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“Why do you go away? So that you can come back. So that you can see the place you came
from with new eyes and extra colours. And the people there see you differently, too. Coming

back to where you started is not the same as never leaving.”

— Terry Pratchett
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Abstract

Glycosylation is the most complex posttranslational modification specific to eukaryotes and
also some bacteria. . One of the bottlenecks limiting progress in the glycobiology research is
the non-availability and/or high price of glycan-modifying enzymes, such as
fucosyltransferases, due to the imperfections of existing production systems.

The aim of this project was to evaluate the potential of a filamentous fungus Trichoderma
reesei as an expression host for recombinant human a-1,3/4 fucosyltransferases (FUT3 and
FUTA4). The principles discovered and approaches used can be applied to other mammalian
glycoproteins of biomedical interest.

In the current work, cDNAs encoding the C-terminal catalytic domains of the human a-1,3/4
fucosyltransferases were synthesised according to the T. reesei codon usage and assembled
into expression vectors under the strong cellobiohydrolase 1 (cbhl) promoter.

FUT3 and FUT4 were produced as a fusion to a Strep-tag, mCherry fluorescent protein and
the core-linker fragment of the endogenous CBH1 protein to facilitate protein purification
and secretion. Due to the better performance of the transformants producing the recombinant
FUTS3 protein, most of the work was carried out with the transformants producing FUT3,
while the FUT4 protein was not studied in detail.

Screening of T. reesei transformants demonstrated not only secretion of a fusion protein but
also its degradation, most probably by the extracellular proteases of T. reesei. Protease
inhibition studies suggested that the main protease damaging the recombinant FUT3 was a
serine protease active at acidic pH. The recombinant protein was purified using a Strep-Tactin
column, and the estimated yield of FUT3 was about 70 mg/l. N-terminal sequencing of
purified proteins revealed that some of them were N-terminally blocked; one protease
cleavage site was identified at the N-terminus of the mCherry protein.

Cultivation of the T. reesei transformants at a neutral pH and with addition of a serine
protease inhibitor PMSF demonstrated that degradation of the recombinant FUT3 in the
culture supernatants could be suppressed.

The activity of the purified recombinant FUT3 was assayed and preliminary results indicated
that recombinant FUT3 has certain enzymatic activity although further studies are necessary
to confirm these data.

In conclusion, it was established that a recombinant human fucosyltransferase FUT3 could
be produced in T. reesei. Further studies into optimisation of the cultivation conditions and
strain development to limit the proteolytic degradation are required to achieve higher
production levels.
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INTRODUCTION






1.1 Glycosyltransferases

Carbohydrate structures, or glycans, play diverse roles in a wide range of biological processes,
such as protein folding and degradation, cell adhesion and trafficking, cell signalling,
fertilisation and embryogenesis (Varki & Lowe, 2009). They are also involved in pathogen
recognition and immune responses, either on their own as cell surface receptors, or by
modifying the function of the protein they are attached to (Varki, 2017). Glycosylation is the
most complex posttranslational (and also co-translational) modification that requires
consecutive interactions of dozens of enzymes and substrates. Three types of glycosylation
have been described so far: N-glycosylation (glycans attached to an Asn of an Asn-X-Ser/Thr
consensus sequence, where X is any amino acid), O-glycosylation (glycans attached to a Ser
or Thr), and C-glycosylation (glycans attached to a tryptophan). Approximately 50% of human
proteins are glycosylated (Walsh & Jefferis, 2006), with 1-2% of the human genome dedicated

to encoding glycan-modifying enzymes (Coutinho et al., 2003).

N-linked glycosylation is the most studied type of glycosylation, and it is an important factor
to consider when planning for recombinant protein production. Glycosylation usually takes

place in the endoplasmic reticulum (ER) and Golgi apparatus of eukaryotic cells, although N-
glycosylated proteins produced by bacteria have been described (Benz & Schmidt, 2002).
Enzymes involved in the process of glycosylation can be classified by the type of action into
glycosyltransferases that catalyse the transfer of a sugar molecule to the glycan chain, and
glycosidases that catalyse the hydrolysis of glycosidic linkages. Additionally, both
glycosyltransferases and glycosidases are classified by the type of sugar they act on (fucose,

mannose, galactose, glucose, N-acetylglucosamine).



1.2 Fucosyltransferases

Fucosyltransferases are the enzymes that transfer an L-fucose sugar from a GDP-fucose
(guanosine diphosphate-fucose) donor substrate to an acceptor substrate. The acceptor
substrate can be another sugar as in the case of N-linked glycosylation, or a protein, as in the
case of O-linked glycosylation. So far, 13 carbohydrate specific fucosyltransferases have been
found in humans (Becker & Lowe, 2003). The vast majority of fucosyltransferases are located
in the Golgi apparatus; however, O-fucosyltransferases have been shown to localise in the
endoplasmic reticulum (ER). Fucosyltransferases demonstrate different, although sometimes

overlapping enzymatic activity profiles (Table 1.1).

Table 1.1. Human N-fucosyltransferases and their involvement in the synthesis of the human glycans.

Linkage Fucosyltransferase Reference Comments
a-1,2 FUT1 and FUT2 Kelly et al., 1995; ABO blood group antigen
Larsen et al., 1990 synthesis
a-1,3 FUT3-FUT7 and Kaneko et al., 1999; Lewis antigen generation
FUT9 Natsuka et al., 1994

a-1,4 FUT3 and FUT5

a-1,6 FUTS Miyoshi et al., 1999 Core fucosylation

a-1,3 FUT10 and FUT11 Mollicone et al., 2009 | Introduce fucose to the core
GIcNAc of the N-glycan on
conalbumin glycopeptides and
biantennary N-glycan acceptors
but not to the short lactosaminyl
acceptor substrates.

Fucosyltransferases have a complex tissue- and cell type-specific expression pattern, which
changes constantly depending on the developmental stage and pathological process. For
example, fucosyltransferase 6 (FUT6) is abundantly expressed in epithelial cells and in the
liver, kidneys, and gastrointestinal tissues, and minimally expressed in spleen, lungs, and

cervix. FUT6 is not found in the brain, adrenal cortex or peripheral blood leukocytes. The
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tissue distribution of fucosyltransferase 3 (FUT3) is similar to that of FUT6, except that FUT3
is not expressed in liver and is less abundant in kidneys. Fucosyltransferase 5 (FUT5) is only
minimally expressed in spleen, liver, colon, and testes (de Vries et al., 2001; Cameron et al.,
1995; Kaneko et al., 1999). Fucosyltransferase 4 (FUT4) is expressed in a wide variety of cells
and tissues (Gersten et al., 1995). High levels of fucosyltransferase 7 (FUT7) are detected in
hematopoietic cells, such as leukocytes, and in endothelial cells of the venule (Natsuka et al.,
1994; Sasaki et al., 1994). FUT4 and FUT?7 are involved in the synthesis of fucosylated cell
surface epitopes that are recognised by selectins (Niemel et al., 1998). Fucosyltransferase 9
(FUT9) is abundantly found in the brain, stomach, spleen, and peripheral blood cells (Kaneko
et al., 1999). Interestingly, FUT9 is among the more conserved fucosyltransferases, as the
difference between human, rat, and mouse FUT9 amino acid sequence is only 1% (Kaneko et
al., 1999). FUT4 and FUT9 are produced early in human embryogenesis, whereas FUT3 and
FUTS6 transcripts appear only after the 10" week of development (Cailleau-Thomas et al.,

2000).

Out of all identified fucosyltransferases, three (FUT3, 5 and 6) have a high degree of sequence
similarity (~ 90%) and are only found in humans and chimpanzees (Costache et al., 1997).
FUT3, 5 and 6 have evolved relatively recently and are not present in functional forms in all
humans. While FUT3, 5 and 6 not appear to have an essential biological role, FUT4 and FUT7

are necessary for normal leukocyte trafficking and function (Weninger et al., 2000).

All fucosyltransferases are type Il transmembrane proteins and consist of an N-terminal
cytoplasmic tail, membrane-spanning region (signal-anchor domain), stem region and a
globular C-terminal catalytic domain (Breton et al., 1998) (Figure 1.1). Signal-anchor domain
determines the location of a fucosyltransferase within the Golgi apparatus. Stem regions of

some glycosyltransferases are reported to have cleavage sites for endogenous proteases which

5



release transferases from the Golgi membrane in response to inflammation (Paulson & Colley,

1989).

COOH

Catalytic domain

Golgi lumen
Stem region

Cytoplasmic tail

Cytoplasm
NH:

Figure 1.1. Schematic structure of fucosyltransferases featuring N-terminal cytoplasmic tail,
membrane-spanning domain, stem region and C-terminal catalytic domain facing the Golgi lumen.
Modified from Paulson and Colley (1989).

Crystal structures of some mammalian fucosyltransferases have been determined, revealing
conserved folds present in these enzymes, their substrate binding sites and substrate
specificities (Baruah et al., 2016; lhara et al., 2007). Human fucosyltransferases identified thus
far have between two to five potential glycosylation sites in the C-terminal region (de Vries at
al., 2001). The use of site-directed mutagenesis to eliminate glycosylation sites from some
human fucosyltransferases, such as FUT3, FUT5 and FUT®6 resulted in the loss of enzymatic
activity (Christensen et al., 2000). It has been demonstrated that a significant portion of the N-
terminal region can be deleted without affecting catalytic activity, whereas removing only a

few amino acids from the C-terminus of the FUT5 enzyme resulted in a complete loss of
6



enzyme activity (Xu et al., 1996).

NeuAc NeuAc

al,2 al,2 |

i 22 EHEE .
| al,3 al,3 |

GIcNAc +—— —— GIcNAC

Gal Gal
| 1,3/4 |
GIcNAc | w2n .. aL3/4 GleNAC

n | | n
Gal - Gal
| |
clenac < [FUTS [FUT8 /% Gicnac
| | |
Gal Man Man
| | \Man/

Gal/GIcNAc  GIcNAc

|
\ / GIcNAc
GlcNAC ale GIcNAc a3 --

[ Ser/Thr | | Asn |

O-glycans N-glycans

Figure 1.2. A simplified representation of the specific activities of the human N-fucosyltransferases.
Out of all fucosyltransferases shown, only FUT3 and FUT5 have two enzymatic activities (a-1,3 and
a-1,4). NeuAc - sialic acid, Gal — galactose, GICNAc - N-acetylglucosamine, Man — mannose.
Modified from Tu et al. (2013).

Two O-fucosyltransferases have been identified so far. Of these, OFUT1 adds fucose directly
to polypeptide chains (Wang et al., 2001; Stahl et al., 2008). A putative OFUT2 has been
identified in the human genome by comparison with fucosyltransferase encoding sequences in

the Drosophila melanogaster genome (Roos et al., 2002).

Two N-fucosyltransferases expressed in this study are described in more detail in the following
sections. FUT4 has been chosen for its essential role in the biological functions and FUT3 for
having two enzymatic activities (a-1,3 and a-1,4) which could be useful for in vitro

applications.



1.2.1 Fucosyltransferase 3

Fucosyltransferase 3 (FUT3) or galactoside 3(4)-L-fucosyltransferase is an enzyme encoded
by the FUT3 gene in humans, located on chromosome 9. FUT3, also known as Lewis blood
group fucosyltransferase, has both a-1,3 and a-1,4 fucosyltransferase activities. The enzyme
catalyses the transfer of fucose sugar from the GDP-fucose donor substrate to N-
acetylglucosamine (GIcNAc) in a-1,3 and a-1,4 linkages in Gal-GIcNAc glycan structures
(Figure 1.2). FUT3 is involved in the synthesis of VIM-2, Lewis?, Lewis®, sialyl Lewis* and
non-sialylated Lewis* antigens (Oriol, 1995). Not all humans have an active FUT3 enzyme;
individuals who are missing an active FUT3 are Lewis blood group negative (Le"), while those

who express an active FUT3 are Lewis-positive (Le").

Human FUT3 has two C-terminal glycosylation sites (Asn154 and Asn185) (Holmes et al.,
2000). The role of glycosylation in the activity of FUT3 has been investigated (Christensen et
al., 2000). Overall inhibition of glycosylation with core glycosylation inhibitor tunicamycin
and castanospermine, which inhibits trimming of glucose residues, resulted in the loss of
enzymatic activity and the activity reduced to 40%, respectively. Inhibition studies also
demonstrated that N-linked glycosylations of both glycosylation sites and trimming of
terminal glucose residues are necessary for the full activity of the FUT3 enzyme. Site-directed
mutagenesis of N-glycosylation sites resulted in a series of mutants each with lower enzymatic
activity than the wild type enzyme. Removal of an Asnl154 glycosylation site or both
glycosylation sites resulted in complete loss of enzymatic activity while removal of Asn185
resulted in a drop in activity to 27% of the wild-type enzyme. FUT3 is commercially produced

in a mouse myeloma cell line by R&D Systems, USA (https://www.rndsystems.com).



1.2.2 Fucosyltransferase 4

Fucosyltransferase 4 (FUT4), also known as a myeloid-specific a-1,3 fucosyltransferase, is an
enzyme that transfers fucose to N-acetylglucosamine. It catalyses the synthesis of the non-
sialylated Lewis* (CD15) antigen and VIM-2 antigen (Nakayama et al., 2001). Human FUT4
gene is located on chromosome 11. Orthologues of the FUT4 gene have been found across a
wide range of higher eukaryotes such as armadillo and chimpanzee (http://www.ensembl.org).
Overexpression of FUT4 in breast cancer tissues and serums as compared to the normal tissues
is associated with the proliferation and metastasis of breast cancer (Yan et al., 2015). FUT4
could thus serve as a novel biomarker for the diagnosis and prognosis of breast cancer. The
human FUT4 enzyme has two potential glycosylation sites in the C-terminal region (Lowe et
al., 1991). A study conducted on rat FUT4 (Baboval et al., 2000) demonstrated that the protein
required glycosylation for activity but that intracellular localisation of the protein was not
affected by changes in glycosylation. Decreased activity occurred at the levels of 64%, 5%,
and 1% of the wild-type enzyme by mutations at Asn117, Asn218 N-glycosylation sites or
both, respectively (Baboval et al., 2000). Overall, human FUT4 and its functions have not

been studied in detail, and the enzyme is not commercially available at the present time.
1.3 Role of fucosylation in biological processes

Functional properties of oligosaccharides are often defined by specific terminal glycan
modifications, including fucosylation. For example, fucosylation of glycoproteins affects the
biological activities of adhesion molecules and growth factor receptors (Miyoshi et al., 2008).
A number of pathological conditions, such as cancer and inflammation, are accompanied by
increased levels of fucosylation of specific proteins. Abnormally fucosylated
glycans/glycoproteins could provide novel tumour markers or targets for cancer therapy. Some

fucosylated glycoproteins such as AFP-L3 (a-fetoprotein), and antibodies, which recognise
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fucosylated oligosaccharides such as sialyl Lewis?*, have been used as tumour markers
(Miyoshi et al., 2008). Upregulated fucosylation was observed in some cases of pancreatic
cancer (Singh et al., 2015) and potential biomarkers are being developed. Upregulated

fucosylated cytokines are also observed in rheumatoid arthritis (Isozaki et al., 2014).

The ABO blood group antigens are among the most well-known fucosylated glycans (Lowe,
1993). Lewis antigens are another example of fucosylated blood group antigens. Among other
functions, these structures play a role in host-microbe interactions. For example, the gastric
pathogen Helicobacter pylori attaches to the Lewis® antigens expressed on the surface of the
gastric epithelium. Individuals expressing other forms of the Lewis antigen are characterised
by decreased occurrence of peptic ulcer disease (Hooper & Gordon, 2001). In many tumours,
increase in Lewis¥ and antigen H is observed, which correlates with poor clinical prognosis
(Tan et al., 2015; Madjid et al., 2005). CD15 antigen (Lewis*) has potential to be used as a

biomarker of serious bacterial infections in infants admitted to hospital (Markic et al., 2012).

Fucose is an abundant component of gut surface glycans. Gut fucosylation is closely connected
with bacterial colonisation, which could be a part of an increased innate immune response. For
example, germ-free mice do not maintain ileal fucosylation after weaning, but colonisation
with bacteria from conventionally housed mice restores it (reviewed in Pickard & Chervonsky,
2015). Feeding with exogenous fucosylated glycans was shown to improve the survival rate
of mice, susceptible to gut inflammation (Pham et al., 2014). Evidence suggests that gut
microbiota metabolise host fucose, so in some cases bacteria trigger host fucosylation in order
to use fucose as a food source (Hooper et al., 1999). Fucose, especially when introduced during
severe sickness of the host, supports the beneficial activity of resident bacteria while
suppressing their potential virulence (Pickard et al., 2014). In addition to their potential use as
a carbon and energy source, fucosylated glycans can serve as adhesion sites or receptors for

pathogens, including S. typhimurium, H. pylori, enterotoxigenic E. coli, and norovirus
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(reviewed in Pickard & Chervonsky, 2015).

1.4 Need of recombinant glycosyltransferases

Pure and defined glycan structures are essential research tools in glycobiology. Unlike proteins
and nucleic acids, which are synthesised according to a pre-determined template and can be
obtained in homogeneous forms using biological methods such as recombinant expression and
polymerase chain reaction, glycans produced in biological systems are heterogeneous.

Furthermore, the yield that can be obtained from biological systems is rather low.

Glycans can be synthesised in vitro both chemically and enzymatically. Chemical synthesis
allows to obtain homogenous glycans in larger quantities but requires harsh conditions and
preparation of specialised precursor compounds; also, chemical synthesis is not selective, so
protection of reactive groups is necessary. Another drawback of chemical synthesis of glycans

is difficulty in achieving the required stereochemistry and regio-selectivity.

Enzymatic synthesis of glycans in vitro is an attractive alternative, allowing synthesis of an
amazing diversity of glycan structures with defined anomeric configurations and linkages. The
use of glycan-modifying enzymes does not require harsh conditions or protection of reactive
groups, and the enzymes have distinct specificities for their donor and acceptor substrates. In
many cases of in vitro glycan synthesis chemical and enzymatic tools are combined; typically,
the core structure is chemically synthesised, and then specific glycosyltransferases are used

for precise modifications (Li et al., 2015).

One of the bottlenecks of the in vitro enzymatic glycan synthesis is the availability of the
glycan-modifying enzymes. While some enzymes, for example, galactosyltransferase from
bovine milk and bacterial sialyltransferases expressed in E. coli (Sigma-Aldrich, USA), are

readily available from commercial sources, others have to be discovered, expressed and

11



purified in order to perform a synthesis of a particular glycan structure. Availability of various
glycan-modifying enzymes would allow synthesis and modifications of glycans in vitro for a
wide variety of applications, ranging from the basic studies of their functional roles in various

biological processes to the discovery of new diagnostic biomarkers and therapeutic reagents.

Eukaryotic glycosyltransferases exhibit narrow substrate specificity towards glycan acceptors,
which makes them a preferred choice to use in targeted and specific glycosylation reactions
(Li et al., 2015). Also, nucleotide sugar donor substrates for mammalian glycosyltransferases
are usually commercially available. Differently to this, substrates for bacterial glycan
modifying enzymes may be difficult to obtain as they have to be chemically or enzymatically
synthesised or extracted from bacteria. Glycosyltransferases of human origin are particularly
suited for the synthesis of mammalian oligosaccharides, such as sialylated and branched
glycans, because these reactions are difficult to carry out with either chemical methods or

bacterial enzymes (Hidari et al., 2005).

Abnormal glycans and changes in glycosylation profiles are often associated with various
diseases such as cancer and atherosclerosis and can be used as biomarkers. Therefore,
unravelling the structures and functions of glycans is essential to understanding their role in
pathological processes, and for developing diagnostic tools and treatments for human diseases.
Structurally defined N-glycans (especially isomers) provide standards and probes for MS-

based N-glycan analysis.

1.4.1 Glycan arrays

Synthetic glycans are widely used in glycan arrays composed of various oligosaccharides
immobilised on a solid surface in a spatially-defined arrangement, which allow to study
interactions of various carbohydrate structures with other proteins or glycoproteins to identify

the glycan binding partners in biological samples and analyse their specificity. They are also
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used as probes for binding of viruses and bacteria to glycans and studies into mechanisms of
infection (Amonsen et al., 2007; Paulson & de Vries, 2013). Further on, glycan arrays find
uses in profiling the substrate specificity of glycan-modifying enzymes (Willis et al., 2009;
Laurent et al., 2008), in searching for glycan binding antibodies and lectins, and identifying

ligands that could be used to modulate their activity (Shivatare et al., 2016; Amin et al., 2013).

1.4.2 Therapeutic glycoproteins

Recombinant glycoprotein therapeutics are the fastest growing class of pharmaceutical
reagents, which comprises more than one-third of approved biotechnology-based medicines.
Glycoproteins such as clotting factors, hormones, cytokines, antisera, enzymes, enzyme
inhibitors, lg-Fc-fusion proteins, and monoclonal antibodies are used in the treatment of
cancer, autoimmune diseases, and various enzyme and hormone deficiencies (Kreitman, 2003;
Sola & Griebenow, 2010; Ghaderi et al., 2012). Biopharmaceuticals with functions potentially
dependent on glycosylation include erythropoietin (EPO), antibodies, blood factors, some
interferons (IFNs) and some hormones (Walsh & Jefferis, 2006). The glycan structures
attached to the proteins can dramatically affect protein stability, yield, pharmacokinetic
properties, bioactivity and immunogenicity and therefore impact the cost and success of the

treatment (Arnold et al., 2007; Durocher & Butler, 2009; Sola & Griebenow, 2009).

For example, removal of any of the N-glycosylation sites on the recombinant EPO had no
significant effect on the in vitro activity but substantially reduced its in vivo activity (Delorme
et al., 1992). When additional N-linked glycosylation sites were introduced into the
recombinant EPO, improved efficacy and catabolic half-life were reported (Egrie & Browne,

2001).

Recombinant IFN-B is commercially produced in a glycosylated form in CHO (Chinese

Hamster Ovary) cells (Avonex; Biogen-ldec, USA) and as a non-glycosylated product in E.
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coli (Betaseron; Chiron, USA). Both proteins have passed regulatory requirements for quality,
safety and efficacy. However, the non-glycosylated IFN-B demonstrated reduced in vitro
activity, increased protein aggregation and increased sensitivity to thermal denaturation
(Runkel et al., 1998). Similar observations were made for glycosylated and non-glycosylated

IFN-y produced in mammalian cells and in E. coli (Sareneva et al., 1994 and 1996).

Most common production systems for recombinant proteins include bacteria, yeast, insect and
mammalian cells. Bacterial expression systems for recombinant proteins are widely used, but
limited as most bacteria lack certain post-translational modification (PTM) mechanisms
including glycosylation, which makes the production of human proteins cumbersome (Skretas
et al., 2009). The glycosylation pattern of a recombinant protein can vary significantly
depending on the production host: (1) bacterial systems mostly lack a glycosylation
machinery, (2) yeast, plants and insect cell systems generate immunogenic glycan types absent
in humans, and (3) mammalian systems provide human-like complex glycans. Although
therapeutic glycoproteins produced in mammalian cell lines, such as Chinese Hamster Ovary
(CHO), murine myeloma (NSO0) or Baby Hamster Kidney (BHK), are mostly decorated with
human-like glycans, they still can differ from human glycans (Ghaderi et al., 2012). Such non-
human glycan structures trigger an immune response, therefore increasing the immunogenicity

of therapeutical recombinant glycoproteins.

Glycoproteins are naturally heterogeneous and usually exist in a number of glycoforms which
differ both in glycosylation site occupancy (macroheterogeneity) and glycan structures
(microheterogeneity) (Sola & Griebenow, 2010; Khmelnitsky, 2004; Walsh & Jefferis, 2006).
Differently glycosylated proteins vary greatly both in physicochemical and pharmacological
properties, which affects therapeutic efficacy of the protein medicines. In vitro
glycoengineering is one of the developing approaches, which allows production of

homogenously glycosylated proteins with defined properties and increased efficacy
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(Challener, 2016). One example of such approach is in vitro glycoengineering of 1gG1
(Thomann et al., 2015) using a combination of chemical and enzymatic methods. Monoclonal
IgG1 expressed in CHO cells was treated with glycan-modifying enzymes to change the
content of the terminal galactose and/or sialic acid of Fc glycans, and increase the binding of

hyper-galactosylated IgG1 to the substrate.
1.5 Heterologous expression of glycosyltransferases

Many human glycosyltransferases are glycosylated (Breen, 2002; de Vries et al., 2001), which
makes their expression in the most widely used expression host for recombinant proteins, E.
coli, rather complicated due to the limited posttranslational modifications in this organism.
Even so, successful expression of recombinant glycosyltransferases in E. coli has been
reported (Lauber et al., 2015; Skretas et al., 2009). However, extensive genetic manipulations
of the production strain were required in order to ensure proper folding and glycosylation.
Human sialyltransferase ST6GalNAc | (ST6) expressed in an engineered E. coli strain carrying
mutations that provided an increased oxidative cytoplasmic environment (Skretas et al., 2009)
was the first reported human glycosyltransferase produced in an active form in a bacterial host.
Later, human GalNACcT2 glycosyltransferase was expressed in E. coli together with redox
folding helpers (Lauber et al., 2015). A number of human glycosyltransferases have been
produced in yeast Pichia pastoris and Saccharomyces cerevisiae (Malissard et al., 2000;
Shimma et al., 2006; Salo et al., 2005). However, even soluble forms of recombinant
glycosyltransferases produced in S. cerevisiae were not secreted, and in some cases
hyperglycosylation may have occurred (Malissard et al., 1999). Several other expression
systems such as mammalian cells, insect cells and plant tissues have been used to express
recombinant glycosyltransferases successfully (White et al., 1995; Palacpac et al., 1999; Kato
et al., 2017). Some examples of recombinant glycosyltransferases are provided in Table 1.2.
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Table 1.2. Examples of functional recombinant eukaryotic glycosyltransferases.

Glycosyltransferase origin Expression | Yield Activity Reference
host
a-1,3-fucosyltransferases (A. Pichia Not 1.0 U/l (A. thaliana) | Bencurova
thaliana and D. melanogaster) | pastoris determined 0.0015 — 0.00165 etal., 2003
U/l (D.
melanogaster)
a-1,4-fucosyltransferase Pichia Not 0.8-1.0U/
(tomato) pastoris determined
a-1,3/4-fucosyltransferase Pichia About 30 2 cpm*10-¢/h*mg Gallet et
(human) pastoris mg/l prot (cpm — al., 1998
concentration of
fucose radioisotope
(counts per minute)
B-1,4-galactosyltransferase | Pichia Not 0.6 U/l Malissard
(human) pastoris determined etal., 2000
a-1,3-fucosyltransferase VI Pichia Not 3 U/
(human) pastoris determined
a-2,6-sialyltransferase ST6Gal | Pichia Not 0.3 U/l
I (human) pastoris determined
UDP-GalNAc:polypeptide N- E. coli 0.32 mg per | 139.6 + 27.9 Lauber et
acetylgalactosaminyltransferase gram of cell | pmol/min/pg al., 2015
2 (GalNAcT?2) (human) pellet
a-2,6(N)-sialyltransferase Saccharomy | Not 0.31 U/l Borsig et
(human) ces determined al., 1995
cerevisiae
FUT 1,3,6,7,8,9 (human) Saccharomy | Not >100 U (1 U = 1| Shimmaet
ces determined | pmol of product/5 | al., 2006
cerevisiae ODego unit of cell
B-1,3-N- Saccharomy | Not wall/24 h)
acetylglucosaminyltransferase | ces determined | Precise analysis of
3 (B3GnT3) (human) cerevisiae each enzyme was not
performed.
GalNAc alpha-2,6- COS-7 cells | Not 11.4 pmol/h/ pg Samyn-
sialyltransferase 2 . determined Petit et al.,
(ST6GaINAC2) (human) S. cerevisiae 2000:
glec;;[ermined >100 U Shimma et
al., 2006

All existing expression systems have certain drawbacks that make their use for the production
of recombinant human glycosyltransferases only partially successful. Posttranslational
modifications are difficult to achieve in E. coli and while yeast cells are capable of

posttranslational modifications, they often hyperglycosylate the proteins which could affect
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the activity of the recombinant products. Mammalian and insect cells are a more attractive

choice in terms of bioactivity of human enzymes produced in these systems, but they are

expensive and difficult to handle; also, obtained yields are usually low which increases the

cost of a recombinant product and therefore limits its market availability. An overview of

various expression systems is provided in Table 1.3.

Table 1.3. Characteristics of various expression systems for recombinant protein production. Adapted
from Nevalainen et al. (2005).

Characteristics Escherichia | Filamentous | Yeast Insect cells | Mammalian
coli fungi cells
Cell growth Hours to About one Days to Days to Weeks
days week one week one week
Cost of growth Low to Low to Low to High High
medium medium medium medium
Expression level Low to high | Lowto high | Low to Low to Low to high
high high
Secretion Secretionto | Secretionto | Secretion Secretion Secretion to
capability periplasm medium to medium | to medium | medium
Post-translational modifications
Protein folding Refolding Refolding Refolding Proper Proper folding
usually might be might be folding
required required required
N-linked None Mammalian- | High Complex, Complex, non-
glycosylation type core, no | mannose, no sialic human sugars
sialic acid, no sialic acid, non- | added
non-human acid, non- human
sugars added | human sugars
sugars added
added
O-linked No Yes Yes Yes Yes
glycosylation,
phosphorylation,
acetylation,
acylation

Filamentous fungi represent an attractive alternative to expression systems described above,
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as they combine eukaryotic posttranslational machinery with relatively high yield and less

complex cultivation techniques.
1.6 Filamentous fungus Trichoderma reesei

Members of the genus Trichoderma degrade wood and plant biomass into sugars by secreting
a large variety of hydrolytic enzymes (Kubicek et al., 2008). One of them, Trichoderma reesei,
has demonstrated a great potential for secretion of both native and recombinant proteins and
has been successfully used as an industrial microorganism (Peterson & Nevalainen, 2012;
Bishof et al., 2016). Some mutant strains of T. reesei are known to secrete more than 100 g/I
of fungal proteins into the cultivation medium (Cherry & Fidantsef, 2003). Such secretion
capability makes T. reesei an attractive expression host for recombinant proteins, industrial
enzymes, and secondary metabolites (Nevalainen et al., 1994; Olempska-Beer et al., 2006;
Jeoh et al., 2008). One of the most widely used mutant strains is the T. reesei Rut-C30
(Montenecourt & Eveleigh, 1979), obtained by modification of the wild type strain QM®6a by
a range of mutagenic agents such as UV light and chemical treatment with nitrosoguanidine
(NTG) (Montenecourt & Eveleigh, 1977a; Montenecourt & Eveleigh, 1977b; Montenecourt
& Eveleigh, 1979; Nevalainen et al., 1980). It is a hypercellulolytic strain, low in protease
(Sheir-Neiss & Montenecourt, 1984) with reported protein secretion level of up to 40 g/l
(Durand et al., 1988) and with cellulase production levels 15-20 times higher than that of
QM6a (reviewed by Peterson & Nevalainen, 2012). T. reesei is a producer of many industrially
relevant enzymes used in the food and animal feed industries, such as a-and B-amylases,
glucoamylases, cellulases, B-glucanases, xylanases, pectinases, proteases and lipases (Jeenes
et al., 1991), both native and heterologous. Some examples of enzymes produced in T. reesei
and commercialised by the members of the Association of manufacturers and formulators of
enzyme products (AMFEP; http://www.amfep.org) and their industrial applications are
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provided in Table 1.4.

