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2. Abbreviations

mRNA
gPCR
CMC
Da
DDA
DNA
ER

ESI
ETD
LB

LC

MS
MS/MS
SDS-PAGE

QTOF

messenger ribonucleic acid
quantitative polymerase chain reaction
carboxymethyl cellulose

Dalton

automated data dependent acquisition
deoxyribonucleic acid

endoplasmic reticulum

electrospray ionisation
electron-transfer dissociation
lysogeny broth

liquid chromatography

mass spectrometer

tandem mass spectrometer

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

quadrupole time-of-flight mass spectrometer
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3. Zusammenfassung

Seit seiner Entdeckung ist der Pilz Trichoderma reesei fur seine Cellulasen, und
damit zusammenhangend dem Abbau von Cellulose bekannt. Der filamentose
Schimmelpilz T. reesei wird seit 30 Jahren in der industriellen Produktion von
verschiedenen Cellulasen als Expressionshost verwendet. Durch Mutagenese
und Selektion wurden T. reesei Stamme entwickelt, die beachtliche Cellulase-
mengen bilden kdnnen und durch die Implementierung molekularer Werkzeuge
wurden auch beachtliche Erfolge in der Produktion heterologer Cellulasen er-
zielt. Grol3es Interesse besteht v.a. in der Produktion thermostabiler Cellulasen,
um Lignocellulose mit héheren Reaktionsraten zu fermentierbaren Zuckern um-
zuwandeln. Das Ziel dieser Arbeit war es eine thermostabile Cellulase in T.
reesei zu exprimieren. Dazu wurde die kodierende Region der cel45a Cellulase
unter den homologen Cellobiohydrolase 1 Expressionssignalen von T. reesei
kloniert. Die Expressionskassette wurde mittels Elektroporation in den T. reesei
Wildstamm QM6a und den stark Cellulasen produzierenden Stamm Rut C30
eingebracht. Zur Produktion von CEL45A wurden ausgewahlte Transformanten
auf Cellulose als induzierenden C-Quelle angeziichtet. Im Uberstand der Trans-
formanten beider Ausgangsstamme wurde ein 37 kDa Protein gebildet, das mit-
tels MS-MS als CEL45A identifiziert wurde. Cel45a Transformanten zeigten ei-
ne allgemein erhohte Endoglucanaseaktivitat und die gebildete Cellulase zeigte
bei 60 °C erhdhte Thermostabilitdt. Zusammenfassend konnte mit dieser Arbeit
gezeigt werden, dass CEL45A funktionell aktiv und thermostabil in 7. reesei

exprimiert wird.
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4. Abstract

Since its discovery the fungus Trichoderma reesei is known for its cellulases
and therefore for its ability to degrade cellulose. The filamentous ascomycete T.
reesei is used as expression host for the industrial production of cellulases dur-
ing the last 30 years. Through mutation and selection strains were generated
that are able to produce considerable amounts of cellulases. Based on
the development of different molecular tools a great step forward in recombinant
strain construction for heterologous production of cellulases could be achieved.
There is a great interest especially in producing thermostable cellulases, to hy-
drolyse lignocellulose with higher yields. The aim of this work was to express a
thermostable cellulase in T. reesei. For this purpose, the coding region of the
cel45a cellulase was cloned under the homologous cellobiohydrolase 1 expres-
sion signals. The expression cassette was transformed through electroporation
into the T. reesei wild type strain QM6a and the strong cellulase producer T.
reesei Rut C30. To produce CEL45A selected transformants were cultivated on
cellulose as inducing C-source. In the supernatant of the transformants of both
parental strains a 37 kDa protein was secreted which was identified as CEL45A
through MS-MS. Cel45a transformants showed a general increased endoglu-
canase activity and the expressed cellulase showed an increased thermostabil-
ity at 60°C. In summary, it could be shown within this work, that CEL45A could

be produced functionally active and thermostable with the host T. reesei.
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5. Introduction

5.1 Trichoderma reesei

T. reesei is a filamentous mesophilic ascomycete, discovered by the US Army
during Second World War on the Solomon Islands due to its ability to degrade
cotton based army materials. The fungus isolated at Natick was first named
Trichoderma viride, but later the species was reclassified and renamed T.
reesei in honour of his discoverer E.T. Reese who worked on cellulase research
at the US Army Quartermaster Research and Development Centre at Natick
(Mandels and Reese 1957). Filamentous fungi can produce numerous extracel-
lular proteins, and T. reesei is especially known for its ability to produce cellu-
lases and hemicellulases. During the oil crises in the 1970s the species gained
industrial interest as an alternative to the fossil based industry. But the produc-
tion of cellulases in such naturally occurring strains is usually too low for indus-
trial application, thus making strain improvement essential. Over decades sev-
eral methods of random mutagenesis and selection were applied to the T.
reesei isolate QM6a from the Solomon Islands leading to several strain de-

scendants with higher enzyme productivity (Durand et al. 1988).

10
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Fig. 1: Strain pedigree of T. reesei. Strains of the Rutgers series are shown on the left side,
starting with M7. The strains of the NATICK series are presented on the right. 3 rounds of ran-
dom mutagenesis lead to Rut C30 which can produce about 30 g/l extracellular protein.
(Kubicek 2013)
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One of them is Rut C30, which produces titers of extracellular protein of 30 g/l
(Montenecourt and Eveleigh 1979). When cultivated under optimised condi-
tions, T. reesei industrial strains can secrete 100 g/l of homologous protein un-
der cellulase inducing conditions (Cherry and Fidantsef 2003; Peterson and
Nevalainen 2012). QM6a has seven chromosomes and its genome is 32.5 Mbp
in size (Martinez et al. 2008). Using high-throughput next generation sequenc-
ing techniques detailed informations are now available about the genomic
changes accompanying cellulase hyperproduction in Rut C30: these changes
include large deletions and insertions and single nucleotide variants. Overall it
was established that in Rut C30 44 genes are affected by mutations compared
to QM6a (Le Crom et al. 2009). Rut C30 shows significant carbon catabolite
derepression due to a truncation of cre?, a gene encoding the major carbon
catabolite repressor (llmen et al. 1996b). Regarding the high secretion and syn-
thesis capacity of Rut C30 it could be shown that the volume of the endoplasmic

reticulum is increased within this mutant (Ghosh et al. 1982).

11
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5.2 Industrial Importance of T. reesei

All T. reesei strains used today in industry have been derived from a single iso-
late T. reesei QM6a. Its ability to efficiently degrade lignocellulosic substrates
promoted the research on cellulase and xylanase biochemistry and regulation
(Foreman et al. 2003; Polizeli et al. 2005). With the possibilities of recombinant
gene technology, interest in using the hyperproducing strains to express also
heterologous enzymes has been increased. The fungus has GRAS status and
is non-pathogenic to humans and therefore safe to use. The strain has been
applied within the industry for 30 years now and therefore lots of knowledge has
been gained over the past decades. The majority of industrially applied en-
zymes produced by T. reesei are hemicellulases, cellulases, amylases, lipases

and proteases (Bischof et al. 2016).

5.2.1 Second Generation Biofuels

Beside the application of enzymes in pulp and paper industry as well as in the
textile industry, the cocktails produced by T. reesei gained high recognition in
second generation bioethanol production. The ecological but also economic
interests to hydrolyse cellulose-rich biomass into fermentable sugars lead to
increased investigations and high investments in research. By-products from
agriculture and forestry are used to produce simple sugars which can be con-
verted to bioethanol (Kocar and Civas 2013; Kumar et al. 2008; Popp et al.
2014).

5.2.2 Heterologous Protein Production in T. reesei

As stated above, the total homologous protein secretion capacity of industrial T.
reesei strains is about 100 g/l (Cherry and Fidantsef 2003; Peterson and
Nevalainen 2012) making this filamentous fungus a preferable production host
for extracellular proteins. The yield looks great compared to other microbial cell
factories and the protein of interest is secreted. Therefore, the protein of interest
is easier to handle within the downstream process. In the secretory pathway the
protein is folded, proteolytic processed and glycans are added as main modifi-
cation. The heterologous protein production in T. reesei of mammalian proteins

12
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can often not compete with the yields obtained for homologous proteins and
efforts have to be made to make T. reesei cost competitive to other expression
systems. It is therefore widely accepted that the expression of heterologous
fungal proteins have a better chance for improvement in filamentous fungi
(Nevalainen and Peterson 2014). Over the years different mammalian proteins
were expressed within T. reesei, for example calf chymosin (Harkki et al. 1989).
The yields for different types of recombinant proteins can vary substantially
even within the same host organism (Demain and Vaishnav 2009). Only recent-
ly it was shown that the production of certain proteins (therapeutic antibodies,
interferon alpha 2b, insulin like growth factor) can considerably be improved by
e.g. deleting several proteases in T. reesei (Landowski et al. 2015; Landowski
et al. 2016).

Several molecular tools were developed for filamentous fungi which allow an
efficient molecular manipulation leading to new ways for molecular strain im-
provement (Bischof et al. 2016). New approaches for increasing the yields of
industrial protein production try to engineer whole metabolic pathways (in the
field of synthetic biology) and recognising the synergy between fungal enzymes
(Gupta et al. 2016b). However, there are still major bottlenecks in heterologous

protein production which need to be investigated throughout basic research.

