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Abstract

A major factor affecting the yield of heterologous protein production from filamentous fungi is
the degradation of the target protein by proteases produced by the host organism. One
approach to reduce this degradation by proteases is the identification of the proteases
produced from the fungi followed by inactivation of the gene(s) encoding the harmful
proteases. This project involved characterisation of the protease profile of three strains of the
filamentous fungus Trichoderma reesei: QM6a (wild type), Rut-C30 (transformation host) and
CVt (producing a heterologous Venus protein). Firstly, zymography was used to allow
comparison of extracellular proteases produced from these three strains. Then, liquid assays
using specific fluorescent substrates, and mass spectrometric analysis were used to identify
the extracellular protease types secreted by the Rut-C30 and CVt strains. Both strains of T.
reesei examined were found to produce extracellular proteases that were active across
neutral to acidic pH range. Liquid protease activity assays using specific substrates and
inhibitors for each protease type showed that there was a resemblance in the protease types
which were secreted by T. reesei (Rut-C30 and CVt) strains. Aspartic proteases,
chymotrypsin-like proteases and subtilisin-like proteases activities were detected by this
method. However, there was higher aspartic protease activity in Rut-C30 supernatants
whereas there was higher chymotrypsin-like protease and subtilisin-like protease activities in
CVt supernatants. In addition, mass spectrometric analysis (MALDI TOF/TOF MS/MS and
LC ESI MS/MS) showed both similarities and differences in the types of proteases between
the two strains. Aspartic protease, chymotrypsin-like protease and subtilisin-like protease
were identified from both strains. However, three proteases (carboxypeptidase,
metallopeptidases and serine protease) were detected from the CVt strain only. This project

paves the way for molecular engineering of protease deficient production hosts.
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Abbreviations

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate

DTT dithiothreitol

ESI electrospray ionisation

FU fluorescence units

IEF isoelectric focusing

IPG immobilised pH gradient

kDa kilodaltons

LC liquid chromatography

MALDI matrix assisted laser desorption ionisation
MCA 7-amino-4-methylcoumarin

MS mass spectrometry

MS/MS tandem mass spectrometry

NCBI National Center for Biotechnology Information
PAGE polyacrylamide gel electrophoresis

PDA potato dextrose agar

PMF peptide mass fingerprinting
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SDS sodium dodecyl sulphate
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v/v volume/volume

wiv weight/volume
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Chapter 1: Introduction

Trichoderma reesei is a filamentous fungus currently exploited for the large-scale
production of proteins (mainly enzymes) applicable to industrial processes. The
number of recombinant proteins of interest is increasing and developing to areas
such as biopharmaceuticals. As a consequence, the T. reesei expression system
requires further optimisation and diversification to cater for the specific requirements
of each commercially-relevant protein. In particular, there is a need to identify the
proteases that cause the degradation of heterologous proteins. This chapter provides
the background on T. reesei as a production host and an outline of the different kinds

of proteases produced by this fungus.

1.1 The potential of filamentous fungi for industrial applications

Filamentous fungi belong to a diverse group of lower eukaryotic microorganisms.
They have a number of properties that make them important both scientifically and
economically. The economic importance can be illustrated by the various products
that are secreted by filamentous fungi, such as enzymes, organic acids,
polysaccharides, alkaloids, pigments, mycotoxins, and antibiotics, as reviewed by
Nevalainen (1985). Filamentous fungi produce a broad spectrum of extracellular
enzymes accounting for around 40 % of enzymes used in industry (Lowe, 1992;
Penttila et al., 2004), in a global market worth over $ 2 billion dollars (Nevalainen and
Te'o, 2003). Fungal enzymes are used in the production of detergents, textiles,
starch, baking goods, animal feed, beverages, brewing and dairy products (Saxena

et al., 2004).



The fact that fungi can secrete a large amount of proteins (mainly hydrolytic
enzymes) into the culture medium has an important advantage for industry; the
secretion makes the harvesting of desired products easier since there is no need to
break the cells and to eliminate the intracellular proteins, a process that is normally
tedious and expensive. Also, filamentous fungi perform post-translational
modification (glycosylation, folding, proteolytic cleavage) of gene products in a way
analogous to higher eukaryotes, which is very important if mammalian proteins are to
be expressed. Moreover, fungi can be grown on a cheap and undefined medium
which makes large-scale protein production economically feasible. The secreted
levels of native proteins are high in optimal production environments; for example,
Aspergillus niger can produce more than 20 grams of glucoamylase per litre (Berka
et al., 1990; Xin et al., 2010) and T. reesei has been shown to produce hydrolases at
up to 100 grams per litre (Cherry and Fidantsef, 2003). Filamentous fungi have also
been used as host organisms for the production of heterologous gene products
(Nevalainen et al., 2005). For example, calf chymosin has been produced in A.
awamori and T. reesei (Harkki et al., 1989; Uusitalo et al., 1991; Schuster and
Schmoll, 2010) and mouse antibody (Fab) fragments in T. reesei (Nyysstnen et al.,
1993; Schuster and Schmoll 2010). Several heterologous enzymes have been
successfully expressed in some strains of filamentous fungi, but the secreted yields
of these enzymes rarely reach grams per liter. Stable recombinants can be isolated
from filamentous fungi thus enabling controlled strain improvement. Therefore, fungi
continue to be investigated for development as protein expression systems. Table 1-
1 contains a number of industrially important products made by filamentous fungi

(Gibbs et al., 2000).
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Table 1-1 Some industrial products made by fermentations with filamentous fungi.
Adapted from Gibbs et al., 2000 with some modifications.

Product

Microorganism

Reference

Antibiotics

Penicillin G and V

Penicillium chrysogenum

van den Berg et al., 2008

Cephalosporin C

Cephalosporium
acremonium

van de Kamp et al., 1999
Elander et al., 2003

Griseofulvin

Penicillium patulum

Gibbs et al., 2000

Enzymes

Glucose oxidase, pectinase and
phytase

Aspergillus niger

Wiebe, 2003

Xylanase and invertase

Aspergillus awamori

Holker et al., 2004

a-amylase and glucoamylase

Aspergillus oryzae

te Biesebeke et al., 2005

Cellulase, xylanase and
endoglucanase

Trichoderma sp.

Polizeli et al., 2005
Dutta et al., 2008

Mycotoxins

Aflatoxins, citrinin and ochratoxin

Aspergillus sp.

Torelli et al., 2006

Trichothecenes and zearalanone

Fusarium sp.

Gibbs et al., 2000

Citrinin, ochratoxin

Penicillium sp.

Greenhill et al., 2008
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Table 1-1 (continued)

Other native fungal products

Riboflavin Ashbya gossypii Lim et al., 2001
Park et al., 2006

Citric and gluconic acid Aspergillus niger Schuster et al., 2002
Magnuson and Lasure,
2004

Ramachandran et al.,
2006

Kojic acid and biotin Aspergillus oryzae Krishna, 2005

Recombinant heterologous

proteins

Fab antibody fragments Trichoderma reesei Nyyssonen et al., 1993

Human interleukin-6 Aspergillus niger Punt et al., 2002
Grimm et al., 2005

Tissue plasminogen activator (tPA) | Aspergillus niger Nevalainen et al., 2005

Thermophilic xylanase Trichoderma reesei Mantyla et al., 2007

1.2 Trichoderma species

Trichoderma species are filamentous, soft — rot fungi. They are ubiquitous colonisers
of cellulosic materials and are thus abundant on decaying plant material and wood
(Kubicek et al., 2008; Jaklitsch 2009). They also can occur in the rhizosphere of
plants where they can induce systemic resistance against pathogens (Harman 2000).
Trichoderma species are characterised by rapid growth, typically bright green conidia
(occasionally yellow) and a highly branched conidiophore structure (Gams and

Bissett 1998; Schuster and Schmoll, 2010). They are able to grow in different natural
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environments such as the rich and diversified habitat of a tropical rainforest as well
as in a fermentor in a laboratory. This is because Trichoderma species respond to
their environment by regulation of growth, conidiation and enzyme production, and
hence adjust their lifestyle to prevailing conditions. Most of this genus is saprophytic
but some species are capable of mycoparasitism (Klein and Eveleigh, 1998;

Schuster and Schmoll, 2010).

Some Trichoderma species (such as T. harzianum, T. virens and T. asperellum) are
suitable as biocontrol agents against fungal and bacterial diseases on agricultural
crops (Benitez et al., 2004). Some species have been shown to be opportunistic
plant symbionts, enhancing systemic resistance of plants (Yedidia, 1999; Ruocco et

al., 2009).

Trichoderma species have been used for production of food additives and related
products (Blumenthal, 2004). Various Trichoderma enzymes are applied to improve
the brewing process (B-glucanases), as macerating enzymes in fruit juice production
(pectinases, cellulases and hemicellulases), as feed additive in livestock farming

(xylanases) and for the production of pet food (Schuster and Schmoll, 2010).

1.3 Trichoderma reesei

Trichoderma reesei was first identified as the culprit organism that caused a rapid
degradation of US military canvas tents and cotton clothing in Bougainville during
World War 1l (Linko, 1993). The parent strain of practically all industrial T. reesei
production strains is QM6a (Mandels and Reese, 1957). From the time of its
discovery until 1977, this isolate was classified as T. viride, but it has since been

characterised as a distinct species and renamed T. reesei (Simmons et al., 1977).
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T. reesei is used for large scale production of proteins due to its secretion capacity
and cheap and easy cultivation. Also, molecular tools and methods are available to
produce recombinant strains of T. reesei for industrial protein production (Seidl et al.,
2006). T. reesei can be regarded as a safe host organism and many enzyme
preparations produced by recombinant strains have been assigned approved status
by appropriate national or international authorities (reviewed by Nevalainen et al.,

1994).

T. reesei degrades plant material by secreting numerous enzymes (such as
cellbiohydrolases, endoglucanases, [(-glucosidases, and xylanases), which act
synergistically in the hydrolysis of cellulose and hemicellulose to oligosaccharides
and monomeric sugars. Some of the current research with T. reesei is focused on
improvement of the efficiency of cellulase production in order to decrease the cost of
the production of bioethanol (biofuel) from cellulosic waste material (Kumar et al.,
2008). T. reesei strains that are used in industry to produce cellulases are genetically
engineered by targeted genetic modifications such as efficient use of inducible
promoters, increased gene copy numbers, or removal of genes encoding undesired

secreted proteins (Nevalainen et al., 1994; Jun et al., 2009).

Recently, the potential of T. reesei has been investigated for the heterologous
production of antibodies (Joosten et al., 2003) with a view of incorporating the
antibodies into a whole range of everyday products such as shampoos and skin care

creams for targeting the active ingredients to the specific surface.

T. reesei Rut-C30 was produced as a result of a random mutagenesis and screening

program for high cellulase production (Montenecourt and Eveleigh, 1979). The strain
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Rut-C30 produces around 35 grams of extracellular protein per liter which is
approximately four times more than the parent QM6a strain (Durand and Clanet,
1988; Margolles-Clark et al., 1997; Jun et al., 2009). The extracellular cellulolytic
system of T. reesei is composed of 60-80 % cellobiohydrolases (exoglucanases), 20-
36 % endoglucanases and 1 % [-glucosidases, all of which act synergistically in the
conversion of cellulose into glucose (Zaldivar et al., 2001; Muthuvelayudham and

Viruthagiri, 2006).

T. reesei Rut-C30 is the best characterised publicly available T. reesei strain. It was
generated by three mutagenesis steps (Figure 1.1). The first step was an ultra- violet
light (UV) mutagenesis of QM6a leading to isolation of the M7 strain, which was
mutagenised further with N-nitrosoguanidine (NTG) to produce the NG14 strain
(Montenecourt and Eveleigh, 1979). UV mutagenesis was further applied on NG14
and Rut-C30, a catabolite repression deficient mutant, was isolated. This strain has
been reported to contain a truncated carbon catabolite repressor gene cre | (deletion
of ~ 2.5 kb in the cre | gene mediating glucose repression) and a frame-shift mutation
in the B-glucosidase Il encoding gene. The genome lacks an 85 kb DNA fragment in
the scaffold 15, and as a result misses 29 genes in comparison with the wild type
QM6a (Seidl et al., 2008). The strain is known as a low protease producer (Sheir-
Neiss and Montenecourt, 1984) and exhibits 11 % of the total protease activity of the
wild-type QM6a (Peterson et al., 2011). However, there has been no published
characterization of the types of proteases T. reesei Rut-C30 or the wild-type QM6a

secretes.
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Rut-C30

Figure 1.1 Pedigree of T. reesei Rut-C30 and its relationship to the wild type isolate
QM6a (Montenecourt and Eveleigh, 1979). Mutagens used are marked as UV (ultra-
violet light) and NTG (N-nitrosoguanidine).

T. reesei mutant strains are frequently used as production hosts for recombinant
proteins (Nevalainen et al., 2005). For example, T. reesei Rut—C30 has been used as
surrogate host for production of an endochitinase from T. harzianum. The
endochitinase gene P1 was isolated and over expressed in Rut-C30 under the
promoter of the major cellulase gene (cbh ). The endochitinase activity in the
recombinant strain represented about 20 fold increase over the endochitinase activity

produced by T. harzianum (Margolles-Clark et al., 1996a).

In previous work carried out in the EDGE (Enzyme Development and Gene
Expression) laboratory, T. reesei Rut—-C30 was used as a transformation host to
generate a recombinant strain producing a cellobiohydrolase | — Venus fusion protein
where Venus represents a protein heterologous to Trichoderma (Kautto, 2009).
Venus protein is a genetic mutant of green fluorescent protein, derived from Aquorea

victoria. Its molecular weight is 27 kDa, its excitation peak is 514 nm and its emission
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peak is 527 nm (Rekas et al., 2002). The resulting T. reesei CVt transformant strain
was used in the current work to explore the production of specific proteases by a
recombinant strain expressing a heterologous protein. These results were compared

to the proteases produced from a non-transformant T. reesei Rut-C30 strain.

To optimise T. reesei as host for the production of heterologous proteins, it is

necessary to have an understanding of the basic fungal biology of protein secretion.

