium (BMMY)

The recipe for BMGY was followed but instead of a@gyol 100 ml 5 % (v/v) methanol was
added as carbon source.

2.2.2 Antibiotics used for selective growth of microorgarsms
Zeocin™

Zeocin™ (Invitrogen) is an antibiotic isolated fraime bacteriunStreptomyces verticillus. It
shows strong toxicity against bacteria, fungi (intthg yeast), plants and mammalian cell lines.
It binds to DNA and introduces nucleotide-specilldNA cleavage (Bostock et al. 2003).
Organisms with th&hblegene Gtreptoalloteichus hindustanbseomycin gene) incorporated in
their genome are resistant to Zeocine™. Bleomypi¢ein binds stoichiometrically to
Zeocin™ and inhibits its activity. In this studfeocin™ was used in selecting for positively
transformecE. coliandP. pastoris carrying the pPIC&A vector containing th&hblegene and

the gene of interest.
Ampicillin

Ampicillin (Sigma-Aldrich) is a beta-lactam antilio active against both Gram-negative and
Gram-positive bacteria. Ampicillin is commonly dses a selective marker in routine
biotechnology. Th@-lactamasel{a) promoter in pRSET-B allows expression of the anilipi

resistance geng@;lactamase, which, in turn, allows selection of pleesmid inEscherichia coli.

2.2.3 Cultivation of bacterial strains

All reagents and media used for cultivation wererited either by autoclaving or sterile-
filtration (0.45um pore size). All culturing work was performedsirile conditions. To start a
new culture, a single colony from an agar plate piece of glycerol stock (see section 3.3) was
inoculated in 5 ml medium of choice in culture tstand incubated overnight at 30°C or 37°C
with shaking at 220 rpm as described in furtheaiidtelow. For media recipes, see section
2.2.1. Growth of microorganisms was monitored byasuging optical density at a wavelength of
600 nm (ORy).
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C. flavigenastrain DSM 20109 (TaxID: 446466) was cultivated_Brmedium, either on solid
agar plates or in liquid medium, both without aititzs, at 30C in a heating cabinet overnight.

Liquid cultures were incubated with shaking at 220.

E. coliis the most used model organism in prokaryotic tiesephysiology and biochemistry,
and the most used bacterium in production of h&gous proteins. The Gram-negative, rod-
shaped bacterium is typically present in the loiwegstine of humans. MoEL coli strains have

a generation time of about 20 minutes.

E. coli strains without antibiotic resistance were culéhbn LB- agar plates or in liquid LB-
medium at 37 in a heating cabinet overnight.  Cultures iriijLB were incubated with

shaking at 220 rpm.

E. coli TOP10 cells (Invitrogen) carrying plasmids encgdiampicillin resistance were
cultivated in liquid LB-medium supplemented with E@/ml ampicillin or on LB- agar plates

supplemented with 100 pg/ml ampicillin.

E. coli BI21 Star™ (DE3) cells (Invitrogen) carrying plasis encoding ampicillin resistance
were cultivated in LB- medium supplemented with |5@ml ampicillin or on LB-agar plates
supplemented with 100 pg/ml ampicillin. For optinexpression ofCfCBM33 (see below),

cells were grown in TB-medium supplemented withus0m! Ampicillin at 25C for 3 days.

E. coli XL gold cells (Stratagene) carrying plasmids enogdiZzeocid resistance were
cultivated in Low Salt LB- media or on Low Salt LRgar plates, both containing 25 pg/ml
Zeocin™. It is necessary to use a low salt medium withtraé pH because both high ionic

strength and acidity or basicity inhibits the aittilc activity of Zeocin™.

2.2.4 Cultivation of Pichia pastoris

The yeasP. pastorisis frequently used as a protein expression systérnombines important
properties of higher eukaryotic systems relategrtiiein processing, protein folding and post
translational modifications, with being almost asye to grow and manipulate & coli or

Saccharomyces cerevisiae

P. pastorisstrain X-33 was cultivated in yeast extract peptpriédD)-medium or on YPD-agar
plates. To start a new culture, a single colooynfan agar plate was inoculated in 5 ml YPD-

medium in culture tubes and grown at@®vernight with shaking at 220 rpni. pastorisX-33
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has a generation time of about 2.7 hours when growrYPD-medium and an QR of 1

corresponds to a cell density of 5 X t@lls/ ml (M. Abou Hachem, personal communication)

For selection of positive transformantsRofpastoris the culture was cultivated in YPD-medium

(liquid or agar plates) supplied with Zeocin™ aclign to section 2.2.2.

For protein expressio®. pastoriswas grown in buffered complex methanol medium (BMMY
with methanol as the sole carbon source. Everynaiethanol was added to a final concentration

of 0.5 % (v/v) to compensate for consumption aoddme extent, evaporation.

2.2.5 C. flavigena cultivation experiments

As noted in section 1.2.4.Z,. flavigenais reported to use both xylan and cellulose abarar
source. Previous studies have shown successfuliwtly of C. flavigenawith xylan and
cellulose as sole carbon source (Sanchez-Herreal. €007). To examin€. flavigenas
metabolic adaptation, the bacterium was cultivatechinimal medium supplied with different

substrates with glucose as a control.

Materials

o MO9-salts:

64 g NaHPO,x7H,0

15 g KHPQy

2.5 g NaCl

5.0 g NHCI

All ingredients were dissolved in dB to a final volume of 1 liter and autoclaved.
1M MgSQy

1M CaCb

Autoclaved dHO

Substrates (see section 2.1.2, Table 2.1):

- Cellulosé
- Xylan
- a-chitin®
- B -chitin®
- Glucose
o 0.1 mg/ml Biotin

o O O O

0 10 mg/ml Thiamine
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Procedure

For each culturing flask, minimal medium was magentixing 30 ml M9-salts, 0.3 ml 1M
MgSQO, and 15 pl 1M CaGlwith 116,7 ml dHO. A 5 ml overnight inoculum dE. flavigena
(prepared according to section 2.2.3) was cengifuand the pellet resuspended in 1 ml minimal
medium.  Out of this suspension, 150 pl was temsfl to each culturing flask (1 litre)
supplemented with 10 pg/L biotin, 1 mg/L thiamirend 1% (w/v) substrate (all final
concentrations). As a control, one culture wasugein minimal medium containing 0.2 %
(w/v) glucose. All cultures (total volume 250 miere incubated at 30°C with shaking at 220
rpm for a total of 7 days. Each day, 10 ml of eaaghliure was taken out. After removing the
cells by centrifugation the culture supernatantsenencentrated by the use of Amicon Ultra
centrifugal filter units with 10 kDa cut-off (Miliore) and analyzed by SDS-PAGE according to

section 2.18.

2.3 Long-term storage of microorganisms

For long term storage of microorganisms, glycerasvadded as a cryoprotectant in order to
ensure the survival of most cells. Cultures ofdh&erent microorganisms, containing different

constructs, were preserved by glycerol as follows:

o 1 ml overnight bacterial or yeast culture
o 300 ul glycerol (85 % (w/v), sterile)

After carefully mixing the culture with glycerol ia cryo-tube, the glycerol stock was kept at -
80°C. Inoculations of new cultures were made drging small amounts of the frozen stock
with a toothpick and inoculating tubes containingnbappropriate growth medium including

antibiotics when required. Alternatively, the celiere first inoculated on an agar plate for

obtaining single colonies.

2.4 Extraction of chromosomal DNA from C. flavigena

Materials

o0 TE-buffer pH 7.0:
1 ml 1M Tris-HCI (final concentration 10 mM)
0.2 ml 0.5 M EDTA (final concentration 1 mM)
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Tris-HCI and EDTA were completely dissolved in gHto a total volume of 60 ml and the
pH regulated to 7.0 with 6 M HCI. Finally, the uate was adjusted to 100 ml with gM
o E.Z.N.A.® Bacterial DNA Kit (Omega Bio-Tek)
- Lysozyme Solution
- BTL Buffer
- Proteinase K
- RNaseA
- DBL Buffer
- DNA Wash Buffer
- Elution Buffer, preheated to 65°C
- HiBind DNA columns, collection tubes
0 96% Ethanol

Procedure

Extraction of the chromosomal DNA fror@. flavigenawas performed according to the
E.Z.N.A.® Bacterial DNA Kit, spin protocol:

2 ml C. flavigenaovernight culture was harvested by centrifugatbm,000 x g for 10 min at
room temperature. After completely removing thedmm, cells were resuspended in 100 pl TE
buffer before 10 pul 50 mg/ml lysozyme solution vealsled. The sample was incubated at 37°C
for 10 minutes for lysozyme digestion of the cedllw To digest proteins in the mixture, and
thereby incapacitate any DNases, 100 ul BTL budfet 20 ul 2 mg/ml proteinase K were added
to the sample. After incubation at 55°C in a wés&th for 1 hour, 5 pl RNaseA was added and
the tube that was immediately inverted at leagin@g, followed by 5 minute incubation at room
temperature. 220 pl DBL buffer was added, and afteiexing the sample was incubated at 65°
C for 10 min. To ensure optimal binding of samplA to the column, 220 pl 96% ethanol
was added and the sample vortexed for 20 secondsréeipitation was observed). The sample
was transferred to a HiBind DNA column placed ioodlection tube and centrifuged at 10,000 x
g for 1 minute. The flow-through was discarded amd wash steps were performed each with
700 ul DNA wash buffer. All flow-through was disdad. The HiBind DNA Column was then
dried by centrifugation at max speed for 2 min dahdn placed in a nuclease-free 1.5 ml
microfuge tube. 50 ul elution buffer preheated®$6C was then applied to the HiBind matrix
followed by a 3 minute incubation room temperatufdhe DNA was eluted by centrifugation at

10,000 x g for 1 min. For maximum yield, the a&uatstep was repeated once.
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2.5 Polymerase Chain Reaction

The Polymerase chain reaction (PCR) idgrawitro technique used for amplification of specific
nucleotide sequences. The reactions require batgnence specific oligonucleotide primers

complementary to the sequence of interest, dNTiRbaahermo-stable DNA polymerase.

2.5.1 PCR using Phusion™ High-Fidelity DNA Polymerase

Phusion™ High-Fidelity DNA Polymerase (Finnzymes)rks fast and generates long DNA
molecules with a high accuracy. In this study, ploéymerase was used for three purposes: i)
Amplification of putative LPM-gene€fcbm33A Cfcbm33B Cfcbm33CandCfcbm33Dfrom C.
flavigena all without the signal sequence and in two vasaone with and one without the C-
terminal CBM2-domain. ii)Amplification of the codooptimized and synthetically made
putative LPM-gene Atcbm33A from A. terreus NIH2624 (Taxid: 341663; see
www.genescript.com/ for details on codon optimizatalgorithms and gene synthesis protocol).
iii)  Verification of transformedP. pastorisX-33 cells carrying theAtcbm33Agenein the

genome.
Materials

0 Phusion™ High-Fidelity DNA Polymerase (Finnzymes):
- dNTP mix, 10 mM
- 5x Phusion™ GC Buffer
- Phusion™ DNA polymerase (2 U/ul)

0 Primers (see section 2.1.3, Table 2.2 and 2.3)

0 Nuclease-free diD
Procedure

PCR reactions (50pl) were set up on ice in 0.2 @RRubes according to table 2.6. Reaction
mixes were placed in a Master cycler gradient 12Bppendorf) and amplification was carried

out using the settings shown in table 2.7.
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Table 2.6.Reaction setup for PCR using Phusion™ High-Figé€iNA Polymerase

Reagents Volume (Final concentration)
dNTPs 10 mM 1 pl (2 mM)

5x Phusion™ HF / GC buffer* 10 pl

DNA Template 2 ul (approximately 80 ng)
Forward primer 1pl(0.5uM)

Reverse primer 1 ul (0.5 uMm)

dH,O 34.5 ul

Phusion™ DNA Polymerase 0.5ul (AU

*5x Phusion HF- buffer was used in PCR reactionh wicbm33Aas template, whereas t@&€-buffer was used in
reactions withCfcbm335because of a high GC- content in eflavigenagenome.

Table 2.7. Cycling parameters for PCR using Phusion™ Higitelly DNA Polymerase.

Step Temperature Time (minutes:seconds) | Number of cycles
Initial denaturation 98°C 1:30 1

Denaturation 98°C 0:10

Annealing 60°C 0:30 25

Elongation 72°C 3:00

Final elongation 72°C 5:00 1

After amplification, the PCR products were analybgdigarose gel electrophoresis, described in
section 2.5.3. The appropriate DNA band was aunfthe gel and the DNA fragment purified

as described in section 2.5.4 .

2.5.2 PCR using Red Tag DNA Polymerase Master Mix

Red Tag DNA Polymerase Master Mix (VWR) containsqTpolymerase, dNTPs and

magnesium chloride. This mix was used in PCR reasto verify transformed products.
Materials

o0 Red Tag DNA Polymerse Master Mix (VWR)
o Primers (see section 2.1.3, Table 2.2)
(0} deO
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Procedure

PCR reactions were set up on ice in 0.2 ml PCRstdibkowing table 2.8. The reaction mixes
were placed in a Master cycler gradient 120V (Epioef) and the amplification was carried out

according to table 2.9.

Table 2.8.PCR reactions set up using Red Taq DNA Polymdviester Mix.

Reaction Component Volume

Forward sequencing primer for pRSETFB pl (50 pmol)

Reverse sequencing primer for pRSET-B 5 ul (50 pmol

Template DNA 1/5 of a colony with transformed celissolved in 5 pl dkO

Red Tag DNA Polymerase Master Mix 25 ul

Table 2.9.Program for the thermal cycler when using Red DAid\ Polymerase Master Mix.

Step Temperature Time (minutes:seconds] Number of cycles
Initial denaturation 6L 6:00 1

Denaturation 9% 0:30

Annealing 60C 0:30 25

Elongation e 0:30

Final Elongation T 5:00 1

After amplification, the PCR product was analyzeagyarose gel electrophoresis as described in

section 2.5.3.

2.5.3 Agarose gel-electrophoresis

The final PCR products were verified by separatom a 1% agarose gel. Linear DNA
molecules are charged and, when subject to arrieldéieid in a gel matrix they are separated
according to size. For DNA visualization, ethidilomomide was added to the gel. Ethidium
bromide intercalates between the stacked nucledtiages and because of its fluorescent
properties, DNA binding ethidium bromide can beuaitized under a UV lamp. The size of the
DNA molecules is determined by comparison to a Diidder comprised of DNA fragments of

known size.
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Materials

0 Agarose
0 1x TAE-buffer:
4.85 g Tris-base
1.14 ml Acetic acid, 99.8% (v/v)
2ml 0.5 M EDTA, pH 8.0
Dissolved and mixed in 1 liter dB, yielding a final pH of 8.5.
o Ethidium bromide, 10 mg/mi
0 10x loading buffer (Takara)
0 1 kb DNA ladder (Fermentas) or 100 bp DNA laddeeNEngland Biolabs)

Procedure

1 % (w/v) agarose gels were made by dissolvinggfarose in 50 ml 1XTAE-buffer by careful
heating in a microwave-oven. The solution was eddb below 60 before 1 ul Ethidium
bromide was added. The gel solution was pouremtim gel-chamber of a Mini-Sub Cell GT
cell with a UV-transparent gel casting tray (BioeRRavith a 15-wells spacer, and left to solidify.
After 30 minutes the, spacer was removed and theayesferred to an electrophoresis chamber.
1XTAE- buffer was added to the chamber coveringgbecompletely. Both the 1 kb DNA
ladder and samples were added 0.1 volumes 10xnigaljie and applied to the gel. The gel was
run for 40 minutes at 90 volt using PowerPac Basmdier supply (Bio-Rad) and DNA-bands
were visualized by UV light.

2.5.4 Extraction of DNA fragments from agarose gels
Materialer

0 NucleoSpin® Extract Il kit (Macherey-Nagel)
- Solubilisation-binding NT buffer
- Wash- buffer NT3
- Elution buffer NE
- NucleoSpin® Extract Il columns and 2 ml collectimives

o0 Scalpel
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Procedure

Extraction of verified PCR products from the agaragl was done using the NucleoSpin®
Extractll- kit. All centrifugations were carriedibat room temperature for 1 minute at 11,000 x

g using a Centrifuge 5415R (Eppendorf).

The DNA fragment was excised from the agarose gelLitting carefully around the band with a
clean scalpel. The weight of the gel piece waerdehed and for every 100 mg of agarose gel,
200 pl NT buffer were added, followed by incubatarbGC until the gel slice was completely
dissolved. The sample was then loaded onto a NSpia® Extract Il column placed in a 2 ml
collecting tube and centrifuged. The flow-throughs discarded and the column washed with
600 pl NT3 buffer by centrifugation. After discarg the flow-through, remaining liquid was
removed from silica membrane by re-centrifugatiofhe NucleoSpin® Extract Il column was
placed into a clean 1.5 ml micro centrifuge tube aaded 25 pl elution buffer NE. After
incubation at room temperature for 1 minute, theADMas eluted by centrifugation. The elution

step was repeated once to increase the yield tfeDNA.

2.6 Plasmid isolation fromE. coli

2.6.1 Plasmid isolation using NucleoSpifi Plasmid kit

The vector used in cloning of atfcbom33genes was a pRSET-B-based expression construct
used for production of CBP21(Vaaje-Kolstad et 80%b), referred to here as pRSETGIHI21

Materials

0 NucleoSpin® Plasmid/Plasmid (NoLid) kit (Macheregdél)
- NucleoSpin® Plasmid/Plasmid (NoLid) Column

Collection tubes (2 ml)

- Resuspension buffer Al
- Lysis buffer A2

- Neutralization buffer A3
- Wash buffer A4

- Elution buffer AE
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Procedure

pRSET-Btbp21was isolated fronk. coli TOP10 cells following the protocol for plasniiiNA
preparation with the NucleoSpin® Plasmid/Plasmidl(ld) kit. All reaction steps were carried
out at room temperature and all centrifugationsengone at 11,000 x g using a Cetnrifuge
5415R (Eppendorf).

From anE. coli overnight culture, 2 ml was harvested by centatian for 30 seconds. The
medium was completely removed before resuspendiagellet in 250 pl resuspension buffer
Al. For cell lysis, 250 pl lysis buffer A2 was rainto the sample by inverting the tube 6-8
times. The sample was then incubated until thatéysppeared clear. Maximum incubation
time was 5 minutes. Lysis was stopped by addiry @nheutralization buffer A3 and inverting
the tube 6-8 times before the lysate was centrduge 5 minutes. The clear supernatant (750
pl) was loaded onto a NucleoSpin® Plasmid/PlasiNml(d) column placed in a 2 ml collection
tube and spun down for 1 minute. The flow-througts discarded. Washing of the column was
performed by adding 600 ul wash buffer A4 to theuem and centrifuging for 1 minute. The
flow-through was discarded and remaining liquid wasioved by an additional 2-minute
centrifugation. Prior to elution, the NucleoSpiR&smid/Plasmid (NoLid) column was placed
in a 1.5 ml micro centrifuge tube followed by adufit of 50 ul elution buffer AE. After 1

minute incubation the DNA was eluted by centrifugiafor 1 minute.

2.6.2 Plasmid isolation using GeneJET™ Plasmid Miniprep k

The cloning vector used for transformationHn pastoriswas the expression vector pPKGA
previously transformed int&. coli DH50. pPICZi-A was isolated by the use of GeneJET
Plasmid Miniprep kit (Fermentas). The same pracedvas also used for isolation of pPHE=Z
A/Atcbm33Airom transformede. coli XL Gold.

Materials:
o GeneJET" Plasmid Miniprep Kit (Fermentas)
- Resuspension solution
- Lysis solution
- Neutralization solution
- Wash solution

0 Nuclease-free diD
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Procedure:

Plasmids were isolated from 5 ml overnight cultofetransformedE. coli. All steps were

carried out at room temperature.

E.coli cells from a 5 ml overnight culture were harvesbgdcentrifugation at 6,800 x g for 2
minutes using a Centrifuge 5415R (eppendorf). rAdiecanting the supernatant the pellet was
completely resuspended in 250 pl resuspensionigolaind transferred to a micro centrifuge
tube. To the resuspended cells, 250 pl lysis ismluwwas added and the solutions were mixed
carefully by inverting the tube 6 times. When #wdution became viscous and slightly clear,
350 pl neutralization solution was added. The eetgywere mixed by inverting the tube 6
times, followed by 5 minutes centrifugation at I g. The supernatant was transferred to
the supplied GeneJEY spin column by decanting, followed by centrifugatiat 10, 000 x g for

1 minute.

After discarding all flow-through, the column wasged back into the same collection tube and
washed by adding 500 ul wash solution followed égtdfugation as above. This was repeated
once and, after discarding flow-through the secom@, the column was centrifuged again to
remove residual wash solution. To elute the pldsBiNA, the GeneJET spin column was

transferred to a fresh 1.5 ml micro centrifuge tabe 50 ul nuclease-free gbl was applied to

the centre of the column membrane. Subsequent moin2ites incubation, the eluent was
separated from the column by a 2 minute centrifogaat 10,000 x g. This elution step was

repeated once with 30 ul nuclease-free@H

The DNA concentration was measured for a 20 x elilltgample in a quartz cuvette with 10.0

mm path using an Ultrospec 2100 pro spectropho®n{&E Healthcare) at 280 nm.

2.7 Restriction digestion

Restriction endonucleases are sequence-specifignmasz that cleave DNA molecules at
particular sites, producing a double-stranded bieathe DNA strand. Cleavage may form
blunt ends, meaning that both strands are cuteas#ime position, or overhanging (cohesive)
ends, meaning that the two strands are cut attiliglifferent positions. Different restriction

enzymes may require different reaction conditimrsoptimal digestion.
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2.7.1 Double restriction digestion ofAtcbm33A and pPICZa-A

The expression vector pPIGA was prepared for cloning by a double restrictatigestion,
usingXhd andXbd. These restriction enzymes form cohesive endstampromote integration,
Atcbm33Awas also double-digested wiXba and Xhd.

Materials

0 Restriction enzymes
- Xhd, 10 U/ul (Fermentas)
- Xbd, 10 U/ul (Fermentas)
o Buffers
- 10 x Buffer R (Fermentas)
- 10 x Buffer Tango™ (Fermentas)

0 Nuclease-free diD
Procedure

Both pPIC4-A and Atcbm33Awas first cut by the restriction endonucleadsd. A 50 pl
reaction was set up with 5 pl 10 x buffer R mixethvé pl Xhd and a total of 1 pg DNA diluted
in nuclease-free di. For optimal digestion, the reaction was incatat 30C for 16 hours,

followed by 20 minute incubation at &to inactivate the enzyme.

To remove the inactivatedhd enzyme and buffer components, purification wasgqumed
according to section 2.7.4. For digestion uskigl, a total of 1 pg DNA diluted in nuclease-
free dHO was mixed with 5 pl buffer Tango and 5 plXiha restriction enzyme in a total
volume of 50pl. The reaction was incubated aC3for 3 hours before inactivation of the
enzyme by incubation at 85 for 20 minutes, and finally the digested DNA wasrified
according to section 2.7.4Atcbom33Awas then cloned into pPIGZA (pPICZo-A/Atcbm33A

according to section 2.10.2.

2.7.2 Plasmid preparation of pRSET-B

To remove the protein-coding sequencecbp2l and enable insertion offcbhm33genes,
pRSET-Btbp21 extracted fromE. coli TOP10 (section 2.6.1) was digested witindlll and
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Bsm. By doing so, the signal peptide of CBP21 reragiart of the construct and will drive the
translocation of the insert«cfCBM33.

Materials

0 Restriction enzymes
- Hindlll, 20 U/ul (New England Biolabs)
- Bsmi, 10 U/ul (New England Biolabs)
o NEbuffer2 (New England Biolabs)
o dHO

Procedure

For restriction cutting, 8 pl plasmid extract (seetion 2.6.1) was mixed with 6 pl of glBiand
4 pl NEBuffer before addition of 2 |Hindlll restriction endonuclease. The digestion react
mixture was incubated for 2.5 hours at@7n a water-bath. After incubation witindlll, 2.2
pl Bsm was added directly to the reaction and the mixtuas incubated for 3.5 hours at®5n
a water-bath. The high temperature inactivdtiasdlll. Bsn was finally inactivated by

incubating the reaction mixture for 20 minutes &C8in a water-bath.

The digested plasmid was visualized on an agares@gdescribed in section 2.5.3 and was

extracted from the gel as described in sectiom2.5.

2.7.3 Linearization of pPICZ a-A/Atcbm33A

Prior to transformation intd®. pastoris to stimulate recombination, pPl@ZA/Atcbm33A
(cloned according to 2.10.2) was linearized withlime 5’AOX1-region using theSad

endoglucanase.
Materials

0 10 x bufferSad (Fermentas)
o0 Sad 10 U/ul (Fermentas)

0 Nuclease-free dj}O

Procedure
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Reactions were set up on ice according to Tabl@ arfd the linearization was done by 3 hour

incubation at 3T followed by an inactivation @ad by incubation at 6& for 20 minutes.

Table 2.10. Reaction set up for linearization of pPIG2A/Atcbm33A

Reaction component Volume

Purified plasmid 30 pul (approximately 0.5 - 1 pg AN
10 x BufferSad 4 ul

Nuclease-free dH20 2 ul

Sacl 4 pl

2.7.4 PCR purification

Restriction digested DNA and PCR-products were figatiby the use of GeneJEY PCR
Purification Kit (Fermentas). This removes primelTPs, enzymes and salts from the reaction

mixture.
Materials

0 GeneJET™ PCR Purification Kit (Fermentas)
- Binding buffer
- Eluation buffer, preheated to 45
- Wash buffer
- GeneJET" Purification Columns and collection tubes
0o 3M sodium acetate
o Ethanol, 100 % (v/v) and 80 % (v/v)
0 2 mM Tris-HCI

Procedure

The GeneJE™ PCR Purification Kit's protocol was followed. Apurification steps were

carried out at room temperature and all centrifiogatat 13,000 x g for 1 minute.