Table 1.4. Examples of enzymes expressed in T. reesei and commercialised by AMFEP members.
Adapted from Gryshyna et al. (2016).

Enzyme activity Donor organism IUBMB Application
number*

Amylase (alpha) Aspergillus sp. 3.21.1 Food/technical

Catalase Aspergillus sp. 1.11.1.6 Technical

Cellulase Staphylotrichumsp. | 3.2.1.4 Technical

Glucanase (endo-1,3(4)- | Trichoderma sp. 3.2.1.6 Food/feed/technical

beta)

Glucoamylase or Trichoderma sp. 3.2.1.3 Food/technical

Amyloglucosidase

Glucosidase (alpha) Aspergillus sp. 3.2.1.20 Food

Glucosidase (beta) Trichoderma sp. 3.21.21 Technical

Laccase Thielavia sp. 1.10.3.2 Technical

Mannanase (endo-1.4- Trichoderma sp. 3.2.1.78 Feed/technical

beta)

Pectin methylesterase or | Aspergillus sp. 3.1.1.11 Food/feed/technical

Pectinesterase

Phospholipase A2 Aspergillus sp. 3.1.1.4 Food/feed/technical

Phospholipase B Aspergillus sp. 3.1.15 Food/feed

Polygalacturonase or | Aspergillus sp. 3.2.1.15 Food/feed/technical

Pectinase

Xylanase Actinomadura sp. 3.2.1.8 Feed

Xylanase Aspergillus sp. 3.2.1.8 Food

*IUBMB - refers to the enzymes nomenclature of the International Union of Biochemistry and Molecular
Biology (http://www.chem.gmul.ac.uk/iubmb/enzyme/)

Reports on the expression of non-fungal proteins in T. reesei are less frequent than those
describing expression of fungal proteins. It is reflective of the more challenging nature of
expression of proteins originating from higher organisms in T. reesei. Early examples of
mammalian protein expression include the production of active calf chymosin and an
engineered Fab antibody fragment in T. reesei (Harkki et al., 1989; Nyyssonen & Keranen,

1995). List of mammalian proteins successfully produced in T. reesei at the time is provided
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in Table 1.6. Although T. reesei has a potential as an expression host for mammalian proteins,
the reported yields are substantially lower than those of fungal proteins. Constantly developing
genetic engineering techniques and a better understanding of the expression mechanisms of T.
reesei allow to expect improvements in the production of recombinant mammalian proteins in

T. reesei.

1.7 Transformation techniques

Genetic instability is a major bottleneck in T. reesei transformation. It usually is a consequence
of a lack of integration of the incoming DNA into the genome or due to the tandem integration
of multiple gene copies, which may be excised through a loop-out event (Aw & Polizzi, 2013;

Jorgensen et al., 2014).

Delivery of DNA into the fungal cell is an essential step in creating strains for the production
of heterologous proteins. Existing methods differ in transformation efficiency and stability of
the transformants. These methods include protoplast transformation (Penttild et al., 1987),
electroporation, lithium acetate treatment, biolistic bombardment (Lorito et al., 1993, Te’o et
al., 2002) and Agrobacterium tumefaciens - mediated transformation (Zeilinger, 2004). Two of

these, also used in the current work, are discussed in detail below.
1.7.1 Protoplast transformation

PEG-mediated protoplast transformation was the first method described for filamentous fungi.
This method includes treatment of fungal cells with cell wall degrading enzymes in order to
make cells permeable, osmotic stabilisation of protoplasts, most commonly with sorbitol, and
the DNA intake facilitated by PEG and CaCl.. Protoplast transformation has been reported to
result in a high transformation frequency of up to 500 transformants per pg of DNA in T.

reesei (Gruber et al., 1990). It is, however, laborious and time-consuming. The efficiency of
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protoplast formation could differ from batch to batch due to the inconsistent activity of the
Iytic enzymes (Ruiz-Diez, 2001). Another drawback of protoplast transformation is that it has
been particularly difficult with the generally used Rut-C30 strain, seemingly due to a reduced

ability of the strain to regenerate the cell wall (Nevalainen et al., 1995; Bergquist et al., 2002).

1.7.2 Biolistic bombardment

The biolistic bombardment was initially introduced in 1987 for plant transformation (Klein et
al., 1987). In this method, tungsten or gold particles coated with DNA are accelerated to a high
speed to bombard the target structure such as chloroplasts, plant cells, selected tissues or
conidia. This method is less laborious than the traditional protoplast transformation and can
be performed on unicellular fungal conidia. The biolistic transformation has been applied in
several filamentous fungi, such as A. nidulans, N. crassa, Magnaporthe grisea, T. harzianum
(reviewed in Ruiz-Diez, 2002) and T. reesei (Hazell et al., 2000; Te’o et al., 2002). Biolistic

bombardment efficiencies for different cell types are provided in Table 1.5.

Table 1.5. Efficiency of biolistic bombardment for different cell types (continued onto the next page).

Cell type Transformation frequency Reference

E. coli JA221 1.25x10%ug of DNA Smith et al., 1992
Erwinia srewartii | 12.5/ug of DNA

DC283

A. nidulans 81/ug of DNA Fungaro et al., 1995
Paecilomyces 33 —153/ug of DNA Chaves Barreto et al., 1997
fumosoroseus

(fungus)

T. harzianum 600 — 800/ug of DNA Lorito et al., 1993

T. reesei 36.6/pg of DNA Te’o et al., 2002
Physcomitrella 20 — 40/pg of DNA Smidkova et al., 2010

patens (moss)

Chicken embryos Transformation efficiency 100%, survival | Ribeiro et al., 2001
rate 25%, the number of expression units in
the embryo body cells ranged from 100 to
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1,000.

Soybean 9% Rech et al., 2008
Bean 2.7%
Cotton 0.55%

Transformation efficiency calculated as the
total number of fertile transgenic plants
divided by the total number of bombarded
embryonic axes.

Similar to protoplast transformation, optimising the bombardment parameters by varying the
chamber vacuum, size and density of the particles used for the bombardment, and the driving

power source is required to obtain high yields of transformants.
1.8 Expression of recombinant proteins in T. reesei

Efficient strategies for the production of recombinant proteins in filamentous fungi are
constantly developed, as the market of recombinant proteins keeps expanding. Higher
production efficiencies and consequently, lower costs of the final product are requirements for

obtaining a commercial viability.

The production of heterologous proteins by filamentous fungi is often limited whereas the
production of homologous proteins can be high (Iwashita, 2002). Many fungi can secrete gram
per liter amounts of endogenous and heterologous fungal gene products in the culture medium
but attempts to produce high levels of proteins of bacterial, plant, and mammalian origin have
been less successful (Nevalainen & Peterson, 2014a). The factors limiting the amount of
heterologous products produced in filamentous fungi have been codon usage, protein folding,
glycosylation and proteolytic degradation (Nevalainen & Peterson, 2014a). The strategies used
for the overproduction of recombinant proteins in filamentous fungi have included
introduction of multiple copies of the gene of interest, use of the promoters of highly expressed

genes, expression from a locus of a highly expressed gene, minimising the proteolytic
22



degradation and development of improved cultivation media (Verdoes et al., 1995).
Additionally, expression of heterologous non-fungal proteins in filamentous fungi has been
improved by fusing the corresponding gene to the 3' end of a homologous gene or a fragment

thereof (Gouka et al., 1997; Paloheimo et al., 2003).

1.8.1 Choice of the promoter for recombinant expression in T. reesei

The choice of promoter is one of the essential steps in planning the production of a
recombinant protein. The native promoter of a gene of interest generally is replaced by a
promoter of a highly expressed gene homologous to the host to improve transcription levels
of the target gene (Ward et al., 1990). Depending on their mode of activation, promoters are
classified into the constitutive and inducible promoters. Constitutive promoters are constantly
active at a consistent rate regardless of environmental factors and are isolated from the
“housekeeping” genes that have a continuous role in the cellular maintenance. Unlike
constitutive promoters, inducible promoters are switched on in response to specific inducing
factors, such as a certain carbon source, the availability or absence of specific metabolites,

temperature, light and growth phase.

1.8.1.1 The cbhl promoter

The cellobiohydrolase 1 (CBH1) enzyme constitutes approximately 60% of the total secreted
protein produced by T. reesei (Nevalainen, 1985; Harkki et al., 1989). Therefore, the cbhl
gene promoter is considered to be the most powerful promoter in T. reesei (Harkki et al., 1991)
and is widely used in heterologous gene expression (Nevalainen & Peterson, 2014b). Some
examples of recombinant proteins expressed under the control of the cbhl promoter are

provided in Table 1.6.

The cbhl promoter is strongly induced by sophorose and cellulose, and also by some soluble

carbon sources, such as lactose (Ilmén et al., 1997), and repressed in the presence of glucose.
23



A few independent mechanisms of activation and repression of the cbhl promoter have been
identified so far, including transcription enhancers ACEI (Saloheimo et al., 2000), ACEII (Aro

etal., 2001) and Xyrl (Stricker et al., 2006), and repressors Rcel (Cao et al., 2017) and CREI.

The carbon catabolite repressor CREI binds to the cbhl promoter at three binding sites and
reduces its strength (Strauss et al., 1995; lImén et al., 1996a). Mutation of a single CREI
binding site in the cbh1 promoter resulted in disabling of glucose repression mechanism (limén
et al., 1996b). The Rut-C30 strain contains a truncated carbon catabolite repressor gene crel
and therefore is catabolite derepressed and able to produce cellulases on glucose-containing

medium (limén et al., 1996a).

When these repressor binding sites were deleted, and multi-copy activator binding sites were
introduced in the cbhl promoter, the glucose repression effect was eliminated, increasing
production levels of the glucuronidase (gus) reporter gene in T. reesei Rut-C30 M3 (Liu et al.,
2008). The promoter designed by Liu et al. (2008) was later used to express the native T. reesei
B-glucosidase with a 3.7-fold increase in activity compared to the parental strain Rut-C30

(Zhang et al., 2010).

Zou et al. (2012) tested the hypothesis that replacement of the negative regulator binding sites
of the cbhl promoter with positive regulator binding sites such as transcription activator
ACEII and the HAP2/3/5 complex may further improve the expression level of heterologous
genes. Results showed that replacement of all three crel binding sites significantly increased
the expression of a green fluorescent protein reporter in both inducing and repressing

conditions.

Among other developments of the cbhl promoter is the first application of the blue light-
mediated regulation of DNA transcription to T. reesei by Wang et al. (2014). Blue light

exposure has significant advantages over chemical inducers; it is cheap, easy to apply, could
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be instantly removed from the system and therefore is useful for precise control of the gene

expression. The modified cbhl promoter was successfully used to express the heterologous

DsRed protein on glucose when induced by exposure to the blue light.

Table 1.6. Examples of proteins which have been expressed in T. reesei under the cbhl promoter and
in fusion with the cbh1l signal sequence (ss) and the CBH1 carrier protein. Adapted from Nevalainen
& Peterson (2014b) and Curach (2004) (continued onto the next page).

Protein/gene Yield Comments Reference
source
Fungal
Hydrophobin | 059/ Coding sequence directly | Bailey et al., 2002
Hydrophobin |1 240 mg/l under cbh1 promoter
(T. reesei)
Lipase (Aspergillus | 0.3 g/l Fusion to cbhl ss Qinetal., 2012
niger) RNA. silencing of the native

cbhl gene
Thermophilic 059/ Fusion to cbhl ss de Faria et al., 2000
xylanase 11
(Humicola grisea
var. Thermoidea)
Bacterial
Xylanase N/A Fusion to mannanase | core | Paloheimo et al., 1998
(Actinomadura and linker region
flexuosa)
Xylanase 0.82 g/l Fusion to cbh2 core and | Paloheimo et al., 2003
(Nonomuraea duplicated linker
flexuosa)
Thermophilic 100 mg/l Fusion to cbhl ss Te'o et al., 2000
xylanase B B .
(Dictyoglomus 0.5-1g/l Bergquist et al., 2002
thermophilum)
Mammalian
Calf chymosin 40 mg/l Fusion to cbhl ss Harkki et al., 1989
(bovine) 100 mg/l Fusion to cbhl core-linker Nykanen et al., 2002
Interleukin-6 5 mg/l Fusion to cbhl core-linker Demolder et al., 1994
(human)
Fab antibody 1 mg/l 40 mg/l and 150 mg/l yields | Nyyssonen et al., 1993
fragments (mouse) 40 mg/l f_rom fusion to cbhl core-

linker

150 mg/l
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Erythropoietin 97 mg/l Fusion to cbhl ss Zhong et al., 2011

(human) cbh1 promoter was

optimised (Liu et al., 2008)

a-galactosidase A 20 mg/I Fusion to cbhl carrier Smith et al., 2014
(human)

636 mg/l Intracellular production
using a gamma zein peptide
from maize (ZERA)

Obestatin (human) | 5.5x10° mg/I Fusion to cbhl core-linker | Sun et al., 2016

Interferon alpha-2b | 4,5 g/l Fusion to cbhl carrier Landowski et al., 2016

Protease deficient strain,
cultured with addition of
protease inhibitors

Plant
Endopeptidase B 0.05 g/l Coding sequence directly | Saarelainen et al., 1997
(barley) under cbhl promoter

0.5¢/
Higher yield achieved in a
low protease mutant strain

Other inducible cellulase promoters such as cbh2 (cellobiohydrolase 2), xyn2 (xylanase 2) and
egl2 (endoglucanase 2) have also been used for heterologous gene expression (Miyauchi et

al., 2013 and 2014) but their full potential has not been explored.

1.8.1.2 Non-cellulase promoters

The use of the inducible cellulase promoters leads to the production of the high amount of
endogenous cellulases, which is not always desirable as it exhausts the protein secretion
pathway. The use of promoters active in the presence of glucose allows to produce not only
heterologous proteins but also specific native hydrolases free of most other hydrolytic
enzymes. Some promoters, active in the carbon catabolite repressing conditions are reviewed
in Keranen and Penttil& (1995).

Lietal. (2012) identified two constitutive promoters active under high glucose conditions, eno
(enolase) and pdc (pyruvate decarboxylase), and tested them for expression of a homologous
xylanase Il. The results demonstrated the highest levels of expression of the recombinant

xylanase 1l up to date (82% and 83% respectively). Another constitutive promoter rp2
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(ribosomal protein) was applied to express a B-glucosidase (bgla) from Aspergillus niger with
3 folds higher yield than secretion of the native B-glucosidase by the wild type T. reesei strain

(He et al., 2013).

The pkil promoter isolated from the gene encoding pyruvate kinase of T. reesei (Schindler et
al., 1993) is commonly used as a part of expression cassettes to drive the expression of the
hygromycin phosphotransferase (hph) selection marker gene in T. reesei (Te'o et al., 2000;
Bergquist et al., 2002; Sun et al., 2016). The pkil promoter has also been applied to express
native T. reesei Xylanase 1 and xylanase 2 enzymes under glucose catabolite repression
conditions at 76 and 145 U/mg of protein respectively in contrast to 26 U/mg produced by the

non-transformant strain (Kurzatkowski et al., 1996).

1.8.2 Signal sequence and protein secretion

Efficient expression of heterologous proteins in fungal hosts requires successful transport of
the recombinant protein through the secretory pathway where they undergo posttranslational
modifications including protein folding and glycosylation (Shusta et al., 1998; Nuttall et al.,

2002; Conesa et al., 2001).

Signal peptides, or signal sequences, are short peptides attached to the N-terminus of the
majority of secreted proteins, which direct them towards the secretory pathway. Within the
endoplasmic reticulum (ER), the signal sequences are cleaved off by signal peptidases, and
the proteins undergo primary glycosylation, folding and proteolytic processing (Nelson &
Cox, 2000). After that, the proteins are packed and transported in vesicles along the secretory
pathway to the Golgi complex or a structure equivalent to Golgi (Shusta et al., 1998; Nuttall
et al., 2002), where post-translational modifications, such as further glycosylation and
trimming, occur. Unfolded proteins are sorted in the ER and targeted to either proteasomes or

to vacuoles for degradation (Shoji et al., 2008).
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Fusion of the protein of interest to a signal sequence of a highly secreted homologous protein
such as that of the CBH1 has been found to promote the secretion of heterologous proteins
(van den Hondel, 1991; reviewed in Su et al., 2012). Some examples of heterologous proteins
produced in fusion with the CBH1 signal sequence under control of the cbhl promoter are

provided in Table 1.6.

1.8.3 Fusion to a carrier protein

Making the protein to be produced as a fusion to a highly secreted native protein is a widely
used strategy to enhance the production of heterologous proteins by filamentous fungi. It is
believed that the homologous carrier protein promotes efficient expression and secretion of
recombinant protein by stabilising the mRNA, improving the translocation of the protein to
the ER, facilitating proper folding, and protecting the protein from the proteolytic degradation

(Simonen et al., 1994; Samuelsson & Uhlén, 1996; Archer & Peberdy, 1997).

Glucoamylase (glaA) of A. niger is widely used as a fusion protein for heterologous expression
by Aspergillus species and found to significantly increase the yield and stability of
heterologous proteins. Human interleukin-6 was successfully produced in fusion with a
glucoamylase by A. niger (Broekhuijsen et al., 1993) and A. nidulans (Contreras et al., 1991)
as well as humanised antibodies produced by A. niger (Ward et al., 2004). It was demonstrated
that such fusion not just protected heterologous proteins during the passage through a secretion
pathway but in some cases also stabilised mMRNA levels (Jeenes et al., 1993; Gouka et al.,

1997).

Fusion with core and linker domains of the native cellobiohydrolase 1 (CBH1) of T. reesei
was found to increase expression of an antibody fragment-CBH1 fusion protein by over 150
fold (Nyyssonen & Kerénen, 1995) and calf chymosin by 5 fold (Nykéanen, 2002), but the

fusion strategy was not beneficial in the expression of a bacterial thermophilic xylanase (Te'o
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et al., 2000). Fusion with CBH1 not only improved secretion but also increased the levels of
MRNA encoding the fusion protein, possibly by enhancing transcription or by stabilising the
mRNA. Fusion with other homologous proteins such as cellobiohydrolase 2 and mannanase 1
was also used (Paloheimo et al., 2003). Some examples of fusion with native protein carriers
are provided in Table 1.6. Linkers, often containing protease cleavage sites for the removal of
the carrier proteins, are usually introduced between the target protein and its fusion partner to

increase flexibility of the construct.

1.8.4 Optimising the codon usage of the incoming genes

The level of gene expression of heterologous genes introduced into fungal cells depends on
various factors such as mRNA stability and processing, availability of transfer RNAs (tRNAS)
and translational efficiency, which are, to some degree, dependent on the sequence of the gene
to be expressed. Different organisms are often biased towards one of the several codons that
encode the same amino acid over the others. The codon usage preferences are reflected in the
abundance of tRNAs specific to each codon which subsequently affects the rate of
transcription and translation of a particular coding sequence. Differences in codon usage incur
difficulties in the expression of heterologous genes, especially from distance species. Codon
optimisation, or adjusting codons of a heterologous gene to match the codon usage preferences
of the expression host is a common method in heterologous protein expression (reviewed in

Suetal., 2012).

Analysis of cellulase genes from T. reesei showed an overall A/T content of less than 40% and
a strong bias against codons ending with A/T. An AT-rich (61%) xylanase (xynB) gene from
a bacterium Dictyoglomus thermophilum, that prefers A or T at the third codon position, was
successfully expressed in T. reesei after the codons were changed according to the host codon

usage, while the original gene failed to express (Te'o et al., 2000).
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Codon optimised Cas9 gene of Streptococcus pyogenes was successfully expressed in T.
reesei (Liu et al., 2015), which was the first application of CRISPR/Cas9 genome-editing
system in filamentous fungi. Codon optimisation also made it possible to use a FLP/FRT
recombination system from the yeast S. cerevisiae for marker recycling in filamentous fungi

(Kopke et al., 2010; Yamada et al., 2014).

1.8.5 Optimisation of the production host

One of the main obstacles for the successful production of higher eukaryotic proteins is the
high amount of secreted proteases produced by T. reesei. Approaches used to overcome this
problem are, for example, control of the cultivation conditions (pH, nitrogen source) to inhibit
specific groups of proteases and the use of low protease strains, obtained by either traditional
mutagenesis or by targeted deletion of the protease genes. Random mutagenesis has resulted
in the isolation of low protease strains, such as Rut-C30 (Montenecourt & Eveleigh, 1979) and
ALKQO2221 (Saarelainen et al., 1997). However, random mutagenesis is not a targeted

approach, and could introduce undesired (and unpredicted) changes into the fungal genome.

The total number of proteases estimated by analysis of the in silico predicted secretome of T.
reesei amounts to 383 (Druzhinina et al., 2012). Thirty-nine proteases were identified by
proteomic studies of the T. reesei QM®6a culture supernatant, and their expression was

described to be pH dependent (Adav et al., 2011).

The ensemble of proteases secreted by T. reesei is active across a wide range of pH. Acid
aspartic protease was found to be the dominant protease at pH 5 and lower (Haab et al., 1990),
while at pH 7 an alkaline serine protease constituted 55% of the total protease activity (Zhang

et al., 2014). Some proteases identified in T. reesei are listed in Table 1.7.
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Table 1.7. Protease genes identified in T. reesei and their accession numbers in GenBank
(https://lwww.ncbi.nIm.nih.gov/genbank/) and Joint Genome Institute (JGI, http://jgi.doe.gov)
databases.

Protease GenBank/JGI Reference
accession number

Trypsin-like alkaline serine protease CB895877 Dienes et al., 2007

Alkaline serine protease EGR49466.1 Zhang et al., 2014

Aspartic proteases EGR52488.1
EGR52940.1

Aspartic proteases tre74156 Landowski et al., 2015 and 2016
tre53961
tre121133
tre77579
tre81004
tre122076
tre79807
tre121306
tre119876

Glutamic proteases tre69555
tre106661

Subtilisin-like proteases tre123244
tre51365
tre58698
tre123865
tre58698

Trypsin-like serine protease tre73897

Sedolisin protease tre123865

Metalloproteases tre122703
tre60581
tre81070
tre108592

Due to the high number of proteases and their wide activity range, deletion of all of them

would be impossible with the technology currently in hand. Instead, a way to go would be
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identification and sequential removal of the most problematic proteases for a particular
heterologous gene product, as demonstrated by Landowski et al. (2015 and 2016). After
deletion of nine protease genes, the obtained strain had only 4% of total protease activity of
the parental strain and demonstrated improved stability and production levels of interferon
alpha-2b. This type of approach is very labour and resource intensive. However, discovery of
novel genetic manipulation tools such as marker recycling, CRISPR/Cas9 genome editing
system and creation of strains with enhanced frequency of homologous recombination allows

to expect more developments in the area.

1.8.6 Culture-based strategies

Another approach towards lowering protease activity and improving the yields of the
heterologous proteins would be by controlling the cultivation conditions as production
efficiency is not solely determined by genetic characteristics of the production strain but is
also influenced by environmental factors. Maximal protein production can be achieved
through optimisation of the culture and growth parameters (Ahamed & Vermette, 2008). The
levels of the protein production are known to be affected by the type, concentration, and
quality of the carbon source, aeration, temperature, pH, and growth rate (Mandels, 1975;
Bailey & Tahtiharju, 2003; Haki & Rakshit, 2003). For example, it has been shown that
different T. reesei mutant strains can be induced to different degrees by various carbon
sources. The cellulase activity in Rut-C30 and QM®6a strains was most strongly induced by
Avicel PH-101 (microcrystalline cellulose manufactured by Sigma-Aldrich), but in QM9414
the highest cellulase activities were achieved by using the microcrystalline cellulose
manufactured by J.T. Baker (Dashtban et al., 2011). The concentration of the carbon source
also has an effect: it was reported that the highest cellulase induction for QM6a, QM9414, and

Rut-C30 was achieved when 1%, 1.25%, and 1.5% of their most desirable carbon source was
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present in the culture medium respectively (Dashtban et al., 2011). These findings suggest that
it is necessary to evaluate the recombinant protein production under different concentrations
of the carbon source. Jampala et al. (2015) demonstrated that out of seven carbon sources and
eleven nitrogen sources evaluated for induction of cellulase genes expressed under native
promoters, maltose and ammonium hydrogen carbonate showed a significant effect on
cellulase activity and maltose and ammonium sulphate showed a significant effect on xylanase
activity. Use of an organic nitrogen source had no influence on cellulase production by T.
reesei (Rodriguez-Gomez & Hobley, 2013), while increased levels of proteases have been
reported (Kredics et al., 2005; Haab et al., 1990). Both micro- and macromorphology of fungal
cultures influence the rate of growth and product formation. Morphological forms, which also
contribute to productivity, are, in turn, influenced by pH, the agitation rate and aeration levels,

especially in bioreactor cultures (llias & Hoq, 1998; Gibbs et al., 2000).

1.8.6.1 Dissolved oxygen

Trichoderma reesei is an obligatory aerobe. Dissolved oxygen (DO) is one of the key factors
in biomass formation and cellulase production. Oxygen deficiency negatively affects cell
growth and cellulase production and could also cause sporulation. Low DO (less than 30%)
causes the formation of pellets, which decreases cellulase production (Cui et al. 1997;
Domingues et al. 2000). The effect of DO on fungal morphology has been reported in the
literature. Cui et al. (1997 and 1998) found that pellets were denser when DO was close to the
saturation level while in the case of very low DO levels, pellets were rather weak and fluffy.
The biomass per wet pellet volume and the porosity of the pellets were all functions of DO
and the pellet size. Smaller pellets formed under higher DO levels had a higher intrinsic
strength. Wongwicharn et al. (1999) reported that two distinct morphologies were observed

when varying the oxygen enrichment in the gas supply. Under oxygen limiting conditions,
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long, sparsely branched hyphae with a low percentage of “active” length were formed. Under
higher oxygen enrichment levels (30-50%), shorter hyphae with more branching and a higher
percentage of “active” length were formed. The production of both native and heterologous
enzymes positively correlated with the higher active length and tip numbers (Wang et al.,

2005).
1.8.6.2 pH

Low pH (2-3) is beneficial for the filamentous growth while higher pH values (5-6) lead to
pellet formation (Wainwright et al., 1993). Pellet size decreases with increasing pH. In
bioreactor cultivations, pellets are favoured over mycelial growth as they ensure better oxygen
transfer. Smaller pellets are preferred over larger pellets due to a higher ratio between active
mycelium (on the surface of the pellet) and inactive/dead mycelium (in the centre of the pellet)

(Punt et al., 2002).

Different pH values of the culture medium may be optimal for maximum yield of cellulases
by Trichoderma strains growing on different carbon sources. According to Ryu and Mandels
(1980), pH range of 3.0 to 4.0 was optimal for pure cellulose as a carbon source, but a higher
initial pH was beneficial for lignocelluloses. In other studies, the maximum yield of cellulases
was obtained in pH range of 3.0-5.0 (Mukhopadhyay & Nandi, 1999; Chen &Wayman, 1993;

Kadam & Keutzer, 1995).

1.9 Protein purification strategies

Choosing an appropriate purification tag is an important step in designing a recombinant
protein production, especially in the case of proteins with potential biomedical applications,
where purity is crucial. Purification tag should not be degraded in the T. reesei medium also

containing secreted proteases, sustain the growth conditions used and not interfere with the
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activity and folding of recombinant protein; for these reasons, short tags are preferred.
Purification process should occur under mild conditions, which do not damage the
recombinant protein. The cost of the purification process also plays a role in the selection of
the method of purification, especially if large-scale production is envisioned. Purification

methods that have been used in T. reesei system are reviewed below.

1.9.1 Carbohydrate-binding modules

Carbohydrate-binding modules (CBMs) are functional modules of enzymes involved in plant
biomass degradation; they are used as affinity purification tags in various systems (Wang &
Hong, 2014; Rodriguez et al., 2004, Hong et al., 2008). Substrates of specific CBM proteins
are widely available and cheap; this approach also allows large-scale purification, high product
purity and mild treatment which retains bioactivity (reviewed in van der Kaaij et al., 2010).
However, binding of CBMs to cellulose containing matrices is not always reversible which
limits the use of CBMs as purification tags. Also, filamentous fungi produce many native
cellulose-binding proteins which makes selective binding of the recombinant proteins
impossible. It has been demonstrated that glycosylation of CBMs by eukaryotic hosts could

affect their binding properties (Boraston et al., 2001).