1.4 The secretory pathway of T. reesei

Efficient secretion is one of the most important features of filamentous fungi that
make them attractive as hosts for protein production (Nevalainen et al., 2005). To
date, the secretory pathway of T. reesei has not been described in detail. A general
model for secretion in eukaryotic microorganisms has been developed through
experimental studies of Saccharomyces cerevisiae (Diener et al., 2004). Briefly, after
the DNA transcription, which occurs in the nucleus, the mRNA is translated to protein
after leaving the nucleus. The newly made protein interacts with chaperone
molecules allowing folding on the site of the endoplasmic reticulum (ER). The protein
leaves the ER in transport vesicles and moves to the Golgi, where the protein is
modified further by glycosylation and packed into secretory vesicles. These secretory
vesicles fuse with the cytoplasmic membrane, and open out releasing their entire

contents into the extracellular space (Nevalainen et al., 2005; Conesa et al., 2001).

1.5 The effects of proteases on protein production

One of the major causes of lowering the yields of a foreign protein produced in a
heterologous system is its degradation by proteases. Proteolysis can occur within the

secretory pathway or following secretion (van den Hombergh et al., 1997; O’'Donnell
17



et al., 2001). Modifications to the protease profile can be achieved via traditional
mutagenesis and screening, or targeted gene manipulation (Mantyla et al., 1998;
Saloheimo and Pakul, 2012). Isolation of particular protease encoding genes allows
for specific manipulation and inactivation of these loci; for example deletion of the
gene encoding the aspartic protease trichodermapepsin from T. reesei resulted in a
94% decrease in acid protease activity (Mantyla et al., 1998). Notably, deletion of the
pepA gene (aspartic protease gene) increased bovine prochymosin production in T.
reesei by more than 66% (Berka et al., 1990; Wang et al., 2008) and reduced the

degradation of over expressed thaumatin in A. niger (Moralejo et al., 2000).

The protease profile of A. niger has been patrtially characterized (Van den Hombergh
et al., 1997). These proteases include aspartic, serine, and carboxy proteases, which
are similar to proteases that have been identified from T. reesei supernatants
(Bradford, 2000). Some studies have been carried out with Aspergillus addressing
the effect of proteases on the yield of recombinant proteins. For example, the
recombinant A. niger B1-D was genetically modified to secrete hen egg white
lysozyme (HEWL) and the effects of bioprocess parameters on extracellular
proteases of this strain were studied. A significant reduction in HEWL production
occurred as a result of increased activity of extracellular proteases in the cultures,
correlating to rising temperature (thermal stress) in early exponential phase. The
proteases were predominantly acid proteases (aspartic), in addition to serine-,
cysteine- and metallo- proteases (Li et al., 2007). However, no studies assessing the
impact of extracellular proteases from Trichoderma on recombinant protein
production have been published. Although heterologous fungal proteins can be
expressed in T. reesei, the proteases still seem to cause degradation which reduces
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the protein yield (Nevalainen et al., 2005). The reduction of protease activity
therefore seems important in achieving higher production yields of heterologous
proteins. In addition to protease deficient strains generated via random mutagenesis
or by genetic engineering, bio-processing techniques, such as downstream
processing at low temperatures, the early separation of product from proteases, pH
control and the use of protease inhibitors, have been used to reduce the proteolysis.
The spectrum of proteases in individual species can be very diverse and species-
specific. Therefore, the analysis of the extracellular proteases to reveal the dominant
protease type is very important when working towards enhanced yields of

heterologous proteins.

1.6 Types of proteases

Proteases are secreted naturally by filamentous fungi to hydrolyse proteins. They
play various roles in cellular metabolism, nutrition and morphogenesis (Archer and
Peberdy, 1997; Delgado-Jarana et al., 2002). Proteases are classified as
exopeptidases, which cleave one or a few amino acids from the N- or C- terminus, or
endopeptidases, which cleave internally in polypeptide chains (also -called
proteinases. They are four main types of proteases: aspartyl, serine, cysteine and

metalloproteases according to the nature of their catalytic active site (Table 1-2).
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1.7 Strategies to identify extracellular proteases in culture
supernatants

Strategies that can be employed to identify extracellular proteases in culture

supernatants include zymography, protease assays, and mass spectrometry.

1.7.1 One and two -dimensional gel electrophoresis and zymography

The extracellular proteases in the culture supernatant can be separated by one-
dimensional (1D) and two-dimensional (2D) sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE). In 1D electrophoresis proteins are separated
according to molecular weight only, while in 2D electrophoresis proteins are
separated according to molecular weight and isoelectric point (pl). These are
common and efficient methods of separating the proteins according to their

electrophoretic mobility (Choi et al., 2001; Walker, 2005).

Zymography is a technique based on electrophoretic separation on an SDS-PAGE
gel that contains a substrate for the enzyme of interest (eg. gelatin, casein, or fibrin
for proteases) copolymerised with the polyacrylamide gel. Zymography has been
used to detect the activity of a variety of enzymes such as xylanases, lipases,
chitinases and proteases (Lantz and Ciborowski, 1994; Sharma et al., 2008; Soni et
al., 2008; Peterson et al., 2011a). The substrate is degraded by the enzymes that are
renatured after the electrophoretic separation. In the case of protease zymograms,
this results in white bands or spots (1D or 2D zymogram respectively) against dark

background when stained with Coomassie Blue dye.
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1.7.2 Protease assays

Assays using specific protease substrates and inhibitors (Table 1-2) can be applied
to determine the different protease types in a culture supernatant (Table 1-3). These
substrates are peptides combined with 7-amino-4-methylcoumarin (MCA), so when a
protease cleaves the specific peptide chain, the MCA will fluoresce at a peak
excitation wavelength 380 nm and emit at a peak of 460 nm. An absorbance assay
for chymotrypsin activity is used where the absorbance is measured at 410 nm
(Goller et al.,1998; Weder et al.,1993). Fluorescence and absorbance based assays
have been used previously to identify extracellular proteases in T. reesei (Goller et
al., 1998; Bradford, 2000). Information gained by this approach can then be used in
the future to identify the genes encoding particular proteases to eliminate them in

order to enhance the yields of heterologous proteins produced in fungi.
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Table 1-3 Protease types and commercially available specific substrates (Sigma-
Aldrich, Australia). Commercially available enzymes that can serve as positive
controls for each protease type are also shown.

Protease type

Specific substrate

Positive control enzyme

Aspartyl Boc- Leu- Ser- Thr- Arg- Pepsin from porcine
amino-4-methylcoumarin gastric mucosa
Cysteine Z- Arg- Arg 7-amino-4- Papain from Papaya latex

methylcoumarin

Metallo-proteases

= Collagenase

= Non-collagenase

N-Suc-Gly-Pro-Leu-Gly-
Pro 7-amino-4-

methylcoumarin

N- Suc- Ala-Ala-Phe 7-

amino-4- methylcoumarin

Collagenase from

Clostridium histolyticum

Metallo-enzyme type IX
from Bacillus polymyxa

Serine

= Trypsin

= Chymotrypsin

= Elastase

= Subtilisin

NA-CBZ-L-Arg 7-amino-4-

methylcoumarin

N- Benzoyl- L- Tyrosine-

P- nitroanilide

N-Suc-Ala-Ala-Pro- Phe 7-

amino-4-methylcoumarin

N- Suc- Ala- Ala- Ala 7-

amino-4-methylcoumarin
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1.7.3 Protein identification by mass spectrometry

Mass spectrometry is a high throughput method for identifying proteins. It is a very
accurate method that weighs peptides after digestion with a suitable enzyme (trypsin)
and the masses of these peptides can then be matched against the theoretical
peptide masses of known proteins for identification. The two types of mass
spectrometry used in the current study were matrix-assisted laser
desorption/ionisation time-of-flight tandem mass spectrometry (MALDI-TOF/TOF
MS/MS) and liquid chromatography electrospray ionisation tandem mass
spectrometry (LC ESI MS/MS). MALDI-TOF/TOF MS/MS mass spectrometers are
hybrid mass spectrometers that combine a MALDI ion source with a TOF analyzer, a
CID fragmentation cell and another TOF analyser to produce MS/MS fragmentation
spectra (Gogichaeva et al., 2007). LC ESI MS/MS involves separation of peptides
according to their hydrophobicity prior to electrospray ionisation and fragmentation
(Chernushevich et al., 2001). These two methods have been used widely to identify
proteins in Trichoderma spp., for example in the identification of a novel aspartic
protease secreted by T. harzianum (Suéarez et al., 2005), and the identification of

subunits of the T. reesei 20S proteasome (Grinyer et al., 2006; Kim et al., 2007).

1.7.3.1 MALDI-TOF/TOF MS/MS for identification of proteins separated by
SDS-PAGE

MALDI-TOF/TOF MS/MS can be used for identification of protein bands from an
electrophoresis gel. Protein bands are excised and digested with a specific protease
(trypsin), then mixed with a large excess of ultraviolet absorbing matrix which
normally contains a low-molecular weight aromatic acid. The excess matrix

molecules transfer the embedded non-volatile analyte molecules into gas phase
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when the analyte is irradiated with a focused laser beam of appropriate wavelength
(Figure 1.2). Then singly protonated analyte ions are formed which are accelerated
by electric potentials into a tandem mass spectrometer. The spectra are used to
search databases to identify the proteins (Blackstock and Weir, 1999; Yates, 2000;

Steen and Mann, 2004).

Mass analyser
TAcceIeration by electrical potentials
o©® g
Laser ° eO @Oe P ©&— Matrix ions and neutrals

© 000
) ©o G)O—Analyte ions
o %0

. .

Analyte molecules

Matrix
molecules

Figure 1.2 lonisation in matrix-assisted laser desorption/ionisation time-of-flight
tandem mass spectrometry (MALDI- TOF/TOF MS/MS). Steen and Mann (2004).

1.7.3.2 LC ESI MS/MS for identification of proteins separated by SDS-
PAGE

The protein bands are excised from an electrophoresis gel and digested with a
specific protease (trypsin) to convert the protein to peptides. The peptides are
injected onto a micro-scale capillary high- performance liquid chromatography (LC)
column (50-150 um inner diameters). The peptides are eluted according to their
hydrophobicity by using a solvent gradient. When the peptides reach the end of the
column they flow through a needle (Figure 1.3). At the end of the needle the liquid
vaporises and the peptides subsequently become ionised by the action of a strong

electrical potential in a process called electrospray ionisation (ESI; Steen and Mann,
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2004). Then the ionised peptides are analysed by tandem mass spectrometry

(MS/MS).
. . ~
O P
Liquid-chromatography
column
Droplets releasing
peptide ions
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mixture spectrometer
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Figure 1.3 lonisation in liquid chromatography electrospray ionisation tandem mass

spectrometry (LC ESI MS/MS). Steen and Mann (2004).

1.7.3.3 Database searching

The mass spectra obtained from MALDI-TOF/TOF and LC ESI MS/MS can be
analysed using the MASCOT search engine (Matrix Science Ltd, London UK; Perkins
et al., 1999). The peptide fragmentation pattern is compared to theoretical
fragmentation  patterns calculated from known proteins in  NCBInr

(www.ncbi.nhm.nih.gov) or SwissPort (www.expasy.org/sport/) databases.
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1.8 Aims of this study
Trichoderma reesei shows promise as an expression host for the production of
heterologous proteins. However, proteases pose a major problem affecting the yields

of foreign gene products thus limiting the use of T. reesei as an expression host.

The overall aim of the project was to profile and identify proteases secreted by
Trichoderma reesei as the first step towards knowledge-based modification of

protease profiles.
The specific aims were to:

1- Profile secreted proteases of two strains of T. reesei, Rut-C30 (transformation
host) and CVt (producing a heterologous Venus protein), to allow comparison of
extracellular proteases produced by these two strains. This was carried out with

zymography.

2- ldentify the extracellular protease types in the Rut-C30 and CVt strains using
specific fluorescent substrates in a liquid assay, and mass spectrometric analysis to

identify protein bands excised from protein gels.

27



Chapter 2: Materials and Methods

2.1 Frequently used reagents, buffers and gels

All chemicals used were of analytical grade and were obtained from Sigma-Aldrich

(Australia) unless otherwise stated. Agarose was obtained from Amresco (USA) and

Avicel cellulose from Fluka (Germany). The reagents, buffers, and culture medium

used throughout this work were prepared using water filtered by Millipore Milli-Q

Academic filtration system (MQ water) and sterilised by autoclaving at 121°C for 20

min. Some of the commonly used buffers and solutions are listed in Table 2-1, and

commonly used protein gels are listed in Table 2-2.

Table 2-1 Buffers and solutions used throughout experimental work.

Buffers and solutions

Reagents

Conidia harvesting solution

0.9 % (w/v) NaCl
0.05 % (w/v) Tween 80

Protein gel loading solution / sample
buffer (5X)

0.05 M Tris HCI pH 6.8

50 % (wi/v) glycerol

12 % (w/v) SDS

0.1 % (w/v) bromophenol blue

Running buffer (10X) for gel
electrophoresis

10 mM (w/v) Tris
14 mM (w/v) glycine
1 % (w/v) SDS

Zymogram renaturing buffer

2.5% (v/v) Triton-X

Zymogram developing buffer

15 mM Tris HCI
0.2 M NacCl

5 mM CacCl

0.02 %(v/v) Brij 35

Fixing buffer for protein gels

7 % (v/v) acetic acid
10 % (v/v) methanol

Equilibration solution for two
dimensional gels

50 mM (w/v) Tris-HCI pH 8.8
6 M (w/v) urea

30 % (wi/v) glycerol

2% (w/v) SDS

Traces of bromophenol blue
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Table 2-2 Protein gels commonly used throughout experimental work.

Protein gel Contents

12.5 % SDS PAGE gel 12.5 % (w/v) acrylamide:bis (Bio-Rad, Australia)
3.4 mM (w/v) Tris HCI pH 8.8

0.07 % (v/v) TEMED*

0.05 % (w/v) ammonium persulfate

0.4 % (w/v) SDS

Gelatin zymogram 12.5 % (w/v) acrylamide:bis (Bio-Rad, Australia)
0.1 % (w/v) gelatin

3.4 mM (w/v) Tris HCI pH8.8

0.07 % (v/v) TEMED*

0.05 % (w/v) ammonium persulfate

0.4 % (w/v) SDS

Casein zymogram 12.5 % (w/v) acrylamide:bis (Bio-Rad, Australia)
0.1 % (w/v) casein

3.4 mM (w/v) Tris HCI pH8.8

0.07 % (v/v) TEMED*

0.05 % (w/v) ammonium persulfate

0.4 % (w/v) SDS

Contents refer to separating gel only. Stacking gel was 4 % (w/v) acrylamide, 0.74
mM (w/v) Tris-HCI pH 6.8, 0.4 % (w/v) SDS (Laemmli, 1970).