The DNA was mixed thoroughly with 1 volume of bindi buffer and transferred to a
GeneJET™ npurification column. After centrifugatioh the column, the flow-through was
discarded and the column was washed by adding 7@@sgh buffer followed by centrifugation.

All flow-through was discarded and the silica meari® dried by another centrifugation. Then
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the column was transferred to a clean 1.5 ml meemtrifuge tube and purified DNA was eluted
by centrifugation in two steps with a total of 7Dpne-heated elution buffer. Eluted DNA was

precipitated according to section 2.9.

2.8 DNA sequencing

Plasmids generated according to section 2.10 aatésl fromE. coliaccording to section 2.6.1
and 2.6.2, were sequenced to check for mutatiof@rdeéransformation of plasmids into an
expression host. For plasmids carrying bactergaleg, the BigDye® Terminator v3.2 Cycle
Sequencing Kit (Applied Biosystems) was used faqueecing. Plasmids containing a fungal
gene were sent to Eurofins (www.eurofins.com) fguencing. All data analysis of sequences

was performed using GENtle (Manske 2003).

2.8.1 BigDye® Terminator v3.1 Cycle Sequencing Kit, Sequeing PCR

During DNA sequencing by chain-termination, the sgminciple as for PCR is used, only with
the addition of dideoxynucleotides (ddNTPs). ddNT&ck the 3’ hydroxyl group and addition
of a dANTP instead of a dNTP to the growing 3’- eesults in termination of the elongation.
The four different ddNTPs have different fluoredceays, absorbing light at different wave-
lengths. After amplification, every base from D A-strand can be visualized by separating all
possible sequence lengths and measuring the abserfar each amplicon. An ABI Prism
3100- genetic analyzer and BigDye® Terminator Cy8&fjuencing Kit v3.1sequencing were

used for dye terminator sequencing.
Materials

0 BigDye® Terminator v3.1 Cycle Sequencing Kit (AgaiBiosystems)
- Ready Reaction Premix
- BigDye Terminator v1.1/3.1 Sequencing Buffer (5x)

0 Sequencing primers (see section 2.1.3)

o dHO

Four reactions were set up for sequencing, ongyubkim forward pRSET-B-primer, one with the
reverse pRSET-B-primer, one with the gene-speddiovard and the final with the reverse

sequencing primer; the last two annealing in thedhei of the gene. Both reactions were set up
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on ice in 0.2 ml PCR tubes according to table 2.The reaction tubes were placed in a Master
cycler gradient 120V (Eppendorf) and the reactioagied out using settings shown in table
2.12.

Table 2.11.Reaction mixture for DNA sequencing.

Reagent Quantity

Template 250 ng

Primer 3.2 pmol

BigDye Sequencing Buffer 2 ul

dH,O To a final reaction volume of 20 pl
Ready Reaction Premix 4 ul

Table 2.12 Thermal cycling conditions for DNA sequencing

Reaction step Temperature Time (minutes:seconds) Number of cycles
Initial Denaturation o 1:00 1

Denaturation oK 0:10

Annealing 50C 0:05 25

Elongation 60C 4:00

After sequencing, the products were precipitateédguBellet Paint®, as described in section 2.9.

2.9 Ethanol Precipitation of DNA using Pellet Paint®

Ethanol precipitation is commonly used for concatitig nucleic acid (DNA or RNA)
preparations. DNA has a highly charged phosphatkhmone, making the molecule polar and
thus soluble in water. A salt is added to the damp neutralize these charges, in this case
sodium acetate. The positively charged sodium rendralize the negative charges in DNA but
due to the high dielectric constant of water th@danteractions are weak. To strengthen these
interactions ethanol, which has a lower dieleatdostant, is added and the DNA is precipitated.
The Pellet Paint® Co-Precipitant (Novagen) is aibles dye-labeled carrier formulated
specifically for alcohol precipitation of nucleicids. In this study, precipitation was used for

concentrating DNA samples and for precipitating RE&ducts for sequencing.

Materials
o0 3 M sodium acetate pH 5.2
o Ethanol, 96% (v/v) and 70 % (v/v)
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0 Pellet Paint® Co- Precipitant (Novagen)
Procedure

All reactions were carried out at room temperaturd all centrifugations were at 14,000 x g for
5 minutes using Centrifuge 5415R (Eppendorf).

The nucleic acid sample was mixed with 2 pl Péflaint® and 0.1 volumes 3 M Na Acetate

(both at room temperature) and the solution wasedhiriefly. After adding 2 volumes 96 %

ethanol the sample was mixed and incubated forriites at room temperature. Subsequent to
centrifugation, a pink pellet was visible in thettbon of the tube and the supernatant was
removed. To wash the pellet, 4 volumes 70 % etharce added and the sample was vortexed
and centrifuged. After removal of the supernataet pellet was rinsed in 100 % ethanol and
centrifuged again. The final supernatant was resd@and the pellet was air-dried on the bench

for 30 minutes.

2.10 Cloning

2.10.1 In-Fusion™ Cloning of Cfcbm33-genes into pPRSET-B

In-Fusion™ Advantage PCR Cloning Kits (Clonteclg designed to combine multiple pieces of
DNA without the use of restriction enzymes, ligasephosphatise, and are typically used to
clone PCR products into vectors. In-fusion is aRPiéased DNA cloning procedure used for
cloning a gene directly into a linearized vectainfers used for the PCR amplification of the

gene for insertion extends the gene with 15 bags paeach end, overlapping each end of the
insertion site. The linearized vector and the gafnaterest are mixed and incubated with an In-
Fusion™ enzyme that creates single-stranded regibrike ends of the vector and the PCR
product. These regions are then fused becauseeold bp of complementary bases. In this
work, InFusion™ cloning was used for cloning tB&cbm33genes, lacking the native signal

peptide, into pRSET-B by annealing it to tigp21leader peptide (pRSET-8fcbm33.
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Figure 2.1.The principle of In-fusion™ cloningThe gene of interest is amplified by PCR using prrextending
the gene with 15 base pairs in each end, identithl each end of the linearized vector. During 3ibutes of
incubation, the In-Fusion™ enzyme generates sisggbsded regions at the end of both the insertthed/ector.
The insert is then ligated with the vector becanfsithe 15 bp complementary regions of the insedt\ector. The
construct is then transformed into bacterial sgdor selective growth of positive transformantgpé of selection
depends on the vector's specificities). For mondorimation, see www.clontech.com. Figure source:
http://openwetware.org/wiki/In-fusion_biobrick_asgay.

Materials

0 TE-buffer 8.0:
157.6 mg Tris-HCI
29.2 mg EDTA
Dissolved in 60 ml dbD, adjusted to pH 8.0 with 6 M HCI and finally aslgd to 100 ml
with dHO.
0 5x In-Fusion™ Reaction Buffer (Clontech)
0 In-Fusion™ Enzyme (Clontech)

0 Nuclease free d}©
Procedure

In this case, Protocol Il called “In-Fusion™ ClogifProcedure W/Spin-Column Purification”

was used. For maximum cloning efficiency, a 2dlanratio of insert vs. vector was used.

Reactions were set up according to table 2.13 modbated initially for 15 minutes at &7
followed by 15 minutes at 50, after which the reaction mixtures were placedoen Before
transformation, the reaction volume was broughtap0 pl with TE buffer (pH 8.0). Only
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Cfcbm33A-Nand Cfcbm33B-Nwere successfully cloned into pRSET-B, generapRHSET-
B/Cfcbm33A-Nand pRSET-BZfcbm33B-N

Table 2.13 Reaction set up for In-Fusion™ cloning ©@fcbm33into pRSET-B generating p-PI@ZA/Cfcbm33
constructs.

Reaction Component Cloning Reaction Negative Control Positive Control
Purified PCR insertCfcbm33 2 ul (50 ng) - 2\l
Linearized vector, pRSET-B 2 pl (100 ng) 1l 1puf

5x In-Fusion™ Reaction Buffer 2 ul 2 ul 2 ul
In-Fusion™ Enzyme 1l 1l 1l
Deionized water 3 ul 6 ul 4 ul

I linearized pUC19 Control vector (50 ng/ul) inchatin the kit.
% 2 kb Control insert (40 ng/ul) included in thé ki

2.10.2 Cloning into pPICZa-A

Atcbm33Aand pPIC4-A both had cohesive ends as a result of the dowsigiction digestion
performed according to section 2.7.1, and was ddmneusing T4 DNA ligase (New England

Biolabs) in a ligation reaction with molar vecta. vnsert ratio of 3:1.
Materials

0 T4 DNA ligase (New England Biolabs)
0 10 x T4 DNA ligase reaction buffer (New England IBius)

0 Nuclease-free djO
Procedure

Reactions were set up according to Table 2.14 acgbated for 24 hours at @6 The DNA

ligase was subsequently inactivated by incubatiegéactions at 66 for 10 minutes.

Table 2.14.Reaction set up for cloning #tcbm33Ainto pPIC4i-A (generating pP1C&Z-A/Atcbm33A.

Reaction Component Cloning Reaction Negative Control
Restriction digestedtcbm33A 5.5 pl (approximately 150 ng) -

Linearized vector, pPIGZA 4 ul (100 ng) 4 ul

10 x T4 DNA ligase reaction buffer 2 ul 2 ul

T4 DNA ligase 1,5 ul 1,5ul
Nuclease-free d}D 7 ul 13,5 ul

51




2.11 Transformation of E. coli

Materials

0 Super Optimal Broth (SOC) medium:
2g Bacto tryptone
0.5g Bacto yeast extract
0.057g NaCl
0.019g KCI
0.247g MgsSQ@
All chemicals were dissolved in dB to a total volume of 90 ml before autoclavingiekf
cooling to room temperature 1 ml 2 M glucose (Hefiltered) was added and the medium
was stored at €.
0 OneShot® TOP10 chemically competé&ntcoli cells (Invitrogen)
0 OneShot® BL21 Star (DE3) chemically competéntolicells (Invitrogen)
0 XL10- Gold® Ultracompeteri. colicells (Stratagene)

Procedure

OneShot® TOP10 chemically competéntcoli cells were used for plasmid amplification of p-
RSET-B constructs, OneShot® BL21 Star (DE3) chellyicammpetentE. coli cells were used
for periplasmic expression c€fCBM33A-N and CfCBM33B-N while E. coli XL10- Gold®
cells were used for plasmid amplification of pPH=&/Atcbm33A

For transformation, a 2.5 ul ligation-mixture waklad to 25 pl competent cells in sterile cell
culturing tubes followed by incubation on ice fd Binutes. After a heat-shock at @2or 30
seconds the cells were cooled on ice for 1 mindii@recover the cells after transformation, 250
pl SOC medium heated to room temperature was addddthe transformation mixture was
incubated for 1 hour at 32 with shaking at 220 rpm. Following centrifugetiat 6000 rpm
and 30C, the cells were resuspended in 100 pl SOC mediwhspread out on preheated LB-
agar plates supplied with ampicillin. After oveghi incubation at 3T, pre-cultures of clones
were made by inoculation of overnight cultures withnsformants as described in 2.2.3.

Glycerol stocks of the transformed cells were mad=rding to section 2.3.
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To verify that the transformation was successfi?GR using Red Tagq DNA Polymerase Master
Mix was set up according to section 2.5.2 usingdbesponding sequencing primers listed in
section 2.1.3.

2.12 Transformation of P. pastoris

Transformants oP. pastoriswere generated by homologous recombination betvpEd@ Zo-

A/Atcbm33Aand regions with homology in the genome.

2.12.1 Preparation of electro-competen®. pastoris

Materials

(0} deO
o 1 M sorbitol

0 YPD- medium (see section 2.2.1)
Procedure

From aP. pastorisX-33 overnight culture, 1 ml was transferred to58 2nl baffled cell culture
flask containing 20 ml YPD- medium. The cultureswgown overnight in an incubator at @0
while shaking at 200 rpm. The next day, the oxgrnculture was transferred to a 2 liter baffled
cell culture flask containing 500 ml YPD medium ftek 18 hours (approximately 7 generation
times) with incubation at 3G and shaking at 160 rpm, the culture had reache@Ry= 1.4
(measured with Spectrophotometer, Ultraspec 210& (&ealthcare)). The culture was
transferred to a 500 ml centrifugal bottle and kated by a 5 minute centrifugation at 1,500 x g
and OC using a Sorvall centrifuge RC-5C, with rotor FI®/500Y (Thermo scientific). The
pellet was resuspended in 500 ml ice-coldCJOsterile water, centrifuged as above and
resuspended in 250 ml ice-cold water followed bgther centrifugation and resuspension in 20

ml ice-cold 1 M sorbitol. The sorbitol is neededstabilize the osmotic pressure in the cells.
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2.12.2 Electroporation of P. pastoris
Transformation of pPICZA/Atcbm33Ainto P. pastoriswas performed by electroporation.
Materials

o 1 M sorbitol
0o YPDS- plates supplemented with 100 ug/ml Zeocin&e @ection 2.2.2, preheated toG0

Procedure

During transformation, all work was carried outioa and all solutions and materials used were
ice-cold (GC).

Electro-competenP. pastoris X-33 cells, approximately 7*¥0cells (prepared according to
section 2.12.1), were collected by centrifugatiod aesuspended in 1 ml ice-cold 1 M sorbitol.
From the resuspended cells, 80 ul were mixed witbraimately 8 pg linearized pPIGZ
A/Atcbm33Adissolved in 2 pl of nuclease-free water in anrdeckl 2 mm gap electroporation
cuvette (Molecular Bioproducts) and incubated fér rBinutes on ice. Transformation was
performed by use of a Micopulser (Bio-Rad) giving/Zor 5.4 milliseconds. A control without
added plasmid was treated in the same way. Alfterpulse, 1 ml ice-cold 1 M sorbitol was
added followed by careful mixing by inverting thaevettes 4-6 times; the cuvette contents were
then transferred to falcon tubes. The transforoe$ were incubated at 2D without shaking.
After 1 hour incubation, 1 ml YPD was added to bmtthes and the incubation was continued for

2 more hours.

For selective growth of transformed cells, the eispension was spread on 3 YPDS plates
supplemented with 100 pg/ml of Zeocin™ with varyargount of cells on each plate. 500 pul of
the control was spread on one YPDS- plate supplesdenith Zeocin™, and all plates were

wrapped in aluminum foil and incubated at@@or 4 days.
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2.12.3 Control of transformation

To check if the gene was incorporatedHn pastoris’genome, a PCR was conducted using
Zymolyase (Seikagaku Corporation) digested celmolyase is aB-glucanase that breaks

down the cell wall, thus lysing the yeast cells #émereby allowing direct PCR on chromosomal
DNA.

Materials

(0] deO

0 Zymolyase
Procedure

A small part of a colony with transforméd pastorisX-33 cells was dissolved in 100 pl ¢bl
containing 0.5 mg/ml zymolyase and incubated aE3b6r 1.5 hours. Following inactivation of
the enzyme at 66, the lysate was centrifuged for 5 minutes at 8,80g. The viscous
supernatant was used as template for Phusion™ Hidglity PCR according to section2.5.1
using the cloning primers 3320_Xhol_SP and 33201 XA&P (see section 2.1.3). The PCR

product was visualized on an agarose gel accotdisgction 2.5.3.

2.13 Protein expression

2.13.1 Cultivation of transformed E. coli BL21 for optimal expression of
CfCBM33B-N

For optimal expression o€CfCBM33A-N and CICBM33B-N, E. coli BI21 Star™ (DE3)
harboring pRSET-BZfcbm33A-Nand pRSET-BZfcbm33B-Nwere cultivated in different media
(LB, TB, BHI; section 2.2.1) and different cultivam conditions (temperature and length of

cultivation) were tested.
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2.13.2 Induction of the lac-operon by IPTG

Expression of the gene of interest from pRSET-Boistrolled by the strong phage T7 promoter
(indicated in the vector map in appendix D, Fighrd) that drives expression of downstream
genes, including the multiple cloning site with theerted gene. The T7 promoter is transcribed
by T7 RNA polymerase and the transcription of hatymerase is controlled by an isoprogy!
D-thiogalactoside (IPTG)-inducible promoter. THere, for optimal expression of the inserted

gene, T7 RNA polymerase production was induceddajtian of 0.5 mM IPTG.
Materials

0 1 MIPTG, sterile filtered

Procedure

5 ml overnight culture was transferred to a cultdl@sk containing 300 ml medium
supplemented with 50 pg/ml ampicillin followed cubation at 3T with shaking at 220 rpm
until ODggo reached 0.6. O3 was measured using Biophotometer (Eppendorf). .Thene
expression was induced by adding IPTG to a finakceatration of 0.5 mM. After cultivation
for 4 more hours, the culture was harvested andrgplpsmic extract was made according to

section 3.4.

The T7 RNA polymerase promoter in pRSETcIH321, and therefore also pRSET@&Ebm33A-
N and pRSET-BZfcbm33A-Nis leaking and IPTG induction has no effect (lessoot shown).
IPTG induction was thus only used in expressiofiC that is cloned into a pRSET-B-vector

from another origin.

2.13.3 Protein expression inP. pastoris; screening for positive transformants.

P. pastorisis a methylotropic yeast, which implies that ice&pable of using methanol as its sole
carbon source, in a process that is carried otlienperoxisomes by alcohol oxidases and uses
molecular oxygen. Two genes code for these alcolkmases.aoxl andaox2, both tightly
regulated and induced by methanol. Gene prodidd®&1accounts for the majority of alcohol
oxidase activity in the cell and, since the genentdrest is inserted downstream of the methanol
regulatedAOX1 promoter, the gene of interest is also producddrige quantities subsequent to

methanol induction (Macauley-Patrick et al. 200B).Pichia, heterologously expressed proteins
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can end up either in the intracellular space osdmeted. The major advantage by secretion is
that P. pastorissecretes very low levels of native proteins, megnirat secreted heterologous

proteins are relatively pure

Prior to fermentation, a screening for transforrmanith theAtcbm33A'S incorporated (verified
by PCR, see section 2.5.1, and agarose gel elacresis, see section 2.5.3) was performed.
This was done by growing several transformants ethemol as the sole carbon source and then

analyzing the medium for the secreted protein tarast.
Materials

o BMGY, see section 2.2.1
o BMMY, see section 2.2.1.72.2.1
o 100 % (v/v) Methanol, sterile- filtered

Procedure

Colonies with transformedP. pastorisX-33 (as verified by PCR) were inoculated in 10 ml
BMGY in 50 ml tubes and incubated overnight atG3awith shaking at 250 rpm, until the Q@
was approximately 3 (measured with Ultraspec 21@0(BE Healthcare)).P. pastorisX-33
harbouring a pPIC&ZA vector with the GH61- gene frolspergillus nidulanggh61)integrated

was used as a positive control, whereas the negedintrol was native. pastorisX-33.

The next day, cells were harvested by centrifugatid 3,000 x g for 5 minutes at room
temperature using Centrifuge 5430R (Eppendorf).e Shpernatant was decanted before the
pellet was resuspended in 1 ml BMMY and used tautete 25 ml BMMY containing 0.5%
(viv) methanol for protein expression. The cwdtwas incubated at 22 for 96 hours with
shaking at 150 rpm. Each2#our methanol was added to a final concentratfdh® % (v/v)

to compensate for consumption and, to some exwmporation. Both at the start of the
incubation and after 96 hours, 0.5 ml of the exgmscultures was collected and after
centrifugation at 5,000 x g the supernatants wereentrated 10 times using Amicon Ultraspin
columns containing a cellulose filter with a 10k&g-off (Millipore). An SDS-PAGE was then
performed according to section 2.18 to identifysfarmants expressiffCBM33A™",
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2.13.4 Large scale expression oitCBM33AH"

For large scale expression, materials and proceduege as in 2.13.3 with some exceptions.
The overnight pre-culture was set up in 2 literfledf cell culture flasks containing 0.5 liter
BMGY and inoculation of the production culture weesformed by transferring the concentrated
cells from the overnight culture (in 10 ml BMMY) Bliter baffled cell culture flasks containing
1 liter BMMY. Induction was carried out for 96 hguat 22°C with shaking at 150 rpm. Each
24" hour, starting at 0 hours of induction, the &of the culture was measured and the
expression culture was added methanol to 5% fimalcentration and 50 ml BMMY to
compensate for consumption and evaporation. Adsch 24 hour, 0.5 ml of the expression
culture was collected and, following centrifugatian5,000 x g, the supernatant was stored at -
20'C. After 96 hours of incubation, all supernatarufiected were concentrated 10 times using
Amicon Ultraspin columns containing cellulose filtesith a 10kDa cut-off (Millipore) and
analyzed by SDS-PAGE according to section 2.18.

2.13.5 Fermentation of P. pastoris

P. pastorisis well-suited for fermentative growth and has #todlity to reach high cell density
during fermentation. This may improve overall piotyields. Fermentation &f. pastorisfor
protein expression in a bioreactor has three stdges glycerol growth phase for generation of
biomass; (ii) a growth phase with a growth-limitifegged-rate of glycerol, for controlled biomass
generation and derepression of the alcohol oxigasmoter,AOXZ and (iii) a methanol feed
phase, inducing expression of th®XI-controlled genes. The fermentation was carrigdroa

5 liter Biostat B plus bioreactor equipped with additional feed pump, gas mixer, dissolved
oxygen tension polarographic electrode and a weteter. During fermentation, parameters

listed in Table 2.15 were monitored and controlled.
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Table 2.15 Parameters that should be monitored and condrall&ring fermentation according to Invitrogen’s

Pichiafermentation protocol.

Parameter

Reason

Temperature (28.0°C when grown on glycerol

22.0C when grown on methanol)

aigrowth  above 32°C is detrimental to prote

expression

2in

Dissolved oxygen (>20%)

Pichia needs oxygen to metabolize glycerol &

methanol

ind

pH (5.0-6.0)

Important when secreting protein into the mediurd

for optimal growth

Agitation (500 to 1500 rpm)

Maximizes oxygen cortcation in the medium

Aeration (0.1 to 1.0 vwm* for glass fermenters)

NMhaizes oxygen concentration in the medium

Antifoam (minimum needed to eliminate foam)

Excess foam may cause denaturation of your sec

protein and it also reduces headspace

reted

Carbon source (variable rate)

Must be able to add different carbon sourceg

different rates during the course of fermentation

at

*Volume of oxygen (litres) per volume of fermerdst culture (litres) per minute

The dissolved oxygen concentration is the relapree cent of oxygen in the medium O

saturated medium has a concentration of dissolvggien of 100%). P. pastorisconsumes

oxygen during growth, whether it grows on methamofjlycerol, thereby keeping the dissolved

oxygen concentration low. Thus, the dissolved exygalues give information about the health

and state of the culture. When switching from ghpt to methanol as carbon source, close

monitoring of the dissolved oxygen-values is ofagrenportance to determine whether all the

glycerol is consumed by the culture prior to indmet Shutting off the carbon source should

cause the culture to decrease its metabolic ratette dissolved oxygen to rise (spike).
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Materials

(0]

(0]

(0]

(0]

60

PTM, trace salts:

3.0 g Copper (Il) sulphate- 58

0.04g Sodium iodide

1.50 g Manganese sulphatexCH

0.1 g Sodium molybdate-2,8

0.01 g Boric acid

0.25 g Cobalt chloride

10.0 g Zinc chloride

37.5 g Ferrous sulphate- 7861

0.1 ml Biotin 0.02 % (w/v)

2.5 ml Sulphuric acid

All ingredients were thoroughly mixed and dissolvedlH,O to a final volume of 0.5 liters
before the solution was filter- sterilized. PTMight sensitive and was stored in the dark at
room temperature.

500 ml Glycerol feed:
494.2 ml 50 % (w/v) glycerol
4.8 ml PTM

1 ml 0.02 % (w/v) biotin

The listed chemicals were carefully mixed and Ediitered through a filter with 0.45um
pores

1 liter Methanol feed:
986 ml 100 % (v/v) methanol

12 mlPTM

2 ml 0.02% (w/v) biotin

100% (v/v) methanol was autoclaved and PTM andirbiotere filter-sterilized into the
methanol.

Fermentation basal salts medium:
18.2 g Potassium sulphate

3.0 g Magnesium sulphate- %2®

4.13 g Potassium hydroxide

26.7 ml Phosphoric acid, 85% (w/v)

40.0 g Glycerol

0.93 g Calcium sulphate



All chemicals were dissolved in listed order in @Hto a total volume of 2 liters and
autoclaved.

0 0.02 % (w/v) biotin, filter-sterilized through ad®. um pored filter.

o Buffered complex glycerol medium (BMGY, see sect?p.1)

o Buffered complex methanol medium (BMMY, see secf2dhl)
2.13.5.1Procedure

Both the thermometer and the dissolved oxygen dengolarographic electrode were calibrated
and disinfected in 96% (v/v) ethanol. Air supp@ias mixer and water cooler were checked
before autoclaving. All connection-tubes were gled) and wrapped in foil and, along with the
Biostat B plus 5L fermenter (Sartorius Stedim hibjecontaining 2 liter fermentation basal salts
medium, sterilized by autoclaving. All equipmemidasolutions used in the fermentation were
sterilized either by filter-sterilization or autawhtion. After connecting all the tube-connections
between the devices and the steering console, eimeehter was cooled to Z8 Prior to
inoculation, 1 ml 0.02 % (w/v) biotin and 8.7 ml ®Trace salts were added aseptically to the
fermenter. TheP. pastoris transformant showing best expression AACBM33A during
screening (2.13.4) was grown overnight atG3th 1 liter BMGY. The overnight culture was
centrifuged and resuspended in 250 ml BMGY, havarg OD00=50, and was used for
inoculation of the fermenter. Growth on glycer@syperformed at 28°C; the temperature being
maintained by water cooling. Continuous additiér2® % aqueous ammonia served both as a
nitrogen source, and to maintain the pH at 5.5uphout the whole fermentation.  After
complete consumption of glycerol from the BMGY medj indicated by an increase in the
dissolved oxygen to 100 %, a glycerol feed wagatat. Glycerol feeding was carried out at
28'C with automated control of parameters listed ibl@2.15 for about 4 hours until the culture
had reached a cellular yield of 160 g/liter, meaduby wet weight of cells from 1 ml cell
culture.