1.9.2 Polyhistidine tag

Polyhistidine tag (His-tag) is one of the most commonly used affinity tags in the purification
of recombinant proteins. It consists of six or more histidine residues attached to either N- or
C-terminus of the target protein. His-tag purification system requires buffer exchange which
complicates the purification process and may result in loss of the target protein. The first use
of polyhistidine tag in T. reesei demonstrated that fusion with His-tag lead to increased
protease degradation of the native Cel61A protein (Karlsson et al., 2001). Among other

reported problems are degradation of His-tag (Kontkanen et al., 2009) and failure of His-
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tagged recombinant swollenin from Trichoderma pseudokoningii S38 to bind to the column
probably because of proteolysis or masking of the tag (Yao et al., 2008). Other, more
successful applications of His-tag in T. reesei expression system are the purification of
recombinant swollenin from Penicillium oxalicum (Kang et al., 2013) and native swollenin
(Andberg et al., 2015). Such unreliable performance calls for meticulous experimental design

if His-tag is to be used in the T. reesei system.

1.9.3 Short peptide tags

FLAG-tag and HA-tag are short (8 a.a. and 9 a.a. respectively) peptide tags. Short peptide
tags are biochemically inert and therefore do not affect protein folding and do not interfere
with the protein functions. Removal of such tags is usually not necessary unless the target
protein is to be used in vivo. Both tags have been proven to work in T. reesei expression system
(Salles et al., 2007; Yao et al., 2008) and found not to interfere with the bioactivity or the
biodegradation of the recombinant protein. Purification of FLAG-tagged and HA-tagged
proteins requires the use of specific antibodies, which makes these tags not feasible for large-

scale purification.

The Strep-tag Il is a short synthetic peptide of 8 amino acids (WSHPQFEK), which has an
affinity to Strep-Tactin, a specifically engineered streptavidin (Schmidt & Skerra, 2007).
Unlike FLAG-tag and HA-tag, Strep-tag purification does not require the use of antibodies,
which reduces the cost of the process. Strep-tag Il has been successfully used in T. reesei by
Pakula et al. (2016) and Smith et al. (2014) in fusion with lipase from Dipodascus capitatus
and human a-galactosidase A respectively. Strep-tag Il is well suited for the analysis of
functional proteins because the purification procedure can be performed under physiological
conditions. However, it was observed that human a-galactosidase A became unstable during

the Step-tactin binding process when the pH of an acidic culture was increased to the neutral
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pH range of Strep-Tactin binding conditions (Smith et al., 2014), therefore, compatibility of
the recombinant protein with the conditions of the purification process should also be taken
into consideration. Besides purification, peptide tags can also be used for the detection of

recombinant proteins via Western blotting if antibodies for the target protein are not available.
1.10 Fluorescent reporter proteins

The use of fluorescent reporter proteins started with the discovery of the green fluorescent
protein from the jellyfish Aequorea victoria and the cloning of the gene encoding it (Prasher
et al., 1992). Since then, other fluorescent proteins and their mutants have been found and
developed and the number of their applications have been steadily increasing. Fluorescent
reporters are now widely employed in labelling of protein biosensors and in studies into gene
transcription and protein localisation (Gonzalez-Vera & Morris, 2015). GFP has been used as
an indicator of the production phase of heterologous protein produced by E. coli on an
industrial scale (Albano et al., 1998; Baker et al., 2002) and for various studies in fungal
biology (summarised in Jensen et al., 2004). Fluorescent reporters can also be targeted to

specific organelles by fusion with the appropriate localisation signal (de Giorgi et al., 1996).

The mCherry fluorescent protein was derived from a red fluorescent protein isolated from
Discosoma sp. It is a monomeric protein which is resistant to photobleaching and has higher
photostability compared to other monomeric fluorophores (Shaner et al., 2004). Among other
applications, the mCherry protein has been used for quantification of secreted proteins
(Duellman et al., 2015). The mCherry was used in this study for the preliminary screening of
T. reesei transformants secreting recombinant FUT3 and FUT4 enzymes. It has been
demonstrated previously that the mCherry gene did not require codon optimisation for
expression in T. reesei and the protein was relatively stable in the culture supernatants of T.

reesei (Sun, 2008).
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1.11 AIMS OF THE PROJECT

The overall aim of this project was to evaluate the potential of a filamentous fungus
Trichoderma reesei as a production host for human fucosyltransferases FUT3 and FUT4. As
discussed above, currently used production systems do not fully satisfy the increasing need
for human glycan-modifying enzymes for various research applications. Successful
experiments in the past have demonstrated that T. reesei is a suitable host for expression of
mammalian proteins; however, this was the first attempt to express functional human

fucosyltransferases 3 and 4 in T. reesei.
Specific aims, refined over the course of the project, included:

1. Expression of the FUT3 and FUT4 in T. reesei in fusion with the main
cellobiohydrolase 1 carrier protein and with and without the mCherry tag for transformant
screening.

2. Assessing the performance of selected transformants in shake flask cultivations, and
analysing degradation of the heterologous proteins in the culture supernatant.

3. Purification of the recombinant FUT3 protein, evaluation of its activity and
determination of protease cleavage sites for T. reesei proteases within the protein.

4. Optimisation of the yield and stability of the recombinant FUT3 by identifying a group
of proteases playing a role in the proteolytic degradation of the FUT3 protein and limiting
their activities by adjusting the pH of the culture medium, and cultivation with the addition of
protease inhibitors.

5. Cultivation of the selected transformant CMF3-44 producing recombinant FUT3 in
fusion with the mCherry protein in a laboratory fermenter under continuous pH control for

minimising the effect of acidic proteases on the heterologous protein.
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MATERIALS AND METHODS






2.1 Common reagents and solutions

All chemicals used were purchased from Sigma-Aldrich (Australia) unless otherwise
specified. All reagents, buffers and media were prepared using Millipore Milli-Q filtered H-O.
Sterilisation of most liquids was carried out by autoclaving at 121°C for 20 min. Frequently
used solutions are listed in Table 2.1. All percent quantities are in w/v unless otherwise
specified. Methods related to particular experiments are described in detail in each appropriate

chapter.

Table 2.1 Common chemicals and solutions.

Solution Components

SB (20x) 0.008% NaOH, 0.045% H3BOs, pH 8.0

TE (10x) 100 mM Tris-HCI, 10 mM EDTA, pH 8.0

LB 1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0

LA 15 g/l agarose in LB medium

PBS 137 mM NacCl, 2.7 mM KCI, 10 mM
Na,HPO4x2H,0, 2 mM KHyPO4, pH 7.4

TBS 50 mM Tris-HCI, pH 7.4, 140 mM NaCl

Conidia collection solution 0.9% NaCl, 0.01% (v/v) Tween 80

Revco storage solution 42 mM KzHPQ4, 22 mM KH;PQOg4, 1.7 mM sodium
citrate, 0.4 mM MgSQg, 30% (v/v) glycerol

2.2 Microbial strains and cultivation procedures

2.2.1. E. coli strain and cultivation

E. coli strain DH5a (New England Biolabs, US) was used for plasmid propagation and cloning
work. Luria-Bertani broth (LB) and Luria-Bertani agar (LA) (Table 2.1) were used for
propagation of E. coli and its recombinants. Selection medium containing 100 pg/ml
ampicillin was used for selection and maintaining of recombinants. E. coli cultures were
incubated at 37°C, and liquid cultures were agitated at 250 rpm. Stock cultures were prepared

using Revco storage solution (Table 2.1) and stored at -80°C.
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2.2.2. E. coli transformation

The preparation of competent DHSa cells and transformation of E. coli were performed
according to Inoue et al. (1990). For each transformation, 200 ul of competent cells were
incubated with 1-5 pl of plasmid DNA on ice for 30 min, then heat-pulsed at 42°C for 45 sec
and incubated on ice for another 2 min. The cells were agitated at 37°C in 0.8 ml LB (Table
2.1) for 1 h before plating on LB agar containing 100 pg/ml ampicillin. Colonies were counted

after an overnight incubation at 37°C.

2.2.3. T. reesei strain and preparation of conidial suspensions

The hypercellulolytic strain Rut-C30 (Montenecourt & Eveleigh, 1979) was used as a host
strain for recombinant protein production. T. reesei strains were maintained on Potato
Dextrose Agar (PDA) plates (Difco, USA). The plates were incubated at 28°C in the dark for
three days and then moved to the room temperature and natural light to enhance conidiation.
Conidia were collected by adding 5 ml of conidia collection solution (Table 2.1) and then
gently scraping the surface of the PDA plates with a spreader. The conidial suspension was
filtered through sterile cotton wool-stuffed micropipette tips to remove hyphae, and the
number of conidia in the solution was counted using a haemocytometer. Conidial suspensions
were stored either at 4°C temporarily or at -80°C in Revco storage solution (Table 2.1) for

extended periods.

2.2.4. Cultivation of T. reesei in liquid medium

The liquid medium used in this study was CLS (cellobiose/lactose/soybean flour extract),
described in Lim et al. (2001). To make 1 liter, 15 g KH2POa, 5 g (NH4)2S04, 10 ml 100x
trace elements (50 mg FeSOsx7H20, 16 mg MnSOsxH>0, 14 mg ZnSOsx7H-20, and 20 mg

CoCl in 100 ml H20) and 10 g of D-(+)-cellobiose were added to ~ 750 ml H,O and the pH
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was adjusted to 6.5 with KOH. Prepared solution was sterilised by autoclaving before adding
2.4 ml 1M MgSOsand 5.4 ml 1 M CaClz, 50 ml 20% lactose and 200 ml soybean flour extract,
which were sterilised separately. The soybean flour extract was prepared by autoclaving 15%
soybean flour in water followed by centrifugation for 20 min at 9000x g to remove insoluble

particles.

Cultivation in liquid medium was conducted in either 24-well plates containing 3 ml of
medium in each well or in 250 ml flat bottom conical flasks containing 50 ml of medium.
Shake flasks were inoculated with 1x10® of freshly harvested conidia per 50 ml of medium.
24-well plates, used for preliminary screening of a large number of transformants, were
inoculated with small pieces of mycelium from the PDA plates. Liquid cultures were incubated

at 28 °C with shaking at 250 rpm in the dark to prevent conidiation.

2.3 General molecular cloning techniques

The methods for general DNA manipulations were as described in Sambrook & Russell
(2001). Propagation of plasmids was carried out in E. coli DH5a strain. Plasmid DNA
extraction was performed with the QIAprep spin miniprep kit (Qiagen, Germany). PCR
products and DNA digested with restriction endonucleases were cleaned up with the QIAquick
PCR purification kit (Qiagen, Germany). DNA fragments isolated from agarose gels were
purified with the QIAquick gel extraction kit (Qiagen, Germany). DNA concentration was

measured using NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, USA).

All restriction enzymes were obtained from Fermentas (USA) and New England Biolabs
(USA) unless otherwise specified. Restriction reactions were carried out according to the
manufacturer’s instructions. DNA ligation was performed with T4 DNA ligase (Fermentas,

USA). Ligation reactions were set up according to the manufacturer’s instructions and
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incubated at room temperature for one hour.

2.3.1 DNA sequencing

DNA sequencing was performed by Macrogen (South Korea). DNA samples and primers were

prepared according to the Macrogen user’s guide. For one sequencing reaction, 5 pl of plasmid

DNA (100 — 200 ng/ul) or 5 pl of purified PCR product (10 — 60 ng/ul) were submitted

together with 5 pl of a suitable primer (10 pmol/pul).

2.3.2 Polymerase Chain Reaction

AmpliTaq Gold polymerase (Applied Biosystems, USA) was used for routine PCR reactions.

Q5® High-Fidelity DNA (New England Biolabs, USA) was used for reactions with difficult

amplicons, such as gDNA and amplicons with high GC content. PCR reactions were carried

out according to the manufacturers’ protocols. All primers for PCR were synthesised by

Macrogen (South Korea) and by Integrated DNA Technologies (USA). Primers used in this

project are listed in Table 2.2. Standard reaction conditions were: denaturation at 95°C for 10

min in the first cycle and 30 sec for the rest of the reaction cycles; annealing at 56-60°C for a

period of 30 sec, depending on the primers used; extension at 72°C for 30 sec to 1 min

depending on the length of the amplified fragment and up to 2 min for the final cycle. The

amplification steps were repeated for up to 40 cycles.

Table 2.2. List of primers used in this project (continued onto the next page).

Primer 5’ to 3’ sequence Purposes
P1mCherryFwd | GGCGGCAAGCTTATACGTAAT | Amplification of mCherry gene from
GGTGAGCAAGGGCGAGG the pmCherry plasmid. Confirmation of
P1mCherryRev | GCGGCGGGATCCCTCGAGCTTG | insertion of the mCherry DNA
TCGTCGTCGTCCTTGTACAGCT | fragment into the pCBHZ1corlin plasmid
CGTCCATGC by colony PCR. Detection of the
mCherry gene in gDNA extracted from
T. reesei transformants.
P2FUT3Fwd TACTTCAACCTCACCATGTC Confirmation of insertion of the FUT3
DNA fragment into the pCBHZ1corlin
and pCM plasmids by colony PCR.
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Detection of FUT3 gene in gDNA
extracted from T. reesei transformants.

P2FUT3Rev CTTCTCGGTGATGTAGTCG
P2FUT4Fwd CCTCCGCTTCAACATCAG Confirmation of insertion of the FUT4
P2FUT4Rev CTCTCGAAGTTCATCCAGAC DNA fragment into the pCBHZ1corlin
and pCM plasmids by colony PCR.
Detection of FUT4 gene in gDNA
extracted from T. reesei transformants.
corlinSegFwd TCAAGCAGCTGACTGAGATG Sequencing of the pCF3, pCF4, pCMF3
and pCMF4 plasmids.

hph2.fwd CTCTCCCTCGTCGAAGCCGC Detection of the Hygromycin resistance
hygroSpelRev CGGGGATCCACTAGTCATGCAT | gene in gDNA extracted from T. reesei
CTATTC transformants.

fut3_corr.fwd GATCCGCTAGCTCAGGTGAA Amplification of the FUT3 DNA
fut3_corr.rev AAGCTTACTCGAGATGGAGCC | fragment from the pUC57-FUT3
ACC plasmid.
futd_corr.fwd ATATCGGATCCGCTAGCTCA Amplification of the FUT4 DNA
futd_corr.rev AAGCTTACTCGAGATGGAGCC | fragment from the pUC57-FUT4
ACC plasmid.

Colony PCR was performed to select positive E. coli transformants after the transformation
with ligation mix as a preliminary confirmation of insertion of the gene of interest into the
plasmid. Single colonies from transformation plates were picked with a sterile pipette tip and

added to the PCR reaction mix instead of a template DNA.
2.3.3 Agarose gel electrophoresis

DNA analyses and PCR product confirmations were carried out in 1% agarose gels (Amresco,
USA) prepared in 1x SB buffer (Table 2.1). The GelRed stain (Biotium, USA) was used for
visualisation of nucleic acids as instructed by the manufacturer. DNA was mixed with 6x gel
loading dye (30% (v/v) glycerol, 0.25% bromophenol blue in dH20) before electrophoresis
was performed at 80 V for 50 min in 1x SB buffer. The 1 Kb plus DNA ladder (Fermentas,

USA) was used in all DNA gel electrophoreses.

2.4. T. reesei expression vector

The pCBH1corlin vector (Te’o et al., 2000) was used in this study as a backbone for

construction of the expression cassettes for the FUT3 and FUT4 genes. The pCBHZ1corlin
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vector comprises of the CBH1corlin expression platform (Te’o & Nevalainen, 2010) cloned
into the pUC19 vector for propagation in E. coli. Main features of the CBHZ1corlin expression

cassette are shown in Figure 2.1.

Nhel
Xhol
Sphl SnaBI. \ full terminator Sphl
2000! 4000/ 6000/

\ HygR > | >

CBH1 Qromoter> F CBH1 core+linker -

truncated terminator

|
CBH1 signal sequence

MCS

Figure 2.1. CBHZ1corlin expression cassette (6421 bp) containing a promoter, signal sequence, full and
truncated terminators of cellobiohydrolase 1 gene, Hygromycin resistance gene (HygR), DNA
fragment encoding the core and linker domains of the cellobiohydrolase 1 and multiple cloning site
(MCS). Restriction sites of the restriction enzymes used in this study are shown. Image created using
SnapGene software (from GSL Biotech; available at snapgene.com).

The pCBHZ1corlin vector (Figure 2.2) comprises the hygromycin resistance gene under the
control of T. reesei pyruvate kinase promoter (pki) which allows selection of the T. reesei
transformants carrying the expression cassette, promoter, signal sequence and terminator of
the cellobiohydrolase 1 (CBH1) enzyme, multiple cloning site and DNA sequence encoding

the core and linker domains of the CBH1 protein.
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Sphl

Sphl pCBHIcorlin

Figure 2.2. Map of the pCBHZ1corlin vector: CBH1corlin expression cassette (Figure 2.1), cloned into
the Sphl restriction site of the pUC19 plasmid. Origin of replication (ori) and ampicillin resistance gene
(AmpR) of the pUC19 plasmid are shown. Image created using SnapGene software (from GSL
Biotech; available at snapgene.com).

2.5 Transformation of T. reesei

2.5.1 Biolistic bombardment

The biolistic bombardment using the Bio-Rad PDS-1000/He biolistic particle delivery system

was performed as described by Te’o et al. (2002).

Preparation of DNA-coated gold microparticles. Approximately 50 mg of gold particles
(Inbio Gold, Australia) were resuspended in 1 ml H20. For each bombardment procedure, 10

ul of the gold particle solution was mixed with 500 ng of DNA, 50 ul 2.5 M CaClz, and 20 pl
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0.1 M spermidine. Prepared mixture was vortexed for 2-3 min and incubated for 10 min on
ice. The supernatant was removed by quick centrifugation, and the DNA-coated gold particles

were resuspended in 10 pl absolute ethanol and applied onto the macrocarrier (Bio-Rad, USA).

Preparation of conidia. On the day of bombardment, approximately 107 fresh conidia were
spread onto the centre of each PDA plate. The plates were dried and incubated at 28°C for 1

hour before bombardment.

Bombardment procedure. The shooting chamber and all other components of the gene gun
were UV-irradiated for 30 min and subsequently wiped with 70% (v/v) ethanol before the
procedure. Helium at 800 psi pressure was applied to create 25 mm Hg vacuum. The
bombardment was performed with 650 psi rupture disks (Bio-Rad, USA) and an optimal target

distance of approximately 3 cm was used.

After the bombardment, PDA plates were incubated at 28°C for a minimum of 2 hours before
overlaying with PDA containing 80 U/ml of Hygromycin B (AG Scientific, USA). Plates were
incubated at 28°C for another two to three days until colonies become visible. Single colonies

were transferred onto fresh PDA-Hygromycin B plates for the second round of selection.
2.5.2 Protoplast transformation

Protoplast transformation was performed as described by Penttila et al. (1987).

Preparation of the protoplasts. One day before the transformation, freshly harvested fungal
conidia were spread onto sterile cellophane discs placed on the PDA plates and incubated
overnight at 28°C. On the day of the procedure, cellophane discs were removed from the PDA
plates and incubated with lysing enzymes from Trichoderma harzianum (40 mg/ml solution
prepared in 1.2 M MgSO4 — 10mM sodium phosphate buffer, pH 5.8) to digest the cell walls.

The formation of the protoplasts was monitored under the microscope until enough protoplasts
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detached from the mycelium (Figure 2.3).

arrows) (B).

The protoplast solution was filtered through a glass filter (#1 or #2) with 0.1 M MgSO4 —
sodium phosphate solution as a washing buffer. Obtained suspension was overlaid with an
equal volume of 0.6 M sorbitol — 0.1 M Tris-HCI pH 7.0 buffer and centrifuged for 15 min at
4000x g. Protoplasts were removed from the interphase or the bottom of the tube, washed with
an equal volume of 1.2 M sorbitol — 10 mM Tris-HCI pH 7.5 solution and centrifuged for 5
min at 4000x g. This step was repeated three times. After the final washing step protoplasts
were resuspended in 400 - 800 pl of 1.2 M sorbitol —10 mM Tris-HCI — 10 mM CaCl; solution,

pH 7.5 (200 pl/transformation).

Transformation of the protoplasts. For each transformation, 5 pg DNA was added to 200 pl
of protoplasts followed by addition of 50 pl of PEG solution (40% PEG6000 — 50 mM CaCl,
— 10 mM Tris-HCI, pH 7.5). After incubation on ice for 20 min, 2 ml of 40% PEG solution
was added, and protoplast solution was incubated for 5 min at room temperature. Next, 4 ml

of 1.2 M sorbitol — 10 mM Tris-HCI — 10mM CacCl, pH 7.5 were added.

For regeneration of transformed protoplasts, 100-200 pl of protoplast solution were plated

onto selective medium (1.5% KH2POa, 0.5% (NH4)2S0a4, 2% glucose, 1 M sorbitol, 1.8% agar,
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60 U/ml Hygromycin B, 2.4 mM MgSOs, 5.4 mM CaCl, pH 5.5) in 10 ml of top agar
containing Hygromycin B (60 - 80 U/ml). Plates were incubated at 28°C for 3 - 5 days and
emerging colonies were transferred onto fresh PDA-Hygromycin B plates (80 U/ml) for the

second round of selection.
2.6 Extraction of fungal genomic DNA

Fungal strains were grown for seven days (until conidiation) on sterile cellophane discs placed
on PDA plates. The mycelia were harvested and ground into a fine powder in liquid nitrogen.
To 50-100 mg of ground mycelium, 750 pl of lysis buffer (50 mM Tris-HCI, 50 mM EDTA,
3% SDS, 1% (v/v) 2-mercaptoethanol) was added and mixed thoroughly by vortexing. After
an hour of incubation at 65°C, 700 pl of chloroform: phenol (1:1) was added and mixed by

inverting. The mixture was then centrifuged at 13, 000x g for 15 min.

A volume of 600-650 pl of the aqueous (top) phase was removed to a new tube, avoiding any
cellular debris at the interface. Further, 700 pl of SEVAG (chloroform: isoamyl alcohol, 24:1)
was added to the aqueous phase, mixed by inverting and centrifuged at 13,000x g for 5 min.
The aqueous phase was then removed to a new tube. Subsequently, 20 ul of 3 M sodium
acetate and 1 ml of isopropanol were added into the tube and mixed gently by inverting until
ropes of DNA appeared. The tube was centrifuged at 13,000 g for 30 s to pellet the DNA.
The pelleted DNA was washed twice with 70% (v/v) ethanol. The tube was centrifuged and
the ethanol removed. DNA was briefly dried in a vacuum centrifuge and resuspended in fresh
sterile Milli-Q water. Extracted gDNA was used in PCR reactions to confirm the integration

of the expression cassette into the T. reesei genome.
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2.7. Measurement of secreted mCherry fluorescence

The mCherry fluorescence was measured in the culture supernatants as a preliminary
indication of recombinant protein production by the T. reesei transformants. T. reesei culture
supernatants were centrifuged at 13, 000x g for 10 min to remove any cellular debris. About
100 pl of the culture supernatants were pipetted to 96 well microtiter plate (Greiner, USA).
Fluorescence readings were taken using FluoStar Galaxy plate reader (BMG Lab technologies,

Australia) at an excitation/emission wavelength of 560/630 nm.
2.8 Protein gel electrophoresis

Precast NUPAGE Bis-Tris Mini gels (Invitrogen, USA) with a 4-12% gradient were used for
protein separation and visualisation as well as self-prepared SDS-PAGE gels (Table 2.3). Pre-
stained protein standard Novex Sharp (Invitrogen) and Strep-tag protein ladder (iba, Germany)
were used for molecular weight determination. Protein samples mixed with 4x loading buffer
(Invitrogen) were heated at 70°C for 10 min before loading on the gel. Loaded gels were run

at 200 V for 40 min in MOPS buffer (Invitrogen, US).

Table 2.3. Components of the self-prepared SDS-PAGE gels.

Protein gel Components

Separating gel 12.5% acrylamide:bis (Bio-Rad, USA)
3.4 mM Tris HCI pH 8.8

0.07% (v/v) TEMED (Tetramethylethylenediamine)
0.05% ammonium persulfate

0.4% SDS

Stacking gel 4% acrylamide:bis

0.74 mM Tris-HCI pH 6.8

0.07% (v/v) TEMED

0.05% ammonium persulfate

0.4% SDS

Gels were fixed in 7% (v/v) acetic acid/10% (v/v) methanol before staining in Coomassie blue

G-250 for 1 h - overnight, followed by destaining in 1% (v/v) acetic acid before visualisation
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on a light box.
2.9 Western blot analysis

Western blotting was performed to identify the recombinant proteins in the T. reesei culture
supernatants and also to analyse the Strep-tag purified proteins. Specific antibodies (Table 2.4)
and Strep-Tactin AP conjugate were used for identification; alkaline phosphatase (AP)-
labelled secondary antibodies and BCIP/NBT substrate (Invitrogen, USA) were used for
visualisation. Proteins on an SDS-PAGE gel (section 2.8) were transferred onto PVDF or
nitrocellulose membrane for 15 min at 1.3 A and 25 V in Bio-Rad Trans-Blot Turbo buffer
using a Bio-Rad Trans-Blot Turbo system (Bio-Rad, USA). For Western blotting with specific
antibodies, the membrane was blocked for 1 h at room temperature using TBS buffer (Table
2.1) with 3% skim milk and 0.05% (v/v) Tween 20 (BDH Chemicals Ltd., England) with
gentle shaking. The membrane was incubated with a suitable primary antibody (Table 2.4)
diluted in 3% skim milk in TBS buffer overnight at 4°C with gentle shaking. The membrane
was then washed three times for 10 min each with TBS-Tween 20 buffer at room temperature
and incubated for an hour with the secondary antibody (Table 2.4) in TBS buffer with gentle
shaking. After incubation with the secondary antibody, the membrane was washed three times
for 5 min each in TBS-Tween 20 buffer at room temperature to remove the excess antibody.
The washed membrane was then treated with BCIP/NBT alkaline phosphatase detection

solution.

Table 2.4. Antibodies and solutions used in Western blotting (continued onto the next page).

Primary antibody/conjugate Secondary antibody Detection method
anti-mCherry (polyclonal) Goat anti-rabbit 1gG (AP) BCIP/NBT alkaline
Abcam, #ab183628 Abcam, #ah6722 phosphatase detection Kit
anti-FUT3 (polyclonal) (Invitrogen, #00-2209)

Abcam, #ab102844
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anti-FUT3 (polyclonal) Donkey anti-goat 1gG (AP)
Santa Cruz Biotechnology, #sc- | Santa Cruz Biotechnology, #sc-

14874 2022
anti-FUT4 (monoclonal) Goat anti-mouse 1gG (AP)
Abcam, #ab181461 Abcam, #ah98724

anti-CBH1 (polyclonal)

courtesy of Dr. Junior Te’o
Strep-Tactin AP conjugate N/A
iba, #2-1503-001

For identification of the Strep-tagged recombinant proteins, the membrane was blocked using
20 ml TBS buffer with 3% bovine serum albumin (BSA) and 0.1% (v/v) Tween 20 overnight
at 4°C. After blocking, the membrane was washed three times using TBS buffer with 0.1%
(v/v) Tween 20 for 5 min each at room temperature. After the last wash step, 2.5 ul of Strep-
Tactin AP conjugate in 10 ml of TBS buffer with 0.1% (v/v) Tween 20 was added to the
membrane and incubated for 60 min at room temperature with gentle shaking. The membrane
was washed twice for one min each with TBS-Tween 20 buffer at room temperature and then
twice with TBS buffer. The membrane was then incubated in BCIP/NBT solution for colour
development. The chromogenic reaction was continued until the desired intensity of colour

was achieved.
2.10 Purification of Strep-tagged proteins

Purification of recombinant Strep-tagged proteins was performed according to the Strep-tag
purification manual available at https://www.iba-lifesciences.com. Buffers used in the

purification procedure are listed in Table 2.5.

Table 2.5. Buffers used for purification of Strep-tagged proteins.

Buffer Components

Buffer W 100 mM Tris-HCI pH 8.0,150 mM NaCl, 1 mM EDTA

Buffer E 100 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1 mM EDTA, 2.5 mM desthiobiotin

Buffer R 100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, 1 mM HABA (hydroxy-
azophenyl-benzoic acid), pH 8.0
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T. reesei transformants were cultured for 48 h in 50 ml of CLS medium as described in section
2.2.4. Cultures were centrifuged at 4000x g for 30 min; supernatants were collected and used
immediately. If long-term storage was required, supernatants were stored at -80°C and Mini
EDTA-free protease inhibitor Cocktail tablets (Roche) were added (one tablet per 50 ml of the
supernatant). Gravity flow columns filled with 5 ml of Strep-Tactin Sepharose resin (iba,
Germany) were equilibrated with 10 ml of buffer W. Supernatants were applied on the column
using WET FRED flow regulation system from iba (Germany) keeping the flow speed at

approximately 1 ml/min.

The columns were washed five times with 5 ml of buffer W. Recombinant proteins were eluted
from the column with buffer E in 6 2.5 ml fractions. After elution, the columns were washed
three times with 25 ml of buffer R. The colour change from yellow to red indicated the
regeneration process. Regenerated columns were overlaid with 2 ml of buffer R and stored at
4°C. Elution fractions were dialysed against distilled water overnight at 4°C and used in

Western blotting, N-terminal sequencing and protease inhibition studies.
2.11 Sample preparation for N-terminal sequencing

At least 2 picomoles of the protein to be sequenced were run on the SDS-PAGE gel and
transferred onto the PVDF membrane as described in sections 2.8 and 2.9. After the transfer,
the membrane was stained with freshly prepared 0.1% Coomassie Blue R250 in 40% (v/v)
methanol for 30 seconds. Stained membrane was destained with 50% (v/v) methanol until

bands were visible and the background was clear, rinsed with water and dried.
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3.1 Introduction

The filamentous fungus Trichoderma reesei has a long history of use as a producer of non-
recombinant and recombinant hydrolytic enzymes for food and feed industries, agriculture,
textile and paper treatment (Jeoh et al., 2008). However, expression of mammalian gene
products in T. reesei remains a challenge. The first mammalian protein successfully produced
in T. reesei was calf chymosin at 40 mg/l, expressed as a fusion to the highly secreted
endogenous CBH1 protein (Harkki et al., 1989). Among other accomplishments are a murine
Fab fragment expressed at 150 mg/l (Nyyssonen et al., 1993) and a recently reported interferon
alpha-2b at the level of 4.5 g/l produced in a multiple protease-deficient host strain (Landowski

et al. 2016).