5.2.3 Potential Bottlenecks in Protein Production

The great advantage of filamentous fungi versus other microbial cell factories is
their high potential to produce high quantities of extracellular protein. With re-
gard to the overexpression of a homologous proteins lots of molecular tools are
established. But concerning heterologous protein expression different bottle-
necks were identified (see Fig. 2) and therefore improved strains and methods

are highly desirable.

13
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Fig. 2: Bottlenecks in extracellular protein production in filamentous fungi. Starting with
the transcription of the gene potential various bottlenecks in fungal protein expression are de-
picted here in red (Ramoni et al. 2016).

Typical methods to improve the protein yield through genetic modifications and
therefore overcome this bottleneck are (Ramoni et al. 2016): (1) optimisation of
the codon usage (2) introduction of multiple copies of the gene of interest (3)
the use of strong constitutive or inducing promoters (4) efficient secretion sig-

nals through gene fusion and (5) construction of protease deficient strains.

The strong promoters used are often derived from genes which encode the
most dominant extracellular protein. For T. reesei this is the promoter of the
gene cbh1/cel7a which encodes the cellobiohydrolase CBH1/CEL7A (Rahman
et al. 2009). It can be induced by cellulose, lactose and sophorose (dos Santos
Castro et al. 2014). In general, the main inducing agents for producing high lev-
els of cellulase and hemicellulase are cellulose, xylan (Mach and Zeilinger
2003) and lactose (Seiboth et al. 2005).

Looking at Fig. 2 folding is a concern regarding efficient heterologous protein
production. High expression of the gene of interest results in an overload of pro-
tein. The folding capacity in the ER is limited and rises soon to its maximum. As
a consequence, different proteins are then upregulated within the folding ma-
chinery which are associated with the unfolded protein response (UPR). The
UPR relieves cellular stress from accumulation of unfolded or misfolded pro-

teins in the ER. This is done by increasing molecular chaperons and extra pro-

14
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tein-folding-associated proteins (Malhotra and Kaufman 2007; Travers et al.
2000).

A potential role during the folding process plays the redox capacity of the ER.
The ER provides an oxidizing environment which is well suited to the formation
of disulphide bonds in extracellular proteins entering the secretory pathway.
Pdi1 (protein disulphide isomerase) is important during formation, isomerization
and reduction of disulphide bonds. During disulphide bond formation Pdi1 is
reduced by the cysteine residues of the nascent protein. Ero1 (ER oxidoreduc-
tin) works as a partner enzyme of Pdi1 and passes the electrons over to molec-

ular oxygen restoring the oxidized form of Pdi1 (Tu et al. 2000), see Fig. 3.

nucleus ER vacuole exterior
H!D{ H-’c}
Golgi
GSSG GSH
‘F 1“; -
GSSG GSH S
-._‘.? /\S
ek g GSSG GSH
GSSG

Fig. 3: ROS formation during protein folding. ROS is generated during the protein folding
cascade. The tripeptide glutathione works as redox buffer. An overload of protein folding in the
ER results in oxidative stress (Delic et al. 2012).

This cascade potentially leads to the generation of ROS (reactive oxygen spe-
cies). ROS causes oxidative stress which is associated with different diseases
due to damage in the cell. Glutathione, a tripeptide, works as redox buffer within
cells. In the cell, glutathione is present in its reduced (GSH) and the oxidized
form which builds a dimer (GSSG). Within the ER and the cytosol there are typ-
ical GSH : GSSG ratios found: in the less oxidizing cytosol the ratio is 100 : 1
and within the ER the ratio is about 10 : 1, depending on the organism (Hwang

et al. 1992). It could be shown in P. pastoris that protein folding and ER stress

15
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have an impact on the redox conditions in the cytosol. In case of secretion of a

disulphide-rich model protein the cytosol was more reduced (Delic et al. 2012).

5.3 Glycoside Hydrolases

T. reesei secrets lots of different enzymes, mainly for degrading plant cell walls
which consists of the (-(1,4)-linked glucose polymer cellulose, hemicellulose
polysaccharides and lignin. These include as mentioned earlier mostly cellulas-
es and hemicellulases. Most of these enzymes belong to the glycoside hydro-
lases (GH). There are two ways to classify these enzymes. The first one is the
common IUBMB classification, which sorts the enzymes according to their activ-
ity. The other classification is done through their structural features within differ-
ent glycoside hydrolase families. On the internet, a website was created to de-
liver free access to the knowledge of the currently known carbohydrate active
enzymes (CAZymes): www.cazy.org. Additional information as catalytic mecha-
nism of glycoside hydrolases provides the web site www.cazypedia.org. CA-
Zymes in general build and breakdown complex carbohydrates and glycoconju-
gates. The different families include glycoside hydrolases, glycosyltransferases,
polysaccharide lyases, carbohydrate esterase and auxiliary activities. The non-
catalytic carbohydrate-binding modules (CBM) which were often appended to
the enzyme, referred then as catalytic domain, are also classified on this web-
site. Because of their widespread importance within biotechnology and through
biomedical applications the glycoside hydrolases are the best biochemically
characterised set of enzymes within the CAZy database. Overall up to today
this database contains 136 glycoside hydrolase families (Cantarel et al. 2009;
Lombard et al. 2014). Glycoside hydrolases can be classified also by other
ways. One characterisation is to specify them via their ability to cleave the sub-
strate at the end (exoenzyme) or within the middle (endoenzyme) of the chain. It
also can be distinguished between processive and non-processive enzymes.
Processive enzymes attach to the polymeric substrate and perform rounds of
catalysis before dissociating. Thereby the processive enzymes are divided into
two classes. In one class the enzyme can completely enclosure the substrate.

In the other class the substrate is just partially enclosed. Beside these GHs, the

16
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recently discovered lytic polysaccharide monooxygenases (LPMO) cleave the

crystalline regions of cellulose by oxidation (presented in Fig. 4).

Crystalline cellulose

Non-hydrolytic loosening, disruption and
peeling off of single cellulose chains from the
crystalline cellulose pack (amorphogenesis)

LFMOs
activity points

Fa, 4

Cellobiose

Cellodextrin

Fig. 4: Oxidative and hydrolytic cleavage of crystalline cellulose to monomeric sugars. A
cocktail of enzymes is secreted by fungi to metabolise cellulose. Most of the enzymes belong to
the glycoside hydrolases which catalyse the hydrolysis of the glycosidic linkage of glycosides.
An important group for cellulose degradation are the LPMOs which render the cellulase more
susceptible to hydrolysis by conventional cellulases (Gupta et al. 2016a).

5.3.1  Glycoside Hydrolase Family 45

The protein analysed within this thesis belongs to the glycoside hydrolase family
45. GH 45 enzymes are endoglucanases therefore cleaving the cellulose chains
in the middle. Most of the enzymes within these groups consist of two domains,
the catalytic and the carbohydrate binding module and they are compared to
other cellulases considered as small. This leads to the hypothesis that these

enzymes have an evolutionary advantage, because they can penetrate into

17
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smaller pores and therefore have better access to the substrate. T. reesei pro-
duces one endoglucanase TrCEL45A which belongs to this family (Foreman et
al. 2003; Saloheimo et al. 1994). Its molecular mass is of about 23 kDa and
possess two domains, the catalytic and carbohydrate binding module which are
connected by a linker. CEL45A retains more than 75% of its maximal enzymatic
activity in a pH range of 3 to 6 and is thermostable. It shows a maximal activity
at 60 °C. The main product after hydrolysis of the cellulose substrate is cel-
lotetraose. It also produces significant amount of cellopentaose and cellotriose
(Karlsson et al. 2002).

A main application of GH 45 enzymes is their use within the textile industry. Es-
pecially for biostoning GH 45 enzymes of different species are used. The focus
of research is to lower the needed dosage, and thus increase the performance
of GH 45 enzymes or improving their properties. A future goal is also to save
energy and therefore to engineer enzymes which work already within a temper-
ature range of 20 to 40°C (Valtakari et al.).

5.4 Genetic Engineering of Cellulases

The structure and mechanism of the enzymes involved in degrading lignocellu-
losic biomass, as well as their regulation of expression, the pathways of their
formation and secretion was already investigated in detail. One of the present
efforts within research is to change the properties of the enzymes involved. The
focus has been on e.g. improving thermostability, changing their activity to a
broader pH range and relief from inhibition by components (Druzhinina and
Kubicek 2017).

5.4.1 Thermostable Cellulases

An important property of cellulases is often their thermostability, because it is
required by almost every industrial process. Main advantages of performing
processes at high temperature are the increased solubility of many polymeric
substrates, the decrease in viscosity, a lower risk of contamination with mi-
crobes and a higher reaction rate. Therefore less enzymes are needed (Kuhad
et al. 2016). As T. reesei is mesophilic, most of its cellulases have their optimal

18



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfuigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

activity at max. 40 °C, several thermostable cellulases from other fungi (Acre-
monium thermophilum, Thermoascus aurantiacus, Chaetomium thermophilum,
Chaetomium atrobrunneum) were successfully expressed in T. reesei
(Colabardini et al. 2016; Voutilainen et al. 2008). But there are also different
approaches possible which change the properties of the original cellulases of T.
reesei. Classical approaches as single amino acid substitutions (Sandgren et al.
2003), as well as methods from synthetic biology, chimeragenesis (Smith et al.