* Tetramethylethylenediamine.

2.2 Growth medium

The Trichoderma strains were grown in a medium containing Avicel cellulose, lactose
and soybean flour (ALS medium). The medium contained 15 g/L KH,PO,, 5 g/L
(NH4)2S0Og4, 10 mL (per liter) 100 x trace elements (100 mg FeSO,4 x 7H,0O, 20 mg
MnSO,4 x H,O, 20 mg ZnSO,4 x 7H,0, 40 mg CoSO,4 x 7H,0 in 200 ml MQ H0;
Penttila et al., 1987), 0.2 % (v/v) Tween 80 (ICI Americas USA), 2 % Avicel (Fluka,
Germany) and 1.5 % soy bean flour, with the pH adjusted to 6.5 with 5 M KOH. The
solution was autoclaved at 121°C for 20 min before adding (per liter) 50 mL 20 %
(w/v) lactose, 2.4 mL 1 M MgSO, and 54 mL 1 M CaCl,, which had been pre-

sterilised separately.
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2.3 Fungal strains and culture conditions

2.3.1 T. reesei strains
The strains used were the wild-type Trichoderma reesei QM6a (Mandels and Reese,

1957), the low protease strain of Trichoderma reesei, Rut-C30 (Montenecourt and
Eveleigh 1979) and the recombinant Trichoderma reesei CVt expressing the

heterologous Venus protein, provided by Dr Liisa Kautto (Kautto, 2009).

2.3.2 Cultivation on a solid medium
Cultures were maintained on potato dextrose agar (PDA) plates that were incubated

at 28°C in the dark for 6-7 days. Conidia were collected by flooding the plate with 8
mL of conidia harvesting solution (Table 2-1) and gently abrading with a glass rod
spreader. The conidial suspension was filtered through non-absorbent cotton wool to
remove any hyphae and other debris. The concentration of conidia within the
suspension was calculated using a haemocytometer. Conidial suspensions were

used immediately or frozen at -20°C until required.

2.3.3 Cultivation in a liquid medium
Fungi were cultivated in 50 mL of the ALS medium in 250 mL conical flasks. Each 50

mL culture was inoculated with 1 x 10° conidia, unless otherwise stated. Cultures
were grown (in duplicate) at 28°C on a shaker at 250 rpm for 7 days. On each day, a
2 mL sample from each culture was collected in an Eppendorf tube and centrifuged
at 10,000 x g for 5 min. The supernatants were tested for pH and used for the

enzyme assays and zymograms.

2.4 Protein assay
Protein concentration of the sample was measured using the Bio-Rad DC protein
assay kit according to the manufacturer’s instructions (Lowry et al., 1951). Incubation

time was 15 min at room temperature in the dark.
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2.5 Protein separation gels

2.5.1 One-dimensional electrophoresis (1DE)
Samples of T. reesei Rut-C30 and CVt culture supernatants (as described in Section

2.3.3) were mixed with an equal volume of the electrophoresis sample buffer (Table
2-1) before electrophoresis on 12.5 % (w/v) acrylamide SDS-PAGE gels (Table 2-2),
(Laemmli, 1970). The gels were run using 1 x running buffer (Table 2-1) under
standard conditions (100 V for 30 min, then 130 V for 50min). Thereafter, the gels
were incubated in a fixing buffer for 40 min (Table 2-1). The gels were stained with

Coomassie Brilliant Blue G (Bio-Rad) for 4 h and destained with acetic acid (1 % v/v).

2.5.2 Two-dimensional electrophoresis (2DE)

2.5.2.1 2DE Sample preparation
Samples for 2DE were prepared using T. reesei Rut-C30 culture supernatants only.

The supernatants (5 mL) were incubated in Trichloroacetic acid (20 % v/v TCA) on
ice for 30 min. The precipitate was then collected by centrifugation at 2500 rpm for 15
min at 4°C and precipitated protein washed with acetone and stored in ice for 30 min.
After incubation on ice the precipitate was collected once more by centrifugation at
2500 rpm for 15 min at 4°C and dried for 10 min at room temperature to remove the
acetone. The precipitated protein pellets were resolubilised by adding 2.5 ml of
sample solubilisation buffer (8 M urea, 2 % CHAPS, 1 % w/v DTT) and leaving for 2 h
at room temperature. The insoluble material was separated by centrifugation at 2500
rom for 15 min and the protein supernatant was collected for isoelectric focusing

(IEF).

2.5.2.2 The first dimension (iso-electric focusing, IEF)
Dry strips (immobilised pH gradient IPG strips) were re-hydrated by adding 50 pul of

the protein sample (Section 2.5.2.1), 150 ul sample solubilisation buffer and 4 ul
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tracking dye to each strip. The strips were left for 6 h at room temperature before
subjecting to isoelectric focusing. Prior to the second dimension on SDS-PAGE, the
IPG strips were equilibrated in 5 ml equilibration solution (Table 2-1) with DTT (0.1 g)
for 15 min. Another equilibration step for 15 min was carried out by adding

iodoacetamide (0.25 g) instead of DTT.

2.5.2.3 The second dimension (SDS-PAGE)
The IPG strips were placed horizontally on the SDS-PAGE gels and electrophoresis

was carried out under a constant current of 5 mA/gel for 20 min followed by 12
mA/gel for 2 h. The SDS-PAGE gel was run using 1 x Tris-Glycine running buffer
(Table 2-1). The gels were stained with Coomassie blue for 6 h and destained with

1 % (v/v) acetic acid (Nandakumar et al., 2006).

2.6 Zymogram activity gels

Zymography was used to profile the protease activity in the T. reesei culture

supernatants using different protease substrates (gelatin and casein).

2.6.1 One-dimensional gelatin zymogram gels

Protease activity of the T. reesei QM6a, Rut-C30 and CVt culture supernatants was
first profiled using gelatin zymogram gels (Table 2-2). The gels were run using the
running buffer (Table 2-1) at standard running conditions (100 V for 30 min, then 130
V for 50 min). Thereafter, the gel was incubated in the zymogram renaturing buffer
for 40 min. The gels were rinsed three times with MQ water followed by equilibration
overnight in the zymogram-developing buffer (Table 2-1) at different pHs (3.5, 4.5,
5.5 and 6.5). After incubation, the gels were stained with Coomassie Brilliant Blue G

(Bio-Rad) for 4 h and destained with 1 % (v/v) acetic acid (Choi et al., 2001).
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In addition, the gelatin zymogram gels were produced under reducing conditions by

adding B-mercaptoethanol to the sample buffer before electrophoresis (Table 2-1).

Also, the gelatin zymogram gels were produced using culture supernatant from
cultures inoculated with 3 x 107 spores per ml in ALS medium under the same

conditions described previously in Section 2.3.3.

2.6.2 One-dimensional casein zymogram gels

Protease activity of the culture supernatant was also determined using casein
zymogram gels (Table 2-2). The gels were run using the running buffer (Table 2-1) at
standard running conditions (100 V for 30 min, then 130 V for 50 min). Thereatfter,
the gels were incubated in renaturing zymogram buffer for 40 min (Table 2-1). The
gels were rinsed three times with MQ water followed by equilibration overnight in
zymogram developing buffer at different pHs (3.5 and 6.5). After incubation the gels
were stained with Coomassie Brilliant Blue G (Bio-Rad) for 4 h and destained with (1

% v/v) acetic acid (Choi et al., 2001).

2.6.3 Two-dimensional gelatin zymogram gels (2D)

Samples were prepared using T. reesei Rut-C30 culture supernatants. The IEF (first
dimension) and the electrophoresis were carried out as previously described
(Sections 2.5.2.1, 2.5.2.2 and 2.5.2.3). However, in the 2D gelatin zymogram, the

SDS-PAGE gels contained 0.1 % (w/v) gelatin (Table 2-2).

After electrophoresis the gels were incubated in renaturing zymogram buffer for 4 h
(Table 2-1). The gels were rinsed three times with MQ water followed by equilibration
overnight in zymogram developing buffer at pH 6.3 (Table 2-2). After incubation, the
gels were stained with Coomassie Brilliant Blue G (Bio-Rad) for 4 h and destained
with 1 % (v/v) acetic acid (Nandakumar et al., 2006).
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2.7 Enzyme activity assays

Enzyme assays were carried out using serial dilutions of T. reesei Rut-C30 and CVt
culture supernatants and specific substrates to detect and characterise the types of
extracellular protease activity. Assays were carried out using the substrates listed in

Table 2-3.

2.7.1 Fluorescence assays with specific substrates

All samples for the fluorescent assays included 50 pl of culture supernatant (at an
appropriate dilution) 140 ul of suitable buffer and 10 pl of a fluorescent substrate
(Table 2-3). The samples were pipetted into a 96 well black microtitre plate (Greiner
Bio One, Germany) and the plate was incubated at 37°C for 10 min in the dark. The
fluorescence was determined by a fluorometer (FLUOstar Galaxy, BMG Lab
Technologies, Germany) with the excitation and emission wavelenghths of 360 nm
and 460 nm respectively. Negative controls included all ingredients of the sample
mixture except that 50 pl of buffer was used instead of the culture supernatants.
Positive controls were as above with sample replaced with 0.1 mg/ml of purified

enzyme (Table 2-3).

2.7.2 Assays for chymotrypsin activity

To assay for chymotrypsin activity, the samples contained 50 ul of culture
supernatant, 200 ul of suitable buffer and 10 pl of substrate (Table 2-3). The samples
were incubated at 37°C for 10 min in the dark and the reaction stopped by the
addition of 500 pL of 30 % (v/v) acetic acid. The samples were centrifuged at 16,000
x g for 5 min. 200 pl of the supernatant was transferred to a transparent microtitre

plate and absorbance measured at 410 nm (Table 2-3).
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Table 2-3 Specific protease substrates, commercially available pure enzymes
(positive controls) and the buffers used in this study.

methylcoumarin

sp (7-15 units
/mgq)

contain 5 mM
CaCl2

Protease Specific Positive Buffer Reference
class substrate’ control
Aspartic Boc- Leu- Ser- Pepsin from 1 M phosphate | Takeuchi et
Thr- Arg- amino- | porcine gastric | buffer pH 3 al., 1988
4- mucosa (40
methylcoumarine | units /mg)
Chymotrypsin | N- Benzoyl- L- [ Bovine 0.1mM Tris- Novillo et
Tyrosine- P- pancreas HCI buffer pH 8 | al., 1997
nitroanilide alpha- contain 5 mM
chymotrypsin | CaCl2
(10-30 units
/mgq)
Cysteine Z- Arg- Arg 7- Papain from 0.1 M Powers et
amino-4- Papaya latex | phosphate al., 2000
methylcoumarin | (10 units /mg) | buffer pH 6.5
containing 20
mM EDTA and
50 mM L-
cysteine
Subtilisin N- Suc- Ala- Ala- | Subtilisin A 0.1mM Tris- Markaryan
Ala 7- amino-4- | from Bacillus | HCI buffer pH 8 | et al., 1996

All substrates and positive controls were obtained from Sigma Aldrich, Australia.
'Concentration of all substrates was 0.05 mM.
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The fluorescence and chymotrypsin assays were repeated using specific inhibitors
for each type of protease (Table 2-4). The inhibitor was added prior to the addition of

the substrate.

Table 2-4 Specific protease inhibitors and final concentrations used in these studies.

Protease class Inhibitor* Concentration

Serine AEBSF, 4-(2-aminoethyl)- 0.1 mM
benzenesulfonyl fluoride hydrochloride

Cysteine E-64, (2S,3S)-trans-epoxysuccinyl- - 14 uM
leucylamido-3-methylbutane ethyl
ester

Aspartic Pepstatin 1uM

Al inhibitors were obtained from Sigma Aldrich, Australia.

2.8 Proteomic analysis of extracellular proteases

Proteomic analysis was performed with the assistance of the Australian Proteome

Analysis Facility (APAF Ltd) at Macquarie University.

2.8.1 MALDI TOF/TOF MS/MS
The extracellular proteases were subjected to MALDI TOF/TOF MS/MS using protein

bands excised from the 1D gelatin zymogram and SDS-PAGE gels.

2.8.1.1 Sample preparation for MALDI TOF/TOF MS/MS

Protein bands displaying activity on the 1D protease zymogram gels were excised. In
addition, bands were excised from the 1D SDS-PAGE gels from areas estimated to
contain protein that aligned to the bands on the 1D zymogram gels. The gel pieces
were destained with acetonitrile/ammonium bicarbonate and incubated at 37°C for 15
min. Destaining was repeated three times and the residual liquid was discarded.

Each sample was dried by adding 20 pl of 25 mM CAN (ceric ammonium nitrate) and
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incubated for 10 min at room temperature. The acetonitrile was removed and the
sample incubated at 37 °C until the gel pieces were completely dry. The samples
were digested using 25 pl trypsin (15 ng/ul trypsin in 25 Mm (NH4)HCO3) for 1 h at
4°C, then the excess trypsin solution was removed. The resulting peptides were re-

acidified, desalted and concentrated by zip tip (PerfectPure C18, Eppendorf).

2.8.1.2 Data acquisition by MALDI TOF/TOF MS/MS

Samples were eluted directly onto the sample plate with 1 pl of matrix (a-cyano-4-
hydroxy cinnamic acid, 4 mg/ml in 70 % (v/v) acetonitrile, 0.06 % (w/v) trifluoroacetic
acid TFA) and allowed to air-dry. The samples were analysed by MALDI TOF/TOF
MS/MS on an Applied Biosystems (USA) 4800 Proteomics Analyser. Spectra were
acquired in a reflector mode in the mass range of 700 to 3500 Da. The peptides were
characterised further by the MS/MS (TOF/TOF) mode for isolation and fragmentation
then re-accelerated to measure their masses and intensities. MS and MS/MS
spectra from the same sample were merged in a single mascot generic file (mgf)

prior to submission for database searching.