In this project, hypercellulolytic low in protease T. reesei strain Rut-C30 (Montenecourt and
Eveleigh, 1979) was used as an expression host for two recombinant human
fucosyltransferases, FUT3 and FUT4. Recombinant human FUT3 and FUT4 were expressed
from the pCBHZ1corlin vector (Te’o et al., 2000) described in detail in section 2.4. Briefly, the
pCBH1corlin vector features the cellobiohydrolase I (cbhl) gene promoter, contained in a 2.2
kb long nucleotide sequence, protein secretion signal, and a 247 bp truncated transcription
terminator of the cbh1 gene. The cbh1 promoter is strongly induced by cellulose and repressed
in the presence of glucose (llmén et al., 1996a). The pCBHZ1corlin also contains DNA
sequences encoding the core and linker fragments of the CBH1 protein to assist in expression
and secretion of the recombinant proteins (Nyyssonen et al., 1993; Smith et al., 2014).
Transformation selection marker is the hygromycin B resistance gene expressed under the T.

reesei pki promoter.
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Two expression constructs were created for each fucosyltransferase; in both constructs, the
FUT3 or FUT4 protein was produced in fusion with Strep-tag Il to aid in protein detection and
purification, and the core and linker domains of the CBH1 enzyme to boost secretion (section
1.8.3). Additional components included into one of the constructs were DNA encoding the
fluorescent protein mCherry and the enterokinase cleavage site. The mCherry protein was
initially introduced into the fusion protein to track its production and secretion in the fungal
hyphae; it was also used for initial screening of transformants. The 15 bp
(GACGACGACGACAAG) enterokinase cleavage site was introduced into the construct in

order to remove the fusion partners (CBH1 and mCherry) during protein purification.

In this study, Western blotting using the Strep-Tactin AP conjugate against Strep-tag Il was
the main method applied for the screening of transformants in order to identify the best

producers of recombinant fucosyltransferases.

3.2 Materials and Methods

3.2.1 Optimisation of the codon usage and construction of the FUT3 and FUT4

exp ression cassettes

Structures of the FUT3 and FUT4 enzymes and their gene sequences are described in detail in
section 1.2 and in Appendices 1 and 3. Gene sequences encoding only the truncated C-terminal
catalytic domains of the FUT3 and FUT4 were codon-optimised according to the T. reesei
codon usage preference (Table 3.1). The N-terminal cytoplasmic tail and membrane-spanning
region (see Figure 1.1) were not included in the construct. Such truncation allows secretion of
the recombinant fucosyltransferases outside of a cell but does not affect enzymatic activity (de

Vries et al., 2001).
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Table 3.1. Codon usage in Trichoderma reesei and humans. Higher percentage indicates a higher
priority in codon usage (adapted from Te’o et al., 2000 and Castro-Chavez, 2011).

. . Most used . . Most used
Amino acid . Amino acid :
Amino codon usage codons in Amino codon usage codons i
. Codon | . - | humans ; Codon | . . | humans per
acid in T. reesei per amino acid in T. reesei amino acid
(%) acid (%) (%) (%)
GGG 15 Ser AGT 5
Gly GGA |14 AGC 25 24
GGT 18 TCG 22
GGC 60 34 TCA 8
Gl GAG | 82 58 TCT 16
GAA |18 TCC 25
Asp GAT 31 Asn AAT 19
GAC 69 54 AAC 81 53
Val GTG 23 46 Met ATG 100 100
GTA 4 lle ATA 4
GTT 18 ATT 33
GTC 56 ATC 64 47
Ala GCG 17 Thr ACG 29
GCA 12 ACA 10
GCT 22 ACT 20
GCC 49 40 ACC 41 36
Arg AGG 13 STOP | TGA 19 47
AGA |7 21 TAG 44
CGG 12 TAA 37
CGA 16 Cys TGT 24
CGT 17 TGC 76 54
CGC 35
Leu TTG 10 GIn CAG 81 73
TTA 1 CAA 19
CTG 36 40 His CAT 17
CTA 2 CAC 83 58
CTT 14 Lys AAG 92 57
CTC 38 AAA |8
Pro CCG 22 Phe TTT 38
CCA 12 TTC 62 54
CCT |25 Tyr TAT |25
CCC 40 32 TAC 75 56
Trp TGG 100 100

Alignment of the original and codon-optimised FUT3 and FUT4 cDNA sequences and their

respective amino acid translations can be found in Appendices 2 and 4.

Truncated and codon optimised cDNAs were synthesised by GenScript (USA)
(http://www.genscript.com) together with the 24 bp N-terminal Strep-tag Il and a short 12 bp

linker. Restriction sites for Xhol and Nhel restriction enzymes were introduced into the N- and
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C-termini of the construct. The Clal restriction site was introduced between the Strep-tag Il

and the linker to allow the replacement of the purification tag, if found necessary (Figure 3.1).

Xhol ‘CIaI* |NheI

2500 500 750 10007

0

Strep-Tag II |
linker

Figure 3.1. FUT3 cDNA in fusion with N-terminal Strep-tag Il and linker (1063 bp). The Xhol and
Nhel restriction sites were used in the construction of the expression cassette. Image created using
SnapGene software (from GSL Biotech; available at snapgene.com).

Synthesised sequences were supplied in pUC57 plasmids for propagation in E. coli (Figure

3.2).

Nhel (441)

enterokinase site
Nhel Xhol

Figure 3.2. Maps of the pCM (pCBH1corlin plasmid containing the mCherry gene) and pUC57-FUT3
plasmids; only major features are shown. Image created using SnapGene software (from GSL Biotech;
available at snapgene.com).

The mCherry gene was PCR amplified from the pmCherry plasmid
(http://www.clontech.com) with PAmCherryRev and P1mCherryFwd primers (see Table 2.2).

Restriction sites and a C-terminal enterokinase cleavage site were added during amplification.
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The amplified fragment was digested with SnaBl and Xhol restriction enzymes and cloned
into the pCBH1corlin plasmid. The obtained plasmid was called pCM (CBH1-mCherry)

(Figure 3.2).

Plasmids pUC57-FUT3 and pUC57-FUT4 were digested with Xhol and Nhel restriction
enzymes. The resulting fragments were purified from the gel and cloned into the
corresponding sites of the pCM plasmid (pCMF3 and pCMF4). Assembly of the pCMF3

vector is illustrated in Figure 3.3.
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pCMF3
10,834 bp
INSERT
FRAGMENT | Replace Flip and insert
Xhol (4377) — Nhel (4388) Nhel (441) — Xhol (1473)
BamHI
Nhel
Xhol
XhoI HindIII
Nhel
pcM pUC57-FUT3
9813 bp 3719 bp
INSERT
FRAGMENT | Replace Insert
SnaBl (3650) — Xhol (3665) SnaBI (16) — Xhol (743)
SnaBI |XhuI
mCherry
760 bp
SnaBI Amplify 289 .. 996 using:
XhoI PCR | pimcCherryFwd
P1mCherryRev
pPCBHIcorlin
9101 bp

pmCherry
3344 bp

Figure 3.3. Assembly of the pCMF3 vector. Only major features of the expression cassette are shown.
The mCherry gene (red arrow) was amplified from the pmCherry plasmid and cloned into the
pCBHZ1corlin plasmid (pCM). Next, FUT3 DNA fragment (blue arrow) was cut out from the pUC57-
FUT3 plasmid and cloned into the pCM plasmid (pCMF3). Image created using SnapGene software
(from GSL Biotech; available at snapgene.com).
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To construct expression cassettes without the mCherry gene, FUT3 and FUT4 fragments were
amplified from the pUC57-FUT3 and pUC57-FUT4 plasmids using fut3 corr.rev,
fut3_corr.fwd, fut4_corr.rev and fut4_corr.fwd primers (see section 2.3.2 for detailed
information). Amplified fragments were digested with Xhol and Nhel restriction enzymes and
cloned into the pCBHZ1corlin plasmid (pCF3 and pCF4 plasmids). Assembly of the pCF3

plasmid is illustrated in Figure 3.4.

pCF3

10,123 bp
INSERT
FRAGMENT | Replace Flip and insert
Xhol (3665) — Nhel (3676) Nhel (6) — Xhol (1039)
|NhEI |XhDI
FUT3
1051 bp
Amplify 436 .. 1485 using:
N PCR| fut3_corr.fwd
pCBHIcorlin \ Xhol fut3_corr.rev
9101 bp Nhel

pUC57-FUT3
3719 bp

Figure 3.4. Assembly of the pCMF3 vector. Only major features of the expression cassette are shown.
The FUT3 DNA fragment (blue arrow) was amplified from the pUC57-FUT3 plasmid and cloned into
the pCBH1corlin plasmid (pCF3). Image created using SnapGene software (from GSL Biotech;
available at snapgene.com).

At each step of plasmid construction, integration of the fragments into the expression cassette
was confirmed by PCR with specific primers (Table 2.2) and by Sanger sequencing. As the
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final step, all constructed plasmids were sequenced using the corlinSeqFwd primer. The

sequencing primer was designed to bind upstream of the multiple cloning site of the

pCBHZ1corlin plasmid (Figure 3.5), which allows to obtain good sequencing data of the DNA

fragments cloned into the plasmid. Sequencing results can be found in Appendices 5 and 6.

corlinSeqFwd
TCAAGCAGCTGACTGAGATG

CAAAGAGTCAAGCAGCTGACTGAGATGBTTACAGTACTACGCCAACATGCTGTGGCTGGACTCCACCTACCCBACAAACGBAGACCTCCTCCACACCCGBGTGCCGTGCBCGE
' 1 ! ! ! 1 ! ! ! 1 ! !

" ' ' ' " ' ' " ' '

T T T T T T T T T T T T T T T T T T T T T

GTTTCTCAGTTCGTCGACTGACTCTACAATGTCATGATGCGGTTGTACGACACCGACCTGAGGTGGATGGGCTGTTTECTCTGEAGGAGGTGTGGGCCACGGCACGCGEC
CBH1 coretlinker
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Figure 3.5. The binding site of corlinSeqFwd primer (224 bp upstream of the multiple cloning site),
used for sequencing of the pCMF and pCF plasmids. Image created using SnapGene software (from

GSL Biotech; available at snapgene.com).

Up to scale maps of pPCMF3 and pCF3 plasmids, the binding site of a sequencing primer and

location of the restriction sites of the enzymes used in this study are highlighted in Figure 3.6.
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Figure 3.6. Maps of the pCF3 and pCMF3 plasmids. Major features of the expression cassettes are displayed: mCherry (red), FUT3 (blue), CBH1 core and linker (grey).
Image created using SnapGene software (from GSL Biotech; available at snapgene.com).
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Expression cassettes were excised from the plasmid backbone by digestion with Sphl, gel-

purified and used to transform T. reesei.

3.2.2 Transformation of T. reesei

T. reesei strain Rut-C30 was transformed with linear FUT3 and FUT4 expression cassettes
using both biolistic bombardment and protoplast transformation (transformation methods are
described in section 2.5). Obtained transformants were subjected to two rounds of selection
with Hygromycin B (final concentration 80 U/ml). Protoplast transformation was not
successful, and all initial transformants obtained with this method did not survive the second
round of selection with Hygromycin B. Transformants obtained by biolistic bombardment
were grown on PDA plates for seven days before collecting the conidia into a spore collection

solution for the cultivation studies.

3.2.3 Screening of transformants based on mCherry fluorescence

T. reesei transformants containing the pCMF3 or pCMF4 construct were cultivated in 3 ml
CLS medium at 28°C for three days. Fluorescence of the mCherry protein in the culture

supernatants was measured as described in section 2.7.

3.2.4 Western blotting

Western blot analysis was performed as described in section 2.9 with some variations in the
protein electrophoresis and blotting conditions. Both precast gels (Invitrogen, USA) and
freshly prepared self-cast gels were used for protein electrophoresis. Nitrocellulose and PVDF
membranes were interchangeably used in Western blotting. BSA was used as a blocking agent
in Western blots with the Strep-Tactin AP conjugate and skim milk was used in Western blots
with antibodies. Western blotting was repeated 2-3 times for each set of samples. Strep-tag

ladder (iba, cat#2-1011-100) served as a positive control in all Western blots with the Strep-
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Tactin AP conjugate.

3.3 Results and Discussion

3.3.1 Screening of the transformants by mCherry fluorescence and Western blotting

Three rounds of both protoplast transformation and biolistic bombardment were performed in
order to obtain the sufficient number of transformants, selected on the basis of their resistance

to Hygromycin B. The results are summarised in Table 3.2,

Table 3.2. Summary of the T. reesei transformation with CMF (containing mCherry) and CF (no
mCherry) expression cassettes.

Transformation method Number of transformants Comments
Protoplast transformation N/A Transformation  plates  were
contaminated.
Protoplast transformation 8 CMF3 and 8 CMF4 | Transformants did not survive the
transformants second round of selection with

Hygromycin B. Confluent growth
on transformation plates did not
allow to select individual
transformants; lower
concentration of protoplasts was
used in the next round of
transformation.

Protoplast transformation 60 CMF4 and 50 CMF3 | Transformants did not survive the

transformants second round of selection with
Hygromycin B.
Biolistic bombardment 10 CMF3 transformants All transformants survived the

second round of selection with
Hygromycin B.

Biolistic bombardment 19 CMF3 transformants and 21 | Four CMF3 transformants were
CMF4 transformant lost due to contamination.

Biolistic bombardment 8 CF3 and 10 CF4 | All transformants survived the
transformants second round of selection with

Hygromycin B.

Protoplast transformation resulted in a high number of initial transformants, however,
transformants obtained with this method did not survive the second round of selection with
Hygromycin B. Instability of transformants usually results from the lack of integration of a
DNA cassette into the genome and has been previously described to be a major bottleneck for

T. reesei transformation (Jgrgensen et al. 2014). Another possible reason of such instability is
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the tandem integration of multiple copies of a DNA cassette, which could be excised through
a loop-out event (Aw & Polizzi, 2013; Jgrgensen et al., 2014). It has been demonstrated that
protoplast transformation has been particularly difficult with Rut-C30, seemingly due to a
reduced ability of the strain to regenerate the cell wall (Nevalainen et al., 1995; Bergquist et
al., 2002). This aspect was not studied further as stable transformants were obtained via

biolistic bombardment.

After two rounds of selection with Hygromycin B, genomic DNA was extracted from some
transformants (8 CMF3 and 7 CMF4 transformants from the first and second rounds of
biolistic bombardment) (section 2.6). The presence of the hph gene conferring resistance to
hygromycin, the mCherry gene and the FUT3 and FUT4 encoding genes in the genomic DNA
was confirmed by PCR amplification with specific primers (see Table 2.2). All PCR reactions
were positive, confirming integration of the expression cassettes into the genome (data not
shown). While most of the transformants had a similar phenotype to the expression host Rut-
C30 (dark green spores), a few transformants had unusually light, almost white spores (Figure
3.7, A); however, no differences in growth speed and viability of the transformants were

observed.
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Figure 3.7. Colony appearance of the CMF3-1 transformant obtained by biolistic bombardment (A)
and the expression host Rut-C30 (B).

After a stable integration of the expression cassettes into the T. reesei genome was confirmed,
the next step was to screen the transformants for the production of the recombinant proteins.
Fluorescent tags are often used as a rapid and high-throughput method of screening, especially
when a large number of transformants needs to be processed (Bird et al., 2015; Jia & Jeon,
2016; Wong & Truong, 2010). However, there is a recognised possibility of the fluorescent
tag becoming cleaved off from the fusion protein (Huang et al., 2014). In case this should
happen, high levels of mCherry fluorescence might not correlate with high amounts of
recombinant fucosyltransferases as the recombinant enzyme might become cleaved from the
mCherry protein and degraded. Even so, when a large number of transformants needs to be
screened, the strategy is worth pursuing to indicate that the fusion protein is being expressed

and secreted.

Fluorescence of the mCherry protein was measured in the culture supernatants of 10 CMF3
transformants obtained in the first round of biolistic bombardment as the first indication of
production and secretion of recombinant fusion proteins. Selected transformants with a high

or low level of fluorescence measured in the culture supernatant were further analysed for the
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presence of Strep-tagged recombinant proteins to establish a potential correlation. Results of

the first round of such screening of the CMF3 transformants are shown below in Figure 3.8.
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Figure 3.8. Fluorescence of the mCherry protein (A) and detection of Strep-tagged proteins (B) in the
three day culture supernatants of CMF3 transformants. Transformants with high levels of the mCherry
fluorescence that also secreted recombinant Strep-tagged proteins are labelled with red stars. Four
transformants characterised by high levels of mCherry fluorescence secreted low MW Strep-tagged
proteins (indicated by a rectangle) and only one of them secreted an 80 kDa protein, indicating possible
truncation of the heterologous FUT3 protein.

Four CMF3 transformants (CMF3-5, CMF3-6, CMF3-7 and CMF3-8) exhibited high levels
of mCherry fluorescence. Western blot analysis demonstrated that the culture supernatant of

these transformants also contained Strep-tagged recombinant proteins of about 30 and 25 kDa
70



(indicated by a rectangle in Figure 3.8); transformant CMF3-6 additionally secreted an 80 kDa
Strep-tagged protein. No full-sized recombinant proteins (115.4 kDa) were detected in any of
the analysed CMF3 transformants. The occurrence of multiple protein bands of various
molecular weights recognised with the Strep-Tactin AP conjugate indicates cleavage of the
recombinant fusion protein (discussed in detail in Chapter 5). Transformants with low levels
of fluorescence detected in their culture supernatants seemed not to produce recombinant

proteins carrying a Strep-tag Il (Figure 3.8).

Transformants obtained in the second round of T. reesei transformation via biolistic

bombardment (both CMF3 and CMF4) were analysed in a similar way (Figure 3.9).
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Figure 3.9. Fluorescence of the mCherry protein in the culture supernatants of CMF3 (A) and CMF4
(B) transformants obtained in the second round of biolistic bombardment. Transformants that
demonstrated secretion of the recombinant Strep-tagged proteins are labelled with red stars.
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Despite the substantial number of transformants (19 CMF3 and 21 CMF4 transformants)
obtained in the second round of transformation, only five of them, CMF3-34, 37, 41 and 44,
and CMF4-31 exhibited high levels of mCherry fluorescence. When analysed by Western
blotting, not all of these transformants characterised by high levels of mCherry fluorescence
demonstrated the occurrence of Strep-tagged proteins in their culture supernatants (Figure

3.10).

Interestingly, transformants CMF4-33 and CMF4-45 with relatively low levels of mCherry
fluorescence demonstrated secretion of an about 100 kDa protein which is approximately 20
kDa smaller than predicted size of the CMF4 protein (118.4 kDa); the 100 kDa protein may
be a product of C- or N-terminal cleavage; this was different to the outcome of the first round
of transformant screening, where a correlation between the secreted mCherry fluorescence and
the presence of Strep-tagged recombinant proteins in the culture supernatants was observed.
As mentioned earlier, the mCherry protein may be cleaved off from the FUT protein and exist
independently in the culture supernatants. As the analysis was carried out on three-day
cultures, there is a possibility that at that stage of cultivation either mCherry or the FUT4 part
may have become degraded resulting in a discrepancy in the measurements of mCherry
fluorescence and Western blot analysis. However, after these experiments, a reliable
relationship between high mCherry fluorescence and the level of the production of the FUT3

or FUT 4 fusion protein could not be established.
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Figure 3.10. Western blot detection of Strep-tagged proteins in equal amounts of the culture
supernatants of CMF3 (A) and CMF4 (B) transformants obtained in the second round of biolistic
bombardment.

Transformants obtained in the second round of biolistic bombardment also secreted low MW
recombinant proteins (25 — 35 kDa) (indicated by rectangles in Figure 3.10) as well as
recombinant proteins of ~ 100 kDa (indicated by arrows in Figure 3.10). It should be noted
that full-sized recombinant proteins (115.4 kDa for CMF3 and 118.2 kDa for CMF4) were not
detected in the culture supernatants of any of the CMF3 and CMF4 transformants. Instead,
other high molecular weight recombinant proteins (approximately 80 kDa and 100 kDa) were
observed in Western blots together with low molecular weight recombinant proteins. The
nature of these proteins and possible reasons for the absence of full-sized proteins will be
further discussed in the following chapters. Interestingly, Strep-tagged proteins detected in the
culture supernatants of the CMF3 and CMF4 transformants were different in size for the two
groups of transformants. Both CMF3 and CMF4 constructs included the CBH1 core and linker

protein, the mCherry protein and either the FUT3 or FUT4 protein so the different sizes of the
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degradation products detected in the culture supernatants of the transformants could

potentially be explained by different protease cleavage sites in the FUT3 and FUT4 proteins.

Transformants (CMF3-5, 6, 7, 8, 34, 37, 41, 44, CMF4-33 and CMF4-45) that demonstrated
positive results in Western blots with the Strep-Tactin AP conjugate were further analysed for
the presence of recombinant FUT3 and FUT4 proteins in the culture supernatants. None of the
CMF4 transformants showed positive results in the Western blot analysis with a commercial
anti-FUT4 antibody (Abcam, #ab181461) raised against the C-terminus of human
fucosyltransferase 4 (data not shown). This could be a result of low antibody affinity or
concentration of the FUT4 below the detection level. It is also possible that the recombinant

CMF4 protein was C-terminally cleaved resulting in deletion of the antibody recognition site.

Only the CMF3-44 transformant, also characterised by high level of mCherry fluorescence
(Figure 3.9) demonstrated a positive reaction in the Western blotting with a commercial anti-
FUT3 antibody (Abcam, #ab102844) (Figure 3.11): two major bands of about 80 kDa and 45
kDa were detected. While the 45 kDa band was not observed in the Western blots with the

Strep-Tactin AP conjugate, the 80 kDa band can be seen as a faint band in Figure 3.10.
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Figure 3.11. Western-blot detection of the FUT3 proteins in equal volumetric amounts of the culture
supernatants of CMF3 transformants using a commercial anti-FUT-3 antibody.

The anti-FUT3 antibody used in this study targets the C-terminus of the human
fucosyltransferase 3, which has two glycosylation sites (Christensen et al., 2000). It is possible
that due to potential differences in glycosylation between humans and the fungus (Deshpande

et al., 2008), FUT3 produced in T. reesei had low affinity to the antibody.

Positive controls (commercial FUT3 and FUT4 enzyme proteins) were not available at the
time of the experiment which makes these results inconclusive. Proteins of approximately the
same size (80 kDa) were detected in the culture supernatant of the CMF3-44 transformant with
both anti-FUT3 antibody and Strep-Tactin AP conjugate which was an indication for that the
Strep-tag Il and the FUT3 protein remained together. This suggested that the presence of a
recombinant FUT3 in the culture supernatant can be detected by the Strep-Tactin AP
conjugate. Therefore, it was decided to use Western blotting with the Strep-Tactin AP
conjugate as a primary detection method, as the use of commercial anti-FUT3 and anti-FUT4
antibodies for routine detection was not an option because of the high cost and the issues

discussed above.
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3.3.2. Screening of non-mCherry transformants by Western blotting

Culture supernatants of eight CF3 and 10 CF4 transformants carrying expression cassettes
without mCherry were analysed by Western blotting now taking into consideration the
possibility that the FUT part may become degraded by the third day of incubation. Thus the
samples taken on day 2 (48 h) and day 3 (72 h) were analysed. Similarly to the CMF4
transformants with mCherry, CF4 transformants without mCherry did not show any signs of
recombinant protein expression using an anti-FUT4 antibody (Abcam, #ab181461) and also
no Strep-tagged proteins were detected (data not shown). Out of eight CF3 transformants, two
(CF3-4 and CF3-8) demonstrated the presence of Strep-tagged proteins in Western blots with
the Strep-Tactin AP conjugate in both 48 h and 72 h culture supernatants (Figure 3.12). None
of the eight CF3 transformants tested demonstrated a positive reaction in the Western blotting

with a commercial anti-FUT3 antibody (Abcam, #ab102844) (data not shown).

A B

Rut-C30

48 h 72h

Figure 3.12. Western blot detection of Strep-tagged proteins in the culture supernatants of CF3
transformants after 48 (A) and 72 (B) hours of cultivation. The 45 kDa Strep-tagged proteins secreted
by both transformants are indicated by rectangles.
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Unlike the mCherry-containing CMF3 transformants, the transformant CF3-8 produced a
recombinant protein of the expected size (about 80 kDa) (indicated by an arrow in Figure 3.12)
as well as a smaller recombinant protein of about 45 kDa. Transformant CF3-4 only showed
the presence of a 45 kDa recombinant protein. A 45 kDa Strep-tagged protein detected in both
transformants could be a result of proteolytic cleavage of the fusion protein. The absence of
the 80 kDa band in the culture supernatant of the CF3-4 transformant could be a result of
different protease profiles between the two transformants due to, for example, disruption of
some protease genes by random integration of the expression cassette into the T. reesei
genome. Another explanation could be slower growth and/or slower protein secretion of the
recombinant protein by the CF3-4 transformant which resulted in a concentration of the 80

kDa protein below detection levels.

3.4 Summative discussion

Expression cassettes for FUT3 and FUT4 were successfully constructed and used to transform
T. reesei Rut-C30. Two transformation techniques were used from which protoplast
transformation produced high numbers of unstable transformants that lost resistance to
Hygromycin B during the second round selection. Biolistic bombardment, on the other hand,
resulted in the stable integration of the expression cassette into the T. reesei genome. Obtained
transformants were screened for the production of recombinant proteins first by measuring the
fluorescence of the mCherry protein in the culture supernatants and then by detecting
recombinant proteins by Western blotting using an the Strep-Tactin AP conjugate and a
commercial antibody raised against human FUT3 or FUT4. A positive correlation between the
mCherry fluorescence detected in the culture medium and secretion of the recombinant human
glycosyltransferases FUT3 and FUT4 could not be established within the realms of the
experiments carried out here. The transformant CMF3-44 came closest in fulfilling the
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requirements in expressing strong fluorescence and producing FUT3-positive and Strep-tag
positive bands of the same size in Western blots (Figure 3.10 and Figure 3.11), suggesting that
the FUT3 protein and the Strep-tag 11 were not cleaved off each other, and that detection of

the Strep-tag Il could be used as an indication of the presence of the recombinant FUT3.

Full-sized recombinant proteins were not observed in any of the CMF transformants
expressing the recombinant FUT3 or FUT4 in fusion with the mCherry protein. This could be
a result of proteolytic degradation of the recombinant products by T. reesei proteases during
secretion or in the culture supernatant. This aspect will be studied in more detail in the
following chapter. Another less likely reason could be an error during transcription or

translation.

One of the non-mCherry CF3 transformants (CF3-8, Figure 3.12) produced a recombinant
protein close in size to the predicted full-sized protein on day 2 and day 3 of cultivation. The
transformant also produced a truncated form of the recombinant protein which may suggest
that the FUT3 proteins without mCherry may be more stable, perhaps due to the smaller size
of the recombinant protein or because of a closer proximity of the FUT3 to the CBH1 carrier
protein, which could protect the recombinant protein from degradation by native proteases
(Nyyssonen & Keranen, 1995). While Strep-tag 11 could be cleaved from the FUT3 protein,
the size (80 kDa) of the proteins produced by transfromant CF3-8 observed in Western blots

(Figure 3.12) suggests that these two fusion partners were intact and existed as one protein.

Due to apparent insufficient activity/specificity of the commercial anti-FUT3 and anti-FUT4
antibodies raised against human enzymes and the absence of commercial FUT3 and FUT4
enzymes to be used as the positive controls, it was decided to continue experiments using
detection of the Strep-tag Il as the main detection method for the recombinant proteins until a

better detection system was made available.
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The Strep-tag 11 is small in size and resistant to proteolytic degradation, and therefore could
be detected in even the smallest degradation products which allows to observe various
degradation products at different time points and growth conditions and use this information

to hypothesise about possible cleavage sites in the fusion protein.

Despite the substantial number of transformants obtained via biolistic bombardment (29
CMF3, 21 CMF4, 10 CF4 and 8 CF3 transformants), only some of them expressed
recombinant Strep-tagged proteins. Transformant CMF3-44 secreted an 80 kDa protein
recognised by both the Strep-Tactin AP conjugate and anti-FUT3 antibody, and transformant
CF3-8 produced a recombinant protein of the expected size (80 kDa) which was also
recognised by the Strep-Tactin AP conjugate. Therefore, it was decided to focus on these two
transformants in the studies to follow. Some other CMF3 transformants and a few CMF4
transformants were used in a handful of experiments discussed in the following chapter for

comparison purposes, but they were not investigated further.
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4.1 Introduction

The work carried out above suggested that recombinant proteins were produced but then
degraded at some point during production, secretion or cultivation. This could be a result of
incomplete transcription/translation or caused by proteolysis during or after secretion. The
proteolytic system of T. reesei is a major factor affecting the production of heterologous
proteins (Ward, 2012; Dienes et al., 2007; Zou et al., 2012). Even though the T. reesei Rut-
C30 strain used in this study is characterised by lower protease activity in comparison with
the wild-type strain QM6a, it still has hundreds of proteases, mostly unidentified or predicted
on the gene level (Kredics et al., 2005; Adav et al., 2011; Martinez et al., 2008). There is not
enough knowledge on the differences in protease profiles of T. reesei strains. Secretome
analyses of Rut-C30 and another high-secreting T. reesei strain CL847 grown on a medium
promoting production of cellulases and hemicellulases demonstrated the absence of trypsin in

the Rut-C30 cultures (Herpoél-Gimbert et al., 2008).