Before induction of théOX1 promoter, the glycerol in the medium was completaipsumed
(dissolved oxygen concentration reaclid®0%) and the temperature was decreased 1. 22
Induction was initiated with a methanol feed atwslate to adapt the culture to growth on
methanol. The rate was then slowly increasedfinad feed rate of 11 g/h/L. Fermentation on
methanol was continued for 4 days. After 4 dalys,dells were harvested and the supernatant,
containing secreted proteins, was separated frenc¢his by centrifugation at 12,000 x g for 30

minutes at £. During harvesting, cells were kept a€4at all times to hinder cell lysis and
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proteolysis. The supernatant wasrilized b filtration through a 0.22 um filter (Millipore) ar

then concentrated by use of Pellicon (filtration (see section 2.13.6).

2.13.6 Ultrafiltration

The Pellicon ultrdiltration systemfrom Millipore was used for concentrating secreted prot
in the fermentation brothThe systerrcomprisesa peristaltic pump and a Pellicon 2 cass
filter holder with a Biomax 10 kDa c-off membrane- filter The system uses tangential fl
filtration (see Figure 2)lwhere the fluid is pumped along the surface ef thembrane. Tt
material that does not pass through the membrastenfat, which contains the prcin of
interesj is recycled while the permeate, the material {hatses through the membrane

thrown away. This results in an gpncentration of the macromolecules retained imehentate

1

s =
e,

REOTP TS A3 Retentate

.‘ Particle-frae permeata

Figure 2.1.Principle of tangential flow filtration. The fluilows over and parallel to the semipermeable meng
and under pressure, some of the fluid is forcedutin the filter. TheFigure is from “the freedictionary”
(http://encyclopedia2.thefreedictionazgm/tangential+flow+filtratio).

Materials

o Pellicon cassette acrylic holder and assenMillipore) with:
- Pellicon 2 Cassette filter
- Biomax® Ultrafiltration Membrar

Peristaltic pump, 4-13 litre/min

dHO

5L 0.1 M NaOH, room temperatt

300 ml 10 mMMES buffer pH 6.

1 litre 20 % ethanol

O O O o o

62



Procedure

All tubes in the pump head were fastened, all tivadees opened and the tube ends placed in
dH,O. After washing the filter with 2 liters of dB, 2 liter of 0.1 M NaOH was circulated
through the filter to remove any bound proteinglldwing this cleaning step, 5 liter dB8 was
used to neutralize the pH in the system (checkaéagysH indicator paper). Both feed and
retentate tubing were placed in the filtrated femtadon supernatant and the permeate outlet
placed in a collection flask. The retentate side wslowly clamped so the sample was circulating
through the filter system and thereby concentrdtgdthe use of tangential flow. After
concentrating the supernatant 10 times (to a tataime of 500 ml), the filter was washed with
100 ml buffer by recirculation, to extract all remiag proteins. To clean the filter, 0.1 M NaOH
was run through the system, followed by a neutasiin of the pH with dH20O. Finally, the

system was washed with 20 % ethanol and stored.

2.14 Periplasmic extracts ofE. coli

All Cfcbm33genes were cloned into pRSET-B subsequent to a CBRal peptide. This
signal peptide drives the translocation of all egsedCfCBM33 proteins to the periplasmic
space inE. coliand can be extracted by lysing the cells usind osimotic shock as described

below.
Materials

0 Spheroplast buffer:
50 ul 0.5 M EDTA, pH 8.0
5ml 1M Tris, pH 8.0
8.55 g sucrose
125 pl 50 mM PMSF
All ingredients were carefully mixed and dissohiaddH,O to a final volume of 50 ml,
and kept on ice.
o Sterile dHO
o 20 mM MgCh
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Procedure

150 ml overnight culture was transferred to 250cemtrifuge bottles and placed on ice for 20
minutes before centrifuging at 5500 x g for 10 né@sy using Beckman coulter Avanti J-25
centrifuge with a JA-14 rotor, ai@. After centrifugation the pellet was resuspenuted5 ml
ice-cold spheroplast buffer and kept on ice foributes. After another centrifugation, this time
at 10,000 x g, the pellet was resuspended in 12.%cencold dHO and left on ice for 45
seconds. 625 pl 20 mM MgQhas added to the suspension, followed by ano#wrifugation
as above. The final supernatant, the periplasxtiae, was filtered through a 0.22 pum sterile

filter and stored at €.

2.15 Protein purification

For protein characterization it is important to wavith purified proteins. In this study, different
techniques for protein separation and purificatwere used, depending on the protein.
Chitinases (ChiA, ChiB, ChiC frors. marcescefsand the chitin monooxygenase CBP21from
S. marcescenswere all purified by use of chitin beads (affinishromatography), while
CfCBM33A-N and CfCBM33B-N was purified by a combination of ion exoba
chromatography and gel-filtration. His-taggatCBM33A™ was purified by the use of a His-

trap column.

2.15.1 lon Exchange Chromatography

lonic exchange chromatography is frequently usedséparation and purification of proteins,
polypeptides, nucleic acids and other charged biecates. The technique separates proteins
based on their surface ionic charge, using beadsfied with positively or negatively charged
groups. Proteins with low binding-affinity to tkelumn material are washed off the column by
using low-salt buffer. To elute the proteins thaid strongly to the column, a high-salt buffer is
used. The salt masks the charged groups on thenoomaterial allowing the protein to be
eluted. Since each protein has a different chargéhe surface, proteins are eluted at varying

salt concentrations and may thus be separatedfanatit elution fractions.
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Materials

o Purification of CFCBM33A-N (pl=5.1) andCfCBM33B-N (pl= 5.2)
- Binding buffer: 50 mM Tris- HCI pH 7.5
- Elution buffer: 1 M NaCl in 50 mM Tris- HCI pH 7.5
All buffers were filtrated through a 0.45 um sterifilter

0o 10 mM Tris-HCI pH 7.5

Procedure

The ion exchange column, HiTrap™ DEAE FF, 5 ml (8&althcare), was connected to an Akta
purifier chromatographic system (GE Healthcare)ully automated liquid chromatography
system, and washed with elution buffer to removg aantamination on the column and
equilibrated using the binding buffer. The pH loé tsample was adjusted to 7.5 by addition of
50 mM Tris-HCI and the sample (50 ml) was loadetbahe column. To remove unbound
proteins, a wash with 2 column volumes of bindingfér was performed. The protein of
interest was eluted by a gradient from 0 % to 5@l4éion buffer, during 200 minutes at 4
ml/min flow. Eluted proteins were detected by palimonitoring absorption at 280 nm and
collected using a fraction collector (1 ml per tran). Fractions were analyzed using SDS-
PAGE (see section 3.18). Fractions containing(taatially purified) protein of interest were
pooled and concentrated to 1 ml using Amicon Ultsa€entrifugal Filter Units with a 3 kDa
cut-off cellulose membrane (Millipore), while atettsame time changing the buffer to 10 mM
Tris-HCI pH 7.5. Further purification was done ngsisize exclusion chromatography (see
section 2.15.2).

2.15.2 Size Exclusion Chromatography

Size exclusion chromatography separates proteirthemasis of size and shape. The column
matrix is composed of beads with pores in differgimes, where small proteins enter all the

pores, thereby using longer time passing througlcthiumn and eluting after the larger proteins.
Materials

0 Running buffer (50 mM Tris-HCI, pH 7.5; 200 mM NaCl
50 ml 1 M Tris-HCI, pH 8.0
11.6 g NaCl
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Dissolved in 900 ml dkD, regulated to pH 7.5 with 6 M HCI before the yvakiwas brought
up to 1 liter by addition of d}®D.

Procedure

A HilLoad 16/60 Superdex G-75 column (GE Healthcavas connected to an Akta purifier
chromatographic system (GE Healthcare). Concetrptotein (1 ml) obtained from the first
step of purification (ion exchange chromatograptee section 2.15.1) was applied through a 2
ml loading loop at 0.3 ml/min flow rate, followed hpplication of 3 column volumes of running
buffer. The eluate was collected in fractions ohl5 Fractions putatively containing the protein
of interest were analyzed bySDS-PAGE accordingetdien 2.18 to visualize the purity of the
protein and compared with the periplasmic extracSince C{CBM33B-N was clearly
overexpressed and yielded a highly visible bandhi starting material, we considered it
sufficient to determine protein identity in the ehmatographic fractions by comparison with the

periplasmic extract.

2.15.3Protein purification by immobilized metal ion affinity chromatography

HisTrap™ HP is a ready-to-use column for prepaeapurification of His-tagged recombinant
proteins by immobilized metal ion affinity chromgtaphy (IMAC). The column is pre-packed
with charged Ni Sepharose™ High Performance be#tistidines form complexes with nickel
ions and the (His} tag on the N- terminus gftCBM33A™ will bind strongly to the column

material.
Materials

o Binding buffer (10 mM Hepes, 15 mM imidazole, 50MmMiaCl)
2.38 g Hepes
1.02g Imidazole
29.2 g NaCl
117.6 ml 85% (w/v) glycerol
All chemicals were mixed in di to a final volume of 1 liter. The pH was adjuste 7.5
with 6 M HCI and the buffer was sterile-filtereddligh a 0.22 um membrane and degassed

by sonication for 30 minutes.
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Elution buffer (10 mM Hepes, 15 mM Imidazole, 50MmMiaCl, 10 % (w/v) glycerol):

2.38 g Hepes

27.2 g Imidazole

29.2 g NaCl

117.6 ml 85% (w/v) glycerol

All chemicals were mixed and dissolved in@Hto a total volume of 1 liter. The pH was
adjusted to 7.5 with 6 M HCI and the buffer wasikdfiltered through a 0.22 um membrane
and de-gassed by sonication for 30 minutes.

Stripping buffer (0,02 mM sodium phosphate, 500 IR&CI, 50 mM EDTA):

3.28 g sodium phosphate

29.2 g NaCl

100 ml 0.5 M EDTA, pH 8.0

All ingredients were mixed and dissolved in 500dkLO and the pH was adjusted to 7.4
with 6 M HCI before dHO was added to a final volume of 1 liter. The bufivas sterile-
filtered through a 0.22 pm membrane and degassedriigation for 30 minutes.

dH0

1 M NacCl

20 % Ethanol

Procedure

The pH of 30 ml of the secreted proteins, concésdraccording to section 2.13.6, was adjusted

to 7.5 through a buffer exchange with 3 x the sanwplume of binding buffer using an Amicon

Ultra-15 Centrifugal Filter Units with a 10 kDa eoff (Millipore). Prior to loading the sample

was filtered through a 0.22 um filter, to removeg particles that could clog the column.

A His-Trap™ HP 1 ml (GE Healthcare) pre-packed ouiuwas connected to an Akta purifier

chromatographic system (GE Healthcare). The colwas prepared for binding by washing

with 5 column volumes of distilled water before #ippation using 5 column volumes of

binding buffer. The sample 30 ml was then loadei® ¢he column and binding buffer was run

until the baseline was stable at a low UV signal. @ll non-binding proteins had passed through

the column). The binding buffer contained imidaza@t a low concentration to prevent

unspecific binding. The protein of interest waged by applying a linear gradient of 20 column

volumes from 0% to 100% elution buffer. His-taggedtein was eluted at approximately 10 %

of elution buffer and collected in fractions of 1. mElution and fraction collection were
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continued until the absorbance at 280 nm had rebtlfeebaseline. After elution, the column
was washed with 20 column volumes of 1 M NaCl tmaee all bound proteins, followed by
washing 20 column volumes of g8 and application of 20 % ethanol for storage. phefied
protein was analyzed by SDS-PAGE according to @e@i18 and stored at 4°C.

If the column was to be used for purification ot proteins, a “stripping” step was performed
to remove all bound molecules. The column was edshith 10 column volumes of stripping
buffer, followed by 10 column volumes of bindingftew and, finally, 10 column volumes of
dH,O. The column was recharged using 0.5 ml 0.1 MQNiSolution followed by a 5 column

volume wash with dkD and application of 20 % ethanol before storage.

2.15.4 Chitin-affinity chromatography

ChiA, ChiB, ChiC and CBP21 all bind specifically thitin and were purified by affinity

chromatography using chitin beads as a chromatbgrapaterial.
Materials

o Binding buffer:
- In purification of CBP21:
132 g Ammonium sulphate
Dissolved in 50 mM Tris-HCI, pH 8.0, yielding a 1 $#lution
- In purification of ChiA, ChiB and ChiC:
50 mM Tris-HCI, pH 8.0
o Elution buffer:
20 mM Acetic acid
0 20% (v/v) ethanol
0 Tris-HCIl pH 7.0, 1 M and 5 mM
o Chitin beads (New England Biolabs)

Procedure

For optimal CBP21 binding to the chitin beads, pegiplasmic extract was adjusted to 1 M
ammonium sulphate (by carefully adding 4 M ammonisutphate) and 50 mM Tris-HCI pH
8.0. Periplasmic extracts containing ChiA, -B ow€re all adjusted to 20 mM Tris-HCI pH 8.0
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prior to purification. Aside from the differenceshbinding buffer, purifications of CBP21, ChiA,
ChiB and ChiC were identical (described below).

To prepare the column, 20 ml of chitin bead susipansas transferred to a 10 cm glass econo-
column with an inner diameter of 1.5 cm, yieldindped volume of approximately 8 ml. The
column was inserted into a BioLogic LP (BioRad)teys and washed with 20% ethanolat a flow
of 2.5 ml/min before equilibrating the column usinigding buffer. An UV-reader was used for
monitoring the baseline. When the baseline waslestdahe UV was reset to zero and adjusted
periplasmic extract was loaded onto the column f&ava rate of 1 ml/min. For removal of any
unbound proteins, the system was washed with bgndirffer until the baseline had stabilized

again (approximately 45 minutes).

To elute the bound protein, elution buffer was sggpuising a flow rate of 1 ml/min and fractions
were collected. When all the bound protein waseeland collected) the column was washed,
first with binding buffer, then with 20% ethanolThe washed column was stored in 20 %
ethanol at 4. Fractions containing purified protein were mmbind adjusted to pH 7 by adding
1 M Tris-HCI pH 7.0 to a final concentration of Svinfollowed by a wash with 3 volumes of 5
mM Tris-HCI pH 7.0 and then concentrated using amcdn Ultra, cellulose filter with 10 kDa
cut-off (Millipore). Protein concentration was nse@ed using theBradford method (see section
2.16) and SDS-PAGE (see section 2.18) was perfotmedrify the purification.

2.16 Protein concentration measurement

Quick Start ™ Bradford Protein Assay is a methaddetermining the concentration of proteins
in a sample, which is based on the binding of CamieaBrilliant Blue G-250 dye to proteins
(Bradford 1976). When the dye binds to proteiis iconverted from the cationic form (A =
470 nm) to the stable unprotonated blue formaA 595 nm), which can be detected using a

spectrophotometer. Protein concentration is catedl| by using a standard curve.
Materials

5x Dye Reagent, Protein Assay (BioRad)
BSA Standard (2 mg/ml)
Polystyrene cuvettes, 1 ml (Brand)

Sample buffer

O O O O o

Bovine serum albumin (BSA) for calibration
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Procedure

From each sample, 2 pl concentrated protein wasedilin 798ul sample buffer and mixed with
200 pl 5x Dye Reagent. After 5 minutes incubatithg sample absorbance at 595 nm was

measured by using the Bradford micro program.

The spectrophotometer, Bio Photometer (Eppendady, calibrated with bovine serum albumin
(BSA) as standard with the concentrations 2, 1.9.25, 0.5, 0.25 and 0.125 mg/ml (“Bradford
micro”). Triplicates of the standards incubatedinDye Reagent for 5 minutes were analyzed

and the standard curve used had a standard essothian 10 %.

When measuring samples, a reference containingiB88mple buffer was mixed with 200 pl 5x
Dye Reagent and incubated for 5 minutes. Afterpihetometer was zeroed using the reference,
samples were analyzed in triplicates. The samplEentration was calculated as the mean

value of the three replicates.

2.17 Deglycosylation of proteins using EndoH

AtCBMB33A was expressed and secretedPbypastoris. For optimal expression of eukaryotic
genes, the host’s ability to perform posttransteiomodifications is important. For example,
some eukaryotic proteins become unstable if theyrat glycosylatedP. pastorissometimes
hyperglycosylates recombinant proteins, which mayehnegative effects, includingarking
them for degradation. Although glycosilation mayri®cessary to obtain stable proteins, it is not
a priori known how much glycosilation is needed and hypeagilation is not desirable.
Therefore, and since improper glycosylation mayeriiere with enzyme activity and some

biochemical assay techniques (see below), it isaomto remove most of the glycosylations.

One of the post-translational processing perforind®l pastorisis N-glycosylation of the amide
nitrogen of asparagine residues in the Asn-XaaSHirtonsensus sequence. The bacterium also
O-glycosylates some proteins, however, the bactedoes not seem to have a preferred amino
acid for O glycosylation (no consensus glycosylasequence is known) and is thus difficult to
predict (Cregg et al. 2000). N-glycosylations,tbbe other hand can easily be predicted by using
web-based prediction tools like NetNGlyc (http:/mwebs.dtu.dk/services/NetNGlyc/).

The AtCBM33A-sequence contains two possible N-glycosgtatisites (found by using

NetNGLyc) and if glycosylation occurs, the protemay not be visible on the gel as one single
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band, and othe molecular weighmay be increaseth a somewhat unpredictable mar.
Endoglucosidase H (EndoH), with a molecular weh29 kDa, is a recombinant glycosid,
which cleaves asparagitieked mannose rich oligosaccharides fror-linked glycoproteins. |
cleaves the glycosidibond in the diacetylchitobiose core of the oligatecide, between tw
N-acetylglucosamine (GIcNAc) subunits, leaving oneN3c remainingon the asparagir

residue (Figure 3.3).

Figure 3.3. Action of EndoH.Endoglucosidase H (EndoH) cleaves glucanmoiety covalently bound to tf
protein between two core Aketylglucosamine (GIcNA units in highmannose structures, n=-150, X=(Man).,
and Y=H and in lonmannose structures, n=2, X and/or Y = Ac-Gal-GIcNAc.

Materials

dH,O

10 x G5 Reaction BuffgiNew England Biolab:

EndoH(New England Biolab:

Amicon Ultra 0.5 ml centrifuge tubes with cellulddeer and a ct-off of 10 kDe (Millipore)

O O O O

Procedure

After purification, the protein did not appear aslear band on the SI-PAGE gel (sedrigure
3.11), possibly because of glycosylations of tregan. EndoH treatment was performed ©
ul of the concentrated purifie protemixed with2 pl 10x G5 Reaction buffer, 1 pl EndoH an
ul dH0. Following 2 hour incubation at 'C, the EndoH wamactivated by incubation at 'C

for 20 min. The samples weamalyse by SDS-PAGE according to secti@rit.
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2.18 Sodium dodecyl sulphate polyacrylamide gel eleaphoresis
(SDS-PAGE)

Sodium dodecyl sulphate polyacrylamide gel eledtonpsis (SDS-PAGE) is a widely used
technique for separation of proteins accordinchrtmass. The addition of anionic detergents
like SDS or LDS (lithium dodecyl sulphate) and dueing agent likg3-mercaptoethanol (for
reducing disulphide bridges) in the sample denattire protein and provides each protein with a
uniform negative charge. The proteins are thenarségd based on size only by using
electrophoresis and can be visualized by prote@tifip staining, i.e. with Coomassie brilliant
blue. A molecular marker containing proteins wittown masses is used to estimate the mass of

the sample proteins.
Materials

0 NuPage® LDS sample buffer 4x (Invitrogen)
o NuPage Sample reducing agent 10x (Invitrogen)
0 20x MES SDS Running buffer pH 7.3:
97.6 g MES
60.6 g Tris Base
10 g SDS
3.0 g EDTA
All chemicals were dissolved in dB added to a final volume of 500 ml. Before use, th
buffer was diluted 20 times in dB.
0 1x Wash solution:
23.5 ml 85% (w/v) Phosphoric acid
Diluted in 976.5 ml d&KO
0 1x fixer solution:
300 ml 96% (v/v) Ethanol
23.5 ml 85% wi/v) Phosphoric acid
Diluted in dHO to a final volume of 1 liter
o Coomassie staining solution:
200 ml 96% (v/v) Ethanol
117.6 ml 85% (w/v) Phosphoric acid
100 g Ammonium sulphate

1.2 g Coomassie Brilliant Blue R 250
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All ingredients were dissolved in dB to a final volume of 1 litre.

o Bench Mark™ Protein Ladder (Invitrogen)
Procedure

To 18 pl protein sample, 2 pul NuPage® LDS sampldéebwas added and the sample was
boiled for 10 minutes. A NuPage® polyacrylamidé &és-Tris 10 % (Invitrogen) was installed
in the XCell SureLock™ Mini-Cell Electrophoresis ssgm (Invitrogen) and the chamber was
filled with 1x MES SDS running buffer. In the firsvell, 5 pl protein ladder was applied,
followed by application of 15 pl of each sampletlie remaining wells. After running the gel
using a Power supply (BioRad) for 35 minutes at\20Be gel was released from the plastic
plates and fixed in 1x fixer solution for 1 houmdanashed in 1x washing solution for 2 x 10 min.
For visualization of proteins, the gel was treateith the Coomassie Brilliant Blue R-250
staining solution for 2 hours. Coomassie blue ¥indn-specifically to all proteins. Destaining

of the gel was done by washing inMHfor 3 hours.

2.19 Matrix-Assisted Laser Desorption and lonization Tme of
Flight mass spectrometry (MALDI-TOF MS)

MALDI-TOF MS is a non-quantitative analysis methaded to determine and identify the
molecular weight of small molecules and proteinke Tnethod implies that the analytes are
ionized and brought into gas phase in vacuum, usilaser. lonized molecules are accelerated
by a strong magnetic field through an analysingtulith a mass analyser in the end, with ions
being separated based on their mass to chargs @) The Time-of- flight (TOF) analyser
measures the time the ions use to reach the deteefiecting the molecular mass of the ions.

Smaller ions travel at the highest speed (Walst2200

2.19.1 In-gel trypsin digestion of Coomassie-stained ptein spots

MALDI-TOF MS is a convenient method for identifyirg verifying proteins separated by SDS-
PAGE. The most common way of analysis is to extlige spot/band of interest in the SDS-
PAGE gel and subject the gel piece to in-gel tnyason in order to release peptides that can be

analysed by the mass spectrometer (see sectior2p.19

Materials
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40% (v/v) Ethanol
Acetonitrile, 100% (v/v) and 50% (v/v)
100 mM NHHCOs
10 mM DL-Dihiothreitol (DTT)-solution:
- 15.42 mg DTT dissolved in 100 pl 100 mM MO
o 55 mM iodoacetamide:
- 1.5 mg iodoacetamide dissolved in 150 pl 100 mMNEIO;
0 Trypsin solution (12.5 ng/ul final concentration):
- 10 pl sequencing grade modified trypsin (0.1 pgAul0 mM HCI) diluted in 70 pl
25 mM NHHCGO;

o O O o

Procedure

The protein of interest was digested enzymatic@lg. by trypsin) prior to MALDI- TOF MS
analyzes. All chemicals used had a purity gradéHf®LC and the procedure was carried out in

a laminar air flow (LAF)-bench to keep a dust-fesevironment.

The desired protein-band was cut out of the SDS4grlg a clean scalpel and transferred to a
pure micro centrifuge tube. The gel piece wasatisd by washing in 100 pl 40 % (v/v)
Ethanol. After complete removal of the ethanokbgtion, 300 pul 100 % (v/v) acetonitrile was
added, and the sample was incubated for 30 mimitasvigorous shaking to dehydrate the gel.
After completely removing the acetonitrile, 50 uTDsolution was added, and the sample was
incubated at 56 for 45 minutes. DTT reduces disulphide-bridgegproteins. The DTT-
solution was discarded and replaced by 50 pl ioekaaaside-solution. The sample was
incubated for 30 minutes with vigorous shakingwvés wrapped in foil to protect iodacetamine
from exposure to light. lodoacetamide is an adgting agent used to modify reduced cysteine
residues thus hindering reformation of disulphidads. lodacetamine was removed, and the gel
washed in 50 % (v/v) acetonitrile for 10 minuteshnghaking. The 50 % (v/v) acetonitrile was
then replaced by 100 % (v/v) acetonitrile and tekewgas incubated for 15 minutes with vigorous
shaking for complete dehydration. After removirgaeetonitrile, 10 pl trypsin-solution was
added and the sample incubated on ice. Trypsrsexine protease thatcleaves peptide chains at
the carboxyl site of the amino acids lysine or m@irgg. After 45 minutes, 10 ul 25 mM
NH,HCO; was added to the sample and the sample incubagdight at 37C. The next day,
the sample was centrifuged and the supernatan&ioimg tryptic peptides was transferred to a

clean tube and stored at -20
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2.19.2 Protein identification by MALDI-TOF MS/MS

Materials

0 Matrix stock solution:
100 pga-cyano-hydroxy-cinnamic acid (CHCA)
700 pl 100 % (v/v) Acetonitrile
100 pl 1 % (w/v) Trifluoro acetic acid (TFA)
200 pl dBHO
All ingredients were mixed by thoroughly vortexing.
o Acetonitrile, 100 % (v/v)
o TFA, 0.5% and 1 % (v/v)
0 MALDI-TOF/TOF Mass spectrometer, Ultraflex

Procedure

Prior to use, the MALDI sample plate was washedhwi,O, dried off with soft tissues and
sonicated in 50 % methanol in a water bath for 1Butes to remove all bound particles. The
methanol was washed off with dBl and the plate was cleaned with small amountsO6f %

acetone. Finally, the plate was dried with a ssflue.