2.8.1.3 Data processing following MALDI TOF/TOF MS/MS

The mgf file generated by MALDI TOF/TOF MS/MS was analysed using the
database searching program, Mascot (Matrix Science Ltd, London UK). Peaklists
were searched against fungal proteins in the Swiss-Prot (http://www.ebi.ac.uk

/uniprot) and NCBInr (http://blast.ncbi.nlm.nih.gov/Blast.cgi) databases.
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2.8.2 LC ESI MS/MS
The extracellular proteases were analysed using LC ESI MS/MS of excised protein

bands from 1D SDS-PAGE gels.

2.8.2.1 Sample preparation for LC ESI MS/MS

Protein bands were excised from the 1D SDS-PAGE gels from areas estimated to
include protein that aligned to the bands on the 1D zymogram and were cut into 1
mm pieces with a scalpel. Samples were washed and destained with 250 pl of 50 %
acetonitrile/100 mM ammonium biocarbonate and incubated with slow vortexing at
37°C for 15 min. For alkylation 50 ul of freshly prepared reducing agent, (25 mM
dithiothreitol in 1 mL of 25 mM (NH4)HCO3, was added and the sample incubated for
30 min at 56°C. Then, 50 pl of reducing reagent (55 mM iodoacetamide in 25 mM
(NH4)HCO3, was added and the sample incubated for 30 min at room temperature in
the dark. The gel pieces were washed with 250 pL of MQ water for 15 min, and then
washed twice with 250 pl of washing solution (50 % acetonitrile/100 mM ammonium
bicarbonate) and incubated at 37°C for 15 min. This step was repeated three times
and the residual liquid was discarded. Each sample was dried by adding 20 pl of
acetonitrile and incubated for 10 min at room temperature. The acetonitrile was
removed and the sample incubated at 37°C until gel pieces were completely dry.
The samples were digested by 25 pl of trypsin (15 ng/uL trypsin in 25 mM
(NH4HCO3, for 1 h at 4°C, then the excess trypsin solution was removed.
Ammonium biocarbonate (25 mM (NH4)HCO3) was added to cover the gel pieces

and the sample was incubated for 16 h at 37°C.
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2.8.2.2 Data acquisition by LC ESI MS/MS

The sample (40 pul) was injected onto a peptide trap (Michrome peptide Captrap) for
pre-concentration and desalted with 0.1 % (v/v) formic acid, 2 % (v/v) acetonitrile at
8 ul/min. The peptide trap was then switched into line with the analytical column
(SGE ProteCol C18, 300 A, 3 pm, 150 pm x 10 cm). Peptides were eluted from the
column using a linear solvent gradient with steps from H,O: CH3CN (100:0; + 0.1 %
(v/v) formic acid) at 500 nl/min over a 50 min period (Agilent 1100 nano-LC system).
The LC eluent was subjected to positive ion nano-flow electrospray MS analysis on a
QSTAR quadrupole time-of-flight mass spectrometer (Applied Biosystems, USA)

which was operated in an information-dependent acquisition mode (IDA).

In IDA mode a TOF MS survey scan was acquired (m/z 400-1600, 0.5 second), with
the three largest multiply charged ions (counts > 25) in the survey scan sequentially
subjected to MS/MS analysis. MS/MS spectra were accumulated for 2 seconds (m/z
100-1600). MS and MS/MS spectra from the same sample were merged in a single

mgf file prior to submission for database searching.

2.8.2.3 Data processing following LC ESI MS/MS
The mgf files were analysed using the database searching program, Mascot (Matrix
Science Ltd, London UK). Peaklists were searched against Fungi in the NCBInr

database (http://blast.ncbi.nim.nih.gov/Blast.cgi).

Currently, the NCBInr database does not include the T. reesei genome or protein
sequences derived from it. Therefore, the mass spectra from the LC ESI MS/MS was
also searched against a database containing T. reesei protein sequences, derived
from the T. reesei genome, available from the JGI database (http://genome.jgi-

psf.org/Trire2/Trire2.dowenload.ftp.html).
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T. reesei protein sequences were uploaded from JGI onto the global proteome
machine organisation database (GPM; http://www.thegpm.org.). Peaklists derived
from the mass spectra were searched against the T. reesei protein sequences and
identifications were made where significant matches were achieved (p < 0.05).
ExPASy tools “pl/Mw” (http://expasy.org/tools/pi_tool.html) were used to determine
the pl and MW of identified proteins, “Signal P” (http://www.cbs.dtu.dk/services/
SignalP/) was used to predict the presence and location of signal peptide cleavage
sites in amino acid sequences and PSORT database (http://www.psort.org/) was

used to determine the sub-cellular localisation of identified proteins.
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Chapter 3: Results and Discussion

Extracellular proteases of selected strains of T. reesei were studied to reveal and
identify the dominant extracellular protease(s) potentially responsible for the
degradation of expressed heterologous proteins. Firstly, the pH profiles of the liquid
cultures of T. reesei QM6a, Rut-C30 and transformant CVt producing the
heterologous Venus protein were determined (Section 3.1), and the proteases from
the culture supernatants were profiled according to molecular mass using zymogram
gels (Section 3.2). Enzyme activity assays with specific substrates were used to
determine the types of proteases in the culture supernatants of Rut-C30 and CVt
(Section 3.3), and protease identifications were made by mass spectrometry (Section

3.4).

3.1 pH profiles of fungal cultures

The pH profiles of the T. reesei QM6a, Rut-C30 and CVt cultures were determined
across the seven day incubation period (Figure 3.1) to investigate the effect of the
fluctuating culture pH (a result of fungal growth) on protease activity. In the culture of
Rut-C30, acidic substances were secreted that lowered the pH of the medium
(Eneyskaya et al., 1999). The pH dropped rapidly in the early growth phase, reaching
its lowest (pH 3) on Day 3. From Day 4, the pH of the Rut-C30 culture medium began
to rise again to reach pH 5 on Day 7. In contrast, the pH of the wild type QM6a and
CVt cultures dropped only slightly in the early growth phase (Day 3, pH 5.91 and pH

5.61, respectively), and returned to approximate pH 6.5 by Day 7 (Figure 3.1).
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pH profile of T. reesei strains in ALS medium
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Figure 3.1 The pH profiles of the cultures of T. reesei Rut-C30, QM6a and CVt grown
in ALS medium at 28 °C for seven days.

The dissimilar pH profiles of the Rut-C30 and QM6a cultures indicated a difference in
secretion between the two strains. The variation could reflect the genetic changes in
the hypercellulolytic (low protease) T. reesei strain Rut-C30 compared to the wild-
type QM6a strain (Peterson and Nevalainen, 2012). It was intriguing that the pH
profile of CVt, a transformant of Rut-C30 carrying a gene for the fluorescent Venus
protein, was also different from the pH profile of its parent strain Rut-C30. The Rut-
C30 culture dropped to an acidic pH 3 during the cultivation period, whereas the CVt
culture did not drop below pH 5.5, resulting in a similar pH profile to that of the wild-
type QM6a. However, the CVt strain was established in this laboratory and the pH
profile and growth rate was consistent with that previously observed (Kautto, 2009).
Furthermore, concurrent work in the laboratory confirmed the production of the

Venus protein by the strain by microscopy.
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The discrepancy between the pH profiles of Rut-C30 and CVt could have been a
consequence of the slightly retarded growth of the CVt strain compared to Rut-C30.
On solid medium (PDA), CVt required 14-15 days to produce a well conidiating
culture plate compared to 7 days for Rut-C30. CVt also grew more slowly than Rut-
C30 in liquid medium and a smaller mycelial mass was observed. There may have
been insufficient time for CVt to secrete a similar amount and type of the acidic
substances into the liquid culture medium due to the slower fungal growth pattern.
Rapid growth of Rut-C30 and the corresponding drop in pH of the culture supernatant
is regularly reported in the laboratory; a slower growth rate and a correspondingly
smaller drop in the pH of the supernatants of transformant strains when grown in

liquid media has also frequently been observed (eg. Kautto, 2009; Sun, 2012).

The pH profiles of CVt and Rut-C30 have been documented previously using a
comparable, cellulase-inducing culture medium (CLS medium, containing minimal
salts, trace elements, 1 % (w/v) cellobiose, 1 % (w/v) lactose and 1 % (w/v) soybean
flour, pH 6.5; Kautto 2009) with results consistent with those recorded here. It seems

apparent that Rut-C30 and CVt strains have different secretion characteristics.

The main protease produced by T. reesei is an acidic protease ‘Trichoderma-pepsin’
(Eneyskaya, et al., 1999), which has been associated with degradation of
heterologous proteins previously (Margolles-Clark et al., 1996b). Because acidic
proteases are more likely to be secreted in response to an acidic growth medium
(Gente et al., 2001), the drop in pH recorded in the Rut-C30 culture in this study, and
the maintenance of a close to neutral pH in the QM6a and CVt cultures, were
considered features of particular interest. Whether the variation in the pH profiles
between the strains had impacted on the amount and type of protease activity was to

be determined in of the next phase of the work.
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3.2 Profiles of protease activity by zymography

Zymography was employed to profile the extracellular proteases secreted by the T.
reesei strains under the given growth conditions. Preliminary work was carried out
using the Rut-C30 strain only (Section 3.2.1). The purpose of the preliminary work
was to develop and fine-tune the zymogram technique, and to gain a base-line
understanding of the hypercellulolytic strain Rut-C30 in terms of protease activity in
the ALS culture medium (Section 2.2). A suitable sample preparation technique
(Section 3.2.1.1), protein substrate (Section 3.2.1.2) and developing buffer (Section
3.2.1.3) were defined, and attempts were made to produce a 2D zymogram from the
Rut-C30 culture supernatant (Section 3.2.1.4). After the refinement of an efficient
zymogram technique, the number of conidia in the culture inoculum was varied to
determine any impact on protease activity in the Rut-C30 culture, as displayed on the
zymograms (Section 3.2.2). Finally, the refined techniques were used to compare the
extracellular proteases of the T. reesei strains Rut-C30, QM6a and CVt under the

specific growth conditions (Section 3.2.3).

3.2.1 Refinement of the zymogram technique

3.2.1.1 Sample preparation

It was considered that using the reducing agent 3-mercaptoethanol in the gel loading
buffer (Section 2.6.1) could enhance protein separation during SDS-PAGE of the
fungal supernatants, which in turn could result in more distinct proteolytic bands on
the zymograms (Rojas et al., 2009). In order to investigate this concept, and to
determine whether the reducing agent impacted on the overall protease activity
displayed on the zymogram, Rut-C30 supernatant was prepared with and without
adding B-mercaptoethanol to the loading buffer prior to electrophoresis (Section

2.5.1).
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As shown in Figure 3.2. the protease activity profile displayed on zymograms
produced from the T. reesei Rut-C30 culture supernatant was similar in the presence
or absence of the reducing agent. Zymogram bands indicating protease activity were
evident from proteins of approximately 160 kDa in the supernatant from the Day 1,
Day 6 and Day 7 samples and from 26 kDa proteins from Day 2 to 7. Further
discussion of the protease profile of Rut-C30 is contained in subsequent sections of

the thesis.

Dayl Day2 Day3 Day4 Day5 Day6 Day7 M Dayl Day2 Day3 Day4 Day5 Day6 Day7

Figure 3.2 1D protease zymograms and SDS-PAGE gels of culture supernatants (20
pl) of T. reesei Rut-C30 grown in ALS medium at 28 °C for seven days. The
zymogram gels contained 0.1 % (w/v) gelatin and were incubated at pH 6. (A) 1D —
zymogram and (C) 1D- SDS-PAGE gel using culture supernatant prepared in a
loading buffer without reducing agent. (B) 1D —zymogram and (D) 1D- SDS-PAGE
gel using culture supernatant prepared in loading buffer with reducing agent.

The addition of B-mercaptoethanol did not change the visualisation of the proteolytic
bands on the zymogram used to profile the protease activity in the T. reesei Rut-C30
culture supernatant. Therefore, from this point onwards, supernatant samples were

prepared in the absence of reducing agent for zymograms in this study.
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3.2.1.2 Protease substrates for zymography

It is advisable to try several substrates when working with enzymes to determine the
most suitable (sensitive) substrate for the enzyme detection. Casein or gelatin
substrates (0.1 % w/v) were added to the separating gels in the 1D- zymogram gels
(Table 2.2). At this stage, two different pHs of developing buffer (3.5 and 6.5) were
used. The effect of the pH of the developing buffer was explored further in work

described in Section 3.2.1.3.

Dayl Day2 Day3 Day4 Day5 Day6 Day7 Dayl Day2 Day3 Day4 Day5 Day6 Day7

Dayl Day2 Day3 Day4 Day5 Day6 Day7 Dav2 Dav3 Dav4 Dav5 Dav6 Dav7
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Figure 3.3 1D-protease zymograms of culture supernatants (40 pl) of T. reesei (Rut-
C30) grown in ALS medium at 28 °C for seven days. Gels were stained with
Coomassie Blue G-250. Gels A and C contained 0.1 % (w/v) casein. The gels were
incubated at pH 6.5 and 3.5 respectively. Gels B and D contained 0.1 % (w/v) gelatin
were incubated at pH 6.5 and 3.5 respectively.

In general, the gelatin substrate is widely used for zymography because it is readily
available and economical. Gelatin is a result of partial hydrolysis of collagen (Ward
and Courts, 1977), whereas casein protein is a phosphor-protein from mammalian
milk (Kunz and Loénnerdal, 1990). Gelatin zymogram gels have shown a higher
enzymatic sensitivity than casein zymogram gels in previous studies (Choi et al.,
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2001). Similarly, the gelatin zymogram gels in this work (Figure 3.3 B and D) showed
very clear proteolytic bands at the zone of gelatin digestion against the dark blue
stained background of undigested gelatin. However, the gelatin zymogram in Figures
3.2 A and 3.3 B and D show a slight difference in proteolytic bands, with bands that
appear at a high molecular weight at Day 6 and 7. These differences could be due to
the slight variability in both the zymogram development and the culture growth, in
addition to the amount of the loaded culture supernatants (40 ul in Figure 3.2 A and
20 plin Figure 3.3 B and D). However, the high molecular weight proteolytic band at

Day 6 and 7 shown in Figure 3.2 did not reappear in the future zymogram gels.