A number of methods to decrease or inhibit harmful effects of protease activity exists. For
example, modifications of the protease profile can be achieved via traditional mutagenesis and
screening for low protease strains or by targeted gene manipulations such as RNA silencing
and protease gene knock-outs (Mantyla et al., 1998; Saloheimo & Pakula, 2012; Landowski
et al., 2015 and 2016) as well as deletion of protease regulatory factors (Landowski et al.,
2017). Bioprocessing methods such as early harvesting of the product, pH control and use of
protease inhibitors (Smith et al., 2014; Zhang et al., 2014; van den Homberg et al., 1997) do
not introduce changes into the genome of a production host but are directed towards lowering
protease production and inhibition of already expressed proteases. As an example of such
approach, cultivation at a lower temperature and higher pH decreased proteolytic degradation

of the homologous Cel61A in T. reesei (Karlsson et al., 2001).
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Trichoderma tends to grow at an acidic pH and produce acidic proteases that have been shown
to harm heterologous proteins (van den Hombergh et al., 1997). The pH control strategy is a
simple approach to inhibit acidic protease activity and increase the yield of heterologous
proteins. One possible drawback of this strategy is that at the neutral pH, heterologous proteins
could be exposed to neutral and alkaline proteases that may be harmful as well. An example
of the pH control approach combined with a knock-out of a major alkaline protease is
described by Zhang et al. (2014); enhanced production and stability of the heterologous
alkaline endoglucanase EGV from Humicola insolens was observed using the T. reesei Rut-
C30 Aspw protease deficient strain and adjusting the pH to 7.0 during cultivation as compared

to the parental strain.

In this study, the optimal time of cultivation was identified in testing a series of transformants
and a pH control strategy was applied in order to stabilise recombinant proteins in the culture
supernatants. This allowed to extend further the cultivation time for obtaining higher yields of

the recombinant FUT3 protein.

4.2 Materials and Methods

4.2.1 Time-dependent protein degradation

To study the influence of the cultivation time on the stability of the recombinant FUT3 and
FUT4 in the culture supernatants, a series of CMF3, CF3 and CMF4 transformants that were
selected for their ability to secrete recombinant Strep-tagged proteins in Chapter 3, were grown
in 250 ml shake flasks in 50 ml of CLS medium. Samples were taken every 24 hours during
three days and analysed by Western blotting with the Strep-Tactin AP conjugate as described

in section 2.9.
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4.2.2 pH-dependent degradation

Transformants CF3-4 and CF3-8 without mCherry and CMF3-44 and CMF4-33 containing
mCherry as a fusion partner were grown in shake flask cultures as described earlier (section
2.2.4), divided in the control and experimental groups. The pH in the experimental flasks was
periodically measured and manually adjusted to 6.5 — 7 with 5M KOH while the pH in the
control flasks was not adjusted. Samples from both groups were analysed in Western blots
with the Strep-Tactin AP conjugate as described in section 2.9. Western blotting was repeated

2-3 times.

4.2.3 Extraction of soluble intracellular proteins

Intracellular proteins were extracted from the CMF3-44 transformant and analysed for the
presence of recombinant proteins inside the hyphae. The CMF3-44 transformant was grown
in 50 ml CLS in 250 ml shake flasks over four days. Every day one flask was harvested:
myecelia from liquid cultures were collected by centrifugation (5000x g, 10 min). The pellet
was washed in 0.9% NaCl and then frozen in liquid nitrogen. The frozen mycelial pellet was
ground to a fine powder under liquid nitrogen, and approximately 0.5 g was added to 5 ml of
citrate buffer (50 mM citric acid, 50 mM sodium citrate, pH 5.0) containing 1 mM PMSF and
0.1% protease inhibitor cocktail (Roche, Germany). The sample was vortexed and incubated
at 4°C for approximately 1 h. Next, the soluble fraction was separated from the insoluble
material by centrifugation at 12 000x g for 20 min. The soluble fraction was stored at 4°C and
used within two days to detect recombinant proteins by measuring the mCherry fluorescence

and by Western blotting with the Strep-Tactin AP conjugate.

85



4.3 Results and Discussion

4.3.1 Time-dependent degradation of recombinant proteins produced by CMF3 and

CMF4 transformants

Five CMF3 transformants and three CMF4 transformants, producing recombinant FUT3 and
FUT4 proteins respectively, were selected based on their ability to produce secreted Strep-
tagged proteins (section 3.3.1) and were further analysed to identify the optimal time of
cultivation with a view of the balance between the maximal yield and degradation of the
recombinant proteins. Culture supernatants taken after 24, 48 and 72 h of cultivation were
analysed by Western blotting with the Strep-Tactin AP conjugate. Results of Western blotting

are shown in Figure 4.1.
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Figure 4.1. Western blot detection of Strep-tagged proteins in the culture supernatants of selected
CMF3 and CMF4 transformants after 24, 48 and 72 hours of cultivation.

87



Out of eight transformants, three (CMF3-44, CMF4-33 and CMF4-45) expressed recombinant
fusion proteins in the first 24 h of cultivation. From these, CMF3-44, which also exhibited

high mCherry fluorescence (Figure 3.9) looked especially strong.

On the second day into cultivation (48 h), low MW (25 - 30 kDa) and high MW (around 80
kDa) recombinant proteins were detected in the culture supernatants of all transformants
tested. Proteins in the culture supernatants of the CMF4 series of transformants already
demonstrated advanced signs of degradation. By 72 hours into cultivation, high molecular
weight products were completely degraded with the exception of transformant CMF4-31,
which still showed a faint band of a high molecular weight protein. Full-sized CMF3 or CMF4
proteins (115.4 kDa and 118.4 kDa) were not observed in any of the transformants even at the
earliest stages of cultivation, which may indicate that an initial cleavage of the recombinant
FUT3 and FUT4 proteins occurs inside the cell or during secretion while further degradation

happens outside the cell. This aspect was further explored in section 4.3.4.

Degradation patterns were similar within each series of transformants (CMF3 and CMF4) but
different between the series. CMF3 transformants produced recombinant proteins of about 80,
35 and 25 kDa; CMF4 transformants also secreted an 80 kDa recombinant protein but lower
molecular weight recombinant proteins detected in the supernatants of CMF4 transformants
were slightly larger than those of the CMF3 transformants and additional protein bands of ~
45 kDa were also observed (Figure 4.1). Similar degradation patterns between different
transformants within each group suggested that the degradation was not random but rather
caused by specific proteases targeting specific cleavage sites. This aspect was further explored
in Chapters 5 and 6, where specific protease activities and cleavage sites were analysed.
Obtained results suggest that the suitable time of cultivation is two days and also explain why
high MW products were not observed in most transformants during the initial screening,

performed after three days of cultivation (section 3.3.1). Double bands of the similar molecular
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weight detected in the culture supernatants of all screened transformants (Figure 4.1) could be
aresult of the proteolysis at the closely located protease cleavage sites; alternatively, the bands
with the slightly defferent molecular weight could be the different glycoforms of the same

protein

4.3.2 pH-dependent degradation of recombinant proteins produced by CMF3 and CMF4

transformants

Transformant CMF3-44, selected in section 4.3.1 as a good producer of recombinant protein,
was grown in three parallel cultures with and without pH adjustment, as described in section
4.2.2. Culture supernatant samples were taken after 48, 60, 72 and 84 h of cultivation and
analysed by Western blotting with Strep-Tactin AP conjugate. Results of the Western blotting
are shown in Figure 4.2 and Figure 4.3. As demonstrated previously (section 4.3.1), expression
of the recombinant products begins around 48 h of cultivation, therefore, samples taken at the

earlier time points were not analysed.

23.5

Figure 4.2. Western blot detection of Strep-tagged proteins in culture supernatants of the CMF3-44
transformant without pH adjustment. An 80 kDa recombinant protein (rectangular box) was only
observed at 48 h of cultivation. Number of low MW recombinant proteins (indicated by arrows) also
decreased after 48 h of cultivation.

An 80 kDa recombinant protein was observed at 48 h in all biological replicates, and at 60 h,
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the recombinant protein was completely degraded, similarly to the previous experiment
(Figure 4.1) where 80 kDa recombinant proteins produced by the CMF3-44 transformant were

degraded and low MW proteins also exhibited signs of degradation after 72 h of cultivation.
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Figure 4.3. Western blot detection of Strep-tagged proteins in culture supernatants of the CMF3-44
transformant in cultures with pH adjustment. An 80 kDa recombinant proteins observed throughout
the cultivation, are indicated by a rectangle.

For the cultures with pH control (Figure 4.3), the results correlated among the biological
replicates with the exception of one culture that was accidentally adjusted to pH 12 at 48 h,
which may have caused growth inhibition or increase in production of alkaline proteases. High
(80 kDa) recombinant proteins were detected in the culture supernatants up to day 4 of
cultivation (84 h). Low MW (30 and 25 kDa) recombinant proteins were also observed in pH
controlled samples indicating that some degradation did occur despite pH adjustment. The pH
curves of the CMF3-44 cultures with and without pH adjustment are provided in Figure 4.4
(B).

To further support the findings and compare the effect of the pH on the stability of the
recombinant CMF3 and CMF4 proteins, transformant CMF4-31 was grown with and without
pH adjustment as described in section 4.2.2. In the control cultures, pH gradually decreased
from 6.5 (pH of the culture medium before inoculation) to below 5 (Figure 4.4, A).
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Figure 4.4. pH profiles of CMF4-31 (A) and CMF3-44 (B) cultures grown with and without pH
adjustment (control).

Equal volumetric amounts of the culture supernatants were analysed in Western blots with
Strep-Tactin AP conjugate (Figure 4.5). Transformant CMF4-31, which expressed
recombinant FUT4 protein in fusion with the mCherry protein and CBHL1 carrier, exerting
high mCherry fluorescence, behaved similarly to transformant CMF3-44 when grown at the
neutral pH (Figure 4.3). Secretion of the recombinant proteins in the culture without pH
control started around 48 h of cultivation while in a culture with pH adjustment secretion was
delayed or, possibly, the concentration of the recombinant proteins was below the detection

level.

12h 20h 24h 30h 44h 48h 54h 68h 72h 12h 20h 24h 30h 44h 48h 54h 68h 72h

Figure 4.5. Western blot detection of Strep-tagged proteins in culture supernatants of the CMF4-31
transformant. (A) control culture without pH adjustment; (B) pH adjusted to 7.0. High MW proteins
detected in both cultures at different time points are indicated by rectangles.
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Overall, recombinant proteins were more stable at pH 7.0 and, similarly to the previous
experiment, were detected in the culture supernatant even after 72 h of cultivation, although
the size of the proteins was different (bands of about 80 kDa in a culture without pH adjustment
and 60 kDa bands in a culture without pH adjustment). Also, low MW recombinant proteins
were not observed in the culture with pH adjustment. It is possible that the FUT4 protein,
unlike FUT3, was susceptible to the degradation by the neutral or alkaline proteases, which

were induced by the neutral pH of the culture.

4.3.3 pH- and time-dependent degradation of recombinant proteins produced by the

non-mCherry CF3 transformants

Transformants CF3-4 and CF3-8, which expressed the FUT3 protein without mCherry, were
analysed to identify the optimal time of cultivation for the production of recombinant fusion
FUT3 and also to study the effect of pH of the growing culture on the stability of the
recombinant proteins. Without pH adjustment, the pH in both cultures gradually decreased
from 6.5 (pH of the culture medium before inoculation) to 5 (Figure 4.6). The pH in the

experimental cultures was kept between 6.5 and 7.0 as described in section 4.2.2.

7 7
6 o 6 ==
5 77— 5
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! adjustment 1 adjustment
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0 12 18 24 36 48 60 72 0 12 18 24 36 48 o0 72
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Figure 4.6. pH profiles of the CF3-4 (A) and CF3-8 (B) cultures grown without pH adjustment
(control) and with pH adjustment.
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Samples were taken every 6-12 hours and equal volumetric amounts of the culture
supernatants were analysed by Western blotting with the Strep-Tactin AP conjugate. Results
of the experiments for the transformant CF3-4 are shown in Figure 4.7. As described in section
3.3.2 (Figure 3.12), CF3-4 secreted a truncated recombinant protein (about 45 kDa).
Recombinant proteins of the same size were observed in both the control and pH adjusted
cultures. Recombinant products in both cultures were detected in the culture supernatants at
around 36 hours of cultivation. In the control culture without pH adjustment, degradation of
the recombinant products occurred at some point between 48 and 60 hours of cultivation,
which corresponds to the results obtained for CMF3 and CMF4 transformants in section 4.3.2.
When the pH was adjusted to 7.0, recombinant proteins remained stable up to 72 hours of

cultivation.
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Figure 4.7. Western blot detection of Strep-tagged proteins in the culture supernatants of the CF3-4
transformant. (A) control culture without pH adjustment; (B) pH adjusted to 7.0.

Slightly different results were obtained for the transformant CF3-8. Unlike CF3-4, this
transformant secreted both full-sized (about 80 kDa) and truncated (45 kDa) recombinant

proteins. Similarly to CF3-4, these protein were detected in the culture supernatants at 36 hours
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of cultivation and signs of degradation were visible after 60 hours of cultivation (Figure 4.8).
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Figure 4.8. Western blot detection of Strep-tagged proteins in culture supernatants of the CF3-8
transformant. (A) control culture without pH adjustment; (B) pH adjusted to 7.0.

The effect of pH shift was less prominent for the CF3-8 than for transformants CMF3-44 and
CMF4-31, which implies that stability of a shorter fusion FUT3 protein without the mCherry
subunit was less affected by acidic conditions. Also, recombinant proteins produced by the
CF3-8 strain seem to be slightly more stable: although proteolytic degradation took place after
48 hours into cultivation, recombinant proteins close to the size of 80 kDa were still detected

even after 60 hours of cultivation (Figure 4.8, B).
4.3.4 Analysis of the intracellular and secreted proteins of the CMF3-44 transformant

An assumption was made in Chapter 3 that initial cleavage of the fusion proteins occurred
inside the cell or during the secretion. To further investigate this hypothesis, extracellular and
intracellular proteins of the CMF3-44 transformant were analysed by Western-blotting with
Strep-Tactin AP conjugate and the fluorescence of the mCherry protein was measured (Figure
4.9).
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Figure 4.9. mCherry fluorescence (A) and Strep-tagged proteins (B) detected by Western blotting in
the culture supernatants and in the soluble intracellular protein fraction of the CMF3-44 transformant
over the course of four days.

The intensity of the mCherry fluorescence in the culture supernatants of the CMF3-44 cultures
gradually increased throughout four days of cultivation (Figure 4.9, A), as a result of secretion
and accumulation of the mCherry protein in the culture medium. Fluorescence measured in
the soluble intracellular protein fraction was low/undetectable, and no pattern was observed.
This might indicate that there was no accumulation of the fusion protein in the secretory
pathway. Strep-tagged proteins, including an 80 kDa protein, were detected in the culture
supernatants on day 2 (Figure 4.9, B), similarly to the previous experiments (section 4.3.2).
No high MW recombinant proteins were detected in the intracellular protein fraction, and 30
kDa and 25 kDa proteins were detected on day 3 and 4 (Figure 4.9, B). The presence of the 30
kDa and 25 kDa recombinant proteins in the intracellular protein fraction could indicate that
the initial cleavage occurs inside the cell and later on secreted proteins are further degraded
by extracellular proteases. Co-localisation of the mCherry protein and the ER was investigated

by confocal microscopy (Figure 4.10).
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Figure 4.10. Confocal microscopy image of hyphae of the CMF3-44 transformant cultivated for 48 h.
The green colour indicates the endoplasmic reticulum (ER) stained with ER-Tracker™ Green
BODIPY® FL Glibenclamide (Life Technologies, Australia). The red colour indicates mCherry
fluorescence visualised in the hyphae. Co-localisation of the mCherry protein and the ER is shown in
yellow. The staining and microscopy were performed at Macquarie University Microscopy Facility.
Scale bar is 10 pum.

Confocal microscopy demonstrated co-localisation of the mCherry fluorescent tag and the ER
at 48 h of cultivation. Accummulation of the mCherry protein outside of the ER (bright red
spots) may indicate that some recombinant proteins were not directed into the secretory
pathway. The presence of low MW Strep-tagged proteins (which were identified as products
of the cleavage of the mCherry protein in Chapter 5) suggests that this particular cleavage

occurs inside the cell.

4.4 Summative discussion

Cultivation experiments revealed similarities and also some differences between the T. reesei

transformants producing smaller (CF3) and larger (CMF3 and CMF4) fusion proteins.

It was demonstrated that the optimal time of cultivation for all tested transformants was around
48 hours with a view pf obtaining a good yield of recombinant protein. While Western blotting
does not allow to precisely compare the yield of recombinant proteins produced by different
strains or in different conditions, it seemed that the CF3 transformants secreted higher amounts
of recombinant proteins and that secretion began at an earlier stage of cultivation, 36 hours

compared to 48 hours for the CMF3 and CMF4 transformants. Recombinant proteins produced
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by CF3 transformants were also slightly less prone to time-dependent degradation, as an about
80 kDa protein, corresponding to the full-sized fusion FUT3 protein, was detected in the

culture supernatants even after 60 h of cultivation (Figure 4.8).

Recombinant proteins produced by the CMF3-44, CMF4-31, CF3-4 and CF3-8 selected for
screening were less degraded when transformants were grown at a neutral pH compared to the
non-adjusted conditions which could indicate that extracellular degradation of the recombinant

proteins was at least partially caused by acidic proteases.

Transformants CMF4-31 and CMF3-44 behaved similarly in the pH control experiments. Both
types of transformants produced fusion proteins containing mCherry, which seemed to be
more prone to time-dependent degradation; in cultures without pH control, little or no
recombinant proteins were detected after 60 h of cultivation (Figure 4.3 and 4.5). The effect
of pH control was also more prominent for proteins produced by CMF3 and CMF4
transformants containing mCherry than for the smaller CF3 proteins. It has been hypothesised
that closer proximity of the CBH1 core and linker carrier protein to a heterologous protein can
protect it from degradation (Nyyssonen & Keranen, 1995). Also, there might be additional
protease cleavage sites in mCherry and linker regions. Although the mCherry protein is stable
in T. reesei supernatants (Sun, 2008) it is reported to have a cleavage site at the N-terminus
(Huang et al., 2014), which does not affect its fluorescent properties but could result in

proteolysis of the fusion protein.

CF3 transformants without mCherry exhibited similar results to CMF3 transformants in terms
of the pH shift: recombinant proteins produced by the CF3 transformants were more stable in
the cultures with neutral pH, thus supporting the hypothesis of acidic proteases playing a role

in the degradation of the recombinant FUT3.

Considering the low number of CMF4 transformants, the absence of positive CF4
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transformants and also unavailability of a commercial FUT4 enzyme to be used as a positive
control in activity assays and Western blots, it was decided to focus on the transformants

CMF3-44 and CF3-8 expressing the recombinant FUT3 protein in further experiments.
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PURIFICATION AND ANALYSES

OF PURIFIED PROTEINS






5.1 Introduction

Choosing an appropriate purification tag is an important step in designing a recombinant
protein production, especially in the case of proteins with potential biomedical applications
where purity is crucial. The cost of the purification process also plays a role in the selection
of the method of purification. Purification process should occur under mild conditions, and a

tag must be compatible with T. reesei medium and growth conditions.

Strep-tag 11, used in this study, has been used successfully used in T. reesei in earlier research
for the purification of lipase from Dipodascus capitatus and human a-galactosidase A (Pakula
et al., 2016, Smith et al., 2014). It is stable in T. reesei and due to the small size (8 a.a) does
not interfere with the folding and activity of the protein it is attached to, so removal of the tag
after purification may not be necessary, depending on the intended application. Strep-tag Il is
well suited for the analysis of functional proteins because the purification procedure can be

carried out under physiological conditions.

Observations made in the previous chapters pointed to the possibility that the recombinant
FUTS3 protein was degraded by acidic proteases of T. reesei and that such degradation was not
random but rather occurred at specific cleavage sites (section 4.3.1). Identification of such
proteases and their cleavage sites is a necessary step in order to improve the yields of the
recombinant FUT3 and would be beneficial not only for this project but also for the production
of other heterologous proteins in T. reesei. The information obtained could be used to design
an appropriate protease deficient production strain or to modify expression cassettes for the

expression of heterologous proteins in order to remove known cleavage sites.

In this chapter, recombinant Strep-tagged FUT3 proteins were purified from the culture
supernatants of the CMF3-44 and CF3-8 transformants. After purification, components of the

fusion protein (mCherry protein, CBH1 core and linker protein, Strep-tag Il and FUT3 protein)
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were identified by Western blotting with respective antibodies. N-terminal sequencing of the
recombinant proteins purified from the culture supernatant of the CMF3-44 transformant was
carried out in order to identify specific protease cleavage sites. Purified proteins were also
used in protease inhibition studies (section 6.3.1), and enzymatic activity of the recombinant

FUT3 was analysed.

5.2 Materials and Methods

5.2.1 Purification of Strep-tagged recombinant proteins

The transformants CMF3-44 and CF3-8 were grown for 48 h in shake flasks containing 50 ml
CLS to induce the cbhl promoter (4 flasks per each strain). Cultures were centrifuged two
times for 20 min at 5000x g to remove fine particles that can block purification columns.
Obtained supernatants (approximately 40 ml from 50 ml culture) were loaded on a gravity
flow column containing 5 ml Strep-Tactin Sepharose or Strep-Tactin Superflow HC as

described in section 2.10.
5.2.2 N-terminal sequencing of the CMF3-44 proteins

Previous experiments (section 4.3.1) suggested that degradation of the recombinant proteins
was not random but rather occurred at certain cleavage sites. In order to identify specific
protease cleavage sites, recombinant proteins purified from the culture supernatant of the
CMF3-44 transformant were subjected to N-terminal sequencing. Purified proteins were run
on an SDS-PAGE gel, transferred onto P\VDF membrane and stained with Coomassie R-250
(section 2.11). Four major bands of the size about 80 kDa (double band), 35 kDa and 25 kDa
were cut out from the membrane and sent for sequencing to Australian Proteome Analysis

Facility (APAF) (www.proteome.org.au).
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5.2.3 Activity assays

Glycosyltransferase activity kit (R&D Systems, cat# EA001) was used to determine the
activity of the recombinant proteins, purified from the culture supernatants of the CMF3-44

and CF3-8 transformants. The principle of the activity assay is shown in Figure 5.1.
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Figure 5.1. Principle of the fucosyltransferase activity assay. After the fucose molecule is transferred
from GDP-fucose to the acceptor substrate, a phosphatase cleaves one inorganic phosphate from the
guanidine-diphosphate. The amount of phosphate is then detected in a colorimetric reaction with
Malachite Green Reagents. Modified from www.rndsystems.com

Activity assay was performed as described in the product datasheet
(https://resources.rndsystems.com/pdfs/datasheets/ea001.pdf). Briefly, working solutions of
donor and acceptor substrates (10 ul each) were mixed with coupling phosphatase 1 (5 pl).
The reaction was initiated by addition of a recombinant protein or a commercial
fucosyltransferase 3 (25 ul). Assay buffer was used in the negative controls in place of the
fucosyltransferase enzyme. After incubation at 37°C, Malachite Green Reagents A and B (30
ul each) were added to the reaction. Next, after incubation at room temperature for 20 min,
OD 620 was measured and adjusted by substracting the reading of the negative control.
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Coupling phosphatase 1, assay buffer, phosphate standard and Malachite Green Reagents were
included in the Kit. Positive control and donor and acceptor substrates were purchased
separately. Recombinant human fucosyltransferase 3 (R&D Systems, cat# 4950-GT)
expressed in a mouse myeloma cell line, was used as a positive control. Five mM human IgG
and 2.4 mM lactosamine were used as the acceptor substrates. GDP-Fucose (240 uM — 2.5
mM) was used as a donor substrate. Activity assays were carried out at 37°C for 20 h (with
IgG as a substrate) and for 2 h (with lactosamine). All samples were analysed in duplicates, as

per manufacturer’s recommendations.

5.3 Results and Discussion

Samples taken before and during purification of recombinant proteins from the CMF3-44 and
CF3-8 cultures were analysed by Western blotting with Strep-Tactin AP conjugate (Figure
5.2). In both cases, flow-through and wash fractions contained high amounts of recombinant
proteins, which suggests that the amount of recombinant Strep-tagged proteins in the sample
was higher than the binding capacity of the purification column. The binding capacity of the
Strep-Tactin Sepharose resin is 50 to 100 nmol of recombinant Strep-tagged protein per 1 ml
of resin (up to 8 mg in case of an 80 kDa protein). The high amount of recombinant FUT3 in
the flow through fraction indicated that not all the protein was bound to the column and that
the binding capacity was indeed, too low. The choice of the column was based on the existing
information about the yields of heterologous mammalian proteins in T. reesei which were
usually below 100 mg/I (see Table 1.6). It is also possible that the conditions of the purification
process such as pH of the buffers and the flow speed, required optimisation. However, this
aspect was not studied further as the obtained amounts of the recombinant proteins were
sufficient for their analyses, and optimisation of the purification process did not fit into the
time frame of the project.
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Figure 5.2. Western blot analysis of samples taken during purification of the recombinant proteins
produced by the CMF3-44 (A) and CF3-8 (B) transformants. The presence of unbound Strep-tagged
proteins in the flow-through and wash fractions indicates that the amount of Strep-tagged proteins in
the 40 ml of culture supernatant applied on the column was higher than the binding capacity of the
column.

Elution fractions were pooled together, dialysed against water overnight at 4°C and
concentrated in Speedvac. The concentration of the purified proteins was measured, and the
total amount of the recombinant Strep-tagged protein purified from 200 ml of the CMF3-44
culture supernatant was calculated to be 7 mg (45 mg per 1 litre of the culture). Taking into
account the amount of unbound proteins in the flow-through and wash fractions, the overall
yield of recombinant FUT3 was estimated to be close to 70 mg/l level. The vyield of
recombinant proteins from the CF3-8 culture was lower (approximately 40 mg/l). Purified and
concentrated proteins analysed by Western blotting with the Strep-Tactin AP conjugate are

shown in Figure 5.3:
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Figure 5.3. Concentrated recombinant proteins (purified from the culture supernatants of the CMF3-
44 and CF3-8 transformants) obtained in two rounds of purification. Approximately 0.2 ug of purified
protein was loaded in each well; detection was performed by Western blotting with the Strep-Tactin
AP conjugate.

After purification of the Strep-tagged proteins from the culture supernatant of the CMF3-44
transformant, five major bands (double bands of 80 and 25 kDa and a 30 kDa band) were
detected by Western blotting (Figure 5.3) together with fainter bands of approximately 10 kDa.
In the fraction of proteins purified from the CF3-8 transformant, a 50 kDa band dominated,
and less intense bands of about 80 kDa were observed, similarly to the bands detected in the
culture supernatants of the respective transformants (Figure 4.1 and 4.8). Even though
recombinant Strep-tagged proteins were shown to exist as multiple truncated products of
different size, the fraction of Strep-tagged proteins, purified from the culture supernatants, will

be referred to as “CMF3-44 protein” and “CF3-8 protein” in the following chapters.

5.3.1 Identification of the components of the recombinant protein in Western blots

Identification of the FUT3 protein in culture supernatants in the earlier analyses using an
antibody raised against human fucosyltransferase 3 (Abcam, #ab102844) was not completely

successful and did not give reliable and reproducible results perhaps due to a low affinity of
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the antibody to recombinant FUT3 or low concentration of the FUT3 in the culture
supernatant. Here, a new anti-FUT3 antibody (Santa Cruz Biotechnology cat# sc-14874) was
used to confirm the presence of the FUT3 component in the proteins obtained by the
purification using the Strep-Tactin Sepharose column and provide support to the earlier
assumption that the larger Strep-tagged recombinant proteins also contained FUT3 (Chapter
3). Other components of the fusion FUT3 protein were also identified to shed some light on

the compositions of the degradation products observed throughout the study.

The components of the recombinant protein produced by the CMF3-44 transformant: Strep-
tag Il (1.1 kDa), CBHL1 carrier protein (47.8 kDa), mCherry (26.7 kDa) and FUT3 (38.2 kDa)
were detected in Western blots with respective antibodies (section 2.9). The two bands of
around 80 kDa were seen in all Western blots including the Western with a specific anti-FUT3
antibody (Santa Cruz Biotechnology cat# sc-14874) raised against a peptide mapping near the
C-terminus of human fucosyltransferase 3. This further confirms the earlier hypothesis
(Chapter 3) that Western blotting with the Strep-Tactin AP conjugate did detect the
recombinant FUT3 protein and that the tag had not been removed from some forms of the

fusion protein.

107



Strep-tactin

. anti-FUT3 antibod anti-mCherry antibody anti-CBH]1 antibod
AP conjugate y y y Y
control control
(commercial (mCherry control
CMF344 FUT3 enzyme CME3-44 €xpressed CMF344 (Rut-C30
Mw CMES=4 — dot blot) ) in E. coli) supernatant)

(kDa)
100 m 110

1o,
| — 80

80

60

40 .

30

Figure 5.4. Detection of the different components of the Strep-tagged fusion proteins purified from
the CMF3-44 culture supernatants by Western blotting. Approximately 0.2 pg of the purified protein
was analysed in each blot. Positive controls used were: Strep-tag ladder, commercial FUT3 enzyme
(0.5 pg), cell lysate of E. coli expressing the mCherry protein and Rut-C30 (expression host) culture
supernatant.

The 35 and 25 kDa bands were detected only in Western blots with Strep-Tactin AP conjugate
and anti-mCherry antibody (Figure 5.4), which allows to hypothesise about the location of
possible cleavage sites. It also showed that previous analysis of the culture supernatants with

the Srep-tactin AP conjugate detected degraded proteins that did not contain FUTS3.

The structure of the CMF3 protein and theoretical molecular weights of its components are
shown in Figure 5.5. The anti-FUT3 antibody targets the C-terminus of human FUT3 protein
so it can be assumed that the 80 kDa bands contained intact FUT3. The anti-CBH1 antibody
is polyclonal and therefore can detect even short/truncated fragments of the CBH1 core and
linker protein which allows to assume with a certain level of caution that the fusion protein
was N-terminally cleaved somewhere in the CBH1 core/linker region, leaving enough of
CBH1 to be detected. Nyyssonen and Kerdnen (1995) described production of the heavy Fd
chain of the Fab antibody in fusion with the CBH1 core-linker protein by T. reesei and reported
that the CBH1 carrier was intracellularly cleaved from its fusion partner by an unidentified

protease, which could also happen to the FUT3 protein produced in fusion with the CBH1
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Figure 5.5. Schematic structure of the CMF3 protein and molecular weights of its components. Arrows
indicate possible protease cleavage sites. Antibody binding sites are indicated by stars.