For protein identification, 1pl trypsin digestedrgae (see section 2.19.1) was applied to a
MALDI plate and left to dry before 1 pl photoactiveatrix, obtained by diluting the stock
solution 20 times in freshly made 90 % acetonitaifel 0.1 % TFA, was applied on top of the
sample and air-dried. Trypsin diges{ethctoglobulin with known tryptic fragments was dse
as standard and for this purpose 0.5 pl of a 5 fprhsblution of trypsinate@-lactoglobulin was
applied to the plate and dried. Then 0.5 ul matr@s added on top of the standard and left to
dry. The plate was inserted into the MALDI-TOF aadvacuum was introduced. All
instrumental analysis was performed using the @mgFlexcontrol version 3.3. The programme
Biotools was used for interpretation of the datanfrMS and tandem mass spectrometry
(MS/MS) analysis. MS/MS employs multiple MS ana@dystages with a fragmentation in

between the steps.

First a simple MS-analysis was performed using 3®%ihe laser intensity to irradiate the
samples, resulting in ionized polypeptides thatensccelerated through the magnetic field and
captured by the TOF analyser. A computationallgegated database with predicted peptide-
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fragments from trypsin treated proteins was usede@arch for peptide identification. If no
identical sequences were retrieved during MS, MS/M& used to generate sequence
information for the peptides. The largest peakmfrthe MS analysis was captured, and the
sample was irradiated again with higher laser sitgrto fragment the peptides into a series
short oligopeptides from which sequence informatamuld be derived using the Biotools

programme.

2.19.3 MALDI-TOF MS analysis for testing enzyme activity

The activity of C-CBM33B-N towards different carbohydrate substrates analysed using
MALDI-TOF MS for product analysis. The differergaction conditions tested are summarized
in Table 3.2.

Materials

o Matrix:
4.5 mg DHB (2,5-Dihydroxybenzoic acid)
150 pl acetonitrile
350 pl dHO
DHB and acetonitrile were vortexed until the DHBsa@mpletely dissolved before ¢bi
was added. The DHB solution was stored &tfér no more than a week.
o MALDI target- plate
0 Substrates, all substrates listed in section 2.1.2
o Buffers:
- 100 mM Sodium acetate, pH 3.0, 4.0 and 5.0
- 100 mM Bis-Tris, pH 6.0
- 100 mM Tris HCI, pH 7.0, 7.5, 8.0 and 9.0
o0 1 mM copper chloride
0 MALDI-TOF/TOF Mass spectrometer, Ultraflex

Procedure

All reactions were set up with 1 mM reducing ag&@,mM buffer, 1uM enzyme and 2mg/mi
substrate (except fop-chitin® which was tested at 1 mg/ml) in cryo-tubes anduliated

horizontally in a shaker for 16 hours at 37°C waimaking at 220 rpm. Different reaction
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conditions were tested: different substrates, dhfie reaction pH, different buffers, with or

without 1 uM coppét in the reaction, and different reducing agents.

For every reaction set up, a negative controla.eeaction without added enzyme was set-up to
account for the presence of carbohydrate productheé substrate solution. A positive control
was generated by incubatifigchitin® with CBP21, in a reaction with 1 mM ascorbic aa

reducing agent in Bis-Tris buffer pH 7.0 at roomnperature.

Of each sample, 1 ul was applied to a spot on teelganed MALDI plate (as described in see
section 3.17.2) and 2 pl DHB-matrix was appliedtop of the sample. The sample/DHB-
matrix- spot was completely dried by a warm stredmair before the MALDI plate was placed
on a MALDI target-plate and inserted into the MALDOF analyzer. The software FlexControl
version 3.3 was used for controlling the system B&tekAnalysis version 3.3 was used for
analysis and processing of data. Most samples wanadyzed using laser beam intensities
between 20% - 30% of maximum capacity. Addition@f* to the reaction decreases the
activity (see results section 3.6.1, table 3.2),ahérefore, copper was not used in further

enzyme activity assays.

2.20 Binding assays

Binding efficiencies and affinities o€fCBM33A-N and CfCBM33B-N were examined by

incubation with various carbohydrate substrates.
Materials

0 Substrates (see section 2.1.2)
- Xylan
- Cellulosé&
a-chtin®
- p-chitin®
o Binding buffers
- 100 mM Sodium acetate, pH 3.0, 4.0 and 5.0
- 100 mM Bis-Tris, pH 6.0
- 100 mM Tris HCI, pH 7.0, 7.5, 8.0 and 9.0
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Procedure

All substrates were pre-washed in 3 x 1 ml bindindfer, and the buffer was removed by
pipetting. For studies of the binding of proteinghe periplasmic extracts, 100 ul extract was
used, whereas purified proteins were diluted tdVRip buffer with the appropriate pH prior to
addition of substrate. 100 pl protein sample wasdthwell with 100 pl followed by a 3 hour
incubation at room temperature with shaking at @,8im. Following the incubation, samples
were centrifuged at 10,000 x g for 5 minutes. Tiy@esnatant, carrying the unbound protein, was
separated from the substrate. For all samplesgpéxgéan, the pelleted substrate was washed in
3 x 1 ml buffer and then boiled for 10 minutes th{8 SDS-PAGE sample buffer. From xylan-
samples, the supernatant, containing unbound proigis analyzed instead of the pellet. As a
control, pure protein samples or periplasmic exsragere used. For SDS-PAGE, 20 ul of
sample was mixed with 20 pl 2 x sample buffer apdeld for 10 minutes. Samples and a

standard protein ladder were then subjected to BRGE analysis according to section 2.18.

2.21 High-performance liquid chromatography (HPLC)

HPLC is a chromatographic technique applied forassjon of different compounds in a
sample, with the aim to identify, quantify or pyrithe individual compounds. An HPLC
apparatus usually consist of a stationary phasetdowed in a column), one or more pumps to
drive the mobile phase and the samples througltdahenn and a detector (in this case a UV-
detector). The column can contain different statigrphases. The retention time is calculated as
the time it takes from the sample is injected uhi@# compound is detected. HPLC delivers high
performance (high resolution) because the systemsua at high pressure, which again allows

the use of stationary phases with very low parsies.

CfCBM33B-N activity on various substrates was analyseth by examining oxidized products
released byCfCBM33B-N alone (see section 2.21.1) and by detenmgisynergy obtained when
combining this enzyme with chitinases and CBP2lvddrfromS. marcescengfter optimizing
reaction conditions, synergy experiments were cotatlionp-chitin® (highly crystalline) and-

chitin® (less crystalline nano-fiber particles), as démiin section 2.21.2.
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2.21.1Analysis of oxidized oligomeric products by UHPLC
Materials

o Reaction buffer
- 100 mM Bis-Tris pH 6.0
- Other buffers used during optimization (stock Sohs):
= 100 mM Sodium acetate, pH 3.0, 4.0 and 5.0
= 100 mM Tris HCI, pH 7.0, 7.5, 8.0 and 9.0
0 Reducing agents (stock solutions)
- 0.1 M ascorbic acid
- Other reducing agents used during optimization:
= 0.1 M gallic acid
= 0.1 M reduced glutathione
= 0.1 M glucosamine
0 Substrate
- B- chiti®, squid pen
Tris-HCI 15 mM, pH 8.0
100 % (v/v) Acetonitrile
dHO
Standard: A mix of oxidized GIcNAcs with a degrdgpolymerization (DP) between 3 and 8

o O O O

(produced in-house; Vaaje-Kolstad et al., 2010).
o0 Column: HELIC, Acquity UPLC® BEH Amide 1.7 um, 1%®.1mm
- Pre column: BEH Amide VanGuard, 1.7 pum, 5 x 2.1 mm

Procedure

Reactions (100 pl) were set up in triplicates igoetubes with 10 mg/ml substrate, 1 uM
enzyme in 20 mM buffer, with or without reducingeags at different concentrations (1 mM, 2.5
mM, 5 mM and 10 mM). All samples were incubate8A€ with shaking at 990 rpm. At given
time points, 40 pl of the reaction was sampled astdied acetonitrile to a final concentration of
70 % (v/v). After centrifuging the samples at nggpeed to sediment all insoluble substrate, 40
pl of each supernatant (containing solubilized pots) was transferred to HPLC-tubes and
stored at -2@C. Samples were analyzed on an Agilent 1290 yfidHPLC system set up with

a Waters Acquity UPLC BEH amide column and a BEHidenpre column. The amount of
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sample applied to the column was 5 pl was injeatedi oligosaccharides were separated using a
column temperature 30 and a flow rate of 0.4 ml/min. The gradient wested by running 72

% acetonitrile and 28 % 15 mM Tris-HCI pH 8.0 forminutes, followed by an 11 minute
gradient ending on 62 % acetonitrile, 38 % 15 mN&-HCI pH 8.0, followed by reconditioning

of the column was obtained by a gradient back italrconditions which was run for 5 minutes
at initial conditions before next injection. Am*house” produced mix of oxidized GIcNAcs

with a degree of polymerization (DP) between 3 &mweas used as standard.

2.21.2 Analysis of chitin degradation in synergy experimets

For analysis of mono- and disaccharides obtainesh Wiegradation of chitin an HPLC method
based on ion exclusion was used. The column usesl avaRezex Fast Fruit column
(Phenomenex) which was run isocratically with aidiacmobile phase (5 mM $$0Q;). The

Rezex Fast Fruit column separates ionic and noic-emalytes, repelling the ionic molecules so

they elute early, and retaining the non-ionic moles (i.e. sugars).
Materials

o Buffers
- 0.1 M Bis-Tris pH 6.0
0 Reducing agent
- 0.1 M ascorbic acid
0 Substrates (see section 2.1.2)
- B-chitin®
- B-chitin®
o Tris-HCI 15 mM, pH 8.0
o dHO
o Standard: N-acetyl-D-glucosamine (GIcNAc; Alfa Aesar) and detyl chitobiose
((GIcNACc)); Megazyme)
0 HySO; 50 mM and 5 mM solutions
0 Rezex RFQ_Fast fruit H+, 100 x 7.8 mm column
o Purified ChiA, ChiB, ChiC and CBP21 fro& marcescens
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Procedure

Reactions (300 pl) were set up in triplicates imf@d BisTris pH 6.0 with 2.5 mM ascorbic acid
as electron donor and substrate and enzyme coatient according to table 2.16, in cryo-tubes
that were incubated horizontally at @7with shaking at 990 rpm. At given time point§, |5l
was sampled and mixed with 50 pl 50 mi¢S@, to stop the enzymatic reaction. Prior to HPLC
analysis, the sample was centrifuged at maximuracsped 20 pl supernatant was transferred to
a HPLC- tube. At regular intervals during the stargeries, GIcNAc and (GIcNAgwere run

as standards for quantification, using the follogvconcentrations: 0, 62.5, 125, 250, 500, 1000
and 2000 puM. Standard samples were diluteded viitm® H,SO, to a final concentration of
25 mM.

To analyse degradation of the substrate to mond-dasaccharides, a Dionex Ultimate 3000
RSLC HPLC system was set up with a Rezex RFQ Fast ¢olumn,using Chromeleon version
7.1.1.1127 to record, integrate and analyse chragnatns. Before use, the Rezex column was
heated to 8% while 5 mM HSO, was run through the system with a flow of 0.3 n¥mThen

the flow rate was set to 1 ml/min, which was thee nased throughout the analyses. Of each
sample and standard, 8 ul was injected and sepadatiéng the first 4 minutes of a 6 minutes
run with 5 mM HSQO, as mobile phase. Eluted oligosaccharides werdatared by measuring

absorption at 195 nm.
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Table 2.16. Concentrations of enzymes and substrates inioeacset up to analyze the effect@iCBM33B-N on
the degradation d§-chitin by chitinases.

Enzyme concentration

ChiA ChiB ChiC CfCBM33B-N | CBP21
0.2 uv - - - -
0.2 uM - - 1uM -
0.2 uM - - 0.5 uM 0.5 uM
_ 10.2uM - - - 1uM
E |- 0.2 uM - - -
e |- 0.2 uM - 1 uM -
N - 0.2 uv - 0.5 pv -
< |- 0.2 uv - 0.5 pv 0.5 pv
% - 0.2 uM - - 0.5 uM
& |- 0.2 uM - - 1uM
- - 0.2 uM - -
- - 0.2 uM 1uM -
- - 0.2 uNv 0.5 M 0.5 pv
- - 0.2 uv - 1uM
0.2 uv - - - -
0.2 uM - - 1uM -
0.2 uyM - - 0.5 uM -
0.2 uM - - 0.5 uM 0.5uM
0.2 uM - - - 0.5 uM
0.2 uv - - - 1uM
- 0.2 uv - - -
- 0.2 uM - 1uM -
- |- 0.2 uM - 0.5 uM -
E |- 0.2 UM - 0.5 UM 0.5 pM
g |- 0.2 UM - - 0.5 UM
|- 0.2 uM - - 1uM
£ |- 0.04 pN - - -
s |- 0.04 pN - 1pM -
& L 0.04 pM - 0.5 uM -
- 0.04 pM - 0.5 uM 0.5 uM
- 0.04 pM - - 0.5 uM
- 0.04 pM - - 1uM
- - 0.2 uv - -
- - 0.2 uv 1uM -
- - 0.2 uNv 0.5 pv -
- - 0.2 uM 0.5 uM 0.5 uM
- - 0.2 uM - 0.5 uM
- - 0.2 uM - 1uM
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3 RESULTS

3.1 Bioinformatics

For all 5 proteins described in this study, thdoadtdata were calculated using the ExPASy

ProtParam tool

Results are shown in table 3.1.

(http://web.expasy.org/cgi-bin/pangm/protparam,

(Gasteiger E. 2005)).

Table 3.1.Summary of key properties of the five differenttgins described in this study. The Table showsitDs
UniProt and GenBank as well as the molecular ptaseiof both the full-length proteins and the &et N-
terminal CBM33-domain. See text for more detailsdlomain structures.

Full-length protei N-terminal CBM33 iomair
Mw Mw

Protein UniProt | GenBank |bp aa (kDa) pl bp aa (kDa) pl
CfCBM33A | D5UGAS8 | ADG73091| 984 327 35.0 5.26 569 190 211 5.13
CfCBM33B | D5UGB1 | ADG73094| 1104 367 39.0 5.22 591 197 21.6 25.2
CfCBM33C | D5UH31 | ADG73234| 999 332 34.4 4.62 551 187 20.9 4.93
CfCBM33D | D5UHY1 | ADG7340¢% | 714 271 29.1 6.5€ 42¢ 14€ 16.4 5.91
AtCBM33A | QOCGAE |EAU3267(C |120: 40C 427 4.7t

3.1.1 CBM33s from C. flavigena

Cfcbm33A Cfcbm33B, Cfcbm33@nd Cfcbm33Dall code for two-domain proteins with similar

architectures. A sequence alignment of the footgims is shown in Figure 3.1 wherethe two
InterPro

All four

histidines are highlighted in pink and the domaimaagement, found in

(http://www.ebi.ac.uk/interpro), is indicated bylaored lines above the sequence.
CfCBM33s have an N-terminal signal peptide (betwe@naBd 43 amino acids in length)
followed by a CBM33-domain which is connected tG-terminal CBM2-domain through a low

complexity linker as illustrated in Figure 3.1 &®@.
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A EM33A[D51EAR] --MFIP TRSRFGRLARLAL AVPLAL AA----- TGEIVAT SASABG SVTDPF SRNYGCWERE 53
CAEM33R[D5EEL ] MPRHER S TRRALAGLAATAVVTTALVTVF---— —----- TVARABGGLTNFFTRTYACYODG 51
CARM33C[05UHEL] MSRISF LRRVAAACGALAT GAATVVGS----- TALAAP -ASABGAVSDPP SRIVGCWERW 54
CAEM33N[05UHYL] MR.SHALPRSARF TPGRLLL SVLAVIALAFAVL TVAFAF SAQABGWISDFF SRODLCY TG- 59
CARM3I3ALD5UGAS ] GGETHMD P - - - - AMAQRDPM CWOAFQ ANPNT-MWNWHGN FREGVGGRHEQVIPDDOLC SAG 103
CAEM33R[D5EEL ] LAGGEAAAGEAGN TRFRNAACYNAFDN EGNYSF YNWYGH LLGTIAGRETIAD GKVCGF DA 111
CARM3I3C[05UH3L] ASNFTDP ----AMATSDPQCWDAWD SEP GA-MWNWNGM FKEGAA GOHEQSIPDEKLC SA- 108
CABMIZNLOSHYL] —--mmmmm-m- AVSNCGPVMYEFWSVEAK--- --— KGSMOC SGEGERFTELD - ----- - -~ 33
CTEM33ALDSUGAS] KTONGL YASLD TP G WIMK TVFHNF TLTLTDG AMHGAD YMR IV SKAGYDF TTOFLGWOD 16 &
CAEM33R[D5EEL ] R----FASYNTP SSAWPTTKVTP G TMTFOYA AVARKF GWFTTW ITKDGWN QNEF IGWOD 167
CABEM33C[D5UH31] --DNFL YAAADDFGFWRTTPVOHDFRLTLHDF SNHGAD YLK I¥V TKOGYDAR SEALTWAD 166
CAEM33NL[OSUHYL] —----— - M E SR SWPRONLKTNOVFTWD IV ANH STS TWEYFVDGR - - - - - - ——-- - -~ 130
LA EM33AIDS EAS] IELIKETGRYG-------- TTGELYQADVSIF SNRTGRAVLFTIWQASHLDOP YYICSDIN 220
CAEM33R[D5EEL ] LEF AF FORVLDF F LR EGGR AGF EYWWHVKLP SHK SGKH VLFN IWERTD SFE SFYNCVDVD 227
CAEM33C[D5HEL] LELVKTTGRYA-------~ TSP YVTDVSVPRORTGHH WWFTIWOASHLDOP YYOCSOVT 218
CAEM33N[05UHYL] --LKTTIDDKG-------- ALPPNR.FTHTINM LF EGNH K. IFVRWN TADTWN AFYQCIDAY 180
I —
A EM33ALDSUGAS] ING------==----—---~ TAPTOOP TOOP TOOP TOOP TOOP TOOP TQOF TQOFTQOPT 263
CAEM33R[D5EEL ] FGEEETVIFSFTESVTRTRTF TR P TR SVIF SFTRSVTFTRTRTRTRTRSF TRTLTVTRT 287
CAEM33C[D5HEL] FGEEETFTTS--------- FTTFAF TFTTFAF TTRAFTETIFAR TTRAPTTRAFTIF AFT 269
CAEM33NL[0SUHYL ] ITPGE-=—=—=== === mmm oo GTFGFTOOF TOOP TOOF TOOF TOOPTQOFT 214
|
CARMA3ALD5 A ] QOPTONPGETGEAC TATVEAA STWENGWIGEVTV TAGSSA - INGWK VT- - -VEEASITOAWS 3193
CAEM33R[D5EEL ] PTPTSVPGED SV ELEVDTS SAWP GG FOGTVTY FNATMEF VN GWO VSWK FTH GETIAQ SWS 347
CARMA3C D531 ] TPAPTOP ADGAC TAATEVVY SAWDGG YOATVTV TAGSGE -LDGWTVT---VP GATITOAM 325
CARM3IZNI0EUHYL] Q0P TOOPGNGAC TATFK TN N AWGN G YOGE I TV TAGSSA - IRGWK VT- - -V GATITOAWS 270
LA EM33AIDS EAS] GSYSGEGE----TF SNAEWNGK L AAGA STTAGFIASGTPGTLTATC TAA-—-- -~ £
LA EM33R[D5UGEL ] GVTS0SGEETVTVENADWN STTAHHN AVNFGF I GSGTPK AVTDAT LNGKPCIVR 400
CAEM33C[D5HEL] GTATGES ----TITAAGWNG TVAAGE TAGVGEFL GSGPDGLTATC AAA-—-- -~ E1::)
CAEM33N[05HYL]

SOLSGS----TL MNASWNGSLNAGASTTLGFTANGTP SGVTATC ARA------ 313

Figure 3.1. Sequence alignment of the full-length CBM33 pnagefrom C. flavigena(see table 3.1 for more
details). The fouCfCBM33s share a similar domain architecture, preskint Figure3.2 and indicated by coloured
lines above the alignment, with an N-terminal slgpaptide (yellow) followed by a CBM33-domain (pink
connected though a low complexity linker (purpeljatC-terminal CBM2 domain. One of the conservistidines

in the active site is highlighted in pink (the @sponding histidines in CBP21 and GH61E are showigure 1.8).
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Figure 3.2.Modular scheme of a CfCBM.. All CfFCBM33s have the same modules: atelninalsignal peptide
(yellow), a CBM33-domain (pinkand ¢ C-terminal CBM2-domain (bluegonnected through low complexity
linker (purple)

The four CfCBM33s all have a -terminal CBM2domain. As mentioned in section 6.1,
CBM2s are classified in two groups, CBM2a and CBIv&erring to a binding affinity towarc
either cellulose or xylan, respective Sequence patterns illustratitige differences between
CBM2a and CBM2b may be¢ derived from Prosite hftp://prosite.expasy.org/c-
bin/prosite/prosite-searcc?PDOC004¢) and are shown in Figure 3.3 (to@he Figure also
shows a sequenadignment of the CBMzdomains of the fouCfCBM33s with the CBM2-
domain ofCellulomonas fimendoglucanase A (CfiCenA; UniProt ID: P07984) amel CBM2Lt-
domain ofC. fimixylanase D (CfiXyID; UniProt ID: P548).

CB RO XK R AXNCH AT KX KX XK XA TR XXX XX AT XX NG KKK XXX KT K
CFEMA3A[DEUGAS] 276 CTATVKAASTWGNEWIGEVTVTAGSSA -TNGWKVT- —-VGEGASTTOAWSESYS 322
CFEMA3R[DEUGEL] 300 CELEVDTSSAWPGEFDGTVTVFNATME PV NGWOY SWKFTNGET TA0SWSGEVTS 353
CFEMA3C [DEUHIL] 282 CTAATEVVSAWQGEYDATVTVT AGSGEE -LDGWTVT- —-VPGAT TTOAWNGTAT 329
CFEM330 [DEUHYL] 227 CTATFKTNNAWGNEYQGE ITVTAGS SA-TRGWKVT-——VNGATITQAWSSOLS 274
CFTnINALOs 927 7] 383 COVLWGEVN-CWNTEFTANVTVKNTS SAPVDGWTL TF SFP SGOOVTOAWSSTVT 434
CFTsn11ALPS 4865 ] 560 CSVSAVRGEEWADEFNVTYSVS-G555 -- —-WWWTLGLNGGOSVISSWNAALT &07
L EM33A[DEUGAS] 323 Ga----TFSNAEWNGH LAAGASTTAGF TAS--GTPGTLTAT---—- -CT 3&0
L BMI3R[DEUGEL] 354 QEGETVTYKNADWNST TAHHNAVNFGF IGS--GTPKAVTDATLNGKPCT 4398
L EMIC [DEUH3L] 330 GE----TETAAGWNGTVAAGGT AGVGF LGS--G5FDGLTAT ---—- -CA 366
CFEMA3D [DEUHYL] 275 G5----TLEMASWMNGELNAGASTTLGF TAN--GTPSGVTAT ————- -CA 311
CriynInAlns 927 7] 435 QSGSAVTIYR NAPWNGE IPAGGTAQFGF NGSHTGTNAAFTAFSLNGTPCT 483
CFTsn11ALPS 4865 ] 608 GS5G--TVTARP-NG- -- SGNSFEVTF YKN-—GS SATPGAT -- ——— CA 542

Figure 3.3. Sequence characteristics C[CBM33s CBM2 domains. Top panel: schemationsensus patterns 1
CBM2a and CBM2hderived from Prosi. Surface exposed tryptophan residues and conseesdues ar

indicated by the representative letters, x indgary amino ac. The sequence pattetinat is characteriic for

CBM2a and that makes up an exB@heet in the structure (see section 1.3.5.I)dicated by asterisks. Botti

panel: Alignment ofCfCBM33-CBM2 sequences with representative sequencesGBM2a (Cfixyn10A, Figure
1.11, left) and a CBM2bQfixyn11A, Figure 1.11 right). All uniprot IDs are indicatéu brackets. Conserved
surface-locatedryptophans are marked in yellowhile the amino acidsupposed to contribute to substr
specificity by affecting the rotation of the firsyyptophai (graphically illustrated in Figuré.12)is highlighted in
pink. The area of the CBM2sequence patte is indicated by a box.
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Figure 3.3 shows that all fol@fCBM33- CBM2-domainsbelong to the CBM2a family ar
most-likely are of the celluloseinding type, since all have theitth conserved tryptophaas
well as a glycine in theosition that steers the orientation of the firgptophan. It should be
noted that the few CBM2 modules for which bindinghitin has been demonstrated also be

to the CBM2a family (i.eTful665,Bacillus thuringiensighitinase).

3.1.2 CBM33 from A. terreus

3.1.2.1 Domain architecture

Atcbm33A(ATEG_07286, Uniprot ID: QOCGA) from A. terreusercodes a multidomai
protein containing 40@mino acids (aa) with an-terminal signal peptide (aall#) preceding a
CBM33-domain (aa 18417) followed by an unknown domi which is connected to a -
terminal CBM20-domain (aa 29883) through a low complexity linker (composed obstly
threonine and serine) as illustrate( Figure 3.4. In the present study attempts wemade to

express the full length protein.

-

\

Figure 3.4 Domain organization oAtCBM33A. The protein consists of an N-termirgginal peptide (yellow),
CBM33-domain (pink)¥ollowed by an unknown dome (red) which is connected to a Cstgnal CBM2(-domain
(green) through a serine/threonine linkelue)

3.1.2.2 Codon optimization

To optimize the expression of a protein, efficiBMA transcriptior alone is not sufficiel, since
protein production theexpression ra also depends on the tranga efficiency and th
availability of tRNAs with the matching a-codon. Most amino acids can be coded for
multiple codons and thpreferredcodon usage varies between organigomglon usage bic.
Codon optimization implies thatingle nucleotide ntations are introduced intihe wild-type

DNA sequence to optimise the codon usage withdatthg the protein sequenc

Atcbm33Awas optimized according to the codon usage biaP. pastorisby GenScript's

OptimumGene™ Gene Desigsoftware http://www.genscript.com/codon_opt.h) prior to

86



gene synthesis. The codon optimized nucleotideessze (Appendix B) shares 75 % sequence

identity with the original sequence.