2013), are used to gain cellulases with increased thermostability.
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6. Aim

The aim of this work was to transform the low cellulase producer T. reesei
QM6a and the high cellulase producing strain T. reesei Rut C30 with an expres-
sion cassette containing a cel45a gene under homologous cbh1/cel7a expres-
sion signals. The obtained transformants will then be tested for the presence of
cel45a and its functional expression will be tested by determining the endoglu-
canase activity in the supernatants of the transformants. In addition it will be
tested if the protein is produced in a thermostable form in the two T. reesei

strains.
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7. Materials

7.1 Instruments

Table 1: Instruments

Instrument
AF80 Ice Flaker
Balance AW-224
Balance TP-303

Biological Safety Cabinet Herasafe™
KS

Canon EOS 400D incl. lens EF-S18-
55

Centrifuge 5415 R
Centrifuge Sigma 3-30KS
CertoClav CV-EL 18L

Freezer MediLine

Fridge MediLine

Heating Chamber
Helios & Spectrophotometer

Heraeus® Incubator
IKA® Vortex 3

Incubator Infors HT Multitron Il
Incubator MIR-254
Innova® ULT Upright Freezer U725

inoLab® pH 7110

Isotemp™ Wather Bath 220

Magnetic Stirrer MR Hei-Standard

Manufacturer
Scotsman Ice Ltd., United Kingdom
Sartorius AG, Germany

Denver Instrument, USA

Thermo Fisher Scientific Inc., USA

Canon Inc., Japan

Eppendorf AG, Germany

SIGMA
Germany

CertoClav Sterilizer GmbH, Austria

Laborzentrifugen  GmbH,

Liebherr-International Deutschland

GmbH,Germany

Liebherr-International Deutschland

GmbH,Germany

Binder GmbH, Germany

Thermo Fisher Scientific Inc., USA
Thermo Fisher Scientific Inc., USA

IKA®-Werke GmbH & CO. KG, Ger-
many

Infors AG, Switzerland
Sanyo Electric Co., Ltd., Japan
Eppendorf AG, Germany

Xylem Analytics Germany Sales
GmbH & Co. KG, Germany

Fisher Scientific Company LLC, USA

Heidolph GmbH &
Co.KG,
Germany

Instruments
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Micro Pulser™ Electroporator

Mini Centrifuge 3722L

Mini Power Pack PS300T
Mini-Protean® 3 Cell

Mini-Sub® Cell GT Cell, #1704467

Molecular Imager® Gel Doc™ XR
System

Multipette® M4

NanoDrop® ND-1000 Spectropho-
tometer

Pipettes, overall range 0.2 — 1000 pl
Gilson Pipetman®
Pipettor pipetus®

PowerPac™ Basic Power Supply

Realplex 2 gPCR cycler

Rotor 11222

Rotor 12171

Rotor 19776

Rotor F45-24-11

SenTix® 81 precision electrode with
temperature sensor

Small shaker VXR basic Vibrax® with
VX7 dish attachment

Thermocycler T3000
Thermomixer compact
Vortex-Genie® 2

Wide Mini-Sub® Cell
#1704469

Zirbus autoclave

GT Cell,

Bio-Rad Laboratories, Inc., USA
Fisher Scientific Company LLC, USA
Biometra GmbH, Germany

Bio-Rad Laboratories, Inc., USA
Bio-Rad Laboratories, Inc., USA

Bio-Rad Laboratories, Inc., USA
Eppendorf AG, Germany

Thermo Fisher Scientific Inc., USA

Gilson, Inc., USA

Hirschmann Laborgerate GmbH &
Co. KG, Germany
Bio-Rad Laboratories, Inc., USA

Eppendorf AG, Germany

SIGMA  Laborzentrifugen  GmbH,
Germany
SIGMA  Laborzentrifugen  GmbH,
Germany
SIGMA  Laborzentrifugen  GmbH,
Germany

Eppendorf AG, Germany

Xylem Analytics Germany Sales
GmbH & Co. KG, Germany

IKA®-Werke GmbH & CO. KG, Ger-
many

Biometra GmbH, Germany
Eppendorf AG, Germany

Scientific Industries, Inc, USA
Bio-Rad Laboratories, Inc., USA

ZIRBUS technology GmbH, Germany

22



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfugbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

7.2 Chemicals
Table 2: Chemicals
Chemical
(NH2)2SO4

2-Propanol

Acetamide

Acrylamide

Agar Noble
Agar-Agar
Ampicillin sodium salt

APS, SIGMA-
ALDRICH®

Bisacrylamid 4K ul-
trapure

CaCl, * 2 H,O

Cellulose

Chloroform

COC|2 * 6H20, SIGMA-
ALDRICH®

CsCl

EDTA
Ethanol
FeSO, * 7 H,O

Glacial acetic acid

Glucose monohydrate

Article No.

3746.3

1096342511
8223431000

0189.2

214230

1016141000

K029.2

A3678

A1095

5239.2

Arbocel B800

3313.1

203084

8627.1

2504716
1009712500
1039650100

3738.1

6780.2

Supplier

Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany
Merck KGaA, Germany

Carl Roth GmbH + Co.
KG, Germany

Becton, Dickinson and
Company, USA

Merck KGaA, Germany

Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany

AppliChem GmbH,
Germany

Carl Roth GmbH + Co.
KG, Germany

J. RETTENMAIER &
SOHNE GmbH + Co
KG, Germany

Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany
Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany
Merck KGaA, Germany
Merck KGaA, Germany

Carl Roth GmbH + Co.
KG, Germany

Carl Roth GmbH + Co.
KG, Germany
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iQ SYBR Green Super-
mix

Isoamyl alcohol

K-Acetate

KH2PO,

Methanol

MgSO, * 7 H,0
MnSO4 * Hzo
NaCl

Peptone

Potato dextrose agar
RNAse

Rotiphorese® 50x TAE
buffer

SDS

SERVA Blue R

Sorbitol, CHEMSO-

LUTE® bio

StarPure Agarose > 1kb

TEMED

TRIS

Triton X-100

Tween 80
Urea

Water for
EMSURE®

analysis

170-8882

1009781000

T874.2

P018.2

10600092500

P027.2

1059410250

3957.2

1022390500
213200

EN0531

CL86.2

4360.2

35051

81251000

N3101-0500

2367.1

5429.3

1122981001
8221870500

3941.1

1167545000

Bio-Rad
Inc., USA

Merck KGaA, Germany

Carl Roth GmbH + Co.
KG, Germany

Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany

Laboratories,

Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany

Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany
Merck KGaA, Germany

Thermo Fisher Scientific
Inc., USA

Carl Roth GmbH + Co.
KG, Germany

Carl Roth GmbH + Co.
KG, Germany

SERVA Electrophoresis
GmbH

Th. Geyer GmbH & Co.
KG, Germany

STARLAB GmbH, Ger-
many

Carl Roth GmbH + Co.
KG, Germany

Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany
Merck KGaA, Germany
Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany
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Water, nuclease free

Yeast extract

ZnS04 * 7 H0

7.3 Disposables

Table 3: Disposables

Disposable

0.1-10 pl pipette tips

10-200 pl pipette tips

200-1000 pl pipette tips

96 well plates

Conical centrifuge tubes

15 ml

Conical centrifuge tubes

50 ml

Conical centrifuge tubes
50 ml, with skirt

Eppendorf

combitips

advanced® 2.5 ml

Filter tips 10uL

Filter tips 100uL

Filter tips 1000uL

Gene

Puls-

er®/MicroPulser™ Elec-
troporation cuvettes, 0.2

cm gap

Glass wool

T143.5

2363.2

1088830500

Article No.

37650

739290

740290

2239444

188271

N463.1

210261

0030089448

771288

772288

750288

1652092

6574.1

Carl Roth GmbH + Co.
KG, Germany

Carl Roth GmbH + Co.
KG, Germany

Merck KGaA, Germany

Supplier

Sorenson
Inc., USA

Greiner Bio-One Interna-
tional GmbH, Austria

BioScience,

Greiner Bio-One Interna-
tional GmbH, Austria

Bio-Rad
Inc., USA

Conical
Tubes 50 ml

Carl Roth GmbH + Co.
KG, Germany

Laboratories,

Centrifuge

Greiner Bio-One Interna-
tional GmbH, Austria

Eppendorf AG, Germany

Greiner Bio-One Interna-
tional GmbH, Austria

Greiner Bio-One Interna-
tional GmbH, Austria

Greiner Bio-One Interna-
tional GmbH, Austria

Bio-Rad
Inc., USA

Laboratories,

Carl Roth GmbH + Co.
KG, Germany
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Micro tubes 1.5 ml

Micro tubes 2 ml
Miracloth Calbiochem®

Optical sealing tapes

PCR SingleCap 8er-
SoftStrips 0.2 ml

PCR Tubes 0.2 ml

Petri dish 35/10 mm,
with vents

Petri dish 60/15 mm,

with vents

Petri dish 94/16 mm,
with vents

Pipettes 10 ml, sterile
Pipettes 25 ml, sterile
Semi-micro cuvettes
PMMA 1.5 ml

7.4 Media

Trace Elements (50x):