The low molecular weight proteins bands of about 35 kDa and 25 kDa obtained from CMF3-
44 transformant contain the Strep-tag Il and the mCherry protein; therefore, by knowing that
mCherry is 26.7 kDa, and the Strep-tag I, linker and the enterokinase cleavage site are 20 a.a.
in total and do not add much to the size of a protein, we can hypothesise that there might be
protease cleavage sites located at the N-terminal region of the FUT3 or N-terminal region of

the mCherry (Figure 5.5).

Western blot analyses of the recombinant proteins purified from the culture supernatant of the
transformant CF3-8 demonstrated that two protein bands above and below 80 kDa contained
the Strep-tag Il, FUT3 and the CBH1 carrier (Figure 5.6). A band of approximately 50 kDa

only contained the Strep-tag Il and the CBHL1 carrier.
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Figure 5.6. Detection of the different components of the recombinant fusion protein produced by the
CF3-8 transformant by Western blotting. Approximately 0.2 ug of the purified protein was analysed
in each blot. Positive controls used were: Strep-tag ladder, commercial FUT3 enzyme (0.5 pg), and
Rut-C30 culture supernatant.

As discussed above, possible proteolytic cleavage sites could be located within the CBH1
core-linker protein and at the N-terminus of the FUT3 protein; therefore, two bands of
approximately 80 kDa containing the Strep-tag I, CBH1 and FUT3 could be products of the
cleavage within the CBH1 protein. A 50 kDa band only containing the Strep-tag Il and CBH1

could be a result of the cleavage at the N-terminus of FUT3, as shown in Figure 5.7.

CF3

*

[

CBH1
linker

Strep-tag 11

Theoretical MW:

FUT3 —40.9 kDa Strep-tag II — 1.1 kDa
mCherry — 26.7 kDa CF3 —88.7 kDa
CBHI1 core-linker —47.8 kDa

Figure 5.7. Schematic structure of the CF3 protein and molecular weights of the components. Arrows
indicate possible protease cleavage sites. Antibody binding sites are indicated with stars.
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It appears that the recombinant proteins produced by transformants CMF3-44 and CF3-8 are
cleaved at different cleavage sites within the CBH1 carrier protein. While the recombinant
fusion protein produced by the CMF3-44 strain (full size 115.4 kDa) was hypothesised to be
cleaved at the C-terminus of the CBH1 core-linker resulting in 80 kDa proteins, the CF3-8
made protein (full size 88.7 kDa) was possibly cleaved at the N-terminus of the CBH1 core-
linker, and such cleavage produced proteins of approximately 80 kDa. Such differences could
be a result of differences in the folding of the CMF3 and CF3 recombinant proteins as the
cleavage sites could be exposed to proteases or protected from the proteolysis by domains of

the fusion protein.

5.3.2 N-terminal sequencing of the purified recombinant proteins produced by the

CMF3-44 transformant

Four major protein bands purified from the culture supernatant of the CMF3-44 transformant
(section 5.3) were subjected to N-terminal sequencing in order to specify the position where
the protease cleavage occured (Figure 5.5). N-terminal sequencing requires at least 2
picomoles of protein (0.16 pg in the case of an 80 kDa protein and 0.06 pg in the case of a 30
kDa protein). At least five major bands were observed in the fraction of Strep-tagged proteins
purified from the CMF3-44 transformant (Figure 5.8). To ensure that each protein to be
sequenced was present in sufficient concentration, a total of 5.6 g of the purified recombinant

protein was used to prepare samples for the N-terminal sequencing.
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Figure 5.8. Recombinant proteins purified from the culture supernatant of the CMF3-44 transformant,
blotted onto a PVDF membrane and stained with Coomassie R-250 prior to N-terminal sequencing.
Protein bands to be sequenced are indicated with letters from A-D and pointed by arrows.

Out of the four analysed proteins, two 80 kDa forms (Figure 5.8, A and B), were N-terminally
blocked which made the N-terminal sequencing impossible at this point of experimental work.
Protein with the lowest molecular weight (~25 kDa, Figure 5.8, D) gave a very low signal
possibly due to an insufficient sample concentration, and no reliable sequence was recorded.
Sequencing of the protein band C (Figure 5.8) with MW of ~ 35 kDa was successful and the
amino acid sequence GEEDN was obtained. This sequence was found at the N-terminus of

the mCherry protein (Figure 5.9).

MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKV
TKGGPLPFAWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDG
GVVTVTQDSSLODGEFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPED
GALKGEIKQRLKLKDGGHYDAEVKTTYKAKKPVQLPAYNVNIKLDITSHNEDYTIV
EQYERAEGRHSTGGMDELYK

Figure 5.9. Amino acid sequence of the mCherry fluorescent protein. Amino acids identified by N-
terminal sequencing are highlighted in green.

Huang et al. (2014) studied the degradation of the mCherry fluorescent tag by the acidic
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proteases in lysosomes of mammalian cell lines. Among other findings, they demonstrated
that removal of the 11 N-terminal residues of mCherry (MVSKGEEDNMA) generated a
cleavage-resistant fluorescent protein. N-terminal sequencing of the proteins purified from the
CMF3-44 transformant demonstrated cleavage of the mCherry protein in the same region, so
it is possible that the cleavage was caused by the same class of proteases targeting the same
amino acid sequence. Results of Western blotting (Figure 5.4) and N-terminal sequencing are

summarised in Table 5.1:

Table 5.1. Summary of analyses of the recombinant proteins purified from the CMF3-44 transformant.

Protein size WB identification Theoretical N-terminal
Strep-tag | CBHL | FUT3 | mCherry cleavage sites sequencing
" results
~ 80 kDa + + + + CBH1 core/linker | N-terminally
(double band) region blocked
~ 35 kDa + - - + N-terminal region | Cleavage site
of FUT3 or N- | identified at the
terminal region of | N-terminus of
mCherry mCherry
protein
~25kDa + - - + N-teminal region | Low signal
of FUT3 or N-
terminal region of
mCherry

Two cleavage sites (AQ and RQ) for Kex2-like peptidases of T. reesei have been described
(de Faria et al., 2002; Miyauchi et al., 2013). One RQ site was found at the N-terminus of the

FUTS3 protein (Figure 5.10).

/RVSRDDATGSPRAPSGSSRQDTTPTRPTLLI LLRTWPFH IPVALSRCSEMVPGTAD\
CHITADRKVYPQADMVIVHHWDIMSNPKSRLPPSPRPQGQRWIWFNLEPPPN
CQHLEALDRYFNLTMSYRSDSDIFTPYGWLEPWSGQPAHPPLNLSAKTELVAWA
VSNWKPDSARVRYYQSLOQAHLKVDVYGRSHKPLPKGTMMETLSRYKFYLAFEN
SLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFIHVDDFQSPKDLAR
YLQELDKDHARYLSYFRWRETLRPRSFSWALDFCKACWKLQQESRYQTVRSIAA

WET J

Figure 5.10. Amino acid sequence of the FUT3 protein; Kex2-like peptidase cleavage site is
highlighted in red.

A protein of approximately 35 kDa produced by the CMF3-44 transformant (Figure 5.8, band
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C) could be a product of the cleavage by a Kex2-like protease and by an unknown protease
that cleaves at the N-terminus of the mCherry protein as shown in Figure 5.11. Theoretical

MW of the product of such cleavage is 30.7 kDa.

Cleavage site identified by Potential Kex2-like
N-terminal sequencing peptidase cleavage site
RQ)

@

!

!
£

nker |

enterokinase

site

li

Strep-tag Il

~35 kDa

Figure 5.11. Schematic structure of the CMF3 fusion protein. Sites of protease cleavage that produces
a protein of approximately 35 kDa are shown.

Obtained information corresponds with the results of Western blotting (section 5.3.1) where
only the mCherry protein and Strep-tag Il were detected in the ~35 kDa protein and
assumptions were made about the position of the cleavage sites in the protein produced by the

CMF3-44 transformant (Figure 5.5).

Three AQ cleavage sites (de Faria et al., 2002) were found in the CBH1 core-linker protein

(Figure 5.12).

@ RKLAVISAFLATARAQSACTLQSETHPPLTWQKCSSGGTCTQQTGSVVI Dﬂh
WRWTHATNSSTNCYDGNTWSSTLCPDNETCAKNCCLDGAAYASTYGVTTSGN
SLSIGFVTQSAQKNVGARLYLMASDTTYQEFTLLGNEFSFDVDVSQLPCGLNGA
LYFVSMDADGGVSKYPTNTAGAKYGTGYCDSQCPRDLKFINGQANVEGWEPS
SNNANTGIGGHGSCCSEMDIWEANSISEALTPHPCTTVGQEICEGDGCGGTYS
DNRYGGTCDPDGCDWNPYRLGNTSFYGPGSSFTLDTTKKLTVVTQFETSGAIN
RYYVONGVTFQQPNAELGSYSGNELNDDYCTAEEAEFGGSSFSDKGGLTQFKK
ATSGGMVLVMSLWDDYYANMLWLDSTYPTNETSSTPGAVRGSCSTSSGVPAQ
VESQSPNAKVTFSNIKFGPIGSTGNPS /

Figure 5.12. Amino acid sequence of the CBH1 core-linker protein; Kex2-like peptidase cleavage sites
are highlighted in red.
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It is possible that the proteins of about 80 kDa produced by the CMF3-44 transformant, which
were hypothesised to be cleaved at the C-terminus of the CBH1 carrier protein, are a result of

the cleavage by a Kex2-like peptidase, as shown in Figure 5.13.

Potential Kex2-like
peptidase cleavage site

(AQ

S
— . 5
% 2 £ =
[=} = =
O = £ = &
< &
5) 2
=2 @
O wm
L J
~80 kDa

Figure 5.13. Schematic structure of the CMF3 fusion protein. A site of protease cleavage that produces
a protein of approximately 80 kDa is shown.

It is estimated that approximately half of all proteins cannot be directly sequenced by Edman
degradation because they have a blocked N-terminal residue. Natural causes of the N-terminal
block include an N-acetyl amino acid, a glycosylated amino acid, or a pyrrolidone carboxylate
group. Three N-glycosylation sites have been identified in the catalytic domain of the CBH1
and one of them (Asn384) is located at the C-terminus of the protein (Qi et al., 2014). O-
glycosylation sites have been found in the linker region of the CBH1 protein (Klarskov et al.,
1997; Maras et al., 1997; Harrison et al., 1998). As it was hypothesised in section 5.3.1 that
two recombinant proteins of ~ 80 kDa were cleaved somewhere in the C-terminus of the CBH1

core/linker protein, glycosylation could explain the N-terminal blockage of those proteins.

The N-terminal block could also occur during protein purification as a result of sample
manipulations, but given the fact that all samples were processed simultaneously and at
identical conditions and only two out of four samples were found to be N-terminally blocked,
it is more likely that the blockage was natural. Some N-terminal blocking groups can be

removed but such procedure requires a significant amount of the protein and does not always
115



work because the type of blockage is mostly unknown. Attempts to remove the N-terminal
blockage would require purification of large amounts of recombinant protein, which was not

feasible due to the time allocated for this research.

5.3.3 Activity assays

Enzymatic activity of the recombinant proteins purified from the CMF3-44 and CF3-8 culture
supernatants was analysed using a colorimetric assay (section 5.2.3). The fucosyltransferase 3
enzyme can transfer fucose in a-1,3 and a-1,4 linkages to the N-acetylglucosamine (GICNAC)
of the pB-D-Gal-(1—4)-D-GIcNAc substrate (lactosamine). Two different substrates,
lactosamine and human IgG, which has lactosamine structures among its glycans, were used
in the activity assays. Lactosamine is a more suitable substrate for assaying the
fucosyltransferase activity, but it was not available at the beginning of activity assay
experiments, thus 1gG was used as a substitute to start with. The assay used in this study
measures total fucosyltransferase activity and does not allow to differentiate between a-1,3

and a-1,4 activities.

The assay is based on the detection of free GDP released after the transfer of fucose from
GDP-Fucose to the acceptor substrate. Specific phosphatase releases inorganic phosphate
from the GDP and the amount of the phosphate is detected by Malachite Green phosphate
detecting reagents A and B. Enzyme activity is calculated as the amount of phosphate
(pmol/min) released by one ug of the enzyme. First, the relationship between the absorbance
and amount of phosphate in the reaction was established by creating a phosphate standard

curve using dilutions of the phosphate standard (provided in the assay kit) (Figure 5.14).
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Figure 5.14. A phosphate standard curve. The slope of the linear regression line, 3959 pmol/OD,
represents the amount of phosphate corresponding to a unit of absorbance at 620 nm. It is referred to
as the phosphate conversion factor (CF) in subsequent calculations. Assay was performed in duplicate
and average values were used to create the standard curve.

Next, the activity of the commercial FUT3 was measured according to the protocol provided
by the manufacturer. The manufacturer guarantees specific activity of >25 pmol/min/ug under
the described conditions (240 uM GDP-Fucose, 2.4 mM lactosamine, time of incubation — 20
min). Specific activity was calculated by the following formula: Specific Activity =S (OD/ug)
x CF (pmol/OD)/Time (minutes), where S is the slope of the linear regression line (Figure
5.15) and CF is a conversion factor obtained from the phosphate standard curve (Figure 5.14).

Specific activity of the commercial FUT3 enzyme was calculated to be 117 pmol/min/ug.
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Figure 5.15. Recombinant human FUT3 (R&D Systems, cat#4950-GT) assay. Using the conversion
factor of 3959 pmol/OD, the specific activity was calculated to be 117 pmol/min/pg ((0.5932 x 3959)
+ 20). Assay was performed in duplicate and average values were used to create the curve. Error bars
represent minimal and maximal values.

Activities of the CMF3-44 and CF3-8 recombinant proteins purified from the culture
supernatants of the respective transformants were first assayed using 1gG as a substrate.
Specific activities were calculated to be 1.56 pmol/min/ug for the FUT3 from CMF3-44 and
4.15 pmol/min/pg for FUT3 from CF3-8 using the formula described above (Figure 5.16 and

5.17).

IgG has various glycan structures, only a few of them being able to accept terminal fucose;
IgG was used at the highest recommended concentration (5 mM), and reactions were carried

out for 20 h (maximal recommended time). However, measured activities were still very low.
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Figure 5.16. Activity assay for the CMF3-44 produced recombinant protein with 1gG as a substrate.
Activity: 1.56 pmol/min/pg. Assay was performed in duplicate and average values were used to create
the curve. Error bars represent minimal and maximal values.
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Figure 5.17. Activity assay for the CF3-8 produced recombinant protein with 1gG as a substrate.
Activity: 4.15 pmol/min/pg. Assay was performed in duplicate and average values were used to create
the standard curve. Error bars represent minimal and maximal values.

The assay was repeated with a more suitable substrate (lactosamine) in a concentration
recommended by the manufacturer (2.4 mM). Activities measured were approximately ten
times higher than in assay with 1gG which could be a result of higher number of acceptor
structures in lactosamine. Specific activities were calculated to be 11 pmol/min/ug for the

CMF3-44 and 47 pmol/min/ug for the CF3-8 protein (Figure 5.18 and 5.19).
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Figure 5.18 Activity assay for the CMF3-44 produced recombinant protein with lactosamine as a
substrate. Activity: 11 pmol/min/pg. Assay was performed in duplicate and average values were used
to create the standard curve. Error bars represent minimal and maximal values.
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Figure 5.19. Activity assay for the CF3-8 produced recombinant protein with lactosamine as a
substrate. Activity: 47 pmol/min/ug. Assay was performed in duplicate and average values were used
to create the standard curve. Error bars represent minimal and maximal values.

In both assays, with 1gG and lactosamine as a substrate, the CF3-8 protein demonstrated
approximately four times higher activity than the CMF3-44 protein. It could be at least
partially explained by different compositions of the two proteins and, consequently, different
protease cleavage sites and degradation patterns. At least seven protein bands were detected
in the fraction of Strep-tagged proteins purified from the CMF3-44 transformant (Figure 5.3),

and only two of them were detected by the anti-FUT3 antibody (Figure 5.4). Only three major
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bands were observed in the CF3-8 Strep-tag Il protein fraction (Figure 5.3) and two of them
were demonstrated to contain the FUT3 protein (Figure 5.6), so while equal amounts of each
protein were used in activity assays, amount of the proteins containing FUT3 in the CMF3-44

samples could have been lower than in CF3-8 samples.

5.4 Summative discussion

Recombinant Strep-tagged proteins were successfully purified from the culture supernatants
of the CMF3-44 and CF3-8 transformants. It turned out that not all Strep-tagged proteins
present in the culture supernatants could bind to the purification resin, therefore, further
optimisation of the purification technique will be required either by increasing the amount of
the purification resin, using a resin with a higher binding capacity, decreasing the amount of
the culture supernatant applied on the purification column or by optimising the conditions of

the purification process.

Analysis of the purified proteins by Western blotting with specific antibodies targeting
components of the fusion FUT3 protein demonstrated that two recombinant proteins of about
80 kDa purified from the culture supernatant of the CMF3-44 transformant contained all
subunits of the fusion protein, including the FUT3 protein. The low molecular weight bands
only contained the Strep-tag Il and the mCherry protein. Out of the three major proteins
purified from the culture supernatant of the CF3-8 transformant, two proteins of approximately
80 kDa contained all subunits of a fusion protein (CBHL1 carrier, Strep-tag 1l and FUT3) and

a protein of about 50 kDa only contained the CBH1 carrier and a Strep-tag 11.

Results obtained in Western blotting with different antibodies allowed to hypothesise about
the position of the protease cleavage sites; to confirm the hypothesis, four proteins purified
from the CMF3-44 transformant were subjected to the N-terminal sequencing. Out of the four

analysed samples, two 80 kDa proteins that contained the CBH1 core and linker, mCherry,
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Strep-tag Il and the FUT3 protein were N-terminally blocked which made the N-terminal
sequencing impossible and one gave a very low signal due to an insufficient amount of the
sample. Sequencing of the ~ 35 kDa protein was successful, and a cleavage site located at the
N-terminus of the mCherry protein was identified. Enzymatic activity of the CMF3-44 and
CF3-8 made recombinant proteins was measured to be 11 pmol/min/pg for the FUT3 from
CMF3-44 and 47 pmol/min/pg for the FUT3 from CF3-8, which were lower than the activity
of the commercial FUT3 enzyme expressed in mammalian cells (117 pmol/min/ug). This
could be a result of differences in glycosylation between fucosyltransferases expressed in
fungal and mammalian hosts (Deshpande et al., 2008) or a possible C-terminal cleavage of the
FUTS3 protein which affected the active center of the enzyme. Human fucosyltransferase 3 has
two N-glycosylation sites at the C-terminus of the enzyme; while it has been demonstrated
that glycosylation is necessary for the FUT3 activity (Christensen et al., 2000), specific glycan
structures of the FUT3 and their possible effect on the activity of the enzyme have not been
studied. Also, recombinant proteins secreted by the CMF3-44 and CF3-8 transformants seem
to be degraded by extracellular proteases, and only a small fraction of purified Strep-tagged
proteins contained the FUT3 protein (Figure 5.4 and 5.6), so the actual activity of the
recombinant FUT3 produced in T. reesei could be higher. For example, recombinant Strep-
tagged proteins purified from the culture supernatant of the transformant CF3-8 consist of two
faint 80 kDa bands which contain the FUT3 protein and one intense 50 kDa band which does
not contain FUT3 (Figure 5.3 and 5.6), and have enzymatic activity of 47 pmol/min/pg.
Assuming that FUT3-containing proteins represent 50% of the total Strep-tagged proteins
produced by the CF3-8 transformant, the actual enzymatic activity would be 94 pmol/min/pg
which is close to the activity of the commercial FUT3 enzyme (117 pmol/min/pg). To further
investigate this assumption, separation of the FUT3-containing proteins from the other Strep-

tagged proteins is required, either by size-exclusion chromatography or by purification with
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specific anti-FUT3 antibodies. Results of the FUT3 activity assays are preliminary and require
further optimisation, however, they demonstrate that recombinant FUT3 expressed in T. reesei

is functional.
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6.1 Introduction

Observations made in Chapter 4 indicated that keeping the pH of the culture medium at 7.0
during cultivation stabilised secreted recombinant proteins and prevented or slowed down
their further degradation; this suggests that such degradation was caused by proteases active
atan acidic pH. To achieve better control over the production process, identification of specific
proteases or classes of proteases responsible for the degradation of specific recombinant
products is necessary. There are four main types of proteases: aspartic, serine, cysteine and
metalloproteases according to the nature of their catalytic active site. Based on the pH optimal
for their functioning, proteolytic enzymes can be characterised as alkaline, neutral or acidic
proteases. At pH 5 and lower, the major protease of T. reesei has been shown to be an acid
aspartic protease (Haab et al., 1990). When pH was kept at 6.0, Dienes et al. (2007) purified a

trypsin-like alkaline serine protease from the T. reesei QM9414 culture supernatant.

Protease activity can be eliminated or reduced by adjustment of culture conditions (e.g. pH or
carbon source), targeted deletion of protease genes or by the use of protease inhibitors. For
example, in their work Zhang et al. (2014) combined the pH control strategy with disruption
of a major alkaline serine protease (SWP) gene and demonstrated an increase in production of
a heterologous alkaline endoglucanase EGV from Humicola insolens by T. reesei. SWP
protease was found to be a subtilisin-like serine protease. Protease inhibition strategies are

described in detail in sections 1.8.5 and 1.8.6.

The first step in choosing the right protease inhibition strategy is to explore cultivation
conditions and identify specific proteases or classes of proteases responsible for the
degradation of a particular heterologous protein. In this chapter, differences in protease
profiles between the CMF3-44 cultures grown with and without pH adjustment were studied.

Protease inhibitors for the major groups of proteases, aspartic and serine, were used to identify
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specific groups of proteases in the T. reesei culture supernatant responsible for the degradation

of the recombinant fusion FUT3 proteins.

6.2 Materials and Methods

6.2.1 Total protease activity assay

Total extracellular protease activity in the culture supernatants of the CMF3-44 strain grown
with and without pH adjustment (section 4.3.2) and in the culture supernatant of the parental
strain Rut-C30 was determined as described in Benitez et al. (2001). Briefly, 100 pl of
azocasein (5 mg/ml) in 100 mM Tris-HCI buffer (pH 6.5 and 5.0) was incubated with 100 pl
of culture supernatants (at an appropriate dilution) for 12 h at 28°C with continuous shaking.
The reaction was stopped by the addition of 400 ul of 10% (v/v) trichloroacetic acid. The tubes
were centrifuged, and the supernatant was removed to a new Eppendorf tube. An equal volume
of 0.5 M NaOH was added into the tube, and the absorbance was measured at 440 nm. The
assay was carried out in triplicate. The pH of the assay buffer was chosen based on the pH of
the analysed sample: samples of the CMF3-44 culture without pH adjustment and the Rut-C30
sample were analysed at pH 5.0 and samples of the CMF3-44 culture grown with pH

adjustment were analysed at pH 6.5 since the pH was adjusted to stay between 6 and 7.

6.2.2 Protease assays with class-specific substrates

Specific activities of aspartic, chymotrypsin-like and subtilisin-like proteases were measured
in the culture supernatants of the CMF3-44 strain grown with and without pH adjustment
(section 4.3.2) and in the culture supernatant of a parental strain Rut-C30. All samples for the
aspartic and subtilisin-like protease assays included 50 pl of culture supernatant (at an
appropriate dilution), 140 pl of suitable buffer and 10 pl of a fluorescent substrate (Table 6.1).

The samples were pipetted into a 96 well black microtitre plate (Greiner Bio One, Germany)
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and the plate was incubated at 37°C for 10 min in the dark. The fluorescence was determined
on a fluorometer (FLUOstar Galaxy, BMG Lab Technologies, Germany) with the excitation
and emission wavelengths of 360 nm and 460 nm respectively. In the negative controls, 50 pl
of buffer was used instead of the culture supernatant. Positive controls were as above with the

culture supernatant replaced with 50 pl of 0.1 mg/ml purified enzyme (Table 6.1).

To assay the chymotrypsin-like protease activity, 50 ul of culture supernatant was mixed with
200 pl of suitable buffer and 10 pl of substrate (Table 6.1). The samples were incubated at
37°C for 10 min in the dark, and the reaction was stopped by the addition of 500 ul of 30 %
(v/v) acetic acid. The samples were centrifuged at 16,000x g for 5 min. 200 pl of the
supernatant was transferred onto a transparent microtitre plate and absorbance measured at

410 nm.

Table 6.1. Specific substrates, buffers and positive controls used to assay the activitiy of aspartic,
chymotrypsin-like and subtilisin-like proteases. The concentration of all substrates was 0.05 mM.

Protease class | Specific substrate Positive control Buffer Reference
Aspartic Boc- Leu- Ser- Thr- | Pepsin from porcine | 10 mM Na- Takeuchi et al.,
Arg- amino-4- gastric mucosa (40 acetate buffer, | 1988
methylcoumarine units/mg) pH 3.5
Chymotrypsin | N- Benzoyl- L- Bovine pancreas 0.1 mM Tris- | Novillo et al.,
Tyrosine- P- alpha-chymotrypsin | HCI buffer 1997
nitroanilide (20-30 units/mg) pH 8, 5 mM
CaCl2
Subtilisin N- Suc- Ala- Ala- Subtilisin A from 0.1 mM Tris- | Markaryan et
Ala 7- amino-4- Bacillus sp (7-15 HCI buffer al., 1996
methylcoumarin units/mg) pH 8, 5 mM
CaCl2

6.2.3 Identification of protease classes with protease inhibitors

Degradation of the Strep-tagged recombinant proteins purified from the culture supernatants
of the CMF3-44 and CF3-8 transformants (section 5.3) was studied with and without different
protease inhibitors in the culture supernatant of the expression host, Rut-C30. The method was

modified from Landowski et al. (2015). Rut-C30 was grown for six days in 300 ml of CLS
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medium. Total protein concentration in the supernatant was 2 mg/ml. pH of the CLS medium
at the beginning of the cultivation was 6.5, and after six days of cultivation it was measured
to be 5.15. Protease inhibitors targeting major groups of proteases identified in the Rut-C30
strain and in the CMF3-44 transformant were used: pepstatin (aspartic proteases), chymostatin

(chymotrypsin-like serine proteases) and PMSF (serine proteases).

Fifty ul of a purified protein sample (0.05 mg/ml) (section 5.3) were added to the 50 pl of the
Rut-C30 culture supernatant with and without PMSF (10 mM), chymostatin (100 uM) or
pepstatin (50 puM) and incubated at 37°C. Reactions were stopped after 1 h and 18 h of
incubation and equal volumes were analysed by Western blotting with the Strep-Tactin AP
conjugate as described earlier (section 2.9). In the negative control samples, the Rut-C30

supernatant was replaced with water.

6.2.4 Cultivation with protease inhibitors

Transformant CMF3-44 was cultured with addition of the serine protease inhibitor PMSF to
establish whether it was possible to inhibit proteolytic degradation of the recombinant FUT3
during cultivation. Such approach would allow to extend the time of cultivation and therefore

increase the yield of the recombinant proteins.

CMF3-44 was grown in shake flask cultures in 50 ml of CLS medium. Test cultures were
divided into two groups: in group one, PMSF was added before inoculation (0 hours of
cultivation) and then every 12 hours, and in another group, PMSF was added after 36 hours
cultivation and then every 12 hours. Equal volumes of the culture supernatants were analysed
by Western blotting with Strep-Tactin AP conjugate as described earlier. Ten mM PMSF used
in the protease inhibition assays was found to be toxic for T. reesei so lower concentrations

(2.5 mM and 5 mM) were used.
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6.3 Results and Discussion

6.3.1 Total extracellular protease activity

Total protease activity in the culture supernatants of the CMF3-44 cultures grown with and
without pH adjustment was measured using azocasein as a substrate. Results are shown in
Figure 6.1. Total protease activity in the CMF3-44 cultures with and without pH adjustment
was similar at all the timepoints analysed. In both cultures, the total protease activity slightly
increased from 48 h to 60 h of cultivation, and then dropped by 72 h of cultivation. Similar
total protease activity despite differences in the pH profiles of the two cultures, could be a

result of induction and inhibition of proteases, active at acidic or neutral pH.
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Figure 6.1. Total extracellular protease activity in the culture supernatants of CMF3-44 strain grown
with and without pH adjustment. Assays were carried out in triplicate. Error bars represent minimal
and maximal activities measured among three biological replicates. In a negative control reaction, the
culture supernatant was replaced with assay buffer. Equal amounts of protein (2.5 pg) were used in
each reaction.

6.3.2 Characterisation of specific protease activities

Protease assays with specific substrates were performed to measure protease activities in the
CMF3-44 cultures grown with and without pH adjustment (section 4.3.2). In a previous study

Bali (2012) described protease profiles for T. reesei Rut-C30 and its mutant CVt expressing a
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heterologous Venus protein and reported the presence of aspartic, chymotrypsin-like and
subtilisin-like proteases in culture supernatants of both strains; therefore it was decided to

perform activity assays for these major groups of proteases.

The extracellular aspartic protease activity was measured at pH 3.5 (Figure 6.2). In the CMF3-
44 culture grown without pH adjustment, the aspartic protease activity slowly increased from
48 h to 84 h of cultivation. In the CMF3-44 culture grown at the neutral pH (6.5 - 7), aspartic
protease activity stayed at approximately the same level from 48 to 84 h of cultivation, with a
slight drop at 72 h, and was lower than in the culture without pH control, especially at 72 and

84 h of cultivation.
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Figure 6.2. Aspartic protease activity in the culture supernatants of CMF3-44 strain grown with and
without pH adjustment. Pepsin from porcine gastric mucosa served as a positive control (> 40
units/mg). In a negative control reaction, the culture supernatant was replaced with assay buffer. Assays
were carried out in triplicate. Error bars represent minimal and maximal activities measured among
three biological replicates. Equal amounts of protein (2.5 pug) were used in each reaction.