3.1.2.3 Homology modeling and sequence alignments

In order to explore whether the CBM20 AfCBM33A would be structurally compatible with
binding starch, a homology model was made usingstietion structure of the granular starch
binding domain of glucoamylase 1 (G1) fréxnniger(PDB: 1KUL; (Sorimachi et al. 1996)) as
a template. The model was made by use of Mod@itép://salilab.org/modeller/; (Eswar et al.
2006; Sali et al. 1995)), based on sequence aligtengenerated by ClustalWw2, and is presented
in Figure 3.5. The sequences share 56 % sequeectty, without insertions and deletions (see

below), so the model may be expected to be reapaaburate.

Figure 3.5. Homology model of the CBM20-domain #tCBM33A. The model is shown with two bound
substrates shown in grey stick representation agdem coloured red, one substrate is bound in bidite 1 (in
focus in the left model) and one in binding sitgir2 focus in the right model) (see section 1.356.fr more
details). The right model is rotated 90° to thi¢ $ad tilted 45° in respect to the left model. Aligomannose is
attached to Asn379 (coloured blue) to illustrafasible N-glycosylation made By pastoris(see section 3.1.2.4).
To position the two bound substrates, the model wagerimposed onto the crystal structure Aof niger
glucoamylase 1 (G1) when boundfeyclodextrin (PDB ID: 1ACO0). Protein structureaghics were made using
PyMol (Schrodinger 2010).

3.1.2.4 Analysis of putative N-glycosylation sites

P. pastorisboth O- and N- glycosylates proteins and both fications could affect the protein
expression and function. However, since less awmabout the O-glycosylations compared to

N-glycosylations, and as no consensus glycosylaemuence is known for O-glycosylations in
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P. pastoris their prediction is not possible. N-glycosylaticon the other hand, is known to
occur on asparagine residues which occur in thaeseg Asn-Xaa-Ser/Thr, where Xaa is any
amino acid except proline with some exceptions ddpg on the surrounding sequence. For
prediction of possible N-glycosylation sites InAtCBM33 the NetNGlyc
(http://www.cbs.dtu.dk/services/NetNGlyc/) servavas used. NetNGlyc is a web-tool for
predicting plausible N-glycosylation sites in piogethat based on the surrounding sequence.
Analyses show that there is 68% possibility for IMegsylation to occur at residue 119 and a
51.5 % possibility at residue 379 (see outputiflédppendix C) based on the assumption that

these amino acids are located on the protein surfac

One of these putative N-glycosylation sites, As8,33 located within the CBM20 domain. For
illustration purposes, an oligomannose was comjaumally attached to Asn379 in the homology
model shown in Figure 3.5 by the use of the GlyProt
(http://www.glycosciences.de/modeling/glyprot/phpimphp) with default settings (see
Appendix C). GlyProt is a web-based tool for dtiag various N-glycans to potential N-

glycosylation sites of a known three-dimensionak@in structure.

3.1.2.5 Conserved residues

As stated in section 1.3.4.3, both binding siteshef CBM20-domain have conserved residues
proven important for substrate binding. The bigdsites of the two proteins were compared by
aligning both the sequence and the structures/rmaffehtCBM33A_CBM20 and G1_CBM20
(Figure 3.6). The results of these comparisonsvghat in binding site 1, all residues involved

in substrate binding are conserved, while binditegy2 shows more variation.
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A. niger Gl: 509 CTTPTRVAVTFDLTATTIYGENIYLVGSISOLGDEETSDGIALSADKYTSSDPL 563
ATCBM33A: 298 ----- LIPVTFQEFVT TMWEENVFVTGSISOLGSHESTOKAVALSATGYTASNPL 346

A. niger Gl: 564 WyvTVTLPAGESFEYEFIRIESDDSVERESDPEREYTVPQACGTSTATVTDTWR 616
ATCBM33A: 347 WTTTIDLPAGTTFEYEFIKKETDGSIIRESDPERSYTVPTGCSGTTATAAASWR 383

Figure 3.6 Concerved residues ithe CBM2( domains of A. niger glucoamylase 1 (PDB I1KUL) and
AtCBM33A. (Top) Structure basedguence alignment of the CBNM-domains of A. nigeglucoamylase ‘and
AtCBMB33A. Conserved residues in binding sitarehighlighted in pink, while conserved residues inding site
2 are highlighted in greenResidues in binding site 2 that differ between @dl AtCBM33A are colored in blu
and yellow, respectively. (Bottom) Superimpositafrthe conserved residues in binding site 1 (lafigl in binding
site 2 (right) of AtCBM33A (pink) and G1 (light bd). In the right picture the flexible loop involved gubstrate
binding is visiblein the upper left corner. The numbering of resglis according tahe numbering in 1KUL.
Alignmentsand protein structure graphics were made using PyStdrodinger 201).

3.2 Cultivation, cloning and transformation

3.2.1 Cultivation of C. flavigena

C. flavigenas ability to utilize different carbon sourcavere examined by cultivation of tr
bacterium with minimal medium containiidistinct different carbon sourceseg sectic 2.2.5).
The carbon sources used weedldose®, xylan,a-chitin®,  -chitin®, all at1% w/, and glucose
at 0.2 % wi/v. We observed no growth these mediaand no secreted proteins were detein
SDSPAGE of supernatant proteiiperformedaccording to the procedure described in sec
2.18. No further attepts were made to analyze the susbtrate prefereftles bacteriur.
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3.2.2 Cloning of CFCBM33s

Chromosomal DNA was extracted fron2 ml culture ofC. flavigenagrownover nighton LB
(see section 2.4) and all foabm3:-genes fronC. flavigena(Cfcbm33A, Clom33B, Cfcbhm33!
and Cfcbm33D were amplified by PCR using Phus™ High-+idelity DNA polymeras¢
according to section 2.5.1For each protein, two DNA fragments were generated, encodin
the full length protein and ormntaining onl the N-terminal CBM33 domaiwithout its natura
leader sequence, using primer geecific for each gene (Table 2.2; see Figutdfor details
concerning the truncation poiqts=ull length constructs are indicated by the gengrotein
name (e.gCfcbm33A whereas constructs comprising only N-terminal domain have nam
ending at “-N” (e.gCfcbm33A-N PCR fragments of appropriate size were obtaiaeall eight

constructs. Figure 3.7 shows thight PCR fragmentghat were successfully cloned (see bel

<
)
M
5
%)
G

l Cfchbm33A-N

[Cfcbm33B-N
Cfecbm33D-N

Figure 3.7 PCR amplification o€fcbm3: genes. The left lanes show a 1 kb DNA lad@acept forlCfcbm33B-N
where the left lane show a 100 bp ladder. The @p¢ of all marke-fragments is labeledThe right lanes shoy
PCR products. The predicted sizes of the Pproducts are:CfCBM33A 999 bp, CCBM33A-N 585 bp,
CfCBM33B 1117 bp,CfCBM33B-N 607 bp,CfCBM33C 1014 bpCfCBM33C-N 573 bp,CICBM33D 931 bp
CfCBM33D-N 445 bp.

The cloning strategy for théfcbm3: genes was based on the use of a variapR&E1-B (see
Appendiks C, figure C.Zor plasmid details) that had ttcbp21 gene fromS. marcescens
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inserted within its multiple cloning site (Vaajedstad et al. 2005a), referred to as pRSET-
B/cbp21 Thecbp2lgene includes a signal peptide and it has beewrslo previous studies
that this pRSET-B construct leads to accumulatidnconsiderable amounts of correctly
processed CBP21 in the periplasmic space oEtheoli host cells. In the cloning strategy used
here the gene fragment encoding mature CBP21 waaces (by cleaving wittHindlll and
Bsm) with Cfcbm33gene fragments lacking their natural signal pepti@ihus, vector constructs
were generated in which matu@éCBM33s were fused to the leader peptide of CBP21.

All eight amplified gene fragments (shown in Fig®.&) were attempted cloned into pRSET-B
using the In-Fusion™ cloning procedure describeskiction 2.10.1 and illustrated in Figure 2.1.
Ligation mixes were transformed into compet&ntcoli TOP10 according to section 2.11 and
transformants were obtained for four of the comgguCfcbm33A, Cfcbm33A-N, Cfcbm33B-N
and Cfcbm33C Each of the four transformants was inoculatedrioight in 5 ml LB-medium
supplemented with 50 pg/ml ampicillin. The plassnidere isolated from 2 ml of each culture
according to section 2.6.1 and the genes sequdncéte use of BigDye version 3.1 according
to section 2.8.1 with both forward and reverse seqing primers (pPRSET_B SeqF, RSET-
SegR in addition to the gene-specific forward aewkrs primers annealing in the middle of the
genes, listed in table 2.3). Sequencing resulte wealysed using GENtle (Manske 2003) and
indicated a successful cloning 6fcom33A-Nand Cfcbm33B-Nwhile the sequencing results of
Cfcbm33AandCfcbm33Cwere incomplete and no further attempts were ntiadeake positive
transformants carrying these genes. For protefmession, purified plasmids @fcbm33A-N
and Cfcbom33B-Nwere transformed into BL21 Star (DE3) competéntcoli (see section.
Transformants containinGfCBM33A-N and CfCBM33B-N were obtained and cultivated for

protein expression, as described further below.

3.2.3 Cloning of Atcbm33A

The expression vector used for expressiolAtEBM33A in P. pastoriswas pPIC4-A (see
Appendix D for plasmid map of pPI@ZA). pPICZ-A was ligated with the codon optimized
synthetic gene encodingtCBM33A, both flanked byXhd and Xbal, according to section
2.10.2. This strategy would result in tAdCBM33Agene replacing the multiple-cloning site
preceding thee-mycepitope and ending with a stop codon (TGA) pritthie Xba restriction
site. The ligation mix was transformed into XL10-Gold gostentE. coli. Plasmids extracted
from positive transformants, selected by growthZewncin™, were sequenced by using forward

or reverse sequencing primers according to se@i8n Sequencing results revealed a deletion

91



of guanine in the stopedon (TGA) of thesynthetic gene. As a result, the stamon was Ict,
but, by coincidence, this mutatided to an in-frame C-termindlsion between thAtCBM33A
gene and a stod of nucleotides encodi a C-terminal c-myc epitoptllowed by a hexa-

histidine tagdirectly followed by a stop cod (Figure 3.8).
codon optimized TCGGAARG

OX_3A0X abl
Identity

codon optimized TTGA
OX_3A0X.abl . .ATCTAGAA CARAAACTCA TCTCAGAAGA GGATCTGAAT AGCGCCGTCG ACCATCATCA TCATCATCAT,T ',1,3-’ GTTTGTA

t
ity w* R T )
Identity XL T C-myc epitope Polyhistidine tag stog-codon

EOIRRBEERER — —————————= —— e ——————— —————— o i o o e e o e e
OX_3A0X.abl GCCTTAGACA TGACTGTTCC TCAGTTCARAG TTGGGCACTT ACGAGAAGAC CGGTCTGCTT GTTAAGCGGT
Identity

Figure 3.8. Alignment of the 3’ enadf the codon optimized Atcbm33gene and the Atcbm33denepresent in the
pPICZu-A derivative used for AtCBM33/4xpression. Deletion of one G in the stop-codoAitobm33A results in
a terminally extended protein with antyc epitope and a polyhistidine ta/Additionally, theXbal restriction site
used for cloning (TCTAGA) rd the sto-codon subsequent to the polyhistidine tagnarked. Alignments wel
made using GENtle (Manske 2003).

Because of this deletion, the protein was extenddd23 amino acids and the molecular wei
of the protein increased with 2788 Da. Throtein is further annotated #&CBM33A™S, A
histidine tag could be beneficial for purificatiand identification and it was decided to conti
using this plasmid throughoutdtpreser study. Later, transformants with therrect sequenc

were obtained (results not shown).

3.3 Protein expression and purificatior

3.3.1 CfCBMS33 expression

For optimal expression @fCBM33A-N andCfCBM33B-N, different cultivation conditions ar
media were testedPTG, which induce the allegedly inducibl7 promoter, was not used sir
both previous studies (G. Vadistad personal communicatipnand initial experiment
carried out in the present study had indicateditidiction had no effect on protein express
Expression ofCfCBM33B-N was succeful but expression leveldepended on the conditio
used. Cultivation in TBnedium supplemented with 50 pg/lampicillin at 25°C and witt
shaking at 180 rpm for 3 days gave high expre, ascompared to cultivation oe.g. BHI
under the same condition&igure 3.9). Expression of2fCBM33A-N was also observed,
however in lower amounts th&fCBM33B-N (Figure 3.9).

92



£

_.
m
om
==
=1
w
=

@
M

LA

0 o

I

Il

Figure 3.9. Expression of CfCBM33 The picture shows a Coomassie-stained FB&E gel with a proteil
marker (left lae) and periplasmic extracts from CfCBM33 producsigpins, as indicated. Two of the mar
proteins are lebeled by their molecular weight #rel approximate position of the expressed proté&dskDa for
both) is indicated by an arrow. Thgel shows tht optimal expression of CFCBM33RB-was achieved by cultivatic
of E. coli BL21 Star™ (DE3) imerrific broth (TB)-medium for 3 days at 25°C with shaking at 180 rgThe gel
also shows thatuitivation in brain heart infusion (BHmedium gave good expressiohCfCBM33B-N, however,
to a less extent than cultivation @B medium(under otherwise same conditions, i.e. 3 days iatab at 25°C
with shaking at 180 rpm). Xpression of CfCBM33-N was also achievedfter cultivation under the san
conditions, however ta less extent than for CFCBM3-N.

For the larger scale production and subsequentcation of C-CBM33 genes, transformeE.
coli were cultivated in 150 ml T-medium for three days at 25°C with shaking at 180.r After
three days of cultivadn, the proteins secreted into the periplasm ofliheterial cells wer

extracted according to section 2.

3.3.2 Expression ofAtCBM33AH*

For protein expression, linearized pPK-A/ Atcbm33A® (approximately 8 pg) we
transformed intoP. pastorisstrain X-33 (7*10’ cells) by electroporation according to seci
2.12. Transformed cells were selected by cultbraton YPD{-plates supplemented with 1
pg/ml Zeocin™ for four days. This gained approxieta 20 transformants, and those carry
the gene ofriterest were identified by PCR (see section 2.6sl)g the clning primers (se
section 2.1.3).80 % of the transformants hiAtcbm33Aincorporated in their genomes an
smallscale expression was conducted according to se@i®d43 to screen for positiv
transformants able to grow on methanol as soleoradpurce and secreAtCBM33A™,
Approximately 1.5*18 transformed cells were cultivated in 25 ml BMMY ¢aining 0.5 %
(v/v) methanol for 96 hours. Secreted proteins vanalyzed on SD®AGE and transforman
secretingAtCBM33A™S (~45.5 kDa) were included in a la-scale expression 00 ml cultures;
see section 2.18) to determinewhich transformant to proceed with for fermentation. \@io

was monitored by measuring (oo during the four day growth phase with induction
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methanol. The growth curve is shown in Figure 3.0t of the 16 transformants carrying the
gene, only four could metabolize methanol as saldan source and secred¢dCBM33AMS
(determined by SDS-PAGE). Out of these four, oas selected for fermentation.

2,0E+09 -+

1,5E+09

——
,_<>_|
|.<>4

1,0E+09 -

Cell density (cells/ml)

5,0E+08

0,0E+00 : . : . . .
0 20 40 60 80 100 120

Hours after methanol induction

Figure 3.10. Growth of P. pastoris X-33 producingAtcbm33A. Growth ofP. pastoris X-33 with Atcbm33A
integrated in the genome during large scale exjge$500 ml cultivation medium containing 0.5 %\Wvmethanol
as sole carbon source) was monitored by measuridgo@very 24 hours after start of the induction phassee (
section 2.13.4 for details on the large-scale esgpom). The cell density is calculated by multipgythe OQgoby
5x10, the approximately cell density/ml when @1 (M. Abou Hachem, personal communication). Theph
represents the mean growth of 4 transformantsttendrror-bar indicates the standard deviatiomefrhean.

The selected. pastorisX-33 transformant for expression of secrefeg@BM33A™ was grown

in a 5 liter fermentor as described in section A1Puring fermentation, a similar growth-curve
as in the large-scale expression was observed, vesyweith a much higher cell density. The
fermentor, containing 2 liter basal salt mediumswaoculated with 250 ml BMGY containing
2.5*10 cells and cultivated with a constant, however maj feed of glycerol until the culture
reached a cellular yield of 160 g/liter. The ghaiefeed was stopped and the culture induced
with methanol. Fermentation on methanol was cdraet for four days with a more or less
constant feed of methanol at 11 g/h/L. After fdays the cells were harvested by centrifugation
and the supernatant, containing the secreted pspyteiere sterile filtered and concentrated 10

times using the Pellicon ultra-filtration systentaiing to section 2.13.6.
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3.3.3 Protein purification

Protein purification ofCfCBM33A-N andCfCBM33B-N was performed in two steps. First, an
ion exchange chromatography was conducted accotdiggction 2.15.1 to exclude molecules
with a different isoelectric point than the teddCBM33s (pl= 5.1/5.2).The periplasmic extract,
containing eitherCfCBM33A-N or CfCBM33B-N retrieved from a 150 ml culture, was pH
adjusted to 7.5 by addition of 50 mM Tris-HCI ark tsample (50 ml) was loaded onto the
column. Elution of C-CBM33s and fraction collection (1 ml/fraction) was perfa as
described in section 2.15.1 and analyzed on SDSEPM&&&gure 3.11 Left; chromatograms are
shown in Appendix D, Figure D.1). Fractions contag the highest amount of the desired
protein CfCBM33A-N fractions 33-39 an@fCBM33B-N fractions 11-17) were concentrated 7
times and the buffer changed to 10 mM Tris-HCI pB. 7The concentrated sample (1 ml) was
further purified by size exclusion chromatograplega@ding to section 2.15.2 and collected in
fractions of 5 ml. Fractions putatively containilgfCBM33A-N (fractions 53-56) or
CfCBM33B-N (fractions 53-62) were analyzed by SDS-BAGFigure 3.11, Right;

chromatograms are shown in Appendix D, Figure D.2-3
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Figure 3.11.Purification of CCBM33A-N andCfCBM33B-N. The picture shows SDBAGE analysis odifferent
fractions from the two-step upification of CFCBM33A-N (Top) and CfFCBM33B-N (Bottor), first by ionic
exchange chromatograpt(ieft) followed by size exclusion chromatograpt{iRight). A protein marker wa
applied in the left lane in all four gels and marker proteins are labeled by themolecular weigt. The
appoximate position of the expressed protei21 kDa for both) is indicated by arrows'he gels show that bo
CfCBM33A-N andCfCBM33B-N werenot completely purifie by ion exchange chromatographHowever, after
size exclusion chromatographusing fractions 3-39 containingCfCBM33A-N and fractions 1-17 containing
CfCBM33B-N, pureC{CBM33B-N was obtained from fractions & 62. CfCBM33A-N was not completel
purified.

CfCBM33A-N was not completely purifd, possibly because of dimerizatiof proteirs (the
molecular weight of the fgest contaminating protein ispproximately 40 kD¢ due to
intermolecular reformation of cysteine bonds du8igs-PAGE If so, this could be solved |
using reducing agents in tf@DS-PAGE running buffer. This is discussed furtherthe
discussion.

CfCBM33B-N, on the other hand, contained purified protei fractions 58 to 6. These
fractions (5 ml/fraction) were pooled and concentr 25 times before determining the prot
concentration according to section 2.16otal yield of pureCfCBM33B-N was calculated to k

approximately 1 mg.
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AtCBM33A™ was purified from 30 ml of the secreted proteinsngentrated according to

2.13.6) from the fermentation of transformi@dPastoris(section 2.13.5) using a HisTrap™ HP
column according to section 2.15.3. The chromatwgis shown in Appendix E, Figure E.4.

Fractions A15 to B3 were pooled, concentrated m@siand run on an SDS-PAGE for analyzing
the purity. The purified protein appeared as a€arh on the gel (Figure 3.12). Since the
protein has known N-glycosylation sites (shownegt®n0) a treatment of the purified protein
with EndoH was performed to remove N-glycosylatigese section 2.18). EndoH-treatment
removed some of the glycosylations (visualized BYSSPAGE; Figure 3.12); however, it did not

result in a clear band as should be the case prittein only were N-glycosylated.

1163 kDa

97,4 kDa 1 2

66,3 kDa .

55,4 kDa ; -
= -

Figure 3.12. Purified AtCBM33AHis. The picture shows a Coomesgained SDS-PAGE gel with a protein
marker in the left lane and\tCBM33AHis (Mw: ~45 kDa) first(1) purified by immobilized metal ion
chromatography followed bg2) incubation with EndoH (mw: 29 kDa) at 37°C for thours. EndoH treatment
should remove any N-glycosylations (see sectiod 2rid Figure 2.3). Although the gel shows a naimgvef the
smear after EndoH treatment, a clear protein baaglvot achieved. All marker proteins are labelled.

3.3.4 Expression and purification of ChiA, ChiB, ChiC and CBP21

Previously constructed vectors for expression ofPE€B (pRSET-Bibp2) and the three
chitinases fromS. marcescengchiA was cloned in expression vector pMAY20-¢hiB in
pPMAY2-10, chiC in pRSET-B) had been transformed info coli BL21 Star (DE3) for
expression (Brurberg et al. 1994; Brurberg et @851 Brurberg et al. 1996; Vaaje-Kolstad et al.
2005b). From these transformants, CBP21, ChiA, ChiB andOClkere expressed as described
in section 2.13.1 in overnight cultures in 300 rBl-inedium supplied with 50 pg/ml ampicillin.
ChiC expression was induced by 0.5 mM IPTG whenctiieure had reached an @pof 0.6
according to section 2.13.2 while ChiA and ChiB everoduced under control of their original
promoters. Proteins secreted to the periplasnacespvere extracted after lysis of the cells by
cold osmotic shock (section 2.14). Following, theee chitinases and CBP21 were purified
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from the extractby affinity chromatography with chitin beads acdogdto section2.15.4.
Chromatograms for these oseep purifications are shovin Appendix D,Figure D.5-D.8 and
Figure 3.13 shows SDBAGE gels illustrang the purity of the purified proteind he data sho\
that the three chitinases and CBP21 were completelyfipdri Note that part of the purifie
ChiC only consist of the GH18emain anclack thetwo extra binding domains, CBM12 a
fibronectinlll. Ths truncated version of the protein is referred$ChiC2 while the ful-length
protein is known as ChiCl1.

— . !
s -
T

= -

209 -
T

Piifiec| lhiB

Figure 3.13. Purifiedchitinases and CBP21 derived fr¢S. marcescensThe coomassistained SD-PAGE gels
show a protein marker (left lane), the protein eatd in the periplasmic extract from witChiA (mw: 61 kDa),
ChiB (mw: 55.5 kDa), ChiC (ChiC1 mw: 52 kDa, ChiC® kDa) and CBP21 (mw: 18.8 k) was purified and
finally the purifed proteins. All proteins were completely purd by affinity chromatographwsing chitin beads
(section 2.15.4).Note that purified ChiC results in two protein, diaél-length protein (ChiC1) and one trunca
variant (ChiC2) lacking the substrateting modules, CBM12 arfibronectin Ill-domain.

3.4 Determination of protein identity

Since EndoH treatment &tCBM33A™ did not result in a clear protein bond thie SDS-PAGE
gel (Figure 3.12 protein identification was carried out IMS-analysis. From #h SDS-PAGE
gel with analyzed purifie\tCBM33A™ a piece of the proteismear (at approximate 55 kDa)
was cut out and trypsin digested according to @e 2.19.1. Therypsin digesteprotein was
analyzed using MALDIFOF MS see section 2.19.2) and gave a positivatchin search
against the NCBI-database fAtCBM33A with protein sequence coverage of 30 % asdae

of 124 (see Appendix Eor output from Mascao the protein isnamed ATEG_072¢ in this
analysis).
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3.5 Binding assays

3.5.1 Substrate binding of CFCBM33B-N visualized by SDSpage

Binding properties ofthe noi-purified CfCBM33A-N and CfCBM33B-N, as present in
periplasmic extracts of the production strains,ertested withdifferent substratesa-chitin®, p-

chitin®, xylan and filter papessee table 2.1 fcdetails on the substratagcording to sectio2.20
at pH 7.5 (Figure 3.).

tract

ilter papir
eriplasmic

Filter papir

v
=
n c c
< S =
o = =
5 =} =
& = [

extract
Xylan

CfCBM33A-N CfCBM33B-N

Figure 3.14. Binding of nonpurified CICBM33A-N (left) and CfCBM33B-N (right) as present periplasmic
extracts toa-chitin®, B- chitin®, xylan andcellulosé at pH 7.5. Samples (100 ul periplasmic extract and an e
amount of substrate) we analysed on SI[-PAGE after incubation for 3 hours at room tempertith shaking a
1200 rpm. Note that the lanesth a-chitin®, p-chitin® and cellulose show proteins bound to the substre
(pelleted by centrifugation)yhereas thexylan lanes shw the unbound proteins (proteins left in the suptnt
after pelleting xylan).A protein marker (left lane in both gels) was ufmdsize-determination of the proteins. #
marker proteins in between 20 and 40 kDa are lathelPeriplasmic extract edaining the expressed protein
shown as control. The banepresentin the respective proteins (~21 kDa) is marked witlaaow

Weak binding to a-chitin® was observedfor both CfCBM33AN and CfCBM33E-N.
CfCBM33A-N did not show detectable binditto p-chitin®, while C-CBM33B-N showed stron
binding affinity to thissubstrate.Data for xylanare not conclusive, because, the bound ion
could not be analyzed for technical reasons. Asislgf the unbound material (Fig. 3.13)
indicate that binding to xylan is weak or absent lboth proteins no differences in protei
concentrations were observed between the periptasrtiact ad the unbound protein sam).

Neither of the proteins bound ¢ellulos¢.