Sarstedt AG & Co, Ger-

72.690.001
many
0030120094 Eppendorf AG, Germany
475855-1R Merck KGaA, Germany
2239441 Bio-Rad Laboratories,
Inc., USA
710970 Biozym Scientific GmbH,
Germany
B1402-5500 STARLAB GmbH, Ger-
many
Greiner Bio-One Interna-
627102 tional GmbH, Austria
Greiner Bio-One Interna-
628102 tional GmbH, Austria
Greiner Bio-One Interna-
633180 tional GmbH, Austria
Greiner Bio-One Interna-
607180 tional GmbH, Austria
Greiner Bio-One Interna-
60160 tional GmbH, Austria
BRAND GMBH + CO
759115 KG,

Germany

0.25 g/l FeSO, * 7 H,O
0.085 g/l MnSQO,4 * H,O

0.07 g/l ZnSO, * 7 H,O
0.1 g/l CoCl, * 6H,0

Adjusted to pH 2 with concentrated sulphuric acid

LB Media (+Amp):

10 g/l peptone
5 g/l yeast extract
10 g/l NaCl
1000 pl ampicillin (100 mg/ml) /I

If used as solid medium: addition of 15 g agar-agar /I
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PDA:

YPD:

amdS Medium:

If used for spore isolation, add:

Mandels-Andreotti Medium:

YPDS Medium:

SOC Medium:

7.5 Buffers and Solutions

Lysis Buffer:

39 g/l potato dextrose agar

10 g/l yeast extract
20 g/l peptone
20 g/l glucose

1 g/l MgSO, * 7 H,O

10 g/l KH,PO,

10 g/l glucose

15 g/l Agar Noble

20 ml trace elements (50 x) /I
12.5ml 1M CsCl per 1L

10 ml 1M acetamide per 1 L

0.1 % (v/v) Triton X-100

2 g/l KH,PO,
1.4 g/l (NH4).SO4
0.3 g/l MgSO, * 7 H,0O
0.3 g/l CaCl, * 2 H,O
0.3 g/l urea
1 g/l peptone
0.5 g/l Tween 80
20 ml trace elements (50x) /I

10 g/l cellulose

4 parts 1.1 M sorbitol
1.25 parts YPD

# 636763, Clontech Laboratories, Inc.

48.5 g/l TRIS-HCI
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17.5 g/l EDTA
8.8 g/l NaCl

Adjusted to pH 8 with HCI, then add
10 g/l SDS

K-Acetate Buffer pH 4.8 60 ml 5M K-Acetate solution
(100 ml):

11.5 ml glacial acetic acid
28.5 ml dH,0O

Extraction Buffer pH 7.5 8.18 g NaCl

(100 ml):
10 ml 1M TRIS (pH 7.5 with HCI)
1 ml 0.5M EDTA (pH 7.5 with NaOH)
add 100 ml dH,0O
6x Loading Buffer, 50mi: 7.5 g Ficoll 400

0.125 g Bromphenolblue
6 ml 0.5M EDTA, pH 8.0
add 50 ml dH,O

Acrylamide Stock Solution 300 g/l acrylamide

30%:
4 g/l bisacrylamide
Stacking Gel Buffer: 60 g/l TRIS
4 g/l SDS
Adjusted to pH 6.8 with HCI
Separating Gel Buffer: 180 g/l TRIS
4 g/l SDS
Adjusted to pH 8.8 with HCI
10x Running Buffer: 60 g/l TRIS
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144 g/l glycine
10 g/l SDS

4x Laemmli Sample Buffer 2.5 ml 1M TRIS-HCI pH 6.8
(10 ml):

0.8 g SDS
2 ml B-mercaptoethanol
0.02 g bromphenol blue
4 ml glycerol
1.5 ml dH,O

Colloidal Coomassie Stain, 8 g (NH,4).SO,
100 ml:

78 ml dH,0
2 ml 85% H3PO4

0.08 g Colloidal Coomassie Brilliant
Blue G-250 mixed with 1.6 ml dH,O in a
2 ml micro tube

20 ml methanol were added before
usage

NaCl-Tween 0.9 % NaCl
0.05 % Tween 80

7.6 Strains

For transformation and quantitative production of the plasmid
pBS_amdS_Cel45a, E. coli Stellar™ competent cells (#636763, Clontech Indus-

tries, Inc.) were used.

In this work the low cellulase producing wildtype strain T. reesei QM6a (ATCC
13631) and the classical mutant strain T. reesei Rut C30 (ATCC 56765), a high

cellulase producer were used for transformation.

29



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfuigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

Q Sibliothek,
Your knowledge hub

7.7 Plasmid and Primers

The gene of interest, cel45a, was provided by Roal Ltd and is integrated into the
plasmid pBS_amdS_Cel45a. The plasmid contains also the selection marker
amdS of Aspergillus nidulans, encoding for an acetamidase (Penttila et al.
1987). T. reesei grows only poorly on acetamide and therefore the acetamidase
can be used as selection marker. During purification, selection plates were used
which contain acetamide as the only nitrogen source. For a strong expression of
cel45a the expression signals of the cellobiohydrolase 1 (encoded by cel7a)
were used (limen et al. 1996a). The cel45a gene was therefore cloned between
the promoter and terminator region of cel7a. A scheme of the expression cas-

sette is depicted in Fig. 5.

— amdsS ~— | Pcel7a TcelZa

Fig. 5: Schematic representation of plasmid pBS_amdS_Cel45a. pBS amdS_Cel45a con-
tains the A. nidulans amdS selection marker and the cel45a expression cassette. The selection
marker gene amdS on the plasmid is about 3850 bp long. The cel45a expression cassette con-
sists of 1 kb of the cellobiohydrolase 1 promotor region Pcel7a, followed by the 1076 bp cel45a
coding region and the 512 bp cellobiohydrolase 1 terminator region Tcel7a.

For amplification and linearization of plasmid pBS_amdS_Cel45a the M13 pri-
mers were applied. Following transformation and purification, the transformants

were checked with the two cbh1_genot primers. All primers are listed in Table 4.

Table 4: Primers

Primer name 5 — 3’ sequence r:rlatxit?xgre LI
M13 fw GTAAAACGACGGCCAGT 59 °C
M13 rv CAGGAAACAGCTATGAC 52 °C
cbh1_genot_fw ATGAGCTAGTAGGCAAAGTCA 59 °C
cbh1_genot_rv CATCTCCAGTGAAAGATGAGT 59 °C

B_amdS_gPCR fw  AAGGCGGTTAGTGAGCTTGA 64 °C
B_amdS_gPCR rv  TGAGTCTCCGTCCGATAACC 64 °C
qPCR cbh2 fw ACTACAACGGGTGGAACATTAC 62 °C
qPCR cbh2 rv CGTGGATGTACAGCTTCTCG 64 °C
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8. Methods

8.1 Transformation of E. coli

For transformation 5 pl of the plasmid pBS_amdS_Cel45a were inoculated with
50 ul of competent E. coli cells on ice for 30 minutes, followed by one minute
heat shock at 42 °C. Afterwards 500 yl SOC medium was added and the mix-
ture was incubated for one hour at 37 °C and 400 rpm. The incubated SOC me-
dium was distributed on three LB plates containing 100 pg/I ampicillin using dif-
ferent aliquots (60 pl, 140 pl, 300 pl) and incubated o/n at 37 °C.

8.2 Plasmid Midi-Preparation

For plasmid Midi-Preparation 50 ml liquid LB medium with 100 pg/l ampicillin
were inoculated with a single E. coli colony and incubated overnight at 37 °C

shaking at 180 rpm.

Plasmid Midi-Preparation was done according to the protocol provided with the
Promega Kit A2495 “Pure Yield Plasmid Midiprep System”.

8.3 PCR

For PCR amplification the Phusion High-Fidelity DNA Polymerase (2 U/ul) pro-
vided with 5x Phusion HF Buffer; (#F530S, Thermo Fisher Scientific Inc.) was
employed. However, for diagnostic PCRs Phire Hot Start I DNA Polymerase,
provided with 5x Phire reaction buffer; (#F122S, Thermo Fisher Scientific Inc.),
was the polymerase of choice. All primer sequences used are listed in chapter
7.7. PCR reactions were mixed and cycling conditions for denaturation and
elongation were selected, as suggested in the respective protocols of the poly-

merases.

8.4 Agarose Gel Electrophoresis

In order to check the sizes of amplified DNA fragments they were loaded onto

agarose gels and run in TAE buffer. If not specified differently, 1% agarose gels
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were prepared and stained with 3-5 yl SYBR® Safe (#S33102, Thermo Fisher
Scientific Inc.). The GeneRuler 1 kb DNA ladder (#SM0313, Thermo Fisher Sci-
entific Inc.) was used as marker. Samples were loaded with 6x loading dye.

Gels were run with about 6 Volts/cm if not stated otherwise.

8.5 Purification of DNA by Ethanol Precipitation

For DNA purification 3M NaOAc (1/10 of the sample volume) and 96% ethanol
(2x the sample volume) were added to the sample. The micro tube was then
stored o/n at -20 °C. On the next day, the samples were centrifuged at
16,000 x g at 4 °C for 30 minutes. Afterwards the supernatant was discarded
and the pellet washed with 300 ul of 70 % ethanol, followed by centrifugation at
16,000 x g at 4 °C for 20 minutes. The washing step with 70 % ethanol was
done twice. In a final step, after discarding the supernatant, the pellet was re-
constituted in 10 pyl water (EMSURE®).