The bands on the gelatin zymogram gels (Figure 3.3 B and D) were clearer than
those on the casein zymogram gels (Figure 3.3 A and C). Also, the widths of the
proteolytic band from the Day 1 sample in the gelatin zymogram gels spanned across
160 - 220 kDa, whereas the corresponding bands were narrower in the casein
zymogram gels, from approximately 170 - 210 kDa. The lower bands (26 kDa) in the
gelatin zymogram gels were also more distinct than the corresponding bands in the
casein zymogram gels. The casein appeared to be less sensitive than gelatin,
possibly owing to the more complex structure of casein, which could have limited the
proteolysis (Swaisgood, 1993). However, the number and molecular weights of the
zymogram bands was the same on the gelatin and casein gels. Considering that the
gelatin zymograms appeared to be more sensitive than the casein zymograms in
detecting the extracellular protease activity, the gelatin substrate was used in future

experiments.
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3.2.1.3 Zymogram developing buffer

A series of zymograms was produced using developing buffers (Table 2.1) at various
pHs to determine the effect of pH on the activity of proteases in the gels (Figure 3.4).
After electrophoresis and renaturing (Section 2.5.1), the gels were incubated in
developing buffer at pH 3.5, 4.5, 5.5 or 6.5. The developing buffer was the second
buffer after the renaturing buffer and its function was to allow the protease/s to digest

the zymogram substrate (gelatin in this experiment).

The change in the pH of the developing buffer did not affect the extracellular
protease activities on the zymogram gels (Figure 3.4), and all four zymograms of Rut-
C30 supernatant showed a similar pattern of bands with approximate molecular
weights of 26 kDa and 160 - 220 kDa. The 160 - 220 kDa band covered a wide area
and was evident in Day 1 only, whereas the 26 kDa (lower band) looked thinner and

was evident from Day 2 to Day 7.

pH 3.5 pH 4.5
Dayl Day2 Day3 Day4 Day5 Day6 Day7 Dayl Day2 Day3 Day4 Day5 Day6 Day7

pHS5.5 pH 6.5
Dayl Day2 Day3 Day4 Day5 Day6 Day7 Dayl Day2 Day3 Day4 Day5 Day6 Day7
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Figure 3.4 1D-zymography of culture supernatants (40 pl) of T. reesei Rut-C30
grown in ALS medium at 28 ‘C for seven days. The gels contained 0.1 % (w/v)
gelatin as a substrate, stained with Coomassie Blue G-250. The pHs of the
developing buffers are written on the top of each gel.

The pH of the developing buffer did not influence the activity of the extracellular
protease/s in the zymogram gels. This suggested the proteases in the culture
supernatants could maintain activity across acidic and neutral pH ranges. At this
point, at least some of the active proteases in the culture supernatants were
postulated to be aspartic proteases, which are active in both acidic and neutral pH
ranges (Uhlig, 1990). As mentioned previously, the main protease produced by T.
reesei is known to be an acidic protease ‘Trichoderma-pepsin’ (Eneyskaya et al.,
1999). However, the protease/s in Day 1 (Figure 3.4) were secreted when the culture
medium was close to neutral pH (Figure 3.1). This may not have been as inducive to
the secretion of acidic proteases, and thus the 160 — 220 kDa band shown in Day 1
was considered less likely to represent an acidic protease. Nevertheless, the activity
of this 160 — 220 kDa band on the zymogram gels was also not affected by the
variation in the pH of the developing buffer. Therefore, it appeared that the proteases

secreted into the culture medium on Day 1 were also active across a wide pH range

(3.5 - 6.5).

The low number of proteolytic bands shown on the zymogram gels of Rut-C30
supernatant reflected the low number of proteases secreted by the Rut-C30 strain,
possibly resulting from the random mutagenesis process used to produce the
hypercelluloytic strain previously reported to have low protease activity (Sheir-Neiss
and Montenecourt, 1984; Peterson et al., 2011). All bands were produced using

developing buffers across a broad pH range. As all the Rut-C30 extracellular
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proteases seemed to be active (and therefore detectable) at pH 6, from this point

forward pH 6 was chosen for the developing buffer for all zymograms.

The next step towards better separation of the proteins in the culture supernatants
and the detection of individual proteins displaying protease activity was to apply 2D-

gel electrophoresis and zymography.

3.2.1.4 Two dimensional electrophoresis and zymography

Two dimensional zymography (Section 2.5.2) was attempted to detect the protease
activity in the T. reesei Rut-C30 supernatant from Day 7, which should have
appeared as clearing spots in the 2D gelatin zymogram gels. 2D-SDS-PAGE gels
without gelatin substrate (Section 2.5.2) were run in parallel with the intention of
aligning the clearing spots on the 2D zymogram with the protein spots on the 2D
SDS-PAGE gel; protein in the matching spots could then be identified by mass
spectrometry. The protein separation in 2D electrophoresis depends on two
dimensions, first on the pl of the proteins, then on the molecular weight of the
proteins. The majority of proteins secreted by T. reesei Rut-C30 have a pl between 4
and 7 (Herpoél-Gimbert et al., 2008) so this pl range was chosen as appropriate for

the work carried out here.

Unfortunately, the 2D zymogram did not show any spots that would have indicated
degradation of the gelatin substrate (Figure 3.5A). This result could have been
caused by the addition of DTT in the 2D sample preparation step (Section 2.5.2.1),
which is considered to be the reason for inactivation of proteases in some previous
studies (Rossano et al.,, 2011). However, when the 2D sample preparation was
carried out without the addition of the DTT, the zymogram gel still did not show any

protease activity.
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Figure 3.5 (A) 2D gelatin zymogram and (B) 2D SDS-PAGE gel of T. reesei Rut-C30
culture supernatant (Day 7). The zymogram gels contained 0.1 % (w/v) gelatin and
were incubated in the developing buffer pH 6, and stained with Coomassie Blue G-
250. The circled spot on the 2D SDS-PAGE gel at 26 kDa could be the protease that
formed the proteolytic band in 1D zymogram gel (Figure 3.2A, Day 7).

The lack of activity in the 2D zymogram (Figure 3.5A) could also have been due to
the presence of trichloroacetic acid in the 2D sample mixture, which could have
irreversibly denatured the proteases (Saitoh et al., 2007). The iodoacetamide in the
2D sample preparation mixture may also have inhibited the protease activity owing to
the irreversible alkylating effect on cysteine proteases (if the culture supernatant
contained cysteine proteases). As a result blue gels without any proteolytic spots

were produced (Figure 3.5A).

The 2D zymogram technique was not effective for the visualisation of protease
activity in the culture supernatant of T. reesei Rut-C30. However, 2D SDS-PAGE
carried out on gels without substrate resulted in the successful separation of proteins
across two dimensions, resulting in hundreds of spots from pl 4-7 (Figure 3.5B). Most

of the protein spots were distributed across pl 4 - 5. The majority of these proteins
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are known to be cellulases, predominantly CBHI and CBHII, which usually appear as
train of spots (Herpoél-Gimbert et al., 2008). The circled spot on the 2D SDS-PAGE
gel at molecular mass 26 kDa (Figure 3.5B) was considered to be a potential
candidate for the protease that formed the proteolytic band in the 1D zymogram gels
(Figure 3.2A). On the other hand, it is also possible that a protein of a concentration
below that detectable by Coomassie Blue (ie. without a visible blue “spot” on the 2D
gel) could have been the 26 kDa protease of interest. This method has been used by
Choi (2003) and it revealed three extracellular proteases from the culture
supernatants. However, in that study a bacterial strain was used and the types of the
proteases that were detected on the 2D gelatin zymogram gels and identified by
MALDI TOF, were ATP-dependant proteases and extracellular metallo-proteases
(Choi et al., 2003). It is possible that T. reesei Rut-C30 culture supernatant did not

have these types of proteases.

3.2.1.5 Summary of the refined zymogram technique

Due to the difficulties encountered detecting the T. reesei Rut-C30 proteases by 2D
zymography, 1D zymography was considered the best choice for further experiments
in which the protease activity of Rut-C30 was to be compared with that of the wild-
type T. reesei QM6a and CVt, a transformant derived from Rut-C30, producing the
heterologous Venus protein (Section 3.2.3). The preliminary work (Sections 3.2.1.1 —
3.2.1.4) indicated that culture supernatants were best prepared for zymography
without adding the reducing agent to the SDS-PAGE loading buffer (Section 3.2.1.1),
gelatin was the superior substrate for the zymogram gels (Section 3.2.1.2) and pH 6

was an appropriate pH for the zymogram developing buffer (Section 3.2.1.3).

Before using the refined technique to compare the extracellular proteases of the

three T. reesei strains (Section 3.2.3), concurrent work in the laboratory prompted the
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investigation of a potential influencing factor on protease activity, namely the number

of conidia used in the initial culture inoculum.

3.2.2 The effect of inoculum size on protease activity

Concurrent work in the laboratory (Te’o, unpublished material) had indicated the final
yield of secreted protein from T. reesei Rut-C30 grown in liquid media could be
influenced by the quantity of conidia used for the initial culture inoculation (Section
2.3.3); however, the cause of this effect had not been fully determined. One possible
cause was the variable secretion of proteases as a function of the initial
concentration of conidia in the culture medium. To explore this concept, two 50 ml of
cultures of Rut-C30 were prepared (Section 2.3.3), the first (F1) inoculated with 1
X108 conidia and the second (F2) inoculated with 3 x 10 conidia. On each day a 2 ml
sample from each culture was collected and the protease activity in the supernatants
was analysed by 1D zymography on gels containing gelatin as substrate. The
experiment was carried out twice. Notably, the pH profiles across the seven day
cultivation period were very similar in the F1 and F2 cultures of Rut-C30 to that

previously observed (Figure 3.1).

Dayl Day2 Day3 Day4 Day5 Day6 Day7 Mw  Dayl Day2 Day3 Day4 Day5 Day6 Day7

F1 F2

Figure 3.6 1D-zymograms of culture supernatants (40 ul) of T. reesei (Rut-C30)
grown in ALS medium at 28 °C for seven days. Gelatin (0.1 % w/v) was used as a
substrate in the gels, which were incubated at pH 6, and stained with Coomassie
Blue. F1: supernatant from culture inoculated with 1 X10® conidia per ml of medium.
F2: supernatant from culture inoculated with 3 X10’ conidia per ml of medium.
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Changing the number of conidia in the inoculant did not greatly affect the proteolytic
banding pattern on the zymograms (Figure 3.6) but more subtle differences could be
detected. The clarity of all of the bands was greater in the zymogram produced from
the supernatant of F1 (inoculated with 1 x 10® conidia), indicating slightly higher
protease activity than seen from the supernatant of F2 (inoculated with 3 x 10’
conidia). Furthermore, there was evidence of activity from protease(s) of
approximately 160 kDa in the F1 supernatant from Day 3 that was not detected in the
F2 supernatant on Day 3 (Figure 3.6). This finding indicated that inoculating the

culture medium with 1 x 10® conidia resulted in slightly higher protease activity.

The usual aim of an experiment of this type would be to determine the quantity of
conidia in the culture inoculant that would result in the highest yield of a target
protein, ideally coupled with reduced protease activity. However, the focus of the
work described here was to profile the secreted proteases of the T. reesei strains
under the defined growth conditions (Section 2.2 — 2.3). To do this, slightly higher
protease activity was beneficial (provided the profile of activity was similar) because it
could potentially increase the probability of detecting and identifying the proteases.
Considering these results, the conidial concentration used to inoculate the 50 mi

culture medium in further work carried out in this study was 1 x 10 conidia.

Following the development and fine-tuning of the zymogram technique, and the
establishment of a baseline understanding of the Rut-C30 protease profile under the
defined growth conditions, the protease activity of Rut-C30 could be compared with
that of the wild-type T. reesei QM6a and CVt, a transformant derived from Rut-C30,

producing the heterologous Venus protein.
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3.2.3 Profiles of the extracellular proteases of T. reesei Rut-C30, QM6a
and CVt by 1D-zymography

The protease activity in the culture supernatants of T. reesei Rut-C30, QM6a and CVt
(grown in ALS medium, Section 2.2) was visualised and compared using 1D gelatin

zymogram gels prepared according to the refined technique (Section 3.2.1.5).

Dayl Day2 Day3 Day4 Day5 Day 6 Day7 MW Dayl Day2 Day3 Day4 Day5 Day 6 Day7 MW Dayl Day2 Day3 Day4 Day5 Day 6 Day7
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Figure 3.7 1D-zymograms of culture supernatants (40 ul) of T. reesei strains (A- Rut-
C30, B- QM6a and C- CVt) grown in ALS medium at 28 °C for seven days. The gels
contained 0.1 % (w/v) gelatin, stained with Coomassie Blue G-250.

The zymogram gel of T. reesei Rut-C30 culture supernatants (Figure 3.7A) indicated
the secretion of a high molecular weight protease (about 160 kDa) from Day 1 — 3 of
cultivation, as seen in the preliminary work (Section 3.2.1). The zymogram band from
the Day 2 supernatant was smeary and extended from 160-220 kDa, indicating a
higher level of protease activity from one or several proteases of a high molecular
weight. The corresponding band from Day 3 supernatant was narrower, indicating
weaker protease activity from high molecular weight protease(s). In addition, the Rut-
C30 zymogram revealed a 26 kDa protease in the supernatant from Day 3 - 7.
Similar proteolytic bands have been detected in Rut-C30 culture supernatants using

a gelatin zymogram in past research (Peterson et al., 2011).
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At this stage, the 160-220 kDa bands seen from the Rut-C30 supernatant on Day 1-2
(Figure 3.7A) were predicted to be serine, cysteine or metallo-proteases (Table 1.2),
which are more likely to be secreted when the culture medium is at an approximately
neutral pH (Table 3.1). The pH of Rut-C30 supernatant dropped to 3 on Day 3,
followed by the disappearance of the 160-220 kDa bands, supporting the hypothesis
that these high molecular weight bands represented serine, cysteine or metallo-
proteases according to their pH range of activity. The smeariness of the zymogram
bands from the Rut-C30 supernatant from Day 2 (160- 220 kDa) may have been due
to the lack of separation of the sample through the zymogram gel or due to over-
loading (40 pl). Also, the protease/s themselves could have been responsible for the

smeary band by hydrolysing the substrate (gelatin) whilst travelling through the gel.