The binding properties 0®.7 pM purified CICBM33B-N towards50 mg/ml B-chitin® were
further examined avarying pH, ranging from to 9 when incubated for 3 hours at ro
temperature with shaking (1200 rp Protein bound to the substrate (+) and proteinhi

substrate-free sample (=) wesisualized by SD-page (Figure 3.XF=gure 3.12.
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Figure 3.12. Binding of Cf[CBM33B-N to p-chitin® vary according to pH. 0.7 uM purifiedfCBM33B-N was
added to samples containing 50 % buffer and Esuspension of pre-wash@echitin®(indicated by+; Final chitin
concentration 50 mg/ml) avith 100 % buffer (indicated by +) and incubate@tC with shakin at 1200 rpm for
3 hours. The gels show protdinund to the substra(+) and the reference solutie (+). The reference solutio
were tested to check for pideduced effects on the soluble prot

The results indicate that bindimg clearly pr-dependent. Lowubstrate binding is observed
the pH range below 5 and above 9, while optimatlinig is seen at pH valudmtween 6 and &
At pH 5, which is close tthe proteinscalculated isoelctric poinGfCBM33B-N precipitated, a
shown by the absenaoé protein in th reference sample (Figure 3)I&nd by the occurrence o

pellet upon centrifugatin (not shown

3.5.2 Binding of AtCBM33A"* to B-cyclodextrin measured by isotherma

titration calorimetry

Isothermal titration calorimetry (ITC) experimewith purified ACBM33A™ were conducte
by Maher Abou Hachem and colleagues at the depattimfesystms biology, enzyme ar
protein chemistry, Denmark Technical Univer (specifications regarding the experiment
not known). ITC is a technique that measures the releasedsariadd heat from a biomolecu
binding event. From the measured datasociation constants (Kd), reaction stoichiomu
(average number of binding sites per mole of pmpti), enthalpy AH) and entropyAS) can be
calculated. ACBM33A™* was titrated withB-cyclodextrin,a cyclic starch analogue consist
of seven glucoseanits, and the results are shownFigure 3. The measured stoichiometry
0.5 and the calculated dissociation constant 36 jrdicating a moderate binding affini

towardsp-cyclodextrin.
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Figure 3.16. ITC experiment of AtCBM33His titrated witBrcyclodextrin. The Figure shows the raw data (klac
the fitted line (red) and thermodynamic data detifrem the experiment. See Appendix F for raw data
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3.6 Activity assays

3.6.1 Enzyme activity profiling by MALDI-TOF MS

To determine the substrate specificities and th@nap reaction conditions for polysaccharide
degradation byCfCBM33B-N, reactions were set up according to Téh and analyzed by
MALDI-TOF MS according to section 2.19.3. The MALDOF analysis was used to detect

native and oxidized oligosaccharide products.

Table 3.2. Activity of CFCBM33B-N towards different carbohyate substrates under different reaction conditions.
In addition to the listed variable conditions, @actions included 1.0 pM CfCBM33B-N, 1.0 mM asdordcid and
2.0 mg/ml substrate. See Table 2.1 for detailéarimation on the various substrates. Reactions \wexgbated at
37°C with shaking at 900 rpm for 20 hours. Degtadeaof 3-chitinA by CBP21 was used as a positive contnod a
reactions in absence of enzyme were set up asinegaintrols. Activity was monitored by MALDI-TO&nalysis
of oligosaccharide products and detected oligosa@bd products were marked by a + in the table ¢sedon 3.6.2
including Figure 3.6.2 for an example of the intetption of MALDI-TOF results). The raw data frothe
MALDI-TOF analyses are provided in Appendix H. Bmpoxes mean not determined. The positive contrelse
done with 1 uM CBP21, 2 mg/rBkchitinA, 1 mM ascorbic acid in 20 mM Tris-HCI pH 8nd all yielded previous
identified oligosaccharides with a degree of polsizagion of 4, 6, 8 and 10. No oligomeric produstsre detected
in the negative controls (not shown). The two swltes that were used in further analyses are kigteld in yellow.

Buffer 20 mM Ne-acetate | 20 mM Bis-Tris 20 mM Bis-Tris 20 mM Bis-Tris 20 mM Tris-HCI
pH 5.0 6.0 7.0 7.0 8.0
Metal - - - Cu(ICl, 1.0 pM |-
a-chitin® |- - - - -
a-chitin® |- - - - -
a-chitin® |- - - - -
a-chitin® |+ + + - +
B-chitin® |+ + + + =
B-chitin® |+ + + - +
B-chtiin® |+ + + - +
B-chitin® |+ + + - +
B-chitin® |+ + +

Xylan -

Avicel -

PASC -

The data in table 3.2 and the binding data predemteve show thatfCBM33B-N is active on
B-chitin in a wide pH range. Table 3.2 also showms activity towards-chitinf, which is semi

crystalline nanofiben-chitin. Addition of copper (II) seemed to inhiltite degradation (Table
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3.2) and this effect of Gliwas also seen for the positive cor, CBP21(AppendixG, Figure
G.2). p-chitin® andp-chitin® (highlighted in yellow irTable 3.3 were used in further anises.

3.6.2 A closer view on theactivity of CFCBM33B-N towards p-chitin®

A closer view at product profiles obtainewith upon incubatingp-chitin® with CBP21
orCfCBM33B-N revealed similarities and differences. The twayemes are similar in that the
product pofiles show the same periodicity, with a dominamfeeven numbered produc
(Figure 3.17. This indicates cleavagat every second glycosidic bondeg Discussion for
further comments)Most importantly, the product profiles obtainedh Cf{CBM33B-N showed
more peaks than those obtained with CBP21 and fhevatues for these peaks indicated
they represent partiallydeacetylatecoligosaccharides of chitin (Figure 3.1iffering with an
atomic mass of 42 from theorrespondingcompletely acetylated produ. These partly
deacetylated oligosaccharide products seem torbeuaring tendency and were generated f
the oxidation offf-chitin with varying crystallinity (see Appendixc and Figure (9, G.10 and
G.11 for zoomins of DP4, DP8 and DP10, respectiv.
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Figure 3.17. MALDI- TOF MS analysis of products detected after treaff@ mg/ml B-chitinA with 0.1 uM
CfCBM33B-N and 1.0 mM ascorbic acid in I-Tris buffer pH 6.0. The upper right corner shows anzan of
oxidized hexameric products obtained by CfCBM-N (red spectrum) and by CBP21 (contrblue spectrum)
under the same reaction conditidnsreactions carried out at the same time and aedlyr the same analysis
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session. In the overview spectrum peaks are kdbél the degree of polymerization (DP) i.e. thenber of sugar
moieties, including one oxidized sugar. In the zdarpictures peaks are labelled by the observeghiatmass and
the predicted compostion of the oligomer. Abbrawizg used: GIcNAc; GIcN, deacetylated GIcNAc; Gle\l1-5 d
lactone of GIcNAc; GIcNACA, aldonic acid of GIcNAd-or similar zoom in pictures (showing similar tiges) for
DP4, DP8 and DP10 see Appendix G, Figure G.9-11.

3.6.3 Optimization of B-chitin oxidation by CFCBM33B-N

Results from MALDI-TOF MS indicated thaEfCBM33B-N degrade$3-chitin. Therefore,
synergy assays with chitinases and CBP21 f®marcescensere performed witfi-chitin as
substrate To investigate to what extent substrate crysiitjliaffects the enzymatic degradation,
both the highly crystalling-chitin® and the less crystalling-chitin® were used in synergy

assays.

Prior to synergy experiments, different posisbleditions for degradation of-chitin® by
CfCBM33B-N and chitinases were screened in a trulgntjtative matter, using UHPLC for

guantitative product detection according to secfidi.1. Several parameters were tested.

The buffer capacity of BisTris was tested with 2rM ascorbic acid as reducing agent.
Reactions with 10 mg/mp-chitin® (pre-washed in Bis-Tris with the appropriate pRl)p mM
ascorbic acid and 1 pM enzymeSfCBM33-N, CBP21, ChiA, ChiB or ChiC in separate
reactions) were set up in 5, 10, 20 and 50 mM Bis-TThe pH of the reactions was measured
before and after 24 hours incubation at 37°C wiihkéeng at 900 rpm. A reaction concentration
of 20 mM Bis-Tris was necessary to maintain thegpld for all enzymes tested. When analyzed
by HPLC using the Rezex column (described in se@i@1.2) a buffer-concentration of 50 mM
was used without interfering with the analysis @uble sugars, as all buffer components eluted

prior to mono- and oligosaccharide products.

To determine the optimal pH-conditions for the @tidn of 10 mg/mip-chitin® by 1 puM
CfCBM33B-N, an experiment with 20 mM buffers in the-pange from 2 to 9 was conducted
with specific quantitative detection of oxidizedgaimeric products as previously described by
Vaaje-Kolstad et al. (2010) and according to secti21.1. In this experiment various
reductants (ascorbic acid, gallic acid, glucosanaineé reduced glutathione) were also tested, all

at a final concentration of 2.5 mM. The resultssirewn in Figure 3.18.
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Figure 3.18. Oxidation ofp-chitin by C-CBM33B-N
C300 1 mTetramer and CBP21 varies with pH and the reducing agent.
= Hexamer Quantitative analysis of oxidized (GlcNAcproducts
250 - detected upon incubation of 10 mg/athitin® with 1
B Octamer UM CfCBM33B-N (A,C) or 1 uM CBP21 (B; positive
c 200 Decamer control) in 20 mM buffers with pH ranging from 5 to
‘E 8. The reaction mixtures contained 2.5 mM ascorbic
%150 - acid (A,B) or 2.5 mM gallic acid as reducing agent
‘E‘ Reactions were incubated for 24 hours at 37°C with
100 - shaking at 900 rpm. For each sample, calculateé pe
areas (mAU*min) for the major product peaks are
50 - shown. Sample sizes were identical. No oxidized
products were detected in reactions with pH 2, 8&d
0 9. Reactions containing reduced glutathione and

glucosamine as reducing agents resulted in less
oxidized products and higher levels of background
compared to gallic acid (results not shown).

The data in Figure 3.18 show tH@#{CBM33B-N has a pH optimum for activity around pH 6.0

and that this optimum is rather “sharp”. No oxa&li (GIcNAc) products were detected at pH 2,

3, 4 and 9; affirming the observations from bindagsays (Figure 3.15). The data also show

differences between the reducing agents. Useaoirbie acid as the reducing agent (Figure 3.8,

A) gave a more even distribution of the oxidizeddurcts and less noise in the spectra during

analysis compared to gallic acid (Figure 3.18 €juced glutathione and glucosamine.

Finally, different concentrations of ascorbic awidre tested. The degradation of 10 mg/gal

chitin® by 1 uMCfCBM33B-N reactions required a concentration of asicoacid between 2.5
and 10 mM (Figure 3., leftpanel). The degradatri0 mg/ml p-chitin® by 1 pM CBP21
showed much higher activity, at lower cocnentratemtrobic acid (1 mM) and in this case,
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increasing the ascobric acid concentration to 2\ an higher had a clear negative effect on
activity (Figure 3.19, right panel). At 2.5 mM asoic acid, both enzymes showed an
approximately equal activity. Therefore, ascorbmdawas used for all experiments at a

concentration of 2.5 mM.

a0 . MTetramer 600 - M Tetramer
35 | MHexamer 500 - M Hexamer
30 -+
< > | Octamer £ 400 - Octamer
5 20 1 * 300 -
T 15 - %
10 4 200 -
5 100 -
0 M
1 2,5 5 10 0-
. s 1 2,5 5 10
Concentration of ascorbic acid (mM) Concentration of ascorbic acid (mM)

Figure 3.19. Quantitative analysis of oxidized (GIcNAgroducts detected upon treating 10 mgrchitin with 1
pM CfCBM33B-N (left) or CBP21 (right) with variousoncentrations of ascorbic acid (1, 2.5, 5 and M) as the
reducing agent. Reactions were incubated for 2&shat 37°C with shaking at 900 rpm and oxidizettKa.c)?2.
Products were detected by UHPLC. For raw dataApeendix H, Figure H.1 and H.2.

3.6.4 Testing for synergism: Combining CFCBM33B-N and CBP21 with

chitinases to degradgs-chitin

To examine whether or n@fCBM33B-N boosts the degradation @hitin® andp-chitin® by
the S. marcescenshitinases ChiA, ChiB or ChiC and to verify whathke CBM33 fromsS.
marcescens CBP21 could work together witlCfCBM33B-N synergy experiments were
conducted according to section 2.21.2. Reacti808 (1) set up according to table 2.16 were
incubated at 37°C with shaking at 900 rpm for 2280rs. Sampling (50 pl) was done at given
time points (indicated by points in Figure 3.208ahe amount of (GIcNAg)in the sample was
measured by UHPLC. The results are presentedguor&i3.3 where the percent conversion
equals the fraction d@¥-chitin in the sample converted to (GIcNAc)Data are only based on the
levels of generated (GIcNAg)Production of the second major product, GIcNA@swalso
measured and GIcNAc levels showed the same terefenelowever, since GIcNAc levels were
less than 5 % of the (GIcNAg)for the sake of simplicity, GIcNAc levels weretriaken into

account.

106



A 07 chia B 45 :E:IE CICBM33B-N 1pM
A CTCRMA 1 BB CICBM33B-N 10
45 1 "'U“A*LV'FB"’I’ZEB'N ! f‘M 40 | ~HCHIBHCICBMIIBN 0.50M
40 | ACHACCICBMAIBN-CHP2) A ChiB+CICBM33B-N+CBP21
ChiA+CBP21 | uM 35 4 ChiB+CBP21 0.5uM
= 37 g ChiB1CBP21 1M
£ 3
£ 30 1 2
B
3 25 4 £ 25
4 S
5 20 - S 20
H 2 ‘/A‘
o s X 15 4 -~
s 15 4
2 K
j 54
5 a b b & & & "
0 vy v v v 0 >
0 5 10 15 2 2 [ s 10 15 20 25
Time (hours) Time (hours)
50 7 -#-ChiC
- -#-ChiB
C 45 | WChICCICBMIIBN 1 aM D AChiBCICBMIIB-N 1yM
© * E:“fgg;ft’[??\;‘mmm 60 1 —-CHiB-CICBM33B-N 0.50M
e SHIM A - ChiB+CHCBM33B-N+CBP2|
35 _—— 50 ChiB=CBP21 0.50M
e H ChiB+CBD2] 1uM
5 % A 4]
E 25 1 /A‘ ?
5 5] ¥ £ 30 4
< 1]
S 151 °
s £ 204
10
=X
5 10 A
5 o e
ol T oL T T . . ,
[ 5 10 15 20 25 30 35 0 5 10 15 20 25
Time (hours) Time (hours)

Figure 3.3. Synergy effects oCfCBM33B-N and CBP21 on the degradation pfchitin by ChiA, ChiB, ChiC
Degradation of 10 mg/nfi-chitin® at pH 6 by 0.2 uM ChiA (A), ChiB (B) and ChiC (G)the absence or presence
of 0.5 uM or 1.0 uMCfCBM33B-N, 0.5 or 1.0 uM CBP21 and equimolar amounts (0.5eedh of CBP21 and
CfCBM33B-N, with 2.5 pM ascorbic acid as external electron dor(®) Degradation 02 mg/ml B-chitin® by 0.04
pM ChiB with the same reaction conditions as inReactions were set up in triplicates and incubate®l7°C with
shaking at 900 rpm.Degradation is presented the mean conversion @tchitin to (GIcNAc,, as measured by
UHPLC. The lines are only drawn between points for illasan. Datafor the standard curve used -
guantification are shown in Appendik Figure H.3

All Figures indicate an increased degradation rate by additicCfCBM33B-N to the reaction
CBP21 also appeats increase the degradation rate of the threenetsiéis towardg-chitin® but
does not have any effect on tikegradatio of p-chitin® by ChiB. Nbte that the amount of Chi
added to the reactions wifhchitin® is a fifth the amount added to reactions w-chitin®.

Nevertheless, the turnover rate to (GlcN, remains high. Remarkably, partly in contrast

data presented abowefCBM33B-N seemsnore active than CBP21 when combined with C
or ChiB, whereas the opposite is the case for CA statistical model was fitted to the raw d

to further be able to test if thesdeged synergies are significant (see section 3.
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3.6.5 Estimated regression models for the conversion d@§-chitin over time

and the effect of synergy

Synergy experiments (section 3.6.2 and Figure 3rilifate a boosting activity fCBM33B-

N on the degradation @kchitin by ChiA, ChiB and ChiC. However, the gragh Figure 3.10

is only displaying the experimental results, buhds sufficient for claiming a significant effect
of these synergisms. To further analyze the resatid test for significance on the observed
synergies, a second order regression model wasl fitt the observed data presented in section
3.6.4. The model described below, including intéams of enzyme-mix and time of incubation,
was adapted to the datausing the statistical program R version 2.14.0
(R_Development_Core_Team 2008) with R-commandéarbi 2012) installed.

Model:
Yik= i + B+ Br+Bu)Tj + (B2 + B2) T} + e where:
ek~N(0,0), X E; =0, 31 81 =0,21 1B =0

Yiik is the per cent conversion of the substrate byreezmix i, at time j and in replicate k.
i=1,2,3,4, j=1,...,6 and k=1,2,3

M is a constant.

Ei is the effect of enzyme-mix i on the conversionhaf substrate.

B1 andp; is the general effect of time (hours) on the swlbstconversion

B1iandpyi is the synergistic effect on the conversion ofghbstrate of time (hours)

T; is the time j, measured in hours, for sampling

ejk represents each sample’s discrepancy from the milhe; are independent.

For all models, an analysis of variance (ANOVA) veasiducted, and the results showed that all
interaction terms included in this model are siigait for the estimation di-chitin conversion

over time.

Using this model, the time-dependent conversiothefsubstrates was calculated (estimated) for
each enzyme-mix and plotted in Figure 3.4. Thepuwufrom the estimation of all model
parameters using R is shown in Appendix J alony tie model-diagnostic plots. All p-values
(p) lower than 0.05 (p<0.05) are considered sigaiit. A p-value of 0.05 entails thatitisa 5 %

possibility to observe this high interaction in tieta, assuming there is no real interaction.
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Figure 3.4.Effect plots showing the estimated models of @t conversion over time for each synergy expertmen
including degradation d-chitin™ by ChiA (A), ChiB (B) and ChiC (C), and degradatiof p-chitin® by ChiB (D).

A second order model was fitted to the data presem Figure 3.19 for the time period from 1 to Rdurs.
Detailed results from the statistical analysis bfnaodels and model-diagnostic plots are shown ppéndix I.
Effect plots were made using the statistical safénR.

To further analyze differences between the diffemrzyme treatments a post hoc pairwise test,
the Tukey test, was conducted (results are showippendix ). From the Tukey test it is clear
that the degradation rate over time of most syesrdiffer from each other. The degradation of
B-chitin® by ChiA and ChiC is significantly (p<0.01) increalsby bothCfCBM33B-N and
CBP21. Interestingly, whilEfCBM33B-N increases the degradatiorpethitin® by ChiA more
than CBP21, the opposite is observed in the degjoaddy ChiC, where addition of CBP21
gains a higher degradation rate compared to addifi€flCBM33B-N. In both cases, equimolar
amounts of the two LPMs in combination give a ddgten rate that is in between the rates
obtained with each of the single LPMs. On the dedgtion ofp-chitin® by ChiB there is a
significant effect (p<0.01) of addition &fCBM33B-N andAtCBM33A, but in this case they
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increase the degradation rate equally. Converselyhe degradation @chitin® by ChiB there
is a major difference. While CBP21 has no effeattbe degradationCfCBM33B-N most
significantly (p<0.01) boosts the degradation rdtetotal, CFCBM33B-N andAtCBM33A show
different effect on the degradation ®thitin by ChiA, ChiB and ChiC. This is very in&sting

and will be further discussed in the following sext

4 DISCUSSION

The objective of this study was to clone, exprgasijfy and characterize CBM33s from two
different speciesC. flavigenaandA. terreus primarily to determine whether or not the enzymes
possess a lytic polysaccharide monooxygenase tyctamd secondly to understan@.

flavigena’s need for as many as four CBM33s.

Despite the fact that the genomeSfmarcescensncodes only one CBM33, the LPM CBP21,
this bacterium is considered one of the most efficichitin degraders (Fuchs et al. 1986)
indicating that CBP21 alone is adequate to compténies chitinases. Many organisms,
including C. flavigena,encode multiple CBM33s, all with similar domairclaitecture. The
reasons for having several CBM33s are unknown anthin a matter of speculation. Do they
complement each other in the degradation of compimmasses such as lignocellulosic
materials comprising both cellulose and hemicefla® Do they target different substrates or
different types of surfaces within the same substa Answers to these questions could
hopefully give more insight into carbohydrate deigtzon performed by microorganisms in the

soil and could possibly be used for optimizationnafustrial biomass conversion.

Cloning and expression of all four CBM33s fr@nflavigena both in the full length version and

in the truncated version lacking the CBM2-domaimg(iFe 3.1), was attempted. However, due
to a desire to at least characterize a few of tleezgymes, attempts to clone and express them
were not exhaustive. Four of the eight cloning stégled for reasons that were not further
investigated (cloning was attempted only once). oTa¥ the four protein variants that were
successfully cloned were not expressed. As is camynabserved for CBM33 proteins (MSC
thesis Torfinn Nome; G Vaaje-Kolstad, personal camitation) expression is difficult and

often fails, especially for multi-domain proteins.
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Two CfCBM33s, C{CBM33A-N and CfCBM33B-N, i.e. both in truncated forms, were
successfully cloned and expressedcfCBM33B-N was produced at high levels; it was
completely purified and studied in detail furth@fCBM33A-N was produced at lower levels
and appeared not to be completely purified aftee sixclusion chromatography (Figure 1.10).
This impurity was unexpected, since the proteinstha starting material differ highly in
molecular mass. It is thus plausible that soméefdther proteins expressed have an affinity for
the column material that is not blocked by the salbcentration in the buffer. A possible
solution would be to increase the salt concentnatmwer the flow and increase the length of the
column. Another possible explanation is that theein has formed dimers after purification, as
the size of one of the contaminating bands is adOukDa. If this is the case, this might be
because of intermolecular reformation of cysteirends during SDS-PAGE, resulting in
dimerization (CfCBM33A-N contains four cysteinsh possible solution would then be to use

reducing agents also in the running buffer.

C. flavigenais known to be a cellulose and xylan degradingdyaon (Abt et al. 2010). The
presence of a CBM2a-domain at the C-terminus ofC&IBMS33s indicates binding affinity
towards cellulose (Simpson et al. 2000) but bindimghitin is also possible, as seen for the
CBM2 domain of chitinase C fro@treptomyces lividang-ujii & Miyashita 1993). From both
binding experiments and activity assa@$§CBM33B-N shows no specificity towards xylan or
cellulose, only for chitin. Obviously, since thedemains lack their CBM2s it cannot be
excluded that the complete proteins bind to ancéwaee.g. cellulose. The genome ©f
flavigenaDSM 20109 contains no identified chitinases (GHL&®119) or known chitosanases
but it encodes four proteins belonging to familyrf@f the carbohydrate esterases (CE4). The
family of CE4 includes acetyl xylan esterases, adiigosaccharide deacetylases and
peptidoglycan GIcNAc deacetylases, all with a dedase activity. While three of the four
CE4s are linked to CBM- and GH-domains, indicatiytpn-specific activity, the fourth CE4
found inC. flavigena(Uniprot ID: D5UC80) has no auxiliary domains. s&arch through the
databases using the basic local alignment seanth(BLAST) revealed sequence similarities

with polysaccharide deacetylases, among them athitatetylases.

Although speculative, it is possible that one rofethe CfCBM33s is to make chitin more
accessible to deacetylation. Such an effect, wbald be part of an otherwise not yet known
alternative chitin degradation route, has indeednbebserved for CBP21 (Z. Liu et al.,
manuscript in preparation). Moreover, intriguingly,addition to generating oxidized acetylated

chitin oligosaccharides as observed in the degi@uaf p-chitin® by CBP21 (Vaaje-Kolstad et
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al. 2010),CfCBM33B-N also generates partly deacetylated pradiroim the oxidation of the
same substrate. These partly deacetylated produetalso observed from the degradation of
other, less crystalling-chitin substrates bfCBM33B-N (Appendix H), displaying a recurring
tendency, and possibly a new function or bindingc#irity compared to CBP21. Nevertheless,
both CBP21 an€€fCBM33B-N tend to cleave every second glycosidicdonthe chitin chain,
thereby generating even-numbered oligosacchariéélecting the periodicity seen in the

structure (Figure 1.6).

A possible difference in function between CBP21 @@BM33B-N was also observed in the
synergy experiments (Figure 3.3). Previous stuti@sge demonstrated that CBP21 fr@&n
marcescenpromotes hydrolysis of crystallirfzchitin® by ChiA and ChiC, and is essential for
full chitin degradation by ChiB (Vaaje-Kolstad ek 2010). This is consistent with the
observations found in this study and presentedgnrE 3.3 and Figure 3.21. Interestingly, on
the less crystalline nanofiber chitif-¢hitin®) CBP21 did not affect the degradation by ChiB.
CfCBM33B-N, on the other hand, demonstrates the saorease of ChiB’s degradation of all
B-chitin substrates. This further indicates a défee in substrate binding between CBP21 and
CfCBM33B-N.

The production of partially deacetylated produatggests thaCfCBM33B-N has a preference
for deacetylated regions of the substrate. Combtoetthe opposing activities observed in the
synergy experiments, this leads to the hypothdsid tCfCBM33B-N has a new type of
specificity or a possible loss of specificity; i. @CBM33B and CBP21 may target different

substrates or have activity on different surfage®gions on the same substrate.