Differences in the aspartic protease activity in the cultures with and without pH adjustment
reflect the pH of the culture medium (Figure 4.4, B). The pH in the CMF3-44 culture without
pH adjustment decreased from 6.5 to below 5, creating favourable environment for the

secretion of aspartic proteases (Gente et al., 2001), and pH in the culture with pH kept close
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to neutral range (6.5 - 7) was at least partially inhibitory towards production of aspartic

proteases.

Chymotrypsin-like proteases are active in the pH range from 6.0 to 8.0 (Rick, 1974, Aguirre
et al., 2009), which correlates with the protease activity measured in the CMF3-44 cultures.
Chymotrypsin-like protease activity in the CMF3-44 culture grown at the neutral pH gradually
increased from 48 h to 84 h of cultivation. The CMF3-44 culture without pH adjustment was
characterised by overall lower chymotrypsin-like protease activity; the lowest protease activity
was detected at 72 h, which corresponds to the drop of the pH on day 3 of cultivation (Figure

6.3).
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Figure 6.3. Chymotrypsin-like protease activity in the culture supernatants of CMF3-44 strain grown
with and without pH adjustment. Bovine pancreas alpha-chymotrypsin served as a positive control (10
- 30 units/mg). In a negative control reaction, the culture supernatant was replaced with assay buffer.
Assays were carried out in triplicate. Error bars represent minimal and maximal activities measured
among three biological replicates. Equal amounts of protein (2.5 pug) were used in each reaction.

Subtilisin-like protease activity in the CMF3-44 cultures with and without pH adjustment
increased gradually from 48 h to 84 h of cultivation (Figure 6.4), however, subtilisin-like
protease activity in the culture with pH adjustment was notably higher. Subtilisin-like
proteases are active in a broad pH range (6.0 — 8.0) (Pannkuk et al., 2015, Ekici et al., 2008).

It is possible that the acidic pH in the CMF3-44 culture without pH adjustment was less

133



favourable for the secretion of subtilisin-like proteases.
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Figure 6.4. Subtilisin-like protease activity in the culture supernatants of CMF3-44 strain grown with
and without pH adjustment. Subtilisin A from Bacillius sp. served as a positive control. In a negative
control reaction, the culture supernatant was replaced with assay buffer. Assays were carried out in
triplicate. Error bars represent minimal and maximal activities measured among three biological
replicates. Equal amounts of protein (2.5 ug) were used in each reaction.

6.3.3 ldentification of extracellular protease classes taking part in degradation of the

recombinant fusion FUT3 protein

As shown above, aspartic, chymotrypsin-like and subtilisin-like protease activities were
detected at different ratios in the culture supernatants of the CMF3-44 transformant both with
and without pH adjustment. However, the experimental set-up did not allow to establish which
particular protease class was responsible for the extracellular proteolysis of the recombinant
FUTS3 protein. This aspect was assessed using the recombinant proteins, purified from the
culture supernatants of the CMF3-44 and CF3-8 transformants (Chapter 5). Purified CMF3-
44 and CF3-8 proteins were incubated in the culture supernatant of the expression host Rut-
C30 with the addition of specific protease inhibitors. Similarly to the supernatants of the
CMF3-44 transformant, the Rut-C30 culture supernatant contained aspartic, chymotrypsin-

like and subtilisin-like protease activities (Figure 6.5) which made it suitable to be used as a
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protease background.
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Figure 6.5. Total protease activity and specific aspartic, chymotrypsin-like and subtilisin-like protease
activities in the six day Rut-C30 culture supernatant. In a negative control reaction, the culture
supernatant was replaced with assay buffer. Positive controls are listed in Table 6.1. Assays were
carried out in triplicate. Error bars represent minimal and maximal activities measured among three
technical replicates. Equal amounts of protein (2.5 pg) were used in each reaction.

Accordingly, protease inhibitors targeting major protease classes found to be present in the
culture supernatant of Rut-C30 strain and in the culture supernatants of the CMF3-44
transformant (section 6.3.2) were used; these were pepstatin (aspartic proteases), chymostatin
(chymotrypsin-like serine proteases) and PMSF (serine proteases). Samples were analysed by
Western blotting with the Strep-Tactin AP conjugate. Results of identification of protease
classes for the proteins purified from the culture supernatant of the CMF3-44 transformant are

shown in Figure 6.6.
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Figure 6.6. Stability of recombinant proteins produced by the CMF3-44 transformant in the Rut-C30
culture supernatant. Addition of a serine protease inhibitor (PMSF) postponed degradation of the
recombinant protein by Rut-C30 proteases while chymostatin and pepstatin (inhibitors of chymostatin-
like and aspartic proteases) did not affect protein stability.

Although aspartic proteases are known to dominate in T. reesei cultures grown at acidic pH
(Haab et al., 1990), the addition of pepstatin did not affect the stability of recombinant protein
produced by CMF3-44 as it was degraded after one hour of incubation in the Rut-C30
supernatant (Figure 6.6). It is possible that despite the high amount of aspartic proteases
secreted by T. reesei, proteolytic degradation of the CMF3-44 protein was caused by another
class of proteases, also active at acidic pH. Results of the aspartic protease activity assay
(section 6.3.2) and pH control experiments (section 4.3.2) support this hypothesis: while the
stability of the recombinant proteins was improved by maintaining the pH of the culture within
6.5 — 7.0 range (Figure 4.3), indicating that proteolysis was caused by proteases active at an
acidic pH, substantial levels of acidic protease activity were detected in culture supernatants

of the CMF3-44 transformant grown at the neutral pH.

Incubation of the CMF3-44 protein in the Rut-C30 culture supernatant with two serine
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protease inhibitors, chymostatin and PMSF, demonstrated that addition of PMSF improved
stability of the recombinant FUT3 and inhibited its proteolytic degradation for up to 18 hours
while chymostatin had no such effect. After one hour into cultivation with PMSF, the amount
of the 80 kDa protein was similar to the control sample (recombinant protein incubated in
water), and after 18 h of incubation the amount of recombinant proteins reduced substantially,
probably as a result of degradation of PMSF (Figure 6.6). Chymostatin has selectivity for
chymotrypsin-like serine proteases (Umezawa et al., 1970) while PMSF is a nonspecific
inhibitor of serine proteases (Ritchie, 2013). Considering the results obtained in the protease
inhibition assays and observations made in the pH control experiments (section 4.3.2) one can
assume that the proteolysis of the recombinant CMF3-44 protein in the culture supernatant of
the Rut-C30 expression host was at least partially caused by serine proteases sensitive to

PMSF and active at acidic pH.

Similar results to CMF3-44 were observed in protease identification assay with the proteins
purified from the CF3-8 culture (Figure 6.7). Addition of PMSF partially inhibited proteolytic
degradation of the recombinant FUT3 in the culture supernatant of Rut-C30 while addition of
pepstatin and chymostatin had no effect on the protein stability. After one hour of incubation
with PMSF, protein bands of 80 kDa and 45 kDa were observed, although the bands were
fainter than in the control samples, indicating that some degradation did occur, and after 18 h

of incubation only the 45 kDa band was observed (Figure 6.7).
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Figure 6.7. Stability of the recombinant proteins produced by the CF3-8 transformant in the Rut-C30
culture supernatant. Addition of a serine protease inhibitor (PMSF) partially inhibited the degradation
of the recombinant proteins by Rut-C30 proteases while addition of chymostatin and pepstatin did not
improve protein stability.

To sum up, based on the protease inhibition studies and pH control experiments (section 4.3.2),
one can assume that serine proteases sensitive to PMSF and active at acidic pH are at least
partially responsible for the extracellular degradation of recombinant proteins produced by
CMF3-44 and CF3-8 transformants. One such protease, active at low pH but not inactivated
by pepstatin, was first found in A. fumigatus (Reichard et al., 2005) and classified as a sedolisin
serine protease. Landowski et al. (2016) demonstrated great improvement in IFNa-2b

production by T. reesei via deletion of the subtilisin-related serine protease SLP7 gene.

CMF3-44 cultures grown at a neutral pH were characterised by higher stability of the
recombinant proteins (section 4.3.2) and also by increased activity of serine proteases (section
6.3.2). Activity assays for serine proteases (chymotrypsin-like and subtilisin-like) were
performed at pH 8.0, as the majority of serine proteases have a pH optimum in the neutral to
slightly alkaline range (Cuervo et al., 2008, Ekici et al., 2008), which did not allow to analyse
the differences in acidic serine proteases activities between the cultures.
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6.3.4 Cultivation of the CMF3-44 transformant with addition of a protease inhibitor

As demonstrated above, degradation of purified recombinant proteins could be inhibited by
addition of PMSF to the Rut-C30 culture supernatant. To investigate the possibility of
cultivation of T. reesei with the addition of protease inhibitors, various concentrations of
PMSF were added to the growing culture. Transformant CMF3-44 was chosen for this
experiment as the one with better results in protease inhibition studies (section 6.3.1). Culture
supernatant samples were taken at 36 h, 48 h and 67 h of cultivation and analysed by Western

blotting with the Strep-Tactin AP conjugate. Results of Western blotting are shown in Figure

6.8.
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Figure 6.8. CMF3-44 cultivation with the addition of varying amounts of PMSF to the culture. Equal
volumetric amounts were analysed by Western blotting with the Strep-Tactin AP conjugate. The 80
kDa protein (double bands) was detected in all cultures grown with the addition of PMSF on day 3 of

cultivation (67 h) while recombinant proteins in the control culture were degraded after 48 h of
cultivation.

The addition of PMSF even at a low concentration (2.5 mM) successfully inhibited

degradation of the recombinant FUT3 in a growing culture up to day 3 (67 h) of cultivation

139



while in the control samples without PMSF, recombinant proteins became degraded after day
2 (48 h) of cultivation. Obtained results show that addition of protease inhibitors during
cultivation makes it possible to increase the time of cultivation, for example, in continuous

and fed-batch fermentation processes, combined with pH adjustment.

PMSF is unstable at ambient temperatures and in water-based solutions. According to the
results of protease inhibition assays, inhibitory properties of PMSF began to decrease after 18
hours of incubation. Therefore, PMSF needs to be periodically added to the culture to keep
the concentration at a satisfactory level. PMSF is only soluble in ethanol or methanol, so when
used at high concentrations, either PMSF itself or the solvent can be harmful to T. reesei.
When PMSF was added to the cultures at the beginning of cultivation, the amount of
recombinant proteins was lower as compared to the control culture without PMSF addition or
to the cultures to which PMSF was added after 36 hours of cultivation. It is possible that T.
reesei needs a certain amount of time to grow and develop to the stage where it can overcome
the toxic effect of PMSF, for example by remodelling of the cell wall in response to stress
(Ene et al., 2015; Heilmann et al., 2013). Light microscopy of the cultures with addition of
PMSF revealed an increased number of conidia compared to the control cultures without
PMSF addition (data not shown), which could also be a result of the toxicity of PMSF. As
demonstrated in the previous experiments (section 4.3.1), proteolytic degradation of
recombinant FUT3 begins sometime around 48 hours of cultivation, so the addition of PMSF

after 36 hours appears a good time point.

The addition of protease inhibitors is not feasible in large-scale industrial processes and is
mostly used in small scale experiments as a proof of concept, or in sensitive mammalian cell
cultures (Diaz-Nido, 1991; Clincke et al., 2011). However, it demonstrates that targeted
inhibition of specific protease activities in the growing cultures makes it possible to protect

recombinant proteins during cultivation and increase the time of cultivation if necessary.
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Smith et al. (2014) applied this approach to the production of a human galactosidase in fusion
with the CBH1 carrier in T. reesei Rut-C30 mus 53A strain with enhanced homologous
recombination frequency, reporting an increase in the yield of the recombinant galactosidase

by the addition of a strong cocktail of protease inhibitors to the culture medium.

6.4 Summative discussion

Experiments described in this chapter were aimed at identification of specific classes of
proteases responsible for the degradation of the recombinant fusion FUT3 protein. Protease
activity assays revealed that while the total protease activity in the CMF3-44 cultures grown
with and without pH adjustment was similar, the culture grown at a neutral pH was
characterised by a decrease of the aspartic protease activity and increase in the activities of
alkaline chymotrypsin-like and subtilisin-like serine proteases (section 6.3.2). The Rut-C30
culture supernatant, used in the protease identification assays, was characterised by a higher
total protease activity and aspartic protease activity, whereas chymotrypsin-like and subtilisin-
like protease activities in the culture supernatant of a Rut-C30 culture were lower than
corresponding protease activities in the CMF3-44 cultures (Figure 6.5). This could be at least
partially accounted for by the acidic pH of the Rut-C30 culture (5.15) and longer time of
cultivation (6 days); it is also possible that differences in protease profiles between the
expression host and the transformant are caused by production of the heterologous protein

(Bali, 2012).

Incubation of the purified CMF3-44 and CF3-8 proteins in the culture supernatant of the
expression host Rut-C30 with and without the addition of protease inhibitors demonstrated
that acidic serine proteases are at least partially responsible for the extracellular proteolysis of
the recombinant FUT3 proteins. Inhibition of proteolytic degradation by the addition of

protease inhibitors was more prominent for the proteins produced by the CMF3-44
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transformant than for the CF3-8 produced proteins. Effect of the PMSF treatment on the
recombinant FUT3 protein without mCherry (CF3-8) was less obvious even after 1 hour after
addition of PMSF. It is possible that the CMF3 construct has additional protease cleavage sites
for the acidic serine proteases within the mCherry fusion protein, such as the cleavage site
identified by N-terminal sequencing in Chapter 5, and therefore benefits more from the PMSF

addition.

Cultivation of the CMF3-44 transformant with the addition of varying concentrations of PMSF
at different time points demonstrated that periodical addition of PMSF to the growing culture
had a positive effect on the stability of the recombinant proteins. While this approach is not
practical for the large scale production, it could be used in small-scale cultivations to increase

the yield of the recombinant proteins for further analyses.
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7.1 Introduction

Bioreactor cultivations provide not only containment but also make it possible to control
environmental parameters at predetermined values. Among the conditions that can be
controlled are dissolved oxygen (DO), pH, temperature, agitation rate, redox potential,
dissolved carbon dioxide, cell concentration, cell growth, substrate concentration, inlet gas

flow and composition, volume, pressure, and fluid dynamics (Palomares et al., 2004).

Macro- and micromorphology of fungi depend on culture conditions and, conversely, affect
protein production (Palomares et al., 2004, Thomas & Zhang, 1998). Oxygenation is one of
the critical parameters in fungal fermentation; maintaining oxygenation at the desired level
could be problematic, especially at the later stages when the viscosity of the culture increases,
as intense sparging and agitation cause shearing of mycelium. Increased oxygenation leads to
the formation of pellets; such changes in macromorphology are often accompanied by a
decrease in protein production. Influence of fermentation parameters on fungal morphology

and yield of proteins of interest are reviewed in detail in section 1.8.6.

Experiments described in section 4.3.2 demonstrated that stability of the recombinant FUT3
protein in the growing cultures was improved when pH was adjusted to neutral. However, the
experimental design (shake flask cultures with manual pH control) did not allow precise
control and recording of physical parameters, such as temperature, dissolved oxygen, agitation

rate, gas flow and pH, and also posed a high risk of contamination.

The CMF3-44 transformant was selected for the fermentation studies as it demonstrated good
performance in the pH control experiments (section 4.3.2) and protease inhibition studies
(section 6.3.3). Time of fermentation was limited to four days. As it was previously shown
that proteolytic degradation takes place between day 2 and day 3 of cultivation (section 4.3.1),

one the goals of the experiment here was to demonstrate that the time of cultivation could be
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extended past that critical point. While longer cultivation is possible and would be beneficial
with regard to the yield of the heterologous product, it would require control of substrate
depletion and periodical feeding of the culture, which did not fit into the time frame of the
current research. Inoculation with both fungal conidia and a pre-culture are commonly used in
fungal fermentations. For this experiment, inoculation with conidia was chosen as it allowed
to observe morphological changes and changes in physical parameters (pH, aeration and
agitation) at the early stages of growth. Also, inoculation with spores mimics the conditions
in the shake flask cultivations performed earlier (section 4.3.2), which is important for

comparison of the results of the experiments.

7.2 Materials and Methods

The CMF3-44 strain was grown in a 3 litre New Brunswick BioFlo/CelliGen 115 bioreactor
(working volume 1.5 L) in CLS medium at 28°C with pH maintained at 7.0 by the addition of
sterile 5 M KOH. Agitation was achieved with one pitched-blade impeller. Foaming was
prevented by addition of the non-silicone antifoam 204 (Sigma). Dissolved oxygen (DO) was
set at above 30% using a combination of agitation (50 — 400 rpm) and sparging with air (0.1 —
1 Lpm). Fresh conidia (30 x 10%) were used as inoculum to mimic conditions of the shake-
flask cultures. Samples were taken at 24, 36, 48, 60, 72, 84 and 96 hours (1-4 days) of
cultivation and analysed by Western blotting with the Strep-Tactin AP conjugate.
Additionally, samples were stained with Trypan Blue, which allows to differentiate between
dead and live cells, and analysed by light microscopy using Olympus BH2 microscope at 40x

magnification.
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7.3 Results and Discussion

7.3.1 Cultivation parameters and fungal morphology

In order to confirm the influence of a neutral pH on the stability of the recombinant FUT3
(section 4.3.2), transformant CMF3-44 was grown in a bioreactor with and without pH control.
Critical fermentation parameters (pH, agitation, aeration and dissolved oxygen) were recorded

and can be found in Appendices 7 - 11.

Starting pH of the culture medium was 6.5. One of the bioreactor cultures was grown with the
pH set at 7.0 (Appendix 7) while in another culture pH naturally dropped to below 5 and
slightly increased on day 4 of cultivation (Appendix 8). Similar pH curves were observed

when pH was manually controlled in the shake flask cultures (section 4.3.2).

Dissolved oxygen was maintained at above 30% by varying agitation and aeration. Data
recorded during cultivation with pH control are provided in Appendices 9 - 11. CMF3-44
bioreactor culture grown without pH control showed similar patterns (data not shown). The
agitation speed and aeration rate rapidly increased to the set maximum (400 rpm, 1.0 Lpm)
after approximately 24 hours of cultivation (Appendices 10 and 11) in order to maintain
dissolved oxygen at the required level, indicating an increase of the viscosity of the culture
due to the accumulation of biomass. After 24 h, dissolved oxygen, agitation and aeration

remained stable up to day four of fermentation.

Fungal morphology at various growth stages was inspected using light microscopy. Samples
were mixed with Trypan Blue to identify dead cells. Both cultures, with and without pH
control, were morphologically similar. During the first two days of cultivation, only the
primary form of mycelium was observed, characterised by long filaments and little or no

branches (Velkovska et al., 1997) (Figure 7.1).
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Figure 7.1. Primary mycelium of the CMF3-44 transformant at 24 h (A) and 48 h (B) observed at 40x
magnification. No obvious morphological differences between cultures grown at pH 7 and without pH
adjustment were detected. A total of 30 views were screened.

Primary mycelium is common for the initial stage of growth, with fast accumulation of
biomass and low protein secretion. This stage could be shortened by inoculation with a pre-
culture, which allows to reduce the time of fermentation. Inoculation with conidia was chosen
for this experiment as it allowed to observe morphological changes and changes in physical

parameters, such as pH, at the early stages of growth.

Velkovska et al. (1997) reported that only the secondary form of mycelium, characterised by
a large number of branches, contributed to cellulase production by T. reesei. Highly branched
mycelium has a larger surface for interaction with the growth substrate, which may increase
promoter activity relevant for the use of the substrate and subsequently improve the protein
production levels. Protein secretion occurs at the apical or subapical hyphal regions, therefore
secondary mycelium has higher secretion capacity (Conesa et al., 2001). Secondary mycelium

was observed in the CMF3-44 cultures after two days of cultivation (Figure 7.2).
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Figure 7.2. Secondary mycelium of the CMF3-44 transformant after 60 hours of cultivation observed
at 40x magnification. No morphological differences between cultures grown at pH 7 and without pH
adjustment were detected. A total of 30 views were screened.

No dead mycelia (which would be stained blue by the Trypan blue stain) or conidiation or
shearing of the mycelium were observed throughout the four days of fermentation, which
indicates that no substrate exhaustion occurred and physical parameters of fermentation were

not harmful to the fungus (Palomares et al., 2004).

A factor that has a significant effect on fungal morphology is pH. Experiments conducted by
Li et al. (2013) demonstrated that when pH of the T. reesei 30s-3-13 (a mutant of Rut-C30)
cultures was maintained at 4.0, only primary mycelium was observed throughout a three day
cultivation. In cultures grown at pH 5.0 and 6.0, secondary mycelium appeared at 60 h, and a
higher rate of mycelial autolysis and conidia formation was observed at the higher pH. In the
current study, there were no significant differences in the morphology between a culture with
the pH set at 7.0 and a culture where pH was allowed to drop naturally to below 5.0 under the

cultivation conditions used.

7.3.2 Western blot analysis of recombinant proteins in bioreactor cultures

Samples taken during fermentation were analysed by Western blotting with the Strep-Tactin
AP conjugate. In the culture without pH control (Figure 7.3, B), expression of the recombinant

fusion protein started at around 36 hours of cultivation; at 60 hours of cultivation, high
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molecular weight recombinant proteins were mostly degraded, and at the later stages of

cultivation, only low molecular weight proteins were observed.

(A) CMF3-44 culture with pH control (B) CMF3-44 culture without pH control
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Figure 7.3. Strep-tagged proteins detected in the CMF3-44 culture supernatant throughout 96 h of
cultivation in a fermentor with pH control (A) and without pH control (B).

Analysis of the recombinant Strep-tagged proteins produced in the culture with pH control
(Figure 7.3, A) demonstrated that secretion started at around 48 hours of cultivation and the

amount of recombinant proteins gradually increased between 48 and 96 hours of cultivation.

As it was demonstrated before (section 4.3.2), secretion of the recombinant proteins in the
cultures with pH adjusted to neutral was delayed compared to the cultures without pH
adjustment. A similar delay was observed in the bioreactor cultures. Such delay in the
production of the recombinant proteins by a culture grown at pH 7.0 could be a result of
decreased activity of the cbhl promoter at neutral pH (Mukhopadhyay & Malik, 1980).
According to Li et al. (2013), pH 5.0 was optimal for the production of exoglucanases
(including CBH1). In the current research, the amount of the recombinant proteins detected
by Western blotting in the pH controlled culture gradually increased with time (Figure 7.3, A),
which may indicate that protease degradation was inhibited, allowing accumulation of the
heterologous products. Low molecular weight bands (~30 and ~25 kDa), which were

previously demonstrated to be products of the cleavage within the mCherry protein (sections
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5.3.1 and 5.3.2), were observed at smaller amounts in a culture with the pH control compared
to a culture without pH control, which also could be a result of inhibition of a specific protease

responsible for a particular cleavage.

7.4 Summative discussion

Experiments conducted and described in this chapter supported preliminary results obtained
in section 4.3.2. The positive effect of the neutral pH on the production of recombinant fusion
FUT3 proteins was demonstrated. These results, in turn, support the conclusion made in
Chapter 6 that acidic proteases are responsible for the extracellular degradation of the
recombinant proteins. Production of the recombinant FUT3 in a culture with pH control was
delayed in time compared to the culture without pH control, but on the positive side, the
protein was not degraded throughout four days of cultivation. No differences in conidia
formation and mycelial morphology were observed throughout four days of fermentation, as
cultures with and without pH control developed in a similar way. Physical parameters of
fermentation (agitation between 50 and 400 rpm and aeration between 0.1 and 1.0 Lpm) were
sufficient to keep DO at above 30% but did not cause shearing of the mycelium or formation

of pellets and clumps.

To sum up, a positive effect of neutral pH on the stability of the recombinant FUT3 protein in
the culture supernatant of a growing culture was confirmed; it was demonstrated that
cultivation time could be extended past two days (optimal cultivation time for the cultures
without pH adjustment) in order to increase the yield of recombinant proteins, which is
necessary for the additional studies of the recombinant FUT3. Sufficient physical parameters
of cultivation were established and accumulation of the recombinant products with time was

also demonstrated (Figure 7.3).
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SUMMARY, CONCLUSIONS AND

FUTURE WORK






8.1 Summary

The overall goal of this study was to express functional human fucosyltransferases FUT3 and
FUT4 in the filamentous fungus Trichoderma reesei. Due to the more promising results
obtained with the recombinant FUT3, experimental work was mainly focused on the FUT3-
producing transformants. Successful expression of the FUT3 enzyme was achieved, and
factors influencing the yield and stability of the recombinant fucosyltransferases were

analysed as follows:

(1) Two expression cassettes for the production of the human FUT3 and FUT4 in T. reesei
were constructed and successfully introduced into the T. reesei Rut-C30 via biolistic
bombardment (Chapter 3). Preliminary screening of obtained transformants
demonstrated that high levels of mCherry fluorescence in the culture supernatants did
not correlate with the presence of the recombinant proteins in the culture supernatants.
Further experiments demonstrated that mCherry was partially cleaved from the FUT3
protein.

(2) Proteolytic degradation of the recombinant FUT3 and FUT4 proteins was observed,
and culture-based strategies were implemented to improve the yield and stability of the
FUTS3. A specific class of proteases taking part in the degradation of the recombinant
fusion FUT3 protein was identified, and one protease cleavage site within the mCherry
fusion partner was described (Chapter 4, 5, 6 and 7).

(3) Purification tag (Strep-tag I1) was not cleaved from some forms of the the FUT3 fusion
protein, and was successfully used for purification of the recombinant FUT3.
Preliminary activity assays demonstrated certain enzymatic activity of the purified

FUT3 (Chapter 5).
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8.1.1 Composition of the expression cassettes and transformation of T. reesei (1)

Two expression cassettes for the production of the human FUT3 and FUT4 in T. reesei under
control of the cbh1 promoter were constructed. One of the expression cassettes was designed
to produce fucosyltransferases in fusion with the mCherry fluorescent protein and core and
linker domains of the native CBH1 protein (CMF3 and CMF4 proteins) while another cassette
encoded a shorter fusion protein featuring FUT3 or FUT4 and the CBH1 carrier (CF3 and CF4
proteins). Two transformation methods, protoplast transformation and biolistic bombardment,
were used to introduce the expression cassettes into the T. reesei genome. Protoplast
transformation produced more transformants than the biolistic bombardment, but none of them
survived the second round of selection with 80 U/ml of Hygromycin B. Instead, biolistic
bombardment resulted in the formation of stable transformants (Chapter 3). Further analysis
of the proteins produced by the different types of transformants demonstrated that the
recombinant protein produced in CMF3 transformants was more susceptible to proteolysis
compared to recombinant proteins made in CF3 transformants and had additional cleavage site
within the mCherry fusion partner (Chapter 5). Considering these findings, the use of mCherry
fluorescence as an indication of the production and secretion of a recombinant FUT3 fusion

protein was not reliable in the T. reesei expression system.

8.1.2 Analysis of proteolytic degradation of the FUT3 protein (2)

It was observed that only one out of 38 screened transformants (CF3-8) secreted recombinant
FUTS3 of the expected size while other transformants secreted smaller recombinant proteins of
different sizes (Chapter 3). It was assumed that the observed proteins were a result of
degradation of the recombinant proteins by extracellular proteases of T. reesei. Conducted
experiments demonstrated that production of recombinant FUT3 and FUT4 started on day 2

of cultivation and by day 3 most of the recombinant proteins were undetectable (Chapter 4).
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Cultivation of transformants at a neutral pH supported prolonged stability of the recombinant
proteins in the culture supernatant (up to 4 days of cultivation) compared to the non-adjusted
conditions (Chapter 4 and 7). The most harmful class of proteases was identified by incubation
of the purified recombinant proteins produced by CMF3-44 and CF3-8 in the culture
supernatant of the expression host with inhibitors for the major classes of proteases detected
in the T. reesei supernatant. PMSF (broad spectrum inhibitor of serine proteases) had a positive
effect on the stability of the recombinant FUT3: the protein was detected even after 18 h of
incubation while in the control sample without addition of PMSF, the recombinant protein was
degraded after 1 h of incubation (Chapter 6). Combining these results with the observations
made in the pH control experiments, it was assumed that serine proteases active at an acidic
pH play a role in the proteolysis of the recombinant FUT3. The addition of PMSF to the
growing culture also had a positive effect on the stability of the recombinant FUT3, but also a
toxic effect of high concentrations of PMSF was observed. The addition of protease inhibitors
to the growing culture is not feasible for the large-scale cultivations, however, it could be used
in small-scale experimental cultures to improve the yields of heterologous proteins and as a
proof of concept to demonstrate the effect of inhibition of specific classes of proteases on the

stability of heterologous proteins.

8.1.3 Purification and assaying the activity of the recombinant FUT3 (3)

Western blot analysis of the culture supernatants with an anti-FUT3 antibody and with the
Strep-Tactin AP conjugate suggested that Strep-tag Il was not cleaved from the FUT3 protein
and therefore could be used for purification of the recombinant FUT3 (Chapter 3). After
purification, the yield of the recombinant protein produced by the CMF3-44 transformant was
estimated to be around 70 mg/l while the yield from the CF3-8 transformant was

approximately 40 mg/l. Western-blot analysis of the purified recombinant proteins with
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specific antibodies targeting the components of the fusion protein revealed that high molecular
weight proteins (~80 kDa) purified from the CMF3-44 and CF3-8 transformants contained all
components of the fusion construct: FUT3, mCherry, CBH1core-linker and the Strep-tag 11
for CMF3-44 and FUT3, CBHZ1core-linker and Strep-tag Il for CF3-8. Preliminary activity
assays demonstrated that FUT3 recombinant fusion proteins produced by the CMF3-44 and
CF3-8 transformants exhibited certain enzymatic activity; however, the shorter recombinant
protein without mCherry purified from the culture supernatant of the transformant CF3-8 was
more active, possibly because of the smaller number of degradation products which did not
contain the FUT3 protein and therefore contained higher amount of the FUT3 protein in the
sample (Figure 5.19). N-terminal sequencing of the recombinant proteins purified from the
culture supernatant of the CMF3-44 transformant demonstrated that two proteins of about 80
kDa recognised by both the Strep-Tactin AP conjugate and anti-FUT3 specific antibody were
N-terminally blocked. A cleavage site at the N-terminus of the mCherry protein was identified

by N-terminal sequencing of a ~35 kDa protein produced by the CMF3-44 transformant.