The zymogram bands at approximately 26 kDa from the Rut-C30 supernatant on Day
3, 4,5 6 and 7 (Figure 3.7A) were predicted to be aspartic proteases for two
reasons: first, it was known that the main protease produced by T. reesei is an acidic
protease (Eneyskaya et al., 1999; second, the pH of the Rut-C30 supernatant from

Day 3 to Day 7 was in the acidic pH range (Figure 3.1).

Overall, samples taken from the Rut-C30 culture medium across the seven days of
the cultivation period produced relatively few proteolytic bands on the zymogram in
comparison to the other two strains QM6a (Figure 3.7B) and CVt (Figure 3.7C),
which reflected the low protease activity that has been previously reported from the
Rut-C30 strain (Sheir-Neiss and Montenecourt, 1984; Peterson et al.,, 2011). The
low protease activity of the Rut-C30 strain is one of the advantages of Rut-C30 as an
expression host compared to other high-secreting strains such as CL 847 (Herpoél-

Gimbert et al., 2008). The high protein secretion and high cellulolytic activity are the
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main characteristics of the Rut-C30 strain (Montenecourt and Eveleigh, 1979; Bisaria

and Ghose, 1981; Peterson and Nevalainen, 2012).

The zymogram produced from the QM6a culture supernatants (Figure 3.7B)
indicated the secretion of a high molecular weight protease (about 220 kDa) from
Day 1. Two zymogram bands were evident from the Day 2 supernatant indicating
proteases of 120 kDa and 220 kDa. The 220 kDa protease appeared to be weaker in
activity in the Day 3 supernatant and the 120 kDa protease exhibited higher activity,
visualised by a stronger and clearer band. Supernatant from the QM6a culture on
Day 4, 5, 6 and 7 exhibited a high amount of protease activity apparently from a
number of high molecular weight proteases at the top part of the zymogram.
However, less activity from the high molecular weight proteases (100 - 220 kDa) was
evident on Day 6 and Day 7. Furthermore, a lower molecular weight band of 26 kDa
appeared on these last two days, possibly indicating the eventual secretion of the
aspartic protease that was postulated to be secreted in the Rut-C30 supernatant from

Day 3.

The differences between the QM6a and Rut-C30 zymogram probably were partly a
result of the genetic changes that have been found in the Rut-C30 strain compared to
the wild-type QM6a (Peterson and Nevalainen, 2012). Around 100 kb of genomic
DNA is missing in the genome of Rut-C30 compared to the wild type QM6a, including
the truncation of the crel gene (llmén et al., 1996). Also, the mutation affected 25
additional genes in Rut-C30 (Le Crom et al., 2009). It has been shown that the Rut-
C30 strain has a lower protease activity than the wild-type QM6a (Peterson et al.,
2011). Therefore, it was expected that there would be more proteolytic bands in the
QM6a zymogram than in the Rut-C30 zymogram under the same conditions.

However, the exact reasons for the low protease production in Rut-C30 remain
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unclear. The genetic difference between the two strains could also contribute to the
differences in the pH profiles of the strains (Figure 3.1), and thus could indirectly

effect the protease secretion during the cultivation period.

The zymogram of the CVt culture supernatant (Figure 3.7C) more closely resembled
that of QM6a than Rut-C30. The secretion of a high molecular weight (220 kDa)
protease was evident from Day 1. There was evidence of further protease activity
from a number of proteases of 120 - 210 kDa on Day 2, and on Day 3 there was less
activity from the 220 kDa protease and more from the 120 — 210 kDa proteases.
From Days 4 — 7 the protease activity of the high molecular weight proteases steadily
increased, resulting in an almost continuous area of protease activity from 94 — 210
kDa. Faint bands from a protease of approximetaly 26 kDa were also evident in the
CVt supernatants from Day 4 — 7. Again, it was considered that the 26 kDa protease
could have been the same postulated aspartic protease as seen on the Rut-C30
zymogram gel (Figure 3.7A). However, the 26 kDa band appeared from Day 2 in the

Rut-C30 supernatant whereas in the CVt supernatant it appeared from Day 4.

The zymograms of Rut-C30 and CVt (Figure 3.7A and C) were shown to be different,
which was unexpected because CVt strain was derived from the Rut-C30 strain and
the only designed alteration in the CVt strain compared to Rut-C30 was the addition
of the Venus protein at the cbhl locus (Kautto, 2009). However, CVt also had a
slower growth rate than Rut-C30, which could reflect a change in metabolism and
correspondingly impact on the protease secretion (Kautto, 2009). Furthermore, the
different protease activity profile in the zymogram between CVt and Rut-C30 culture
supernatants could be related to the differences in their pH profiles (Figure 3.1).
Similarly to QM64a, the CVt culture maintained a pH range close to neutral throughout

the cultivation period, which may have resulted in the secretion of a range of
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proteases active in the neutral pH range (serine, cysteine and metallo-proteases). In
contrast, the Rut-C30 culture medium dropped to an acidic pH which may have been

primarily conducive to the production of acidic proteases.

Profiling the protease activity of T. reesei Rut-C30 on the 1D zymogram and
comparing it to the wild-type QM6a gave an indication of the effect of the random
mutagenesis process, used to create the hypercellulolytic Rut-C30, on its protease
activity. Comparison between the Rut-C30 strain (surrogate host) and a transformant
derived from it (CVt strain, producing Venus protein) revealed further differences in
the protease profiles between these strains. One of the main focuses of this study
was to investigate how the secretion of heterologous proteins impacts on protease
activity, so the following work focused on the transformant CVt and its parent strain
Rut-C30 only. The next step was to determine the types of proteases secreted by the

two T. reesei strains using liquid assays (Section 3.3).

3.3 Liquid assays — Determining the types of proteases secreted by
Rut-C30 and CVt

Liquid assays were carried out to compare the types of proteases in the culture
supernatants of T. reesei Rut-C30 and CVt, and their activity. Firstly, the protein
concentrations of the culture supernatants were determined across the cultivation
period (Section 3.3.1). Fluorescent and colorimetric protease assays using
substrates specific to various protease types were conducted (Section 3.3.2 — 3.3.3),
and assays were repeated using specific protease inhibitors to confirm the results

(Section 3.3.4).
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3.3.1 Protein concentration of Rut-C30 and CVt culture supernatants
Before proceeding to the liquid assays, the protein concentrations of the Rut-C30 and
CVt culture supernatants were determined across the seven day cultivation period
(Table 3.2).

Table 3.2 The protein concentration of Rut-C30 and CVt culture supernatants
measured using Bio-Rad DC protein assay (mg/ ml).

Day Rut-C30 CVt
Day 1 4.4 3.9
Day 2 4.3 3.88
Day 3 5.2 491
Day 4 5 4.59
Day 5 4.2 3.91
Day 6 4.51 4.13
Day 7 5.3 4.65

The protein concentration of the Rut-C30 culture supernatant was slightly higher than
the protein concentration of the CVt culture supernatant throughout the entire
cultivation period (Table 3.2) and a similar fluctuation pattern was recorded in both
strains. It was surprising that the observed slower growth rate of CVt in comparison
to Rut-C30 (Section 3.1) did not impact greatly on the total protein secretion;
however the slower growth rate and other features of the CVt strain may have
caused changes to the types of proteins, and particularly the types of proteases, that

were secreted.

3.3.2 Characterisation of protease activity by fluorescent assays

Protease assays were performed using specific fluorescent substrates to ascertain

the types of proteases that were secreted by Rut-C30 and CVt into the culture
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medium. Of the four fluorescent substrates used (Table 2.3), substrates specific to
aspartic, cysteine and subtilisin proteases resulted in detection of fluorescence above
the background level, indicating that they were being cleaved by specific proteases in
the samples. Commercial purified specific proteases were used as positive controls

(Table 2.3).

Substrate for the aspartic protease type (Boc- Leu- Ser- Thr- Arg- amino-4-
methylcoumarin, Table 2.3) was cleaved by extracellular proteases of T. reesei Rut-

C30 at pH 3, and the activity increased gradually from Day 1 to Day 7 (Figure 3.8).

Aspartic activity in the culture supernatants of T. reesei
Rut-C30 and CVt
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Figure 3.8 Aspartic protease activity in the culture supernatants of T. reesei RUT-
C30 and CVt. Assays were carried out at 37 °C with an incubation time of 10 min.
Fluorescence was measured using excitation at 360 nm and emission at 460 nm.
Pepsin from porcine gastric mucosa served as a positive control (> 40 units / mg).
Assays were carried out in triplicate.

The extracellular aspartic protease activity of T. reesei CVt at pH 3 (Figure 3.8) was
detected from Day 1 to Day 4, then significantly increased on Days 5, 6 and 7. The
aspartic protease activity in the CVt supernatants was lower than the aspartic
protease activity in Rut-C30 supernatants (Figure 3.8). The pH of the culture medium

could at least partly account for these results. The pH of the CVt culture medium
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across the seven cultivation days (Figure 3.1) remained in the close to neutral range,
whereas the Rut-C30 culture medium dropped into the acidic pH range. Aspartic
proteases are more likely to be secreted and are more active in an acidic medium

(Gente et al., 2001).

A higher overall level of protease activity was seen in the zymogram of CVt culture
supernatants compared to Rut-C30 (Figure 3.7C and 3.7A respectively). However,
the high proteolytic activity was mainly from high molecular weight protein/s not seen
on the Rut-C30 zymograms. It was hypothesised that the high molecular weight
bands were not aspartic proteases (Section 3.2.1.3) as their secretion occurred early
in the growth period when the pH of the medium was still in the close to neutral range
(Figure 3.1). The assay results provide further evidence for this hypothesis. If the
high molecular weight proteases were aspartic then one would expect substantially

higher protease activity from the CVt strain, however this was not the case.

The 26 kDa bands on the CVt zymogram, postulated to be caused by an aspartic
protease, were observed from Day 5 (Figure 3.7C) whereas the 26 kDa bands on the
Rut-C30 zymogram were observed from Day 2 (Figure 3.7A). On Day 5, the aspartic
protease activity in the CVt supernatant reached similar levels as Rut-C30 at Day 2.
The level of activity on Day 2 in Rut-C30 supernatants and Day 5 in CVt
supernatants appeared to be the lowest level that could be detected in the
zymograms; although aspartic protease activity was detected by assay on Day 1 in
Rut-C30 culture supernatants and at Day 1, 2, 3 and 4 in CVt culture supernatants, it

was not detected on the zymograms (Figure 3.7).

The cysteine-type protease substrate (Z- Arg- Arg 7-amino-4-methylcoumarin) was
not cleaved by extracellular proteases in the T. reesei Rut-C30 or CVt culture

supernatants. However, a cysteine protease has been found to be secreted from
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Trichoderma species in the presence of heavy (toxic) metals in the growth medium
(Kredics et al., 2005; Raspanti et al., 2009). The results could imply that Rut-C30 did
not secrete a cysteine protease in this work because the growth medium (ALS
medium) did not contain heavy metal. Alternatively the gene for the cysteine protease
may have been inactivated during the mutagenesis that resulted in the high
cellulolytic Rut-C30 strain of reported low protease activity (Sheir-Neiss and
Montenecourt, 1984; Peterson et al., 2011). Another possible reason why no cysteine
protease activity was identified by the fluorescent substrate could be that a cysteine

protease may have been cleaved by other proteases.

The subtilisin type substrate (N- Suc- Ala- Ala- Ala 7- amino-4-methylcoumarin, Table
2.3) was cleaved by extracellular proteases of T. reesei Rut-C30 at pH 8 (Figure 3.9).
Activity was detected from Day 1 and increased gradually to Day 7. The subtilisin-like
protease activity of CVt was lower than that of Rut-C30 on the first two days but then
increased to higher than Rut-C30 on Day 3. Throughout the rest of the cultivation
period the subtilisin-like activity of CVt supernatant continued to increase dramatically

until it was almost seven times that of Rut-C30 on Day 7 (Figure 3.9).

Subtilisin-like activity in the culture supernatants of
T. reesei Rut-C30 and CVt
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Figure 3.9 Subtilisin-like activity in the culture supernatants of T. reesei Rut-C30 and
CVt. Assays were carried out at 37 °C with an incubation time of 10 min.
Fluorescence was measured using excitation 360 nm and emission 460 nm.
Subtilisin A from Bacillius sp served as a positive control.
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The lower subtilisin-like activity levels in the CVt supernatant in comparison to Rut-
C30 in the first two days of cultivation (Figure 3.9) could be partly explained by the
slower growth rate of the CVt strain (Section 3.1 and Kautto, 2009). The differences
in the pH profiles of the two strains throughout the entire seven days of cultivation
(Figure 3.1) could also have affected the amount of subtilisin-like proteases secreted.
Whereas the acidic nature of the Rut-C30 culture medium may have encouraged the
secretion of aspartic proteases, the maintenance of a closer to neutral pH in the CVt
culture may have been more favorable for the secretion and activity of subtilisin-like
proteases. The higher subtilisin-like protease activity in the CVt supernatants in the
last five days (Figure 3.9) correlated well with the appearance of the high molecular
weight (160 — 220 kDa) bands in the zymogram gel of CVt on the same days (Figure
3.7C). The subtilisin-like protease activity in Rut-C30 supernatants also increased
from Day 1 to Day 7 (Figure 3.9) but it was substantially lower than the subtilisin-like
activity of CVt supernatants, and apparently not high enough to be detected in the
zymogram gel of Rut-C30 (Figure 3.7A). It appeared that the subtilisin-like protease

activity may have been induced by expression of the heterologous Venus protein.

3.3.3 Characterisation of protease activity by colorimetric assays

Colorimetric assays were carried out using the specific substrate N- Benzoyl- L-
Tyrosine- P- nitroanilide (Table 2.3), which allowed the detection of the chymotrypsin-
like protease activity through measuring the absorbance at 410 nm. The
chymotrypsin substrate > 98 % specific to chymotrypsin protease (Sigma Aldrich

www.sigmaaldrich.com ).
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Figure 3.10 Chymotrypsin-like activity in the culture supernatants of T. reesei Rut-
C30 and CVt. Assays were carried out at 37 °C with an incubation time of 10 min.
Absorbance was measured at 410 nm. Bovine pancreas alpha-chymotrypsin served
as a positive control (10 - 30 units / mg).