8.6 Preparation and Transformation of Electrocompetent Spores of T.

reesei

Transformation was done as described (Schuster et al. 2012). Therefore the T.
reesei strain was cultured on PDA for 8 to 14 days in an 8 cm Petri dish. The
fully sporulated plate was harvested with a NaCl-Tween solution and then fil-
tered through a 1.5 ml micro tube filled with glass wool into a 15 ml conical cen-
trifuge tube. The tube was vortexed vigorously and the spore solution poured
into a sterile 250 ml flask filled with 100 ml YPD. The flask thereafter was incu-
bated at 30 °C at 300 rpm in an orbital shaker for 4 to 6 hours (T. reesei QM6a
4 hours, T. reesei Rut C30 6 hours). After incubation, the spore suspension was
split into two 50 ml conical centrifuge tubes and centrifuged for 5 minutes at
2200 x g at 4 °C. Subsequently the supernatant was discarded and the cell pel-
let washed with 25 ml 1.1 M cold sorbitol. Following a centrifugation step for 5
minutes at 2200 x g at 4 °C. The supernatant was discarded again and the cells
were resuspended in 1 ml 1.1 M cold sorbitol. For the next working steps the
suspension was transferred into 2 ml micro tubes and centrifuged for 5 minutes

at 1500 x g at 4 °C. After discarding the supernatant 1 ml 1.1 M cold sorbitol
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was added and centrifuged again with the same settings as before. Finally, the
supernatant was discarded and the pellet resuspended in 150 ul. Out of these,
two 75 ul aliquots were transferred into 1.5 ml micro tubes and used for electro-

poration.

One cooled 75 pl aliquot of electrocompetent spores was gently mixed with
10 pl linearized DNA and incubated on wet ice for 30 minutes. Afterwards the
cell suspension was transferred into a sterile electroporation cuvette and elec-
troshocked with 1.8 kVolt for 6 milli-seconds. For recovering, 525 uyl YPDS was
added to the cuvette and the suspension transferred back to the micro tube,
followed by two hours incubation at 28 °C at 800 rpm on a thermomixer. The
selective medium for amdS selection was MM glucose containing 10mM acet-
amide (“amdS medium”). After incubation, 150 ul aliquots were plated on amdS
medium and incubated at 28 °C in the dark. AmdS™ transformants were single
spore isolated on plates containing acetamide and for colony growth restriction
(for selective streaking plates) 0.1 % Triton X-100 was added to the medium
(Penttila et al. 1987). After single spore isolation the transformants were trans-
ferred to PDA growing at 28 °C in the dark.

8.7 Rapid Genomic DNA Extraction

Some mycelium was scraped off from fully sporulated PDA plates of T. reesei
and put into a micro tube containing 500 ul lysis buffer. The micro tube was
mixed shortly and placed on the bench for ten minutes at room temperature.
Afterwards 150 ul K-acetate buffer was added, followed by intense vortexing
and one minute centrifugation at 16,000 x g. The supernatant was poured into a
new micro tube and centrifuged again with the same settings as before. Then
the supernatant was transferred into a new micro tube and about 550 pl 2-
propanol was added. For mixing, the micro tube was turned upside down twice
and finally centrifuged two minutes at 16,000 x g. After discarding the superna-
tant, the DNA pellet was washed with 300 pl 70 % ethanol and dried at room
temperature with the micro tube cap open. At the end the pellet was dissolved
in 50 pl water (EMSURE®).
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8.8 Determination of Spore Concentration

A fully sporulated plate T. reesei was harvested with NaCIl-Tween by filtering the
spore solution through a 1.5 ml micro tube filled with glass wool into a 15 ml
conical centrifuge tube. Thereafter, 1 ml NaCl-Tween was pipetted in a 1.5 ml
micro tube. After vortexing the spores solution, 75 pl of the concentrated conidia
suspension were added to the 1 ml NaCl-Tween solution. This diluted suspen-
sion was vortexed and the absorbance (Abs) measured in a photometer at 600

nm. A standardised curve was set up by using a hemocytometer.

8.9 Growth Test

T. reesei strains were grown on PDA for around ten days. Then a piece of 4 mm
in diameter of each plate was cut out and placed onto a Petri dish containing
20 ml PDA, which was marked with a cross in the middle of the plate. On the
following days the strains were grown at 28 °C in the dark and pictures were
taken starting from 24 hours (T. reesei QM6a and respective transformants) and
72 hours (T. reesei Rut C30 and respective transformants) after inoculation with
the agar piece. Additionally, the radial growth was measured. The interval of
taking photos and measuring the radial growth was 24 hours, until the mycelium
reached the edge of the Petri dish. When the plates were fully covered with
sporulating mycelium the plates were again photographed and then harvested,
as described in chapter 8.8, with the only difference, that the NaCl-Tween

amount for harvesting was the same amount for each strain.

8.10 Shake Flask Cultivation for Extracellular Protein Production

For checking the extracellular protein production of the transformants and their
parental strains they were cultivated in 500 ml Erlenmeyer flasks filled with
100 ml MA media + 1 % (w/v) cellulose. The medium was inoculated with 10°
spores/ml and the flasks were incubated at 28 °C, 250 rpm for five days (pro-
tected from direct daylight). Sampling was done after 72, 96 and 120 hours fol-
lowing inoculation. About 14 ml of the cultivation broth were collected and
stored on wet ice. Afterwards this 14 ml portion was filtered through Miracloth

and centrifuged at 10 °C for five minutes at a speed of 5000 x g to pellet re-
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maining fungal cells and non-metabolised cellulose. The remaining clear solu-
tion was stored on wet ice and aliquoted into micro tubes in different volumes

(500 pl, 1000 pl) for upcoming analyses. The aliquots were frozen at -20 °C.

8.11 Chloroform/Methanol Protein Precipitation

Protein precipitation was done as described by Wessel and Flugge (Wessel and
Flugge 1984) to obtain a sufficient amount of proteins for the SDS-PAGE gel
electrophoresis. Therefore, a 220 pl aliquot of the clear cultivation broth was
taken and mixed with 880 ul methanol. Following vortexing, 220 ul chloroform
were added. Then the 2 ml micro tube was vortexed and 660 ul water
EMSURE® were pipetted into the tube, followed by vigorous vortexing. Now the
micro tube was centrifuged five minutes at RT at 16 000 x g. Two phases were
visible after centrifugation and in between the desired precipitated proteins were
slightly visible. After discarding the upper phase, 660 ul methanol were added.
For mixing the solutions, the micro tube was vortexed again, followed by cen-
trifugation with the same settings as before. In the next step the supernatant
was discarded. The micro tube was left open on the bench for drying. After the
pellet was dried, it was solved in 30 yl of 20 mM TRIS-HCI pH 7.5. The concen-
trated protein solution was stored at -20 °C pending for concentration analyses,
followed by loading onto SDS-PAGE gels.

If more aliquots were necessary to achieve a suitable protein concentration for
one sample, the dried proteins of a suitable number of aliquots were dissolved
one by one in 30 pl (total volume) of 20 mM TRIS-HCI pH 7.5.

Because only a few pl of the concentrated protein mixture were available, a
NanoDrop ND-1000 Spectrophotometer was used to measure the protein con-
centration. The default setting was “1 Abs” for single measurements. As these
values are not directly comparable to other protein measurement methods, the

assay is stated here as semi-quantitative.
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8.12 Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

A SDS-PAGE was run to separate the proteins according to their molecular
weight. Therefore, a SDS-polyacrylamide mini gel was casted. At the top of a
polymerized 12 % separating gel, a stacking gel was filled in the gel chamber.
Before loading the samples onto the gel, they were mixed with 4x Laemmli buff-
er and heated up to 95 °C for 5 minutes. Afterwards an appropriate amount of
the treated sample corresponding to about 10 ug total protein was loaded into a
single well of the gel. A protein ladder (PageRuler™ #26616, Thermo Fisher
Scientific, Inc.) was used for a qualitative check. The gel was run at 150 Volts

for 60 minutes. Recipe for two mini-gels is shown below in Table 5.