Overall, production and purification of the functional recombinant human fucosyltransferase
3 (FUT3) in T. reesei were accomplished. While the main aim of the study has been achieved,

the project could benefit from additional experiments, discussed below.

8.2 Future work

8.2.1 Optimisation of the purification method and further analyses of the recombinant

proteins

It was observed in Chapter 5 that the high amount of the recombinant proteins was present in
the flow-through fraction, indicating that the binding capacity of the Strep-Tactin purification
columns used in this study was not sufficient to purify the required amounts of the recombinant

protein for further studies, therefore, optimisation of the purification technique will be required
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for further studies. It could include the use of bigger purification columns and Strep-Tactin
resins with higher binding capacity or optimisation of the purification parameters, such as pH.
Purification of larger quantities of the recombinant protein would allow to attempt removal of
the N-terminal blockage (Chapter 5) and identification of the protease cleavage sites in the
proteins produced by the CMF3-44 and CF3-8 transformants. Another issue to be addressed
is determining the activity of the recombinant FUT3. Culture supernatants of all analysed
transformants displayed multiple truncated proteins (degradation products of the fusion FUT3
protein) containing the Strep-tag Il, and only a few of these products contained the FUT3
protein. Therefore, it is necessary to develop a purification method using HPLC or specific

antibodies for separation of the FUT3 containing protein from the proteolysis products.

The activity assay used in this study measured the total fucosyltransferase activity;
differentiation between a-1,3 and a-1,4 activities would require additional experiments, for

example, MS analysis of the acceptor substrates used in the fucosyltransferase reactions.

8.2.2 Optimisation of the expression host

While certain inhibition of the proteolytic degradation of the recombinant FUT3 fusion protein
was achieved by maintaining the neutral pH of the culture medium and by cultivation with
protease inhibitors, multiple degradation products still were observed and, in the case of the
CMF3-44 transformants, full-sized fusion proteins were not detected. Expressing the FUT3
protein in a genetically engineered protease-deficient strain could improve the yield and
stability of the recombinant FUT3 as has been demonstrated for other heterologous proteins

of human origin (Landowski et al., 2016; Zhang et al., 2014).

Targeted integration of the expression cassette into the cbhl locus could also improve the yield
of the recombinant FUTS3, as knocking-out the cbh1 gene encoding the major secreted T. reesei

protein would reduce the amount of the protein in the secretory pathway and thus reduce
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secretion stress (Miettinen-Oinonen, 2004). As the first step towards improvement of targeted
integration, work on a T. reesei strain with enhanced homologous recombination frequency
has been started. When ready, such strain would also make it easier to create various protease

deficient strains tailored to the expression of specific heterologous proteins.

8.2.3 Glycan analysis

As demonstrated in the previous studies (Christensen et al., 2000), glycosylation of the FUT3
is necessary for its activity. Functional human fucosyltransferase 3 has been produced in
expression hosts with different glycosylation machineries, such as mammalian cell lines
(BHK-21) as well as yeasts S. cerevisiae and P. pastoris (Costa et al., 1997; Shimma et al.,
2006; Gallet et al., 1998) which indicates that the relative size of the glycan structures is more
important for the fucosyltransferase activity than the glycan composition. Unlike highly
branched and hypermannosylated yeast glycans, glycosylation in T. reesei is more human-
like, with moderate number of mannose residues; however, the glycans still lack the terminal
sialic acid and fucose residues (Deshpande et al., 2008). Considering the fact that specific
glycan structures of the human FUT3 have not been described in the literature, it would be
interesting to compare the glycan structures of the commercial FUT3 and of the FUT3
expressed in T. reesei and establish a relationship between the glycosylation and FUT3

enzyme activity.

8.3 Conclusion

Recombinant human fucosyltransferase 3 (FUT3) has been successfully expressed in T. reesei
at an estimated level of 70 mg/l. This compares well with other recombinant proteins produced
in T. reesei (Table 1.6) and other fungi (Lubertozzi & Keasling, 2009) but does not reach the

yields of recombinant human interferon alpha-2b (4.5 g/l) produced in T. reesei strain carrying
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multiple deletions of genes encoding harmful proteases (Landowski et al., 2016).
Improvement of the yield and stability of the recombinant FUT3 is necessary for further
studies and potential large-scale production. Nevertheless, findings of this research provide a
proof of concept for recombinant expression of a human fucosyltransferase in T. reesei and
contribute to the knowledge on the production of heterologous human proteins in this

industrially-exploited fungal host.
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1) FUT3 aminoacid sequence (NCBI Reference Sequence: NP_000140.1)

MDPLGAAKPQWPWRRCLAALLFQLLVAVCFESYLRVSRDDATGSPRAPSGSSRQDT
TPTRPTLLILLWTWPFHIPVALSRCSEMVPGTADCHITADRKVYPQADTVIVHHWDI
MSNPKSRLPPSPRPQGQRWIWFNLEPPPNCQHLEALDRYFNLTMSYRSDSDIFTPYG
WLEPWSGQPAHPPLNLSAKTELVAWAVSNWKPDSARVRYYQSLQAHLKVDVYGR
SHKPLPKGTMMETLSRYKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSN
YERFLPPDAFIHVDDFQSPKDLARYLQELDKDHARYLSYFRWRETLRPRSFSWALDF
CKACWKLQQESRYQTVRSIAAWFT

N-terminal cytoplasmic tail is highlighted in yellow, membrane-spanning region in
highlighted in green and C-terminal catalytic domain is highlighted in blue.

2) Alignment of original and codon-optimised FUT3 DNA sequences

1 cgtgtgtcccgagacgatgccactggatcccctagggectecccagtgggtectecccgacag
l1R V S R DDATG S P R AP S G S S R ©Q

1 cgcgtctcccecgecgacgacgceccaccggcectcecccceccgegeccccageggcectectececgecag

2qlp T T P T R P T L L I L L R T W P F H I
61 gacaccactcccacccgccccaccctectgatecctgectacggacatggectttceccacate
212D T T p T R P T L L I L L R T W P F H I
61 gacaccacccccacccgcecccaccctectgatcecctgetcecgecacctggeccttceccacate

61 70 80 90 100 110

41 P V A L S R C S E M V P G T A D C H I T
121 cctgtggctctgtcccgectgttcagagatggtgcccggcacageccgactgeccacatcact

41 P V A L $S R C s E M V P G T A D C H I T
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121

121

61

181

61

181

181

81

241

81

241

241

101

301

101

301

301

121

361

121

cccgtcecgecctgtececgetgcagecgagatggteccececggcaccgecgactgeccacatcacce

130 140 150 160 170

A D R K VY P 0 A DMV I V HH W D I M

gccgaccgcaaggtgtacccacaggcagacatggtcatcgtgcaccactgggatatcatyg

A DR K VY P OA DMV I V HH W D I M

gccgaccgcaaggtctacccccaggceccgacatggtcatcecgtccaccactgggacatcatg

190 200 210 220 230

s N p K S R L P P S P R P O G Q R W I W

tccaaccctaagtcacgcecctcecccaccttecccgaggecgcaggggcagecgectggatetgg

s N P K S R L P P S P R P Q G Q R W I W

tccaaccccaagagccgcecctcecccccecceccteccecccececgeccccagggceccagegetggatetgg

250 260 270 280 290

F N L E P P P N C Q H L E A L D R Y F N

ttcaacttggagccaccccctaactgccagcacctggaageccctggacagatacttcaat

F N L E P P P N C Q H L E A L D R Y F N

ttcaacctggagcccccccccaactgeccagecacctggaggecctggaccgectacttcaac

310 320 330 340 350

r T M s Y R s D S D I F T P Y G W L E P

ctcaccatgtcctaccgcagcgactccgacatcttcacgeccecctacggectggectggagecg

L. T M s ¥y R S DS D I F T P Y G W L E P
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361

361

141

421

141

421

421

161l

481

le6l

481

481

181

541

181

541

541

201

601

201

ctcaccatgtcctaccgcagcgactccgacatcttcaccececctacggetggetggagecce

370 380 390 400 410

W s 6 9 P A H P P L N L S A K T E L V A

tggtccggccagecctgcecccacccaccgctcaacctctecggeccaagaccgagectggtggec

w s 6 Q p A H P P L N L S A K T E L V A

tggagcggccagcecccgeccacccccecccctcaacctcagegeccaagaccgagectggtegece

430 440 450 460 470

W A VvV S N W K P D S A R V R Y Y O S L O

tgggcggtgtccaactggaagccggactcageccagggtgecgctactaccagagectgcecag

w A VvV S N W K P D S A R V R Y Y Q S L 0O

tgggccgtcagcaactggaagcecccgacagecgeccgegtecegetactaccagagectgeag

490 500 510 520 530

A H L XK v D VY 6 R S H K P L P K G T M

gctcatctcaaggtggacgtgtacggacgctcccacaagcccctgecccaaggggaccatg

A H L K VvV DV Y G R S H K P L P K G T M

gcccacctcaaggtcgacgtctacggeccgeteccacaageccctgeccaagggcaccatyg

550 560 570 580 590

atggagacgctgtcccggtacaagttctacctggcecttcgagaactceccttgcaccccgac

M E T L S R Y K F Y L A F E N S L H P D
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601

601

221

661

221

661

661

241

721

241

721

721

261

781

261

781

781

281

841

281

atggagaccctgagccgctacaagttctacctggeccttcgagaactcececctgecacceccgac

610 620 630 640 650

y I T £ K L. w R N A L E A W A V P V V L

tacatcaccgagaagctgtggaggaacgccctggaggcecctgggececgtgececgtggtgetyg

y I T £ K L. w R N A L E A W A V P V V L

tacatcaccgagaagctgtggcgcaacgccctggaggectgggecgtececececgtegtectyg

670 680 690 700 710

ggccccagcagaagcaactacgagaggttcecctgccacccgacgcecttcatccacgtggac

G p S R S N Y E R F L P P DA F I H V D

ggccccagccgcagcaactacgagecgecttecctgeccececcgacgecttcatccacgtcecgac

730 740 750 760 770

b r 0 S P K DL A R Y L Q E L D K D H A

gacttccagagccccaaggacctggcccggtacctgcaggagectggacaaggaccacgcce

b ¥F 0 s p K DL A R Y L Q E L D K D H A

gacttccagagccccaaggacctggeccgctacctgcaggagectggacaaggaccacgce

790 800 810 820 830

R ¥y L. s ¥ F R W R E T L R P R S F S W A

cgctacctgagctactttcgctggcgggagacgctgcggcecctcecgectecttcagetgggeca

R ¥y L S ¥ F R W R E T L R P R S F S W A
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841

841

301

901

301

901

901

321

961

321

961

961

cgctacctgagctacttccgectggecgcgagaccctgegecccecgcectecttcagetgggece

850 860 870 880 890

L b ¥F C K A C W K L QO Q E S R Y O T V R

ctggatttctgcaaggcctgctggaaactgcagcaggaatccaggtaccagacggtgcgce

L b F C K A CW K L Q O E S R Y Q T V R

ctggacttctgcaaggcctgctggaagctgcagcaggagtcccgctaccagaccgtececge

910 920 930 940 950

s I A A W F T *

agcatagcggcttggttcacctga

s I A A W F T *

agcatcgccgcecctggttcacctga

970 980

Original sequence is highlighted in green. Modified bases in codon-optimised sequence are
highlighted in red.

3) FUT4 aminoacid sequence (NCBI Reference Sequence: NP_002024.1)

MRRLWGAARKPSGAGWEKEWAEAPQEAPGAWSGRLGPGRSGRKGRAVPGWASW

PAHLALAARPARHLGGAGQGPRPLHSGTAPFHSRASGERQRRLEPQLQHESRCRSST

PADAWRAEAALPVRAMGAPWGSPTAAAGGRRGWRRGRGLPWTVCVLAAAGLTC

TALITYACWGQLPPLPWASPTPSRPVGVLLWWEPFGGRDSAPRPPPDCRLRFNISGC

RLLTDRASYGEAQAVLFHHRDLVKGPPDWPPPWGIQAHTAEEVDLRVLDYEEAAA

AAEALATSSPRPPGQRWVWMNFESPSHSPGLRSLASNLFNWTLSYRADSDVFVPYG

YLYPRSHPGDPPSGLAPPLSRKQGLVAWVVSHWDERQARVRYYHQLSQHVTVDVF
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GRGGPGQPVPEIGLLHTVARYKFYLAFENSQHLDYITEKLWRNALLAGAVPVVLGP
DRANYERFVPRGAFIHVDDFPSASSLASYLLFLDRNPAVYRRYFHWRRSYAVHITSF

WDEPWCRVCQAVQRAGDRPKSIRNLASWFER

N-terminal cytoplasmic tail is highlighted in yellow, membrane-spanning region is highlighted
in green and C-terminal catalytic domain is highlighted in blue.

4) Alignment of original and codon-optimised FUT4 DNA sequences

166 ¢ L. P P L P W A S P T P S R P V G V L
1 gggcagctgccgccgctgeccctgggegtcgeccaaccececgtecgecgaccggtgggegtgetyg
16 ¢ L. P P L P WA S P T P S R P V G V L
1 ggccagctcccceccecectecceccectgggecagecccacccecccagecgecccgteggegtecte

1 10 20 30 40 50

21 L. W W E P F G G R D S A P R P P P D C R
61 ctgtggtgggagcccttcggggggcgcgatagcgccccgaggeccgeccecctgactgecgg
2L W W B P F G G R D S A P R P P P D C R
61 ctctggtgggagcccttcggcggccgcgacagcgccccccgeccceccccecgactgeege

61 70 80 90 100 110

41 L. R F N I s G ¢ R L L T D R A S Y G E A
121 ctgcgcttcaacatcagcggctgccgecctgectcaccgaccgecgegtecctacggagagget
41 L R F N I 8§ 6 C R L L T D R A S Y G E A
121 ctccgcttcaacatcagcggctgceccgectcecctcaccgaccgegeccagectacggcgaggcc

121 130 140 150 160 170
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61

181

61

181

181

81

241

81

241

241

101

301

101

301

301

121

361

121

361

361

Q AV L F H H R D L V K G P P D W P P P

caggccgtgcttttccaccaccgcgacctcgtgaaggggceccccccgactggececececgece

AV L F H H R D L V K G P P D W P P P

caggccgtcctcttccaccaccgcgacctecgtcaagggcecccecccecccgactggeccecccccece

190 200 210 220 230

W 6 I 9 A H T A E E V D L R V L D Y E E

tggggcatccaggcgcacactgccgaggaggtggatctgecgegtgttggactacgaggag

w G I 9 A H T A E E V D L R V L D Y E E

tggggcatccaggcccacaccgecgaggaggtcgacctecgegtectegactacgaggag

250 260 270 280 290

A A A A A E AL A T S S P R P P G Q R W

gcagcggcggcggcagaagccctggecgacctccagecccaggecceccgggeccagegetgg

A A A A A E A L A T S S P R P P G Q R W

gccgccgecgecgecgaggecctecgecaccagcageccccgeccecccggecagegetgg

310 320 330 340 350

v w M N F E S P S H S P G L R S L A S N

gtttggatgaacttcgagtcgccctcecgcactceccccggggctgcgaagectggcaagtaac

v w M N F E S P S H S P G L R S L A S N

gtctggatgaacttcgagagccccagccacagccccggcectececgecagectecgeccagcaac

370 380 390 400 410
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141

421

141

421

421

161

481

161

481

481

181

541

181

541

541

201

601

201

601

601

L ¥ N w T L S Y R A D S D V F V P Y G Y

ctcttcaactggacgctctcctaccgggcggactcggacgtectttgtgecttatggectac

L ¥ N W T L S Y R A D S D V F V P Y G Y

ctcttcaactggaccctcagctaccgecgeccgacagcgacgtcttecgteccecctacggectac

430 440 450 460 470

ctctaccccagaagccaccccggcgacccgcecctcaggectggeccecgeccactgteccagg

L Yy p R S H P G D P P S G L A P P L S R

ctctacccccgecagecaccccggecgacccccccageggectegeccecceccectecagecge

490 500 510 520 530

K ¢ 66 L. v..A W V V S H W D E R QO A R V R

aaacaggggctggtggcatgggtggtgagccactgggacgagcgccaggcccgggtececge

K ¢ G L. vV. A WV V S H W D EU R Q A R V R

aagcagggcctcgtcegectgggtegtcageccactgggacgagecgeccaggeccgegtecge

550 560 570 580 590

Yy Yy H o L.s ¢ H v T v D V F G R G G P G

tactaccaccaactgagccaacatgtgaccgtggacgtgttcggeccggggcgggeccgggg

Yy Yy H o L.s ¢ H v T v D V F G R G G P G

tactaccaccagctcagccagcacgtcaccgtcgacgtcttcggeccgecggecggccecccggce

610 620 630 640 650
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221

661

221

661

661

241

721

241

721

721

261

781

261

781

781

281

841

281

841

841

Q p V P E I 6 L L H T V A R Y K F Y L A

cagccggtgcccgaaattgggctcecctgcacacagtggecceccgctacaagttctacctgget

 p V P E I G L L. H T V A R Y K F Y L A

cagcccgtccccgagatcggectcectceccacaccgtcecgeccgctacaagttcectacctegece

670 680 690 700 710

F E N S O H L D Y I T E K L W R N A L L

ttcgagaactcgcagcacctggattatatcaccgagaagctctggcgcaacgegttgcete

F E N S O H L DY I T E K L W R N A L L

ttcgagaacagccagcacctcgactacatcaccgagaagctcectggegcaacgecctecte

730 740 750 760 770

A G A V PV VL G P DR AN Y E R F V P

gctggggcggtgccggtggtgctgggcccagaccgtgccaactacgagecgetttgtgcecce

A G A V P V VL G P DRANY E R F V P

gccggcgecgteccegtegtectecggeccecgaccgegecaactacgagegettegtecee

790 800 810 820 830

R G A ¥ I H VD D F P S A S S L A S Y L

cgcggcgccttcatccacgtggacgacttcccaagtgecteccteecctggectegtacctyg

R 6 A F I H V D D F P s A s S L A S Y L

cgcggcgccttcatccacgtcgacgacttccccagcgeccagcagectecgecagcectaccecte

850 860 870 880 890
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301 . *» L D R N P A V Y R R Y F H W R R S Y
901 cttttcctcgaccgcaaccccgecggtctatcgecgetactteccactggecgecggagetac
301 L. ¥ L D R NP AV Y R R Y F H W R R S Y
901 ctcttcctcgaccgcaaccccgecgtctaccgecgetacttccactggecgecgecagetac

901 910 920 930 940 950

32, A Vv H I T S F W D E P W C R V C QO A V Q
961 gctgtccacatcacctccttctgggacgageccttggtgecgggtgtgeccaggectgtacag
32, AV H I T S F W D E P W C R V C Q A V Q
961 gccgtccacatcaccagcttctgggacgageccctggtgecgegtctgecaggecgtecag

961 970 980 990 1000 1010

341 R A G D R P K $ I R N L A S W F E R *
1021 agggctggggaccggcccaagagcatacggaacttggccagctggttcgagecggtga
341 R A G D R P K §$ I R N L A S W F E R *
1021 cgcgccggcgaccgccccaagagcatccgcaacctcecgecagetggttecgagegetga

1021 1030 1040 1050 1060 1070

Original sequence is highlighted in green. Modified bases in codon-optimised sequence are
highlighted in red.
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5) Sequencing of the pCMF3 plasmid

MACROJGEN
File: pCM-F3-17-1_corlinSeqFwd.abl Run Ended: 2013/10/1 18:12:21 Signal G:1906 A:2827 C:3737 1:1934 Adwincing throveh Genosles

Sample: pCM-F3-17-1_corlinSeqFwd Lane: 7 Base spacing: 14.82997 1594 bases in 19424 scans Page 1 of 2

10 20 30 40 50 60 70 80 90 100 110
ACAAATGCCCAM TG TG TG GCTG GACTC ACCTACCOG AC AAMCGAGACCTCCTCCACACCCGGTGCCGTGCGCGGAAGCTGC TCCACCAGCTCCGG TG TCCC TGC TCAGGTCGAATCT

P e~ 0, 0. G~ > s Y AN AN A \/\"\/\/‘A/\/\f NAVAVAATAVATAVAVAATAYVAVATAVAN /\z’\/\/\/\/‘J\f‘/\J\v{\f‘l/\/\ A\ /\A/‘f\/\ N\f v

120 130 140 150 160 170 180 190 200 210 220 230
CAG TCTCCCAACGCCAAGGTCACCTTC TCCAACATCAAGTTCGGACCCATTGGCAGCACCGGCAACCCTAGCCCTAGG TACGTAATGGTGAGCAAGGGCGAGGAGG ATAACATGGCCAT

A AW A /\/\ A A AR AR A A A AR AN AAAAAA A A »\‘.-:A/\Anf\f'l, uwi\f\w v‘}“N\,“I‘/\f\f"ﬁ\»=‘*A..-.,”J\J\Af\~/\

240 250 260 270 280 290 300 310 320 330 340 350 360
CATCAAGGAGTTCATGCGC TTCAAGGTGCACATGG AGGGCTCCG TG AACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGG

Al A ARt ot Mo Vs M A A

TGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGG

'\\J{\\'{‘/\l‘\-""‘f\/\/ / \A/‘M,W j\/\ﬂf Wiy VJ\W\ i A"r\\ﬁvm MAn N\/\ Vi /\N\/\IW\ (\VJ N ‘Nwl (\f MN‘ «f\/\;’\f\/\ A 'N { V\ VWU\ N\M’\ f\ﬂ

0 610
GCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTCCG

f‘w‘ﬁf\-":/\/‘M."‘N\/\/\f\:\f\.’mI.J'AM!N\"NV\A/U\AMM\?;/\!\/\M\’N\K'-.m.-’uv\f\{\f\f‘fM"fv\'-ff\lew\-"f\fx’\’\-wf‘f\ﬂ;'/\-‘.i',Aﬂwf\"f'/WWwv\f\r\*/\f\«f*N'Vﬁ{WWWJ
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File: pCM-F3-17-1_corlinSeqFwd.abl Run Ended: 2013/10/1 18:12:21 Signal G:1906 A:2827 C:3737 T:1934
Sample: pCM-I"3-17-1_corlinSeqIFwd Lane: 7 Base spacing: 14.82997 1594 bases in 19424 scans Page 2ol 2

620 630 610 650 660 670 680 690 700 710 720 730
ACGGCCCCGT AATGCAGAAGAAGACCATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGUCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGLCACT AC

0 ttton o o o

740 750 760 770 780 790 800 810 820 830 840 850 860
GACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGOCGC CTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGA

«‘wwwmn/\f'mw..;\ﬂ...«ﬂma’-A'"vw«wmm\www'-/\ et e

870 880 890 200 910 220 930 940 950 960 9270 980
ACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTACAAGGACGACGACGACAAGCTCGAGIGGAGCCACCCCCAGTTCGAGAAGATCGATGGCGGCAGCGGCCGC GTCTCCCGC

Y i e W

990 1000 1010 1020 1030 1040 1050 1060 1070 10380 1090 1100
GACGACGCCACCGGCTCCCCCCGCGCCCCCAGC GGCTCOCTCCCGCCAGGACACCACCCCCACCCGCCCCACCCTCCTGATCCTGCTCCGCACCTGGGCCTTTCACATCCCCGTCGCCCTGTCC
il

A o A M st e M

1110
CGTTGCA»\CG—\GAATGGTCCCCGGGAC CGCCGAATGGC—\CATT ACCGCCGA—’\CCGC-\—\GGG G‘T'-'\CC CCCA GGCCGACAATGTG'J A GTCCA C-\CCTGGGG«\O%TCTTTGI‘CCA}\C CEa AGA

-4
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6) Sequencing of the pCF3 plasmid

MACROJGEN
File: pF3corrid4_P2FUT3Fwd.abl Run Ended: 2014/11/27 21:17:49 Signal G:1788 A:2238 C:3846 T:2070 Advancing throvigh Genomics
Sample: pF3corrid_P2FUT3Fwd Lane: 92 Base spacing: 15.187895 1188 bases in 14520 scans Page 1 of 2

10 20 30 40 S0 60 70 80 90 100 110
CCCAA GCATC TCTCTTC CCCCC TUMGGCTGGCTGG AGCCCTG G AGCG GCCAGCCCGCCCACCCCCCCC TCAACC TCAGCGCCAAGACCGAGCTGG TCGCC TGGGCCG TCAGCAAC TG

120 130 140 150 160 170 150 190 200 210 220 230
GAAGCCCGACAGCGCCCGCG TCCGC TACTACCAGAGCC TGCAGGCCCACC TCAAGG TCG ACGTC TACGGCCGC TCCCACAAGCCCC TGCCCAAGGGCACCATG ATGG AG ACCC TG AGCCG

\MWAMMMMMMMAMMMMMMAMMNMAWMNMMMM’MW

260 270 280 290 300 310 320 330 340 350 360
CTACAAGTTCTACCTGGCCTTCGAG AVMCTCCCTGCACCCCGACTACATCACCG AGAAGCTGTGGCGC AACGCCCTGGAGGCCTGGGCCGTCCCCGTCGTCCTGGGCCCCAGCCGCAGCAACTA

370 380 3%0 400 410 420 430 440 450 460 470 480
CGAGCGCTTCCTGCCCCCCGACGCCTTCATCCACGTCGACGACTTCCAGAGCCCCAAGG ACCTGGCCCGC TACCTGCAGGAGCTGGACAAGGACCACGCCCGCTACCTGAGCTACTTCCGCTGGC

490 500 510 520 530 sS40 550 560 570 580 590 600 610
GCGAGACCCTGCGCCCCCGCTCCTTCAGCTGGGCCCTGGACTTCTGCAAGGCCTGCTGGANGCTGCAGCAGGAGTCCCGCTACCAGACCGTCCGCAGCATCGCCGCCTGGTTCACCTGAGCTAGCT
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File: pF3corrl4_P2FUT3Fwd.abl Run Ended: 2014/11/27 21:17:49 Signal G:1788 A:2238 C:3846 T:2070
Sample: pF3corrl4_P2FUT3Fwd Lane: 92 Base spacing: 15.187895 1188 bases in 14520 scans Page 2 of 2

620 630 640 650 660 670 680 690 700 710 720 730
TAAGTAAAGCTCCGTGGC GAAAGCCTGACGCACCGGTAGATTCTTGGT GAGCCCGTATCATGACGGCGGCGGGAGCTACATGGCCCCGGGTGATTTATTTTTTTTGTATCTACTTCTGACCCTT

ot o o oo

740 750 760 770 0 790 8 810 820 830 840
TTCAAATATACGGTCAACTCACCTTTCACTGGAGATGCGGCCTGCTTGGTATTGCGATGTTGTCAGCTTGGCAAATTGTGGCTTTC GAAAACACAAAACGATTCCTTAGTAGCCATGCATTTT
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7) pH curve of the CMF3-44 bioreactor culture with pH control
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8) pH curve of the CMF3-44 bioreactor culture without pH control
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9) Dissolved oxygen concentration in the CMF3-44 bioreactor culture with pH control
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10) Agitation recorded for the CMF3-44 bioreactor culture with pH control

Agit_0
450,01

368.04

286.0

204.04

122.0

60:00 90:00 120:00

00 30:00

40.0 -
Agit_0 00

230

\
|






12) Biosafety approval letter

From: Bio Safety <biosafety@mq.edu.au>

Sent: 22 May 2015 12:28

To: Helena Nevalainen

Subject: Approval for Exempt Dealing "Expression of bacterial, fungal, plant and animal genes
encoding harmless products in Trichoderma reesei (GRAS: Generally recognized As Safe)"
(5201500378)

Re: Exempt Dealing "Expression of bacterial, fungal, plant and animal genes encoding harmless products
in Trichoderma reesei (GRAS: Generally recognized As Safe)" (5201500378)

Thank you for your response to concerns raised by the Institutional Biosafety Committee (IBC) regarding the above
application. The Chair has reviewed your response and approval of the above Exempt Dealing has been granted,
effective 20 May 2015.

Approval has been granted subject to your compliance with the Office of the Gene Technology Regulator’s standard
conditions for exempt work listed below:

1. The project must be conducted in accordance with the OGTR Guidance Notes for the Containment of Exempt
Dealings (http://www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/ExemptDealGuideSeptll_2-htm

2. The Guidance Notes are only applicable to exempt dealings conducted under the Gene Technology Act 2000.
They do not provide guidance for laboratory safety, good laboratory practice or work health and safety issues. For
these purposes, refer to AS/NZS 2243.3:2010.

3.  You must inform the Institutional Biosafety Committee if you complete or abandon the exempt dealings with
GMOs.

Please note the following standard requirements of approval:

1. Approval will be for a period of 5 vyearssubject to the provision of annual
reports (http://www.research.mg.edu.au/current_research_staff gene_technology_and_biosafety/submitting_a_n
ew_application). If, at the end of this period the project has been completed, abandoned, discontinued or not
commenced for any reason, you are required to submit a Final Report. If you complete the work earlier than you had
planned you must submit a Final Report as soon as the work is completed. Please contact the Committee Secretary
at biosafety@mgq.edu.au in order to obtain a report.

A Progress/Final Report for this project will be due on: 20 May 2016.

2. If you will be applying for or have applied for internal or external funding for the above project it is your
responsibility to provide the Macquarie University’s Research Grants Management Assistant with a copy of this email
as soon as possible. Internal and External funding agencies will not be informed that you have final approval for your
project and funds will not be released until the Research Grants Management Assistant has received a copy of this
email.

If you need to provide a hard copy letter of Final Approval to an external organisation as evidence that you have
Final Approval, please do not hesitate to contact the Committee Secretary at biosafety@mq.edu.au or by phone 9850
4063.

Please retain a copy of this email as this is your formal notification of final Biosafety approval.
Yours Sincerely

Biosafety Secretariat

Research Office

Level 3, Research Hub, Building C5C East

Macquarie University
NSW 2109 Australia
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