The activity of CICBM33B compared to that of CBP21 is clearly diffdr@as shown by the
difference in synergy obtained when combined witiACand ChiC. This difference may result
from inequalities in the surface targeting. Sudhksidhilarities in surface targeting have
previously been described for cellulose bindinggires (Carrard et al. 2000; Lehti6 et al. 2003).
Furthermore, as elaborated on in section 1.3.3thhe=e chitinases frors. marcescenshow
different, but complementary activities. ChiB a@HiC show little synergy in degradation of
chitin, while ChiA shows strong synergy with bothiB and ChiC on the same substrate
(Suzuki et al. 2002; Vaaje-Kolstad et al. 2005d)aken into consideration that these three
chitinases have different auxiliary domains (Chidntains a fibronectinlli-like domain, ChiB
contains a CBM5 and ChiC contains a CBM12 and krofiectin lll-like domain), Horn et al.
(2006b) postulated that auxiliary carbohydrate imigddomains potentiate the catalytic activity
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or directs it to different parts of the substratene possible explanation is the competitiveness
regarding substrate binding as CBM5 and CBM12 kssdied in the same family in the protein
family database, Pfam (http://pfam.sanger.ac.@kfn( et al. 2008), as “distantly related”. All in
all, it might seem that both chitinases and CBM88sy in their affinity for specific types of
chitinous substrates. Notably, considering th& achitinases in the genome ©f flavigena it

remains to be seen what the natural substrat#GBM33B actually is.

Considering the possibility of LPMs to be surfapedfic, it is likely that while CBP21 only acts
on surfaces with protruding N-acetyl grougSfCBM33B-N can oxidize chitin chains on
multiple surfaces (illustrated in Figure 4.1). aléo the chitinases display differences in surface
targeting and the target surface of CBP21 is timesas the target surface of ChiB, it does not
matter whether LPM is added to the reaction; thet lmake the substrate available for ChiB.
This is consistent with the observations presernitedrigure 3.3 (B) and the tukey tests
(Appendix J) showing that CBP21 a@iCBM33B-N increase thp-chitin degradation by ChiB
equally. If ChiA then targets another surface t6&B and CBP21, it-chitin degradation will

be greatly affected by which LPM is added to thecten. Addition ofCFCBM33B-N would
increase the substrate degradation rate by ChiAlgvaddition of CBP21 would have a lower
impact, as observed in the presented data (Figd(&)3 and proven significant by tukey testing

(Appendix 1).

113



CfCBM33B

CfCBM33B

¢/CBM33B

b i

Figure 4.1 lllustration of one possible explanatifor the different functionalities of CBP2ind CCBM33B-N in
the synergistic degradation @fchitin by ChiA ChiB and ChiC.The side ab corresponds to the reducing end,
the planar side with only hydroxyl groups and hypno atoms sticking out, while ac corresponds tcsttie where
every second Ncetyl group is sticking ot CBP21 and CfCBM33Bmay bind at the same surfaas ChiB
explainingequal increase of the degradationp-chitin by ChiB by addition of either of the two LF. If then,
ChiA binds toanother surface than ChiB, andCfCBM33B binds multiple surfaces; addit of CFCBM33B-N
would increase the degradationpe€hitin by ChiA to a greater extent than by addita§rCBP2..

Finally, assuming CBM5 and CBM12 targets the samméase; ChiC would target the sai
surface as ChiB, and should thus be affected big C{CBM33B and CBP21. This is al:
observed in Figure 3.3 iowever CBP21 increases the degradation ratéfisagntly more than
CfCBM33B-N does. A possible explanation for this could be that, @di@ion to possessing
different surfaces specificities, CBP21 eCfCBM33B target different regions of the substi
crystal. Assuming that LPMare adapted to different regions of the substrate al, the
CfCBM33B-N could have a preference for oxidizing amorphoress of the crystal, where:
CBP21 oxidize in the more crystalline p.. The latter activity would probably have the lat
effect because it may be safely assumed that ekgirmore easily gain access to amorp!

regions than to the more crystalline ions that are being made accessible by Cl.

LPMs acting on chitin and cellulose clea3(1-4) bonds while leavinghe substratdn an
oxidized formaccording to the mechanisms showi Figure 1.9 What has mainly bee

observed up to now is the generation of‘oxidized reducing end”, i.e oxidatioof C1 Vaaje-
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Kolstad et al., 2010; Westereng et al., 2011; Fenglet al., 2011; Quinlan et al. 2011). For some
fungal LPMs it has been shown that they oxidize(BHillips et al., 2011; Beeson et al. 2012),
and perhaps even C6 in what may be a side reaitiom et al. 2012; Quinlan et al. 2011).
Although alternative oxidations could take plates has not been emphasized in our study. The
MS data presented do not permit easy discriminabetween the various types of oxidation.
Since C4- or even C6-oxidation seems much lessmammthan C1 oxidation, and since only C1
oxidation has been found for by LPMs working ontiohithrough the rest of the discussion we

suppose that all chain breaks are made by C1-oaidat

It would be of great interest to further study tfiferences in surface targeting and substrate
oxidation among the different CBM33s and LPMs. #Aiddally, as CBM33s previously have
been shown to degrade crystalline substrates hkenqVaaje-Kolstad et al. 2010) and cellulose
(Forsberg et al. 2011) it would also be interestmgxplore to which extent CBMs are active on
other crystalline substrates, like starch. Findamgenzyme streamlining the starch degradation
would target a whole new area in the use of LPManely the food-industry, as well as,
possibly, production of first generation bio-ethaftom corn starch. Therefore, the CBM33 of
the starch degrading yeast terreus,anticipated to have starch binding properties &slihked

to a CBM20, was included in the present stuB§CBM33A was expressed . pastoris(work
performed at the group for enzyme and protein chiilead by Birte Svensson at the
Department of systems biology, Technical universitypenmark) with the intention to express

the protein with all its natural features, foremglycosylations.

AtCBM33A has two possible sites for N-glycosylatig@gpendix C, Figure C.1.). Whether
such glycosylations are essential for functionabtyot easy to predict. It is interesting to note
that in a recent study, Taylor et al (2012) clalmttN-glycosylations improve the binding of
CBML1 towards cellulose. The study implies thatcglgylations function to lead the substrate
into the binding site. This may also be the caseother CBMs and as the glycosylation site in
the homology model of the CBM20 domain (Figure Bidnear binding site 2 it is likely to have
an impact on the substrate binding”d€BM33A. In addition to N-glycosylations of the araid
nitrogen of asparagine residues in the Asn-XaaSHrriconsensus sequenée, pastorisalso
adds O-linked oligosaccharides made up of manresidues (Daly & Hearn 2005P. pastoris
does not seem to have a preferred amino acid foly€@psylation, in other words, no consensus
glycosilation sequence is known (Cregg et al. 200@pm studies on other fungal carbohydrate
degrading enzymes, it is well known that Serineébinine rich interdomain linkers tend to be O-
glycosylated (Letourneur et al. 2001), and thisld@lso be the case for the CBM20 domain of
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AtCBMB33A. In a review on glycosylation oP. pastorisderived proteins, Bretthauer and
Castellino (Bretthauer & Castellino 1999)point that N-glycosilation may be demonstrated by
shong that treatment with enzymes such as Endat$ l@aclear band shifts in SDS-PAGE gels.
EndoH treatment removed some of the glycosylatimrs AtCBM33A (Figure 3.1).

Nevertheless, if these simply were N-glycosylatjidnsatment with EndoH would have resulted

in a clearer and sharper band. This might inditzéthe protein is also O-glycosylated.

In comparison to CBM20 from glucoamylase 1 frékn niger, the predicted model of the
AtCBM33A CBM20 shows only small differences in convesl residues at binding site 2, while
binding site 1 is completely conserved (Figure .3.%)s the CBM20 of glucoamylase 1 has two
substrate-binding sites (Figure 3.5) and the shitigg with the predicted binding sites of
AtCBM33A are high,AtCBM33A was expected to have a binding stoichiometfy?2 (i.e.
binding two B-.cyclodextrins per enzyme). Contradictory, resdtom the ITC experiments
showed a binding stoichiometry of 0.5 fscyclodextrin (Figure 3.). As discussed previoudly

is possible, however doubtful, that the glycosyiatnear the second binding site could be of
steric hindrance for substrate binding. Also ugllkis the possibility that the CBM33-domain
conflicts with the binding as the domains are safgal by a long linker. Nonetheless, it is a
possibility. It is also possible that the histigltag at the C-terminus interferes with the binding
Importantly, the ITC experiments did yield a bingliconstant lower than expected, but still large
enough to confirm the functionality of the CBM20naiain.

Time-limitations prohibited further functional agsis of AtCBM33A™S, such as analyses of the
proteins possible contribution to starch degradabig amylases. Obviously, such experiments

need to be done and will be of great interest.

4.1.1 Concluding remarks and Future work

The present study has revealed functional diffezenbetweenCf{CBM33B-N and CBP21.

However, this study does not explain wly flavigenaencodes four CBM33s, neither deos it
explain the structural basis and the in vivo fummdl implications of the differences between
CfCBM33B-N and CBP21. To better understa@d flavigenas substrate specificities and
substrate degrading properties, cloning, expressind characterization of the remaining
CfCBM33s, both in the truncated variant (lacking @derminal CBM2-domain) and in full-

length would be of considerable interest. This atsmpted; however, due to time-limitations,

no further efforts were made to clone and expréss remainingCfCBM33s. A deeper
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understanding of these proteins will also requeeper functional and structural analysis of each
individual protein. Studies like this could be cdemented by transcriptional data showing
which CBM33s are expressed wheén flavigenais cultivated with different carbon sources.

This was attempted during this study, but with nocess.

The generation of partly deacetylated products fthenoxidation of3-chitin by C-CCBM33B-N
was not further investigated. Future work shoutdeavour to characterize these products in
detail and further understand the functiorC6€BM33B. This may reveal a new function in the
group of LPMs. The most likely explanation for theesent observation is th@fCBM33B
oxidizes the substrate in deacetylated areas anddwben increase the degradation rate in

synergy with deacetylases.

An interesting approach would also be to inveséighe difference in degradation rates observed
when adding CBP21 an€fCBM33B-N, alone or in synergy, to reactions withrigas
chitinases. As the crystallirfechitin displays different surfaces available foe tenzymes, the
possibility of chitinases and or various CBM33stdoget these different surfaces for optimal

degradation should be considered in future studies.

Making the statistical model (section 3.6.5), ossumption was that the variance was constant.
From the residual plots in Appendix J it is cldaattthis assumption was wrong. The variance is
increasing by the time of incubation and a modethwieighted regression, weighting the
variances differently according to the time of thaction. However, this would not affect the

results remarkably, as all interactions are higigyificant.

RegardingAtCBM33A, the present work was only the start of g siudy on CBM33s with
putative starch affinity.ITC experiments were only conducted on glycosylgissteins and to
exclude the possibility of interference by N-glyglagions, it would be preferable to also
perform the analysis on deglycosylated proteinsthcuigh glycosylations have proven to be of
great importance of the binding affinity of otheBKls, a glycosylation near the starch binding
domain could possibly be of steric hindrance fdrsttate binding. Also unknown is the effect
of the extended C-terminal His-Tag on the bindiffaiy. Native AtCBM33A, lacking this His-
tag, was also expressed and further work shoulddoelucted on this variant of the protein.
Clearly, functional studies, with the aim of debegtpossible oxidative cleavage in starch need

to be conducted.
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While much further work needs to be done, the pres®mrk onAtCBM33A does lead to two
important conclusions. Firstly, the protein dasdeied show affinity for starch that is lower than
expected but still in the same range as e.g. fir@tgfof CBP21 for chitin (Vaaje_Kolstad et al,
forste 2005 paper i JBC). Secondly, the data sti@w it is in fact possible to produce a

complete recombinant version of this potentiallynpdicated multi-domain protein.
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Appendix A

Codon optimizedAtcbm33A. Atcbm33A was codon optimized according to the codon usage im Pichia pastoris and synthesized by GenScript's

OptimumGene™ Gene Design software (http://www.gepscom/codon_opt.html). Following is the codortiopzed sequence.

ATGTTGCTGACTGTATTGGCGGTCGTCGGTTGTTTCACGGCTGTAAATGGTCACGGCTACTTGACTATTCCTGTCCAGAACTCGCCTGGGTTTTGAAACCGGCATTGACACTTGTCCGGAATGC
AGCATCCTGGAACCTGTTACCGCTTGGCCAGATCTGGAAGCTGCACAAGTGGGCCGCTCAGGTCCTTGTGGCTATAATGCAGEITTCCGTGGATTATAACCAGCCGTCGGAATACTGGGGTAA
TGAACCTGTTGTGACATACACGTCTGGCGAAGTCGTAGAAGTTCAATGGTGTGTGGATGCCAACGGTGACCATGGT@ATGTTTACCTATGGCATTTGCCAAAACCAGACTTTAGTGGATAAGT
TCTTGACACCAGGTTACCTGCCGACGAACGAAGAAAAGCAAGCCGCGGAAGATTGCTTCTTGGACGGCGAACTGAAGTGTAAGGATGTCTGGTCAGACATGTGGCTATAACCCAGACTGCAC
GGAAGGTGCTGCATGTTGGAGAAATGATTGGTTTACTTGCAATGCTTTCCAAGCAAACACAGCACGTGCATGTCAGGGTGTCGATGGCTAGTTTAAACTCCTGCAAAACCACTATCGCAGGTG
GCTATACCGTAACTAAACGTATTAAGATCCCGGATTACTCTTCAGACCATACCCTGTTACGTTTTAGATGGAARGTTTCCAAACTGCCCAGGTTTACCTGCACTGTGCGGATATTGCTATCGCAG
GTTCCGGTGGCGGTACAACGTCCAAATCGACCACTTCGACAACGTCTACCACTTCTACCTCAAGAAGCACAATACGTCCGCCCCTACAACGACCAGCAGTGCCTCAACCGCGACTCCTATTTGC
ACTACACAAGCGAGCCTGATCCCAGTCACTTTTCAGGAATTCGTAACGACCATGTGGGGTGAAAACGTCTTTGTAACAGGTIGATTTCTCAGTTGGGCTCATGGAGCACTGACAAAGCCGTGGC
GCTGTCCGCTACAGGTTATACGGCATCTAATCCATTATGGACTACAACGATTGATTTGCCGGCTGGTACCATTTCGAATACAAGTTCATCAAAAAGGAAACCGATGGCTCAATTATCTGGGAAA
GCGACCCGAATCGCAGTTACACCGTCCCGACTGGTTGTTCTGGCACTACCGCTACCGCAGCCGCTTCTTGITGA



Appendix B

Name: cfcbm33A  Length: 400
MLLTVLAVVGCFTAVNGHGYLTIPASRTRLGFETGIDTCPECSILEPVTAWPDLEAA
QVGRSGPCGYNARVSVDYNQPSE 80
YWGNEPVVTYTSGEVVEVQWCVDANGDHGGMFTYGICQNQTLVDKFLTPGYLPTN
EEKQAAEDCFLDGELKCKDVSGQTC 160
GYNPDCTEGAACWRNDWFTCNAFQANTARACQGVDGASLNSCKTTIAGGYTVTKR
IKIPDYSSDHTLLRFRWNSFQTAQV 240
YLHCADIAIAGSGGGTTSKSTTSTTSTTSTSRSTSTSAPTTTSSASTATPICTTQASLIPV
TFQEFVTTMWGENVFVTGS 320
ISQLGSWSTDKAVALSATGYTASNPLWTTTIDLPAGTTFEYKFIKKETDGSI IWESDP
NRSYTVPTGCSGTTATAAASWR 400

(Threshold=0.5)

SeqName  Position Potential Jury N-Glyc
agreement result
cfcbom33A  119NQTL 0.6798 (9/9) ++

cfcbom33A  379NRSY 05152 (5/9) +

Stage 1a - See cbm20_mo.pdb file or as chm2l_mo. pdb.txt

1«; Sequence length: 103 AA.
Stage 1c - 1 potential N-glycosylation sites are found.

Stage e - Details of the glycosylation position|s).

-——--_I_I_I_I_I[
P

Figure B.1. Output from prediction of N-glycosylations in AtCBM33A from NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/; left) and the selections made when using GIyProt
(www.glycoscience.de/modeling/glyprot/php/main.php) to predict the connection of an oligomannose to Asn379 in the homologymodel of the CBM20 domain in AtCBM33A

(right).



Appendix C

pPICZ A MCS

E'EI{EIJT.‘.;DX‘? mRMNA =" ACKT Drming site
Bil AARCCTTITIIT TTTATTATCA TTATTACCTT ACTTTCATAR TTGCOGACTGS TTCCORATTIGR

o |
E7l CARGUTITIC ATTTLERCGR CITITARCGR TRACTTGAGA AGRTCAZRRR RUARCTRATT

I
931 ATTCGARRACE APG AGR TTT OO TCA ATT TTT ACT GCT BIT TTR TTC GCOF

s e
A s n
Met Erg Phe Pro Ser Ils= Pha Thr Ala Val Lau Phe Alz Ala

983 TCC TOC GCA TTA &COT GCT CCR GTIC AAC ACT ACA ACR CAR GAT GEA ACG GCR
Ser Zer Ala Leu Ala Alz Pro Val A=n Thr Thr Thr Glu Asp Giu Thr Alz
a-achor sagnal sequence
1034 CAR ATT OCE GCT GAA GCT GIC ATC &ET TAC TCA GAT TTA GRA GEE AT TEC
Gla Ile Pro Ala Glu Ala Val Ile Gly Tyr der Asp Leu &lu Giy Asp Fhe
1085, GAT GIT GCT GTT TIG CCA TTT TCC AAC RGC ATA ART ART GGG TTA TTe TIL
AB=p Val Ala Val Leu Pro Fhe Jer &an Ser Thr A=n Rsn Gly Leu Leu The
.'ml{:-l'
}
1136 ATA ART ACT ACT ATT GCCT AGT ATT &TT GCT ARA GAR GRR GGG GIA TCT CIC
Ile A=n Thr Thr Ile Ala Jer Ile Ala RAla Lys Glw Eiu Gly Val Ser Leun
Comments for pPICZ A:
Kex2 signal cleav "
3220 nuclectides o Ecorl Pl = BSmE | AspTia |
' Th o . 1187 ARE BGERA GAEZ GCT N GARTICAC GTGECCCAG COGECCETC TOGEATCGET
5" AQXT promoter region: bases 1-841 be,;;f;“ﬁ;?;gﬁ the
. ) . o= Sie13 signal cleavage
5" end of AQXT mRNA: base 824 myc epitope is different
5" ADX{ priming site: bases B55-875 in each version of pPICZ: Rpal xhol - Sacll Mol el o £ i epipe
Multiple cloning site: bases 832-1011 . — 1244 ACCTCRAGIT GUEEUEELC GUCAGCTTIC TA IE—‘} C_.’; AaR CIC ATC TCR
c-mye epitope tag: bases 1012-1044 Apa i EEH::ZB Glu Gln Lys
Polyhistidine tag: bases 1057-1077 SnaB |in pPICZ C — : PrAENE g
3" AQX priming site: bases 1158-1178 1299 GAT CTG AAT AGDT GOC GTC GAC CAT CAT CAT CAT CAT
3" end of mRMNA: base 1250 Bep Lan Asn Ser Rla Val Rep His His His His His

ACQX{ transcrption termination region: bases 1078-1418
Fragment containing TEF1 promoter: bases 1419-1830 1351 TTAGACATGEA CTGITCCTCA GITCRARGTTE GRCACTTADE AGRARATCGEG TCITECTAGR

EMT promoter: bases 1831-1898 3 AOXT priming site

Sh ble ORF: bases 1888-2273 1411 TTCTAATCEAA GAGEATCTCA CARTGCOCATT TGOCTCAGAC ATECAGECTT CATTTTTEAT
CY¥C1 transcription termination region: bases 2274-2581 3 oot ——

pUC origin: bases 2802-3275 (complementary strand)
1471 ACTTTTITAT TTGIAACCTA TATAGTATAG GATTTITTITT G'ICE-.:‘::'I‘GT TTCITCTCGET

Figure C.1. Summary of the pPIGZA, B and C vectors (left) and the specific seqeeaicthe multiple cloning site in pPIGZA with labeled restriction sites and functionimnear the
cloning site (right). Both figures are retrievedrh Invitrogen (www.invitrogen.com).



BamH |
Xhol
Sac |
Bglll
Pst |
Pvur i
Kpn |
Neol
EcoR. |
6 BsiB |
Hind 11

'RBS| ATG 6xHis Xpress™ Epitope EK MCS

PRSET B Multiple Cloning Site

T7 promoter RBS
21 AATACGACTC ACTATAGGGA GACCACARCG GTTTCCCTCT AGAAATAATT TTGITTAACT TTAAGRAGGA

Polyhistidine (6xHis) region
T 1 T
91 GATATACAT ATG CGG GGI TCT CAT CAT CAT CAT CAT CAT GGT ATG GCT AGC ATG ACT

Comments fOFDREETﬁI Met Arg Gly Ser His His His His His His Gly Met Ala Ser Met Thr
2897 nucleotides “Varsion C does not contain Sac |
T7 gene 10 leader Xpress ™ Epitope BamH | Xho | Sacl

i 1 r | I
'I—(pfrnmnter. bases 20-39 148 GET GGA CAG CAA ATG GBI CBG GAT CTG TAC GAC GAT GAC GAT AAG GAT (CB AGC TCG
BxHis tag bases 112-129 Gly Gly Gln Gln Met Gly Arg Asp Leu 'l'_\,-'r_'IA:s:_\ Asp Asp Asp Lys:l Azp Pro Ser Ser
T7 gene 10 !Bader. bases 133-162 EK recognition site g gl e
2pressT spitope: hases 169192 Bgl It Pstl Pwull | Neol EcoR | BsiB | Hind Il S
Multiple cloning site: bases 202-248 ,gf A | |w i Kpn\| = [7 | f,
T7 reverse priming site: bases 285-314 205 AGA TCT GCA GCT GGT ACC ATG GAA TTC GBA GCT TGA TCCGGOTGCT AACABRAGCCC

T7 transcription terminator: bases 256-385 Arg Ser Ala Ala Gly Thr Met Glu Phe Glu Ala ***

1 origin: bases 456-911

bia promoter: bases 943-1047 T7 reverse priming site
Ampicillin (big) resistance gene (ORF): bases 1042-1902 261 GAARGGAAGE TGAGTTGGCT GCTGOCACCG CTGAGCAATA ACTAGCATARA
pUC origin: bases 2047-2720 (C)

Figure C.2. Summary of the pRSET A, B and C vectors (left) Hredspecific sequence of the multiple cloning BitpPICZx-A with labeled restriction sites and functionsinnear the
cloning site (right). Both figures are retrievedrh Invitrogen (www.invitrogen.com).



Appendix D
Chromatograms from protein purification using iolgange chromatography, size exclusion chromatbgrap
immobilized metal affinity chromatography or affinichromatography with chitin beads.

— — Cond

CfCBM33B-N

Figure D.1. lon exchange chromatography used for purificaib6@fCBM33B-N. Fraction numbers are
shown in red. The chromatogram for the purificawdiCfCBM33A-N by ion exchange chromatography
showed a similar elution pattern. BERCBM33s were purified using a HiTrap™ 5 ml colunfsterile-
filtered periplasmic extracZfCBM33s (50 sample volume) was applied to the colaitrpH 7.5 with a flow of
1 ml/min, followed by 2 column volumes of 50 mM §4CI pH 7.5 and the protein was eluted during a
gradient from 0 % to 50 % elution buffer during 2@thutes at 0.4 ml/min flow rate. Eluted proteinsre
detected by online monitoring of the absorptio@&®@ nm and collected in 1 ml fractions.
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Figure D.2. Size exclusion chromatography used for furtheffipation of CFCBM33B-N, after ion exchange
chromatography. Fraction numbers are shown in Fedctions containing the protein of interest frimm
exchange chromatography was pooled and concenffdtewes. The sample (1 ml) was applied throughna
loading loop to a HiLoad 16/60 Superdex G-75 colaha 0.3 ml/min flow rate, followed by applicatioh3
column volumes of running buffer to elute the piotgollected in fractions of 5 ml).
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Figure D.3. Size exclusion chromatography used for purificattdCFCBM33A-N, semi-purified by ion
exchange. Fraction numbers are shown in red.tiBreccontaining the protein of interest from ioleange
chromatography was pooled and concentrated 7 timiks.sample (1 ml) was applied through a 2 mlilogd
loop to a HiLoad 16/60 Superdex G-75 column aB3an@/min flow rate, followed by application of 3loonn
volumes of running buffer to elute the protein [goled in fractions of 5 ml).
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Figure D.4. Chromatogram from the purification AACBM33A™ using a His-Trap™ HP column.
AtCBM33A"™ was purified from 30 ml of the secreted proteaw)centrated 10 times using a HisTrap™ HP (1
ml) column. The sample was loaded onto the colanthbinding buffer was run until the baseline wable

at a low UV signal. The protein was eluted throagmear gradient from 0 % to 100 % by 20 columiumes
elution buffer. The His-tagged protein was eluaédpproximately 10% elution buffer and was co#édn
fractions of 1 ml.



=63

fe2
0,0456 AL
007 0,00 mSdcm CBPZl

39,31 min Il

0,05

mSicm

AU,

30 40 50 &0 0 30 a0
Time [minutes]

Figure D.5. Chromatogram from the purification of CBP21 bfirafy chromatography using chitin beads.
CBP21 was purified from periplasmic extract adjddte 1 M ammonium sulphate and 50 mM Tris-HCI (both
final concentration) at pH 8.0 (according to setl15.4). The sample was loaded onto the colurarflaw
rate of 1 ml/min, followed by 3 column volumes afding buffer (50 mM Tris-HCl and 1 M ammonium
sulphate pH 8.0). CBP21 was then eluted (andael® by during application of one column volume6f

mM acetic acid.
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Figure D.6. Chromatogram from the purification of ChiAby aftynichromatography using chitin beads. ChiA
was purified from periplasmic extract adjusted @on2M Tris-HCI (both final concentration) at pH 8.0
(according to section 2.15.4). The sample wasddamhto the column at a flow rate of 1 ml/min, delked by 3
column volumes of 50 mM Tris-HCI pH 8.0. CBP21 wiaen eluted (and collected) by during applicatbn
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Figure D.7. Chromatogram from the purification of ChiB by affinchromatography using chitin beads. ChiB
was purified from periplasmic extract adjusted @n2M Tris-HCI (both final concentration) at pH 8.0
(according to section 2.15.4). The sample wasddahto the column at a flow rate of 1 ml/min, dated by 3
column volumes of 50 mM Tris-HCI pH 8.0. CBP21 wsn eluted (and collected) by during applicatbn
one column volume of 20 mM acetic acid.
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Figure D.8. Chromatogram from the purification of ChiC by aitynchromatography using chitin beads. ChiC
was purified from periplasmic extract adjusted @n2M Tris-HCI (both final concentration) at pH 8.0
(according to section 2.15.4). The sample wasddamhto the column at a flow rate of 1 ml/min, delked by 3
column volumes of 50 mM Tris-HCI pH 8.0. CBP21 whsn eluted (and collected) by during applicatbn
one column volume of 20 mM acetic acid.