Table 5: Recipe for two 12 % SDS-PAGE Gels

separating gel

stacking gel 12 %
dH>O 3 ml 4.2 ml
Srpecific gel buff- 1.95 ml 3ml
Acrylamide 30 % 0.75 ml 4.8 ml
10 % APS 25 pl 60 pl
TEMED 5ul 10 pl

8.13 Endo-1,4-B-Glucanase Activity Assay using Azo-CM-Cellulose

The endo-1,4-B-glucanase activity assay was performed according to the book-
let provided with the Azo-CM-Cellulose powder (S-ACMC, Megazyme u.c.). For
testing thermal stability of the expressed protein, the temperature of incubation
was varied. All measurements were executed in a water bath. Details see chap-
ter 9.6.
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8.14 In silico Analysis

The gene cel45a provided from Roal Ltd was analysed in silico to determine
possible glycosylation sites and to calculate the theoretical molecular weight. In
a first step the nucleotide sequence was aligned with the cel45a gene of Neuro-
spora crassa OR74A (GenBank XM_952014.2) to determine the localization of
introns and the coding sequence. Based on the coding sequence the gene was
translated into its amino acid sequence and the molecular weight was calculat-
ed. For all steps listed above the software CLC Main Workbench
(https:/lwww.qiagenbioinformatics.com) was used. The signal peptide at the N-
terminal end of the protein was predicted with SignalP 4.1 at
http://www.cbs.dtu.dk/services/SignalP/ (Petersen et al. 2011). The prediction of
the secondary and tertiary structure of the translated protein CEL45A was done
by SWISS-MODEL on https://swissmodel.expasy.org/ (Biasini et al. 2014). Po-
tential amino acid residues for glycosylation were analysed with NetNGlyc 1.0
(Technical University of Denmark DTU) and NetOGlyc 4.0 (Steentoft et al.
2013) embedded at http://www.cbs.dtu.dk/services/ in section “Post-
translational modifications of proteins”. Similarity comparison to other proteins
was done using blastp (Altschul et al. 1997);
https://blast.ncbi.nlm.nih.gov/Blast.cgi). The protein sequence alignment was
performed using T-Coffee [http://tcoffee.crg.cat/, (Di Tommaso et al. 2011)] and
the respective secondary structure was generated with ESPript 3.0 [(Robert and
Gouet 2014), http://espript.ibcp.fr/ESPript/ESPript/]. For testing potential disul-
phide bonds, the tools DISULFIND http://disulfind.dsi.unifi.it/ (Ceroni et al. 2006)
and Dlpro at http://scratch.proteomics.ics.uci.edu/ (Cheng et al. 2006) were

employed.

8.15 Isolation of T. reesei Chromosomal DNA

DNA was isolated as described (Seiboth et al. 2002). The mycelia were filtered
through Miracloth and dried by pressing it between filter papers. The dried my-
celia were then frozen in liquid nitrogen followed by grinding with a mortar and
pestle in liquid nitrogen. Afterwards the biomass powder was put into a 2 ml

tube filled with 800 pl extraction buffer containing 2 ul RNase A (10 mg/ml). The
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sample was always kept in liquid nitrogen, preventing the sample from thawing.
In a next step the samples were vortexed at 65 °C for 20 minutes at 400 rpm on
a thermocycler. After placing the samples on ice every tube was prepared sepa-
rately. For liquid extraction 400 ul phenol were added and vortexed. Afterwards
400 pl chloroform:isoamyl alcohol (49:1) were added and mixed. The prepara-
tion was continued with centrifugation for 15 minutes at 4 °C with 12 000 rpm.
The upper phase was then transferred into a new vial containing 750 ul chloro-
form:isoamylalcohol (49:1). After repeating the centrifugation the supernatant
was added to a vial containing 750 pl isopropanol. To pellet the precipitate, the
samples were centrifuged again with the same settings as described above.
The supernatant was discarded and the pellet washed with 70 % ethanol. After
centrifugation at room temperature the pellet was dried for five minutes and af-
terwards dissolved in 100 pl H2O. For the digestion of remaining RNA, 2 ul
RNase A (10 mg/ml) were added and incubated one hour at 37 °C.

8.16 gPCR Analysis

An Eppendorf Mastercycler® RealPlex? was used for quantitative real time PCR
(gPCR) to measure the number of gene copies integrated into the T. reesei ge-
nome. The copy numbers of cel45a were determined indirectly by normalizing
amdS to cbh2, which was used as a single copy reference gene. Primers were
designed (D'haene et al. 2010) and listed in section 7.7. Each reaction was
loaded with a total volume of 25 pl, containing 12.5 ul SYBR® Green Supermix,
10.5 yl nuclease free water and 1 pl each of a primer dilution and the respective
DNA sample. All reactions were performed in triplicates and the Relative Ex-
pression Software Tool REST® (QIAGEN, USA) was used to analyse the data
(Pfaffl et al. 2002).

8.17 MS Analysis

Mass Spectrometer analysis was performed by Dr. Clemens Grunwald-Gruber.
The protein band was excised from a SDS-PAGE gel and digested in gel with
trypsin (carbamidomethylation of cysteins was done in gel prior digestion). The

peptide mixture was loaded on a BioBasic C18 column (BioBasic-18, 150 x 0.32
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mm, 5 ym, Thermo Fisher Scientific Inc.) using 65 mM ammonium formate buff-
er. A gradient from 5 to 75 % acetonitrile was applied over 55 min at a flow rate
of 6 pL/min. Detection was performed with a QTOF MS equipped with the
standard ESI source (maXis™ 4G ETD, Bruker Corporation) in the positive ion,
DDA mode (= switching to MS/MS mode for eluting peaks). Instrument calibra-
tion was performed using ESI calibration mixture (Agilent Technologies, Inc.).
The analysis files were converted (using Data Analysis, Bruker Corporation) to
mgf files, which are suitable for performing a MS/MS ion search with the Global
Proteome Machine (GPM). GPM is a web-based, open source user interface for
analyzing and displaying protein identification data. The interface creates a se-
ries of web browser page views of tandem mass spectrometry data that has
been assigned to protein sequences. Additionally, spectra were interpreted

manually.
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9. Results

9.1 In silico Analysis of cel45a and its encoding protein

The sequence of the cel45a gene was obtained from Roal Ltd. To determine
some of its properties and of its encoded protein, we performed an in silico
analysis. The introns in cel45a were thereby identified through alignment to sim-
ilar gene sequences and searching for GT-AG donor/acceptor sites. Two introns
of the size of 59 and 126 bp were identified. The exons were then joined and
the resulting DNA sequence translated into its amino acid sequence. A model of
the translated protein (Fig. 6) was then generated with SWISS-Model (Biasini et
al. 2014).

catalytic domain linker region CBM

Fig. 6: CEL45A predicted model performed by SWISS-Model. The catalytic domain (CD) of
CEL45A is connected via a linker to the family 1 carbohydrate binding modul (CBM) which is
located at the C-terminal end of the protein.

The calculated molecular weight of the protein is 30758.87 Da. Removal of the
signal peptide results in reduction to 28625.33 Da of the mature protein. Follow-
ing a blastp of the amino acid sequence of CEL45A against the NCBI database
a multiple sequence alignment was performed with similar amino acid sequenc-
es. The consensus sequence of CEL45A showed high similarities with other

members of the GH45 family.

Since CEL45A is an extracellular enzyme, we also tested if putative recognition
sites for post translational modifications such as N- and O-glycosylations which

are abundantly found in different fungal cellulases, are present. The presence of
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these potential glycosylation sites was tested using the online tools NetNGlyc
1.0 and NetOGlyc 4.0. Only one possible N-glycosylation site was detected,
whereas a high number of possible O-glycosylation sites could be found. A high
glycosylation potential was predicted for the linker region which is found be-
tween amino acid 235 and 260 (Fig. 7).
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Fig. 7: Glycosylation potential of CEL45A amino acid residues. The glycosylation potential
was determined by using NetNGlyc 1.0 and NetOGlyc 4.0. A putatively highly glycosylated area
is found in the linker region. O-Glycosylation is marked grey and N-Glycosylation marked or-
ange. The default threshold for glycosylation is 0.5. A value above 0.5 represents therefore a
predicted glycosylated site.

The high O-glycosylation in the linker region aids in the binding of the cellulase
to the cellulose (Payne et al. 2013). It also increases the MW of the extracellular
protein. For that reason, this high glycosylation is a possible explanation, why
the band of CEL45A is found at 37 kDa (see below).

In addition, we also investigated if the CEL45A protein contains disulphide
bonds found between cysteines using different online tools (DISULFIDE, Dlpro).
Within the catalytic domain 6 to 7 and within the CBM about three disulphide
bonds are possible. This high amount of disulphide bridges (covalent bond)
leads to the prediction that the protein could be thermostable (Beeby et al.
2005).
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9.2 Transformation of T. reesei QM6a and Rut C30 with cel45a.

For the expression of cel45a in T. reesei two different host strains were used.
One was the low cellulase producing wild-type strain QM6a, the other strain
was the high cellulase producing strain RutC30. To guarantee high expression
of cel45a the coding region of the gene was cloned under the expression sig-
nals of the major cellobiohydrolase 1 resulting in plasmid pBS_amdS_Cel45a.
In addition the plasmid contains the A. nidulans amdS for selection on acetam-
ide as sole nitrogen source (see Fig. 5). Cloning of cel45a in the expression
vector was done by Roal Ltd. The final plasmid was then transformed into E.
coli and extracted and purified through plasmid Midi-Preparation. The plasmid
was then linearized through PCR followed by precipitation of the fragment. To
introduce the linearized fragment into T. reesei strains QM6a and Rut C30,
electrocompetent spores were prepared (Schuster et al. 2012) and transformed
with the linearized plasmid. Transformants were then selected on amdS medi-
um. Obtained transformants were purified by single spore isolation on amdS
selection plates containing Triton-X100 (0.1 %) and then transferred to PDA
plates. In total 28 QM6a transformants were selected for the selection process
and about 35 % showed stable growth and were selected for further screenings.
For Rut C30 45 transformants were selected, with about 45 % left for further

analysis.