The chymotrypsin type substrate was cleaved by extracellular proteases of T. reesei
Rut-C30 at pH 8 (Figure 3.10). Activity was detected on all seven days. However, the
chymotrypsin-like activity in the Rut-C30 supernatant declined from Day 3 to Day 6
then increased slightly on Day 7 (Figure 3.10). Again, this could be related to the pH
profile of the Rut-C30 culture because lower chymotrypsin-like activity was detected
when the culture medium was in an acidic pH range (Figure 3.10, Figure 3.1). The
chymotrypsin-like activity was at its highest in the Rut-C30 supernatant on the first
three days (Figure 3.10). The protease activity observed on the Rut-C30 zymogram
during that time was from proteins of 160-220 kDa (Figure 3.7A), suggesting these
high molecular weight proteins could have included chymotrypsin-like proteases. It is
notable that the chymotrypsin-like protease activity was detected in all seven days in
the liquid assays whereas the high molecular weight band only showed on the
zymogram on the first three days. This may have been because the zymogram
technique was not as sensitive to the lower protease activity as the fluorescent

assay.
65



Chymotrypsin-like activity was present from Day 1 in the CVt supernatant and
increased in Day 2. The chymotrypsin-like activities were similar on Days 2 - 5,
decreased on Day 6, and increased slightly on Day 7. The chymotrypsin-like
protease activity in the CVt supernatants detected by liquid assay correlated well with
the appearance of the high molecular weight (160 - 220 kDa) bands in the zymogram
gel of CVt (Figure 3.7C) from Day 1 to Day 7; similar bands were only visible in the
Rut-C30 supernatant on Day 1 - 2 (Figure 3.7A). This strongly suggested that the
protease activity detected in the CVt supernatant was at least partly due to a high
molecular weight chymotrypsin-like protease. However, the liquid assay revealed a
decrease in the chymotrypsin-like protease activity of the CVt supernatant on Day 6
and 7 whilst more proteolytic bands appeared at 94 - 220 kDa on the CVt zymogram
on these days. These results indicated that another type of high molecular weight
protease, other than the chymotrypsin-like protease, could have been secreted by

CVt on the last two days of cultivation.

The following tables provide a summary of the specific protease activities detected in
the culture supernatants of T. reesei Rut-C30 and CVt (Section 3.3), and the
molecular weights of protein bands displaying protease activity on the zymograms

produced from the supernatants of the two strains (Section 3.2.3).
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3.3.4 Confirmation of results by inhibition of specific protease activities

Protease assays with the specific fluorescent substrates (Section 3.3.2) were
repeated a further three times using specific inhibitors (Section 2.7.2, Table 2.4). The
appropriate inhibitors completely prevented the protease activity of the positive
controls and the secreted proteases in each case, thus confirming the existence of

aspartic and subtilisin-like proteases in the culture supernatants of Rut-C30 and CVi.

When the colorimetric assays of chymotrypsin-like activity were carried out using a
specific chymotrypsin-like protease inhibitor (Section 2.7.2, Table 2.4) the
chymotrypsin-like activities of the positive control and supernatant samples were
substantially reduced but not completely inhibited (Figure 3.11). The addition of the
chymotrypsin-like protease inhibitor (AEBSF) to the Rut-C30 culture supernatants
from the Day 1 and 2 still resulted in detectable activity. Likewise, the CVt culture
supernatants from Day 1 — 4 still showed some chymotrypsin-like protease activity
after the addition of AEBSF. These results indicated that an insufficient concentration
of AEBSF inhibitor was being used ie. the concentrations of the positive control
protease and the chymotrypsin-like protease in certain samples (culture supernatants
of Rut-C30 on Days 1 and 2, and CVt on Days 1 - 4) were too high to be fully
inhibited by the AEBSF concentration. However, as a substantial reduction in
chymotrypsin-like activity was achieved in the presence of the inhibitor in each case,
the existence of chymotrypsin-like proteases in the Rut-C30 and CVt culture

supernatants could be confirmed.
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Figure 3.11 Chymotrypsin-like activity in the culture supernatants of T.reesei Rut-
C30 and CVt. Assays were carried out at 37 °C with an incubation time of 10 min.
Absorbance was measured at 410 nm. The same procedure was repeated with
adding chymotrypsin-like protease inhibitor (0.1 mM AEBSF, 4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochloride). Bovine pancreas alpha-chymotrypsin served
as a positive control (10 - 30 units / mg). Assays were carried out in triplicate.

The results from the liquid assays of protease using specific substrates and inhibitors
for each protease type showed that there was a certain resemblance in the protease
types secreted by T. reesei Rut-C30 and CVt strains. The assays showed aspartic-
like protease activity in both the T. reesei Rut-C30 and the CVt supernatants and this
was confirmed by application of aspartic-specific inhibitors which successfully
inhibited activity. Chymotrypsin and subtilisin protease assays carried out with and
without specific inhibitors confirmed chymotrypsin-like and subtilisin-like protease
activity in the culture supernatants of both Rut-C30 and CVt. However, according to
the cysteine protease liquid assays, neither the T. reesei Rut-C30 nor the CVt

supernatant had cysteine-like protease activity.

Although the liquid assays revealed that Rut-C30 and CVt strains secreted a similar

suite of protease types when grown under the same culture conditions, there were
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marked differences in the level of activity of each protease type in the culture
supernatants of the two strains. Across the entire cultivation period higher levels of
aspartic protease activity were detected in the Rut-C30 culture than the CVt culture,
although on Day 6 and Day 7 the aspartic-like protease activity of CVt was close to
that of Rut-C30 (Figure 3.8). In contrast, there were higher levels of subtilisin-like
protease activity in the Rut-C30 culture than the CVt culture on the first two days of
cultivation. However, from Day 3 the subtilisin-like protease activity of Rut-C30
remained almost constant, whereas the CVt culture exhibited a dramatic increase in
subtilisin-like protease activity, surpassing that of Rut-C30 on Day 3 and reaching
almost seven times that of its parent strain by Day 7 (Figure 3.9). The chymotrypsin-
like protease activities of Rut-C30 and CVt were similar on the first day of cultivation,
but there was a decrease in the chymotrypsin-like protease activity of the Rut-C30
culture from Day 3, resulting in higher chymotrypsin-like protease activity in the CVt

cultures from Day 2 to Day 7 (Figure 3.10 and 3.11).

The results from the liquid assays complemented those achieved from the
zymography, leading to an enhanced understanding of the protease profile of the
Rut-C30 and CVt strains under the given culture conditions. The next step was to
identify the proteases secreted by the two strains by MALDI TOF/TOF MS/MS and

LC ESI MS/MS.
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3.4 Proteomic analysis of extracellular proteases

In the final stages of the study, mass spectrometry was used to identify the
extracellular proteases secreted by T. reesei Rut-C30 and the transformant CVt,
producing the heterologous Venus protein, under the culture conditions (Section 2.2
and 2.3). Initial experiments were carried out using Rut-C30 culture supernatants
only, with the aim of finding the most efficient mass spectrometric technique for
protease identification. Attempts were made to identify Rut-C30 extracellular
proteases from zymograms and SDS-PAGE gels by MALDI TOF/TOF MS/MS
(Section 3.4.1) and LC ESI MS/MS (Section 3.4.2). The LC ESI MS/MS method was
then used to identify and compare the secreted proteases of CVt and Rut-C30

(Section 3.4.3).

3.4.1 MALDI TOF/TOF MS/MS of T. reesei Rut-C30 culture supernatant

T. reesei Rut-C30 was grown for seven days in ALS medium as previously described
(Section 2.2 - 2.3). Samples were taken from the medium each day and a 1-D
zymogram was produced from the supernatants (Section 2.6.1) using the refined
technigue described in Section 3.2.1.5. Bands from the zymogram gel
were excised as shown in Figure 3.12 and subjected to MALDI TOF/TOF MS/MS

analysis (Section 2.8.1).
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Figure 3.12 1D zymogram produced from culture supernatants (40 pl) of T. reesei
Rut-C30 grown in ALS medium at 28 ‘C for seven days. The gel contained 0.1 %
(w/v) gelatin, was incubated in a developing buffer at pH 6 and stained with
Coomassie Blue G-250. Arrows and boxes indicate areas excised from the gel.

Unfortunately, the MALDI TOF/TOF MS/MS did not reveal the identity of the T. reesei
proteases in the zymogram bands. The only protein that could be identified from the
bands was gelatin, the substrate used for the zymogram gel. The gelatin dominated
the mass spectra, masking the other proteins that may have existed in the bands.
Because of the substrate interference, an alternative strategy was used. Rut-C30
supernatant was subjected to SDS-PAGE on two gels run in parallel. The first gel
contained gelatin and was used to produce a protease zymogram as just described.
The second gel, without substrate (the SDS-PAGE gel), was processed and stained
using the standard SDS-PAGE procedure (Section 2.5.1). Protein bands were
excised for identification by MALDI TOF/TOF MS/MS from an area on the SDS-
PAGE gel estimated to contain protein that aligned to the band on the zymogram gel

(indicated by arrows in Figure 3.13).
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Figure 3.13 1D zymogram (left) and SDS-PAGE gel (right) of culture supernatants
(40 ul) of T. reesei Rut-C30 grown in ALS medium at 28 ‘C for seven days. The
zymogram contained 0.1 % (w/v) gelatin, and was incubated in a developing buffer at
pH 6, and stained with Coomassie Blue G-250. Arrows on the left indicate the
zymogram bands that were aligned with protein bands from SDS-PAGE gel (right),
according to molecular weight. Squares on the SDS-PAGE gel (right) indicate areas
excised from the gel for MALDI TOF/TOF MS/MS.

Two proteins were identified by MALDI TOF/TOF MS/MS of the protein bands of
approximately 26 kDa excised from the SDS-PAGE gel (Day 6 and Day 7
supernatant, Figure 3.13). However, the identified proteins were xylanases and no
proteases were detected (data not shown). T. reesei produces xylanases of around
20-21 kDa (Tenkanen et al., 1992). The xylanases are secreted in far greater
guantities than the Rut-C30 proteases (Herpoél-Gimbert et al., 2008) so it seemed
likely that the xylanases from the protein band could have monopolised the mass
spectra, masking the presence of any proteases of a similar molecular weight and
relatively low abundance. In addition, it was possible that the excised protein band
from the SDS-PAGE gel may not have, in fact, corresponded to the protein that was
responsible for the band on the zymogram, despite the intention to align these two
bands. The protein substrate (gelatin) in the zymogram gel retarded the movement of
the samples during electrophoresis, so discerning the corresponding band on the

SDS-PAGE gel was difficult (Peterson et al., 2009).
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In response to these results it was decided that a modification to the technique was
needed. Firstly, it was evident that it could be beneficial to excise larger bands from
the SDS-PAGE gel in order to increase the probability of including the protease
responsible for the zymogram bands of interest. Secondly, LC ESI MS/MS (Section
2.8.2) was used instead of MALDI TOF/TOF MS/MS for protein identification. During
the liquid chromatography (LC) phase of LC ESI MS/MS, protein mixtures are
separated according to their hydrophobicity before being subjected to mass
spectrometric analysis (Section 1.7.3.2). As a consequence, less abundant proteins
can enter the fragmentation phase of ESI MS/MS at a different time than the highly

abundant proteins, thus increasing the likelihood of their detection and identification.

3.4.2 LC ESI MS/MS of T. reesei Rut-C30 culture supernatant

T. reesei Rut-C30 culture supernatants were subjected to SDS-PAGE as described
above (Section 3.4.1). Protein bands were excised from the SDS-PAGE gel (Figure
3.14) from a large area estimated to contain a protein that aligned to the bands on

previous zymogram gels (eg. Figure 3.12).

Day1 Day2 Day3 Day4 Day5 Day6 Day7

Figure 3.14 SDS-PAGE gel of culture supernatants (40 pl) of T. reesei Rut-C30
grown in ALS medium at 28 °C for seven days. Numbers 1, 2, 3, 4 and 5 indicate the
excised areas that were analysed by LC ESI MS/MS.
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The excised protein bands (Figure 3.14, areas 1, 2, 3, 4 and 5) were analysed by LC
ESI MS/MS and protein identifications are shown in Table 3.3. Protein identifications
were assigned when the Mowse scores were significant (p < 0.05) for spectra
searched against the T. reesei database (http://genome.jgi-psf.org/Trire2) using the
Mascot search engine (Perkins et al., 1999; Section 2.8.2.3). For spectra processed
through the Global Proteome Machine (GPM; www.thegpm.org), identifications were
assigned when the loge score was lower than the statistically significant cut-off values

assigned by the GPM algorithm (Fenyo et al., 2010; Section 2.8.2.3).

A subtilisin-type protease (predicted MW 93.3 kDa) was identified from each of the
excised bands containing proteins of 70 — 120 kDa from the supernatant of Rut-C30
on Days 1, 6 and 7 (Figure 3.14, areas 1, 2 and 3; Table 3.3). Two aspartic
proteases (predicted MW 26.5 and 24.3 kDa) were identified from each of the
excised bands containing proteins of 20 — 28 kDa from supernatant of Rut-C30 on
Day 6 and 7 (Figure 3.14, areas 4 and 5; Table 3.3); however, one of the aspartic
proteases was identified as an intracellular protein. The presence of the intracellular
aspartic protease in the culture supernatant could have been a result of cell lysis
during the late stages of growth, a topic that is also addressed in the following

sections.
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The protein sequences of the two identified aspartic proteases (Table 3.3) were
aligned against the protein sequence of Pep 1, Trichoderma reesei aspartic protease
pro- precursor (Appendix 1) to determine if one of the identified aspartic proteases
could be Pep 1. There was a 27.3% sequence similarity between Pep 1 and the
identified 26.5 kDa aspartic protease with accession number jgi|69555, and 25%
sequence similarity between Pep 1 and the identified 24.3 kDa intracellular aspartic
protease with accession number jgi|106661 (Table 3.3). Therefore, neither of the two

identified aspartic proteases appeared to be the Pep 1 enzyme.