Appendix E: Protein identification by fragment analysis

Jaarra MASCOT Search Results s e

/

Protein View: gi|115386862 b 167

hypothetical protein ATEG_07286 [A‘g’p

rgillus terreus

NIH2624]
Database: NCBInr
Score: 124
Expect: 4.8e-07 e
Nominal mass (M_/): 43677 e
Calculated pI: 4.75
Taxonomy: Aspergillus terreus NIH2624
S
This protein sequence matches the following other entries:
o,

e gi|114190970 from Aspergillus terreus NIH2624

Sequence similarity is available as an NCBI BLAST search of gl il115386862 against nr.

Search parameters

Enzyme: Trypsin: cuts C-term side of KR unless next residue is P.
Fixed modifications: Carbamidomethyl (C)
Variable modifications: Oxidation (M)

Mass values searched: 38

Mass values matched: 10

Protein sequence coverage: 30%
Matched peptides shown in bol/d red.

1 MLLTVLAVVG CFTAVNGHGY LTIPASRTRL GFETGIDTCP ECSI]’_;EPVTA
51 WPDLEAAQVG RSGPCGYNAR VSVDYNQPSE YWGNEPVVTY TSGEVVEVOW
101 CVDANGDHGG MFTYGICQONQ TLVDKFLTPG YLPTNEEKQA AEDCFLDGEL
151 KCKDVSGQTC GYNPDCTEGA ACWRNDWFTC NAFQANTARA CQGVDGASLN
201 SCKTTIAGGY TVTKRIKIPD YSSDHTLLRF RWNSFQTAQV YLHCADIAIA-
251 GSGGGTTSKS TTSTTSTTST SRSTSTSAPT TTSSASTATP ICTTQASLIP
301 VTFQEFVTTM WGENVFVTGS ISQLGSWSTD KAVALSATGY TASNPLWTTT
351 IDLPAGTTFE YKFIKKETDG SIIWESDPNR SYTVPTGCSG TTALAAASWR

Figure E.1. Output from the Mascot-search towards the NCBaloiase after MALDI-.TOF M@&nalysis
of trypsinatedAtCBM33A. The results show a positively match agas€BM33A (ATEG_07286)



Appendix F: Resultsfrom ITC.

—— eg22052012RAW_cp
—— EG22052012BASE
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FigureF.1. Raw data from ITC experiment showing the releassat hpon binding oAtCBM33A™ to B-cyclodextrin. This work
was performed by M. Abou Hachem, Technical Univgrsf Denmark.



Appendix G: Resultsfrom MALDI-TOF MS.

| B-chitin®; 20 mM BisTris pH7
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Bt o7y a3
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- B 282
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Figure G.1. MALDI- TOF analysis of oligomeric products rased upon incubation of 2 mg/ichitin® with CFCBM33B-N(upper panel) or
CBP21 (lower panel; positive control)in 20 mM Bigs pH 7.0. The middle spectrum shows a negative chntrith no enzyme add. In all
reactions 2.5 mM ascorbic acid was added as regagent. CBP21 degradationf-chitin® as in this experiment was used ositive control in
all subsequent experimeni&he peaks are labeled by their m/z values & the degree of polymerization (DP). The subsciopt means that the
oligomer is oxidized. Predicted masses were tdl@ieS1in Vaaje-Kolstad et al., 2010.
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Figure G.2. MALDI- TOF analysis of oligomeric products released upenbation of 2 mg/mr p-chitin® with 1 uMCBP21in 20 mM Bist-tris pH
7.0 with 1 mM ascorbic acid as reducing agent (iyeer and the two lower panels) and without redueigent (second Icest panel). 1 pN“2*
was added to theeactions wich spectra is shown in upper and the second lowest panel. The peakslzekethby he degree of polymerizatic
(DP, shown in upper panel) and for correspondingralues, see Figure G. The subscript “ox” means that tbkgomer is oxidized
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Figure G.3. The degradation ¢¥-chitin® by 1 uMCFCBM33B-N varies with pH and is affected by the jrese of C&". MALDI-TOF analysis of
oligomeric products released upon incubation ofg2mh -chitin® with 1 uMCfCBM33B-N in 20 mM Na-acetate pH 5 ( middle panelyl Bis-

Tris pH 7.0 (to upper panels) pH 6 (second lowestel) and pH 8 (lower panel) with 1 mM ascorbidas reducing agent. The upper panel show
a reaction incubated in the presence of 1 p&f Cthe peaks are labeled by the degree of polynt@izéDP, shown in upper panel), and for
corresponding m/z-values, see Figure G.1.
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Figure G.4. The degradation ¢¥-chitin® by 1 uMCfCBM33B-N varies with pH, and is affected by thegmece of Cti. MALDI-TOF analysis of
oligomeric products released upon incubation ofg2mh -chitin® with 1 uM CfCBM33B-N in 20 mM Na-acetate pH 5 ( middle panei)l &is-

Tris pH 6.0 (second lowest panel) pH 7.0 (secqpkuand lower panels) and pH 8 (upper panel) itiM ascorbic acid as reducing agent. The
second upper panel show a reaction incubated iprésence of 1 pM Gl The peaks are labeled by the degree of polynt&izéDP, shown in
upper panel), and for corresponding m/z-valuesFsg@re G.1.




3
S,

Intens.

Intens. [a.u] Intens. [a.u] Intens. [a.u]

Intens. [a.u]

X104
1.259

1.009

0.75
0503
0.25; Mw

DP4ox

DP6ox

DP8ox

PN M.

2+

B-chitin; BisTris pH 7, 1 uM Cu

DP10ox

0.00,3
xi0%
1253

1.003

0.759

1|
SEZ M’ N\M‘h U «’LNMMWJWWMWJMWM

SRR J TS0 ¥ VIO Y T Y ¥ VU U T SOy VU

B-chitin®; BisTris pH 8

0.007
X107
1257
1.00

0.75

L
o=l

‘1 \

y

Lﬂwﬂmﬁm

"

\‘»UJ%L,WMMWMAM ‘WJ

B-chitin®; Na-acetate pH 5

| ‘ |
|| |
Wwwpwwu‘ ol MWMWLJMJ (SN Y U SN

A8
1253
1.003
0.753
050

0.25

B-chitin; BisTris pH 6

A,

298]
1.259
1.003
0.75

050

JLP\JJ'\/\ At

B-chitinc; BisTris pH 7

0.003 :
600

°2 Witk Ll

T T
800 1000

-

T
1200

bl o AWJJUM

T T
1400 1600

T
1800

T T T
2000 2200 2400

Figure G. 5. The degradation g¥-chitin® by 1 uMCFCBM33B-N varies with pH, and is affected by thegmece of Ct{. MALDI-TOF analysis of
oligomeric products released upon incubation ofg2mh -chitin® with 1 uM CfCBM33B-N in 20 mM Na-acetate pH 5 ( middle panei)l &is-
Tris pH 6.0 (second lower panel) pH 7 (upper aveel panels) and pH 8 (second upper panel) wittMlascorbic acid as reducing agent. The
upper panel show a reaction incubated in the poesehl uM C&'. The peaks are labeled by the degree of polyntaizéDP, shown in upper

panel), and for corresponding m/z-values, see Eigud.
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Figure G.6. The degradation g-chitin® by 1 uMCFCBM33B-N varies with pH, and affected by the preseaf Cd* . MALDI-TOF analysis of
oligomeric products released upon incubation ofg2mh -chitin® with 1 uMCfCBM33B-N in 20 mM Na-acetate pH 5 ( middle panelyl Bis-
Tris pH 6.0 (second lower panel) pH 7 (upper aveer panels) and pH 8 (second upper panel) wittMlascorbic acid as reducing agent. The
upper panel show a reaction incubated in the poesehl pM CG'". The peaks are labeled by the degree of polyntaizéDP, shown in upper

panel), and for corresponding m/z-values, see Eigud.
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Figure G.7. The degradation d¥-chitin® by 1 uMCfCBM33B-N varies with pH, and is affected by thesamece of Ct{. MALDI-TOF analysis of
oligomeric products released upon incubation ofgmh p-chitin® with 1 uMCfCBM33B-N in 20 mM Na-acetate pH 5 ( middle paneij 8is-
Tris pH 6.0 (second lower panel) pH 7 (upper aveer panels) and pH 8 (second upper panel) wittMlascorbic acid as reducing agent. The
upper panel show a reaction incubated in the poesehl uM C&'. The peaks are labeled by the degree of polynt@izéDP, shown in upper
panel), and for corresponding m/z-values, see Eigud.
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Figure G.8. The degradation af-chitin® by 1 uMCfCBM33B-N varies with pH, and is affected by thegeece of Ct{. MALDI-TOF analysis of
oligomeric products released upon incubation ofg2mh o-chitin® with 1 pMCfCBM33B-N in 20 mM Na-acetate pH 5 ( middle paneij &is-
Tris pH 6.0 (second lower panel) pH 7 (upper aveer panels) and pH 8 (second upper panel) wittMlascorbic acid as reducing agent. The
upper panel show a reaction incubated in the poesehl uM C&". For labeleling corresponding m/z-values, seef@idgs.1.
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Figure G.9. Zoom in of DP4.MALDI-TOF MS analysis of products detected after treating 2.0 mg/ml B-chitinA with 0.1 uM
CfCBM33B-N and 1.0 mM ascorbic acid in Bis-Tris buffer pH 6.0. The figure shows a zoom in of oxidized hexameric products
obtained by CfCBM33B-N (red spectrum) and by CBP21 (control; blue spectrum) under the same reaction conditions in reactions
carried out at the same time and analyzed in the same analysis session. In the overview spectrum peaks are labeled by the degree
of polymerization (DP) i.e. the number of sugar moieties, including one oxidized sugar. In the zoom in pictures peaks are labeled by
the observed atomic mass and the predicted composition of the oligomer. Abbreviations used: GIcNAc; GlcN, deacetylated GIcNAc;
GlcNLa, 1-5 d lactone of GIcNAc; GIcNACcA, aldonic acid of GIcNAc.
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Figure G.10. Zoom in of DP8.MALDI-TOF MS analysis of products detected after treating 2.0 mg/ml B-chitinA with 0.1 uM
CfCBM33B-N and 1.0 mM ascorbic acid in Bis-Tris buffer pH 6.0. The figure shows a zoom in of oxidized hexameric products
obtained by CFCBM33B-N (red spectrum) and by CBP21 (control; blue spectrum) under the same reaction conditions in reactions
carried out at the same time and analyzed in the same analysis session. In the overview spectrum peaks are labeled by the degree
of polymerization (DP) i.e. the number of sugar moieties, including one oxidized sugar. In the zoom in pictures peaks are labeled by

the observed atomic mass and the predicted composition of the oligomer. Abbreviations used: GIcNAc; GlcN, deacetylated GIcNAc;
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Figure G.11. Zoom in of DP10MALDI-TOF MS analysis of products detected after treating 2.0 mg/ml B-chitinA with 0.1 uM
CfCBM33B-N and 1.0 mM ascorbic acid in Bis-Tris buffer pH 6.0. The figure shows a zoom in of oxidized hexameric products
obtained by CFCBM33B-N (red spectrum) and by CBP21 (control; blue spectrum) under the same reaction conditions in reactions
carried out at the same time and analyzed in the same analysis session. In the overview spectrum peaks are labeled by the degree
of polymerization (DP) i.e. the number of sugar moieties, including one oxidized sugar. In the zoom in pictures peaks are labeled by
the observed atomic mass and the predicted composition of the oligomer. Abbreviations used: GIcNAc; GlcN, deacetylated GIcNAc;
GlcNLa, 1-5 d lactone of GIcNAc; GIcNACcA, aldonic acid of GIcNAc.



Appendix H: Results from HPL C-measur ements
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FigureH.2. HPLC- analysis obxidized products from degradation of 10 mgf-chitin® by 1 puMCfCBM33B-N in 20 mM Na
acetate pH 5. &actions were set up with varying concentrés of ascorbic acid as reducing agent: 1 fbMck line), 2.5 mM (blue
line), 5 mM (pink line), 10 mM (brown line)An in-house standard mixture of oxidized chitibigosaccharidewith a degree of
polymerization between 3 andaas used for comparis (green line).
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FigureH.3. HPLC-measurements of the oxidized products from theatkgion of 10 mg/mg-chitin® by CBP21 with 20 mM Ni
acetate pH 5 as buffer. The reactions were setitlpvarying concentration of ascorbic acid as @dg agentl mM (black line),
2.5 mM (blue line), 5 mM (pink line), 10 mibrown line. An in-house standard mixture of chibgosaccharidewith a degree of
polymerizationbetween 3 and 8 was used for compai (green line).
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FigureH.4. Overlay of the chromatogram$the standard curve used for determination ottreentration of GIcNAc and (GIcNA, . All standards were set up with concentrations
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sample-run.



Appendix I:



Statistical analysis on the synergy effect of CFCBM 33B-N and CBP21 on the degradation
of B-chitin by chitinases from S. marcescens.

A=ChiA, B=ChiA+CfCBM33B-N 1uM, C=ChiA€fCBM33B-N 0.5uM+CBP21 0.5uM, D=ChiA+CBP21
0.5uM

ChiA, p-chitin®
Estimation of the coefficients and anova-analysis of the effect of degradation over time

Call: Im(formula = Conversion ~ Enzyme + Time + B2+ Enzyme * Time + Enhzyme * Time2,
data = Dataset)

Estimate Std. Error t value Pr(>|t))
(Intercept) 1.725883 1.729299 0.998 0.32228
Enzymel[T.B] 4.705500 2.445598 1.924 0.05909
Enzyme[T.C] 4.550369 2.445598 1.861 0.06770
Enzyme[T.D] 0.967406 2.445598 0.396 0.69383
Time 0.170357 0.503496 0.338 0.73628
Time2 -0.005021 0.019024 -0.264 0.79273
Enzyme[T.B]:Time 3.056005 0.712050 4.292 6.56e-05 ** *
Enzyme[T.C]:Time 1.228733 0.712050 1.726 0.08956
Enzyme[T.D]:Time 0.548036 0.712050 0.770 0.44452
Enzyme[T.B]:Time2 -0.076346 0.026904 -2.838 0.00619 **
Enzyme[T.C]:Time2 -0.030396 0.026904 -1.130 0.26306
Enzyme[T.D]:Time2 -0.009246 0.026904 -0.344 0.73230
Signif. codes: (0 0.001 " 0.01™ 03" 01"
Anova Table (Typell tests)
Response: Conversion

Sum Sq Df F value Pr(>F)
Enzyme 3316.2 3 105.6711< 2.2e-16 kk
Time 313.7 1 29.9857 9.036e-07 ok
Time2 133.8 1 12.79 0.0006961  ***
Enzyme:Time 2191 3 6.98 0.0004170  ***
Enzyme:Time2 100.4 3 3.2 0.0295718 *
Residuals 627.6 60
> options(contrasts=c(‘contr.Treatment’,
‘contr.poly’)

Tukey; multiple comparisons of the means
95% family-wise confidenc level

$SEnzymt

diff Iwr upr p adj
B-A 17.96707. 15.118178 20.81596.  0.000000:
C-A 9.916474 7.0675809 12.765366  0.0000000
D-A 3.84866: 0.999769 6.69755! 0.003864
C-B -8.050598 -10.8994907 -5.201705  0.0000000
D-B -14.11840  -16.967301 -11.26951  0.000000

D-C -6.067811 -8.9167037 -3.218918  0.0000030



ChiB, p-chitin®
A=ChiB, B=ChiB+CfCBM33B-N 1 uM, C= ChiB€fCBM33B-N 0.5uM, D=ChiB€fCBM33B-N
0.5uM+CBP21 0.5uM, E=ChiB+CBP21 0.5uM, F=ChiB+CBHA2M

Estimation of the coefficientsand anova-analysis of the effect of degradation over time

Call:Im(formula = conversion ~ Enzyme * Time + Enzy * Time2, data = Dataset)
Coefficients:

Estimate Std, Error t value Pr(>|t))

(Intercept) 1,2533 1,0785 1,162 0,24737
Enzyme[T,B] 0,4493 1,5252 0,295 0,76878
Enzyme[T,C] 0,3713 1,5252 0,243 0,80808
Enzyme[T,D] 1,1941 1,5252 0,783 0,43514
Enzyme[T,E] 0,4152 1,5252 0,272 0,78591
Enzyme[T,F] 1,9622 1,5252 1,287 0,20062
Time 0,8387 0,3389 2,475 0,01467
Time2 -0,0195 0,0139 -1,409 0,16123
Enzyme[T,B]:Time 2,0466 0,4793 4,270 3,81E-05
Enzyme[T,C]:Time 0,7215 0,4793 1,505 0,13473
Enzyme[T,D]:Time 2,3055 0,4793 4,810 4,22E-06 *
Enzyme[T,E]:Time 0,3160 0,4793 0,659 5,11E-01
Enzyme[T,F]:Time 1,622315 0,479281 3,385 9,50E-04 ***
Enzyme[T,B]:Time2 -0,044391 0,019606 -2,264 0,02527
Enzyme[T,C]:Time2 -0,018448 0,019606 -0,941 0,34854 ***
Enzyme[T,D]:Time2 -0,062842 0,019606 -3,205 0,00171
Enzyme[T,E]: Time2 -0,009108 0,019606 -0,465 0,64306 ***
Enzyme[T,F]:Time2 -0,044127 0,019606 -2,251 0,02614 *

Signif. codes: 0 "*** 0.001 ** 0.01'* 0.050.1"'"'1

Anova Table (Typell tests)
Response: conversion

Sum Sq Df F value Pr(>F)
Enzyme 1824,55 5,00 32,75 <2,2e-16
Time 2345,01 1,00 210,49 < 2,2e-16
Time2 847,22 1,00 76,05 <1,38e-14
Enzyme:Time 442,48 5,00 7,94 0,0000015580
Enzyme:Time2 171,29 5,00 3,08 0,0118400000 ***
Residuals 1403,73 126,00 rxk

Tukey; multiple comparisons of the means
95% family-wise confidence level

$Enzyme
diff Iwr upr p adj

B-A 8,45 5,67 11,24 0,000000
C-A 2,93 0,14 5,72 0,033197
D-A 9,01 6,22 11,80 0,000000
E-A 1,44 -1,35 4,23 0,667888
F-A 7,47 4,68 10,26 0,000000
C-B -5,52 -8,31 -2,73 0,000001
D-B 0,56 -2,23 3,35 0,992225
E-B -7,01 -9,80 -4,23 0,000000
F-B -0,9¢ -3,717 1,81 0,91077!
D-C 6,08 3,29 8,87 0,000000
E-C -1,49 -4,28 1,30 0,634223
F-C 4,5¢ 1,7t 7,38 0,000009:
E-D -7,57 -10,36 -4,78 0,000000
F-D -1,54 -4,33 1,25 0,601103

F-E 6,0321608 3,2436458 8,820676 0,0000001



ChiC, p-chitin®

A=ChiC, B=ChiC+«fCBM33B-N 1uM, C= ChiB€fCBM33B-N 0.5 uM + CBP21 0.5uM, D= ChiB+CBP21

1uM

Estimation of the coefficientsand anova-analysis of the effect of degradation over time

Call:iIm(formula = Conversion ~ Enzyme * Time + Enzymg&ifme2, data = Datase!

Coefficients

Estimate
(Intercept 0.7866¢
Enzyme[T.B] 2.74384
Enzyme([T.C] 4.6373¢
Enzyme[T.D] 3.09766
Time 0.4496t
Time2 -0.01087
Enzyme[T.B]: Time 1.9128!
Enzyme[T.C]:Time 3.62825
Enzyme[T.D]:Time 4.8871¢
Enzyme[T.B]:Time2 -0.04854
Enzyme[T.C]:Time -0.0889¢
Enzyme[T.D]:Time2 -0.11940
Signif. codes: Q M

Anova Table (Typell tests)
Response: Conversion

Sum Sq
Enzyme 5729.5
Time 1833.5
Time2 1188.0
Enzyme:Time 663.3
Enzyme:Time2 422.8
Residuals 675.0

Tukey; multiple comparisons of the means

95% family-wise confidence level

Fit: aov.default(formula = LinearModel.10)

$Enzyme
diff

B-A 10.251254
C-A 19.391592
D-A 23.050638
C-B 9.140338
D-B 12.799384
D-C 3.659046

7.2967771 13.205731
16.43711422.346069
20.09616126.005116
6.1858607 12.094815
9.8449069 15.753861
0.7045691 6.613523

Std. Error  tvalue
1.7435: 0.451
2.46572 1.113
2.4657. 1.881
2.46572 1.256
0.4788¢ 0.93¢
0.01462 -0.743
0.6772! 2.82¢
0.67725 5.357
0.6772! 7.21¢
0.02067 -2.348
0.0206° -4.30¢
0.02067 -5.776
0.001** 0.01"*
Df F value
3169.756
1162.968
1105.599
319.652
312.526
60
Iwr upr

Pr(>It)
0.6534"
0.27024
0.0648t
0.21388
0.3515:
0.46010
0.0064:
1.41e-06
1.07¢09
0.02217 *
6.26¢-05 Fhk
2.90e-07***
0.05" 0.1’

*%*
*kk

*k%

Pr(>F)
<2.2e-16
<2.2e-16
7.546e-15
5.420e-09
1.836e-06

*k%
*k%
*k%k
*kk

*kk

p adj
0.000000
0.000000
0.000000
0.000000
0.000000
0.009336



ChiB, p-chitin®
A=ChiB, B=ChiB+CfCBM33B-N 1 uM, C= ChiB€fCBM33B-N 0.5uM, D=ChiB€fCBM33B-N
0.5uM+CBP21 0.5uM, E=ChiB+CBP21 0.5uM, F= ChiB+CRRA1M

Estimation of the coefficients and anova-analysis of the effect of degradation over time
Call:im(formula = conversion ~ Enzyme * Time + Enzymg&ifme2, data = J145_1¢€

Coefficients:

Estimate Std, Error  tvalue Pr>lt)
(Intercept 2,238t 1,346¢ 1,662( 0,0989( ,
Enzyme[T,B] 2,4167 1,9043 1,2690 0,20670
Enzyme[T,C] 1,8987 1,9043 0,9970 0,32060
Enzyme[T,D] 1,6540 1,9043 0,8690 0,38670
Enzyme[T,E] 0,3537 1,9043 0,1860 0,85300
Enzyme[T,F] 0,0268 1,9043 0,0140 0,98880
Time 0,1784 0,4821 0,3700 0,71200
Time2 -0,0064 0,0210 -0,3030 0,76250
Enzyme[T,B]:Time 5,1560 0,6818 7,5620 <l1le-05 rhk
Enzyme[T,C]:Time 3,7637 0,6818 5,5200 <1le-05 rhk
Enzyme[T,D]:Time 4,7534 0,6818 6,9720 <l1le-05 rhk
Enzyme[T,E]:Time 0,3457 0,6818 0,5070 0,61310
Enzyme[T,F]:Time 0,2240 0,6818 0,3290 0,74310
Enzyme[T,B]:Time2 -0,1570 0,0297 -5,2870 <l1le-05 ok
Enzyme[T,C]:Time2 -0,1241 0,0297 -4,1780 <l1le-05 ok
Enzyme[T,D]:Time2 -0,1514 0,0297 -5,0970 <le-05 rhk
Enzyme[T,E]:Time2 -0,0123 0,0297 -0,4140 0,67980
Enzyme[T,F]:Time2 -0,0071 0,0297 -0,2390 0,81160

Signif, codes: 0 *** 0,001 ** 0,01 0,050,1"''1

Anova Table (Typell tests)
Response: conversion

Sum Sq Df F value Pr(>F)
Enzyme 7836,2 5 99,604 < 2,2e-16 il
Time 2645,¢ 1 168,13¢ < 2,2¢16 woxk
Time2 1427,7 1 90,738 < 2,2e-16 ok
Enzyme:Time 2010,9 5 25,559 < 2,2e-16 okk
Enzyme:Time 1039, 5 13,21 2,39E-10 ***
Residuals 1982,6 126

Signif, codes: 0 "*** 0,001 ** 0,01 0,050,1"''1

Tukey; multiple comparisons of the means
95% family-wise confidence level

$Enzyme
diff Iwr upr p adj

B-A 17,63536 14,3214 20,94932 <1e-05

C-A 12,31338 8,999424 15,62734 <le-05

D-A 15,19845 11,88449 18,51241 <1e-05

E-A 1,244626 -2,06933 4,558585 0,886
F-A 0,668039 -2,64592 3,981999 0,992
C-B -5,32197 -8,63593 -2,00801 <le-05

D-B -2,4369 -5,75086 0,877057 0,280
E-B -16,3907 -19,7047 -13,0768 <le-05

F-B -16,9673 -20,2813 -13,6534 <le-05

D-C 2,88507 -0,42889 6,199029 0,126
E-C -11,0688 -14,3827 -7,7548 <le-05

F-C -11,6453 -14,9593  -8,33139 <1le-05

E-D -13,9538 -17,2678 -10,6399 <le-05

F-D -14,5304 -17,8444  -11,2165 <le-05

F-E -0,57659 -3,89055 2,737373 0,996



Basic diagnostic plotsesidual plots and normal distribution plots for fher estimated
models.

im(Conversion ~ Enzyme * Time + Enzyme * Time2)
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Im(conversion ~ Enzyme * Time + Enzyme * Time2)
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