The purified acetamide utilizing transformants of strains QM6a and RutC30
were then checked for integration of the cel45a expression cassette by diagnos-
tic PCR. For this analysis primers were used which bind in the cel7a (cbh7)
promoter and terminator region. Amplification of the endogenous cel7a results
therefore in a band of 2 kb. In the case the expression cassette of
pBS amdS Cel45a is present in the transformants, an additional band of
around 1400 bp representing the cel45a expression cassette will be amplified.
Results of the diagnostic PCR for the respective transformants are presented in
Fig. 8. Following this analysis 6 positive transformants were identified for strain
QM6a (designated Q2.1, Q2.4, Q2.3, Q2.6, Q2.9, Q2.21) and 18 positive trans-
formants for RutC30 (designated R1.2, R1.3, R2.4, R2.5, R2.7, R2.8, R2.9,
R2.13, R2.17, R2.18, R2.20, R2.24, R2.26, R2.27, R2.32, R2.34, R2.35,
R2.36).
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Fig. 8: Diagnostic PCR of selected T. reesei cel45a transformants. To test if the expression
cassette of cel45a is present in the different T. reesei transformants primers were used which
bind in the cel7a promoter and terminator region. Amplification with these primers results in a
2 kb band for the endogenous cel7a in T. reesei QM6a (A) and RutC30 (B). Presence of the
cel45a expression cassette results in a band of 1.4 kb in cel45a transformants of T. reesei strain
QM6a (A) and Rut C30 (B). The forward primer cbh1_genot_fw binds 162 bp upstream of the
start codon and therefore within the promotor region Pcel7a. The reverse primer cbh1_genot_rv
binds 154 bp following the stop codon within the terminator region Tcel7a (C).

In the next step the copy number of the positive transformants was quantified by
gPCR. Within this analysis the cel45a gene was detected indirectly (details see

chapter 8.16) and quantified within the genomes of the transformants. Com-
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pared to the expression of the single copy reference gene cbh2, the different
expression and therefore the gene copies integrated into the genome can be
calculated. The detailed results of the gPCR are found in Appendix 12.1. In Ta-

ble 6 the gene copy numbers of the selected cel45a transformants are depicted.

Table 6: Estimated cel45a genome copy number of selected T. reesei QM6a and RutC30
transformants

QM6a cel45a . Rut C30 cel45a .
cel45a copies cel45a copies

transformants transformants

Q2.1 2 R2.4 2

Q2.4 1 R2.5 2

Q2.6 1 R2.9 3

Q2.9 1 R2.32 1

Q2.21 4 R2.34 1

9.3 Growth and spore production of the cel45a transfomants on PDA

Growth tests on PDA were performed to check if any of the cel45a trans-
formants shows a different phenotype compared to the parental strain. There-
fore, QM6a and the cel45a transformants were incubated for 8 days, whereas

Rut C30 and its cel45a transformants strains were incubated for 10 days.

The QM6a cel45a strains did not show any growth defect following the trans-
formation and purification procedure when compared to the parental strain
QM6a. These strains showed a similar growth rate as their parental strain.
Cel45a transformants produced about 30 % less spores per cm? than the paren-
tal strain QM6a, with the only exception of Q2.1, which generated about the

same amount of spores than the parental strain T. reesei QM6a (Fig. 9).
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Fig. 9: Radial growth and conidiospore production of QMi6a and its cel45a transformants.
(A) Radial growth was measured by inoculation of a 4 mm agar piece on a 20 ml PDA Petri
dish. Strains were grown for 190 h at 28 °C. The diameter of each strain was measured every
24 h until the mycelium reached the edge of the Petri dish. (B) After 190 h the conidiospore
production of cel45a strains was measured through harvesting the spores and determination of
the spore concentration. (C) Phenotypes of QM6a and the respective cel45a transformants on
PDA plates. Incubation time is indicated at the left side.

Rut C30 cel45a transformants showed a different picture regarding their growth
rate and conidia production. Three strains (R2.4, R2.9 and R2.32) were growing
identical compared to Rut C30 whereas two strains (R2.5 and R2.34) were
growing faster than the parental strain and were producing about 250 % more
spores. One strain had a different colony phenotype and produced sectors
which showed faster growth. This indicates that this strain seems to be unstable
despite the single spore purification (R2.32). The spore production was not af-
fected in R2.32 (Fig. 10).
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216 h

240 h

Fig. 10: Radial growth and conidiospore production of Rut C30 and its cel45a trans-
formants. (A) Radial growth was measured by inoculation of a 4 mm agar piece on a 20 ml
PDA Petri dish. Strains were then grown for 240 h at 28 °C. The diameter of each strain was
measured every 24 hours until the mycelium reached the edge of the Petri dish. (B) After 240 h
the conidiospore production of cel45a transformants was measured through harvesting the
spores and determination of the spore concentration. (C) Phenotypes of Rut C30 and the re-
spective cel45a transformants on PDA plates. Incubation time is indicated at the left side.

9.4 Analysis of CEL45A production in T. reesei QM6a and RutC30 trans-

formants

Following the copy number determination of the T. reesei cel45a transformants,
we tested if the strains produce the CEL45A protein. Therefore strains with dif-
ferent copy numbers were chosen and shake flask cultivations were performed
for 120 h using cellulose as carbon source to induce expression of cel45a under
the cel7a expression signals. Samples of the supernatant were taken after 72,
96 and 120 h, the proteins precipitated and then separated by their molecular
weight in an SDS-PAGE. Following Coomassie blue staining of the protein gels
of the two parental strains QM6a and RutC30 and the different cel45a trans-
formants, an additional band became visible in the cel45a transformants com-
pared to their parental strains. This band is found at around 37 kDa and in-
creased in intensity over time (Fig. 11). The calculated molecular weight of
CEL45A without the signal peptide is about 29 kDa (see chapter 9.1). The dif-
ference between calculated molecular weight and the result from the SDS-
PAGE is therefore about 8 kDa and is most likely caused by N- and especially
O-glycosylation (see Fig. 7).
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Fig. 11: SDS-PAGE of the supernatant of CEL45A expressing T. reesei QM6a and RutC30
transformants. The parental T. reesei strains and their respective cel45a transformants were
cultivated in Mandels-Andreotti medium with 1 % cellulose as sole carbon source for 120 h and
samples were taken at the indicated time points. For the SDS PAGE about 10 pg of extracellu-
lar protein was loaded on the SDS-PAGE per sample. (A) T. reesei QM6a and selected cel45a
QM6a transformants. (B) T. reesei Rut C30 and Rut C30 cel45a transformants. A band of
around 37 kDa representing the putative CEL45A protein is highlighted. As size marker PAGE
Ruler™ (Thermo Fisher Scientific, Inc.) was used.
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9.5 Identification of the 37 kDa band expressed in T. reesei transfomants
as CEL45A

To proof the assumption, that the 37 kDa band corresponds to CEL45A, the
CELA45A protein band of the transformant Q2.21 was analysed by MS analysis.
After a tryptic digestion of the 37 kDa protein band, the sample was measured
by LC-ESI-MS. The data generated were analysed online with the Global Pro-
teome Machine. The MS analysis verified that the protein at the 37 kDa band
corresponds to the CEL45A protein. The log(e) value was -91.4, showing that

this result is not likely to be randomly generated.

9.6 Endoglucanase activity of the T. reesei cel45a transformants

Having established that cel45a was expressed in the different QM6a and
RutC30 transformants, the next step was to test if the protein was functionally
produced. Therefore, the culture supernatants of the shake flask cultivation
were analysed for endo-1,4-B3-glucanase activity using the Azo CMC assay. De-
fault conditions for this assay were 40 °C and pH 4.5. In the first set of experi-
ments the increase in endoglucanase activity of each parental strain and their
respective transformants was checked over the cultivation period. The overall
endoglucanase activity produced was much higher for RutC30 compared to
QM6a and the endoglucanase activity increased over time in all strains. For the
respective QM6a transformants an increase in endo-1,4-3-glucanase activity of
about 150 % compared to the parental strain could be observed, whereas for
the Rut C30 transformants an increase of about 50 % on average was found

under these conditions (Fig. 12).
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Fig. 12: Endoglucanase activity produced by different T. reesei cel45a transformants. All
strains were grown for 120 hours in shake flasks using cellulose as carbon source. Endoglu-
canase activity was measured after 72, 96 and 120 h of cultivation. Cel45a copy numbers of the
strains is indicated below. (A) QM6a and respective cel45a transformants. (B) Rut C30 and
respective cel45a transformants.

Comparison between cel45a copy number in the T. reesei QM6a and Rut C30
transformants showed that no correlation between endoglucanase activity and

gene copy number was found.

CELA45A is predicted to be a thermostable cellulase and it was tested now in the
next step if the enzyme could be produced in a thermostable form by T. reesei.
Therefore the temperature for the Azo-CMC assay was raised in 10 °C steps

until 80 °C and the culture supernatants of QM6a and selected cel45a trans-
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formants compared. Endoglucanase activity of the QM6a supernatant de-
creased already at 50°C and no activity was found at 60°C. In contrast, en-
doglucanase activity was still high at 50 and 60°C in the QM6a cel45a trans-
formants and some residual activity was still found at 70 and 80°C (Fig. 13).
Highest activity could be observed for transformants Q2.21 which harbours four
copies of the cel45a gene. The results indicate that CEL45A could be
functionally produced in T. reesei and shows that the thermostability of CEL45A

could also be found for the T. reesei produced cellulase.
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Fig. 13: Thermostability of endoglucanases produced by different T. reesei QM6a cel45a
transformants. All strains were grown for 120 hours in shake flasks using cellulose as carbon
source. Endoglucanase activity was measured after 120 h of cultivation. Cel45a gene numbers
of the strains is indicated below.