Three proteases were identified from the Rut-C30 supernatant using LC ESI MS/MS
of proteins excised from five large areas on the SDS-PAGE gel (Figure 3.14). This
was a better result than achieved by MALDI TOF/TOF MS/MS analysis of small
excision areas of the gel (Section 3.4.1). Therefore, these results confirmed that
excising a large area of the gels encompassing protein around the molecular weight
of interest, and analysing the protein content by LC ESI MS/MS was an improved
strategy for identifying the extracellular proteases. The next step was to apply these
techniques to identify and compare the extracellular proteases produced by Rut-C30
with that of the Rut-C30-derived transformant CVt, producing the heterologous Venus

protein.

3.4.3 LC ESI MS/MS of CVt and Rut-C30 culture supernatant

T. reesei Rut-C30 and transformant CVt were grown in ALS medium (Section 2.3).
Samples were collected every day and the supernatants were used to produce SDS-
PAGE gels (Figure 3.15) as described above (Section 3.4.1). Bands were excised
from large areas of the SDS-PAGE gels (Figure 3.15) encompassing proteins of a

molecular weight corresponding to bands seen on previous zymograms produced
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from the supernatants of the two strains (Figure 3.7B and 3.7C). The protein bands
were subjected to LC ESI MS/MS for protein identification and a total of seven

proteases were identified (Table 3.4).

Day1 Day2 Day3 Day4 Day5 Dayé Day7
Day! Dayz Day3 Day4 Day5 Dayb Day7
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Figure 3.15 1D SDS-PAGE gels of culture supernatants (40 pl) of T. reesei (A) Rut-
C30 and (B) CVt grown in ALS medium at 28 °C for seven days. The rectangles show
the excised areas from each gel.

Four proteases (an aspartic protease, a chymotrypsin-like protease and two
subtilisin-like proteases) were identified in the culture supernatants of both Rut-C30
and CVt (Table 3.4). The aspartic protease and the chymotrypsin-like protease were
detected from each of the areas excised from the gels encompassing proteins of 16 —
30 kDa from the Rut-C30 and CVt supernatants from Day 3 — Day 7 (areas 8 — 12
and 20 — 24, Figure 3.15). The subtilisin-like proteases were detected from the high
molecular weight (100 — 220 kDa) proteins in the supernatants of both strains from
Day 1 to Day 7 (areas 1 — 7 and areas 13 — 19, Figure 3.15). However one of the
identified subtilisin-like proteases was predicted to be an intracellular protein by
PSORT (http://psort.hgc.jp/). It is possible that an intracellular protein was present in

the supernatant due to cell lysis during cultivation or centrifugation.
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Three proteases were identified from high molecular weight proteins (areas 13 — 19
Figure 3.15) in the supernatant of CVt from Day 1 to Day 7; none of these proteases
were identified from the supernatant of Rut-C30 (Table 3.4). The proteases specific
to the CVt supernatant were a carboxypeptidase A, a neutral zinc metallo-peptidase
and a serine protease, all of which were predicted to be intracellular proteins by
PSORT. Intracellular proteins may have been present in the culture supernatant of
CVt due to cell lysis during cultivation and/or centrifugation. If due to cell lysis, the
presence of the intracellular proteins in the culture supernatant of CVt and not Rut-
C30 suggests that the CVt cell membrane may have been more susceptible to
breakage than that of Rut-C30. Perhaps this was due to increased cellular stress as
a result of transformation and heterologous protein production. It is possible that the
cell membrane of CVt was more susceptible to breakage that that of the parent strain
Rut-C30, and the presence of more intracellular proteases in the CVt supernatant
than the Rut-C30 supernatant suggests this may have been the case. It is also
possible that the production of intracellular protease was higher in CVt than in Rut-
C30. Proteomic analysis of the mycelia of both strains would be necessary to
investigate this but was not attempted in this study. However, the detection of
intracellular proteases in the culture supernatants was not an unusual result and has

been reported previously (eg. Grinyer et al., 2006).

The identification of aspartic, chymotrypsin-like and subtilisin-like proteases in the
supernatant of Rut-C30 and CVt correlated well with the results of the liquid assays
which had revealed these specific protease activities (Section 3.3). Cysteine
proteases were not identified and correspondingly no cysteine protease activity was
detected in the liquid assays. LC ESI MS/MS is not a quantitative mass

spectrometric technique (Bantscheff et al., 2007) so it could not provide any more
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information than the assays about the amount of each protease type in the
supernatants on different days. Quantification of individual target proteases could be
achieved in future work by techniques such as iTRAQ (isobaric Tag for Relative and

Absolute Quantitation; Ross et al, 2004).

It was previously proposed that the approximately 26 kDa protease present in the
supernatant of the T. reesei strains was an aspartic protease following the
comparison of the results of the liquid assays and zymograms (Section 3.3.2). Mass
spectrometry had now confirmed the identity of the aspartic protease. Likewise, it
was postulated that a protease of between 160 and 220 kDa could be responsible for
the subtilisin-like activity, which was seven times higher in the CVt culture than in the
Rut-C30 culture by the end of the cultivation period (Section 3.3.2). Correspondingly,
a subtilisin-like protease was identified in the culture supernatants of Rut-C30 and

CVt from protein of approximately 100 - 220 kDa.

The comparison of zymogram activity to the results of the chymotrypsin-like protease
assay had led to the proposition that the detected chymotrypsin-like activity
emanated from a high molecular weight protein (Section 3.3.2). There was a
reservation in this proposition, however, due to a discrepancy in which the
chymotrypsin-like activity of CVt had decreased in the last days of cultivation
whereas the high molecular weight bands on the protease zymogram band had
widened and increased in number (Section 3.3.2). The identification of a
chymotrypsin-like protease of approximately 26 kDa (Table 3.4) provided an
explanation not previously considered, i.e. the chymotrypsin-like protease was of a
similar molecular weight as the aspartic protease and thus may have been

represented in that 26 kDa band alongside the aspartic protease.

82



The identification of three additional proteases at around 100 kDa
(carboxypeptidase, metallopeptidase, serine-type peptidase, Table 3.4) in the
supernatant of CVt, but not in the supernatant of Rut-C30, could explain the
presence of the additional high molecular weight bands on the zymogram of CVt
supernatant (Figure 3.7C), particularly evident in Days 6 and 7. The additional
proteases in the supernatant of CVt, a strain representative of a transformant
producing a heterologous protein, is a concern for heterologous protein production
because the vyield of the target protein could be considerably reduced due to
protease degradation. Whether the additional proteases in the culture medium were
the result of cell lysis or abnormal secretion as a result of genomic changes caused
by the transformation process was beyond the scope of this study. Genome
sequencing of the CVt strain, such as 454 sequencing (Margulies et al., 2005), could

reveal specific DNA mutations that could be linked to the observed results.
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Chapter 4: Summary and future prospects

Trichoderma reesei has a natural high capacity for protein secretion and is currently
used for industrial enzyme production. However, a major impediment for the use of
T. reesei as an expression host for heterologous gene products is their degradation
by extracellular proteases, which can substantially reduce final product yields
(Nevalainen and Te’o, 2003; Peterson and Nevalainen, 2012). The aim of this project
was to profile, identify and compare the extracellular proteases produced by several
strains of T. reesei: the wild-type QM6a, the high protein secreting mutant Rut-C30
(transformation host) and CVt (a transformant derived from Rut-C30, producing a
heterologous Venus protein). The comparison between the Rut-C30 and CVt strains
was undertaken to investigate how the expression of heterologous proteins impacts
on extracellular protease activity. The study provides a valuable contribution towards
understanding the proteolytic degradation of heterologous proteins. The work was

carried out in several stages, as summarised below.

4.1 Refinement of the zymogram technique

The first stage of the work involved the refinement of the zymogram technique for
efficient profiling of the extracellular proteases in the culture supernatants. It was
found that a good protease profile on the zymogram gels could be achieved without
the addition of a reducing agent (B-mercaptoethanol) to the gel loading buffer
(Section 3.2.1.1), and gelatin was chosen as the most sensitive substrate to be used
in the zymogram gels (Section 3.2.1.2). The banding pattern and intensity remained
the same when the zymogram gels were incubated in developing buffers of pH
ranging from 3.5 to 6.5, so pH 6 was chosen as an appropriate pH for the developing

buffer in future work (Section 3.2.1.3). Attempts at 2D zymography were not
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successful (Section 3.2.1.4), so 1D zymography under the refined conditions was
deemed the most efficient method for profiling the extracellular protease of the T.
reesei strains in this work. Changing the size of the culture inoculant from 1 x 102
conidia to 3 x 10’ conidia caused a very slight decrease in protease activity
evidenced on the zymogram; however, the banding pattern was very similar.
Therefore it was decided that inoculation with 1 x 10® conidia was most appropriate
for detection and identification of the extracellular proteases in this work (Section
3.2.2).

4.2 Comparison of the protease profiles of T. reesei Rut-C30, QM6a and CVt by
zymography

Zymography was used to compare the proteases in the supernatants of T. reesei
Rut-C30 (transformation host), QM6a (wild-type) and CVt (producing a heterologous
Venus protein). The zymograms revealed differences in protease secretion between
the three strains grown under the same conditions (Section 3.2.3). The zymogram
produced from Rut-C30 supernatant showed a lower number of proteolytic bands
compared to the zymogram produced from the QM6a (wild-type) supernatant,
reflecting the previously documented characteristic of Rut-C30 as a low protease
mutant strain (Sheir-Neiss and Montenecourt, 1984). More surprisingly, a large
number of proteolytic bands were evident on the zymogram of CVt, indicating
substantially higher protease activity in the CVt supernatant than in Rut-C30, the
parent strain of CVt.

4.3 Characterisation of the proteases in the supernatants of T. reesei Rut-C30
and CVt by liquid assays

Liquid assays were carried out using specific fluorescently labelled and coloremetric

substrates (Table 2.3) to characterise the types of protease activity in the T. reesei
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Rut-C30 and CVt supernatants. Aspartic proteases were detected in the
supernatants of both strains; however, there was higher aspartic protease activity in
Rut-C30 supernatant than in the CVt supernatant (Section 3.3.2). The increase in
aspartic activity of Rut-C30 occurred concurrently with the drop in pH of the Rut-C30
culture medium (Section 3.1). Conversely, the culture medium of CVt remained at a
near neutral pH though the cultivation period (possibly due to a slower growth rate)
and a higher level of subtilisin-like and chymotrypsin-like activity was recorded
(Section 3.3.3). No cysteine protease activity was detected in the supernatants of
either strain. From these results, it seemed apparent that Rut-C30 and CVt secreted
the same types of proteases under the same culture conditions but there were
differences in the levels of activity of each of the protease types between the two
strains. In particular, it appeared that production of the heterologous Venus protein
had resulted in a massive increase in subtilisin-like protease activity.

4.4 Identification of the proteases in the T.reesei Rut-C30 and CVt
supernatants by mass spectrometry

Two well-established mass spectrometric techniques, MALDI TOF/TOF MS/MS and
LC ESI MS/MS were trialed to identify the proteases in the Rut-C30 culture
supernatant (Section 3.4.1 and 3.4.2). LC ESI MS/MS was found to be the most
effective technique, allowing the identification of Rut-C30 proteases from large
excised areas of an SDS-PAGE gel encompassing proteins of a molecular weight
matching that of bands on a corresponding zymogram (Section 3.4.2). The LC ESI
MS/MS technique was then used to identify proteins excised from SDS PAGE gels of
T. reesei Rut-C30 and CVt supernatants, again by choosing the excised areas to

match bands on zymograms of Rut-C30 and CVt supernatants (Section 3.4.3).
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Four proteases were identified as common to the supernatants of both Rut-C30 and
CVt (Table 3.4, Section 3.4.3), an aspartic protease, a chymostrypsin-like protease
and two subtilisin-like proteases. One of the subtilisin-like proteases was predicted to
be an intracellular protein. The identification of the aspartic, chymostrypsin-like and
subtilisin-like proteases were in line with the detection of their corresponding
activities in the liquid assays (Section 3.3). In addition, an aspartic protease has
been previously identified as the main secreted protease of T. reesei (Margolles-
Clark et al., 1996b). Three additional proteases were identified in the supernatant of
CVt only, a carboxypeptidase A, a neutral zinc metallo-peptidase and a serine
protease, all of which were predicted to be intracellular proteins. The presence of
proteases in the supernatant that were not expected to be secreted, according to
gene sequence, could be at least partly explained by an increased amount of cell
lysis in the CVt strain, possibly as a result of cellular stress due to transformation and

heterologous protein production.

4.5 Conclusions and future work

Distinct profiles of extracellular protease activity were revealed from a high protein
secreting mutant T. reesei Rut-C30 and a transformant CVt producing a
heterologous protein, cultivated under the same defined growth conditions. Rut-C30
and CVt were found to secrete the same types of proteases but there were marked
differences in the activity levels of each protease type in the culture medium. The
Rut-C30 strain predominantly secreted an aspartic (acidic) protease, in response to
the drop in pH of the culture medium of Rut-C30 during the cultivation period. The
transformant CVt, on the other hand, experienced a slower growth rate and
maintained a relatively even and near neutral pH of the culture medium during the

growth period; as a result, there was less secretion and activity of the aspartic
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protease, and increased secretion and activity of a subtilisin-like (neutral — alkaline)
protease. Further investigation of the effect of culture pH on protease production
could be carried out by controlling the pH in a small laboratory fermenter, and
examining the protease profiles of the supernatants of CVT and Rut-C30 under
these conditions. Adding to the protease profile of CVt was the presence of
intracellular proteases, most likely due to cell lysis late in the cultivation period.
Increased cell lysis in the tranformant strain may have indicated cellular stress due to
heterologous protein production. The presence of intracellular proteins in the culture
medium, possibly due to increased cellular stress associated with the production of
heterologous proteins, is an issue that needs to be acknowledged and addressed in

the future.

Moreover, this study has revealed that the process of heterologous protein
degradation by proteases is complex. Knowledge of the proteases secreted by a
transformant host is only a starting point because a different suite of proteases
and/or different levels of activity of each protease type can be experienced by a
transformant strain. The study points towards the need for specific profiling of the
proteases secreted by individual transformants of interest to gain insight into specific
targets for further genetic manipulation to increase product yield. Further analysis
could include the separation and purification of the various proteases secreted by the
fungi. Also, genetic engineering could be conducted, such as a knock-out of the
gene encoding the protease that causes the greatest degradation of the particular
foreign protein of interest, for example the aspartic and subtilisin-like proteases

identified in this study.
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