In the next step we determined the thermostability of the endoglucanases of T.
reesei RutC30 and its cel45a transformants. When we measured the enzymatic
activity of the cellulases at 60 °C, the cellulases produced by strain Rut C30
turned out to be more thermostable than that of QM6a. Our data are in accord-
ance with earlier reports which showed that RutC30 produced a more thermo-
stable endoglucanase activity (Zou et al. 2012). When we measured the en-
doglucanase activity following a 24 hours preincubation in a thermomixer at
60 °C. The enzymatic activity of the Rut C30 sample decreased after this prein-
cubation for about 40 %, whereas that of the cel45a transformants decreased
around 20 % indicating, that a more thermostable cellulase activity was pro-

duced by the cel45a expressing strains (Fig. 14).
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Overall the thermostability of CEL45A until 60 °C could be shown which de-

clined at higher temperatures. This observation is similar to the related CEL45A

protein of N. crassa (Kadowaki et al. 2015) which also showed a reduction at

60 °C.
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Fig. 14: Thermostabilty of T. reesei Rut C30 cellulases. All strains were grown for 120 h in
shake flasks using cellulose as carbon source. Endoglucanase activity was measured after 120
h of cultivation. As Rut C30 produces thermostable cellulases, the supernatant of all Rut C30
strains were preincubated for 24 hours in a thermomixer at 60 °C and then measured at 60 °C
in a water bath. Cel45a gene numbers of the strains is indicated below.
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10. Discussion

T. reesei has been used as an expression host for industrial enzyme production
for over 30 years now. Through different mutagenesis and selection regimes
high cellulase producing strains were generated by classical strain engineering.
Several molecular tools were also developed to improve homologous and het-
erologous protein expression for recombinant strain engineering (Bischof and
Seiboth 2014). Whereas homologous protein overexpression is well established
the production of heterologous proteins often needs further improvements to

become cost competitive to other expression systems.

The aim of the present study was to express a thermostable endoglucanase of
the CEL45A GH family in T. reesei. Analysis of CEL45A sequence shows that it
is composed of a carbohydrate binding domain belonging to family 1 and the
catalytic domain connected by a linker. Analysis of the amino acid sequence
shows that the protein contains a high number of disulphide bridges which are
necessary to confer the thermostability to the protein. In addition the protein
sequence exhibits a number of putative O-glycosylation sites and only a single

N-glycosylation site.

For the expression of cel45a two different T. reesei strains were selected. One
is the wild-type strain QM6a, a low cellulase producer. The other one is strain
Rut C30 which is the highest cellulase producer publically available (Peterson
and Nevalainen 2012). Both were transformed with an expression cassette
based on the cbh1/cel7A expression signals and the cel45a coding region using
amdS as selection marker. Following the transformation of the expression cas-
sette, the presence and copy number of the expression cassette was deter-
mined in the transformants. The copy number of the expression cassette had to
be determined indirectly through the quantification of the amdS marker gene. A
direct determination of the cel45a sequence failed as no suitable primers could
be identified for the cel45a coding region. Further efforts will therefore be nec-
essary to find suitable primers for qPCR to determine the cel45a copy number.
Additionally, it will also be necessary in follow up experiments to determine the
transcript levels of cel45a in the different transformants with the different copy

numbers and to relate this level to the endoglucanase activity produced.
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Transformants with a different number of cel45a gene copies were then chosen
and cultivated on minimal-media containing the cel7a inducing carbon source
cellulose. A band at 37 kDa could be detected in the protein mix of the superna-
tant of the transformants. In comparison, the calculated molecular weight of
CEL45A without the signal peptide is about 29 kDa. To clarify if this band corre-
sponds to CEL45A, an MS analysis was performed, which revealed that the
band at 37 kDa is CEL45A. A possible explanation for the increased molecular
weight is the above mentioned O-glycosylation, predicted by NetOGlyc 4.0 for
CEL45A, which occurs often in the linker region of cellulases connecting the

catalytic and the binding domain.

The activity of the overexpressed CEL45A was tested without any further purifi-
cation in the supernatant of these strains. An improved endo-1,4-3-D-glucanase
activity in the strains could be proven. Regarding the measurements at 40 °C
for QM6a and Rut C30 cel45a transformants no obvious relationship regarding
gene copy numbers and the produced Units/ml could be shown. One possible
explanation could be that the indirect determination of the copy number de-
scribed above did not accurately estimate the cel45a copy number. Another
reason might be that the expression of this protein leads to an overloading of
the redox capacity of the protein folding machinery and that only a certain level
of the protein could be produced functionally. Again, this will be subject of a fur-
ther deeper analysis of the strains. Nevertheless, the aim of this work was to
overexpress the protein and prove its functionality. As the protein is expected to
be thermostable, enzyme activity assays were performed at different tempera-
tures. The supernatant samples of the T. reesei QM6a cel45a transformants
producing CEL45A showed an activity until 60°C whereas the secreted proteins
of the parental strain showed nearly no activity after incubation at 50°C. Due to
the reason that Rut C30 produces also more thermostable cellulases (Zou et al.
2012) the supernatants were measured at 60°C and for comparison after 24
hours of preincubation at 60 °C. The assumption was that the homologous cel-
lulases produced by the Rut C30 parental strain are not as thermostable as the
heterologous CEL45A cellulase of the transformants. Indeed, there was a dif-
ference detectable between the RutC30 transformants and the parental strain.

Its enzymatic activity after 24 hours of preincubation decreased 40 %, whereas
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the enzymatic activity of the Rut C30 transformants decreased just for 20 %.
This indicates that the transformants produce a more thermostable cellulase.
Regarding the phenotype of the transformants the QM6a cel45a transformants
showed homogeneity towards colony extension. Total spore production was
decreased about 30 % within four transformants regardless of the gene copy
number which would indicate that the CEL45A protein affects sporulation. For
the Rut C30 cel45a transformants a difference in colony extension was ob-
served for two strains. They grew faster than the parental strain and did not ex-
hibit the typical compact RutC30 phenotype. One strain (R2.32) showed a very
asymmetric growth pattern on PDA which indicates that the strain is still unsta-
ble and further purification rounds might therefore be necessary to obtain stable
strains. Regarding spore production, the two strains R2.5 and R2.34 were pro-
ducing about 250 % more spores than the parental strain. This leads to the as-
sumption, that after successful integration of cel45a into the genome of T.
reesei QM6a and Rut C30, QM6a can handle this integration better than Rut
C30. A reason for this impaired growth after the integration might be the higher
protein production of the strain which might already stress the metabolism of the

fungus.

In summary, the aim of this thesis to overexpress cel45a in T. reesei was
achieved and the protein was expressed in both strains functionally and ther-
mostable. A further characterization of the full biochemical properties of the pro-
tein CEL45A was beyond this work and its activity could be further tested under
different pH and temperature values. Additionally the saccharification potential
of the enzyme mixture with respect to different lignocellulosic substrates could

be another possibility for subsequent studies.
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11. Conclusion

The low cellulase producer T. reesei QM6a and the high cellulase producer
T. reesei Rut C30 could successfully be transformed with the provided cel45a
expression cassette. Different transformants with various gene copy numbers of
cel45a were generated expressing CEL45A. The enzyme exhibit thermostability

and can be used now to improve cellulose degradation at higher temperatures.
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12. Appendix

12.1 qPCR results of amdS quantification

Strain Gene Type Efficiency Expression  Std. Error
QM6a 2.1 cel45a amdS TRG 0,94 1,596 1,527 - 1,666
cbh2  REF 0,84 1
QM6a 2.4 cel4ba amdS TRG 0,94 1,42 1,283 - 1,526
cbh2  REF 0,84 1
QM6a 2.6 cel4ba amdS TRG 0,94 0,714 0,670 - 0,754
cbh2  REF 0,84 1
QM6a 2.9 cel4ba amdS TRG 0,94 0,642 0,556 - 0,706
cbh2  REF 0,84 1
QM6a 2.21 cel4ba amdS TRG 0,94 4,102 3,742 - 4,404
cbh2 REF 0,84 1

Strain Gene Type Efficiency Expression Std. Error

RutC30 2.4 cel45a amdS TRG 0,94 2,22 2,086 - 2,364
cbh2 REF 0,84 1

RutC30 25cel45a amdS TRG 0,94 1,93 1,192 - 4,572
cbh2 REF 0,84 1

RutC30 29celdba amdS TRG 0,94 3,477 3,323 - 3,749
cbh2 REF 0,84 1

Rut C30 2.32cel45a amdS TRG 0,94 1,06 0,986 - 1,149
cbh?2 REF 0,84 1

Rut C30 2.34 cel45a amdS TRG 0,94 1,227 1,129 - 1,317
cbh?2 REF 0,84 1
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