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1. INTRODUCTION

The intensive use of fossil fuels as a source of energy, but also as a raw material for
non-energy purposes, began during the first industrial revolution in the 18" century. Since
then, due to the industrialization and massive population growth, the need for fossil fuels
increased and resulted in depletion of available resources. Due to the lengthy process of their
formation (up to several million years), it is not possible to create new sources in the near
future. It is estimated that the current consumption could completely exhaust the resources in
less than a century. To prevent this and eliminate the dependence on fossil fuels, science and
industries needs to turn to renewable energy sources, sources that are more sustainable
(Henrich et al., 2015).

Lignocellulosic biomass is a widespread feedstock that, due to the low price and its
favorable composition of 60-80% polysaccharides (cellulose and hemicellulose) and 15-30%
of lignin, is considered as a good renewable energy source. Due to the solid and compact
structure of polysaccharide and lignin network, decomposition of lignocellulosic materials,
specifically the efficient separation of lignin and polysaccharides, is presenting a
technological challenge and because of the complexity of the structure, pre-treatment is
necessary (Den et al., 2018; Henrich et al., 2015).

Pre-treatment can be carried out using physical, chemical or biological methods. For a
long time, for the sake of simple application and because they have proven successful in the
breakdown of cellulose and hemicellulose, mostly physical and chemical methods were used.
But, due to the harsh conditions needed in these processes, these days most industries and
scientists are increasingly turning to biological methods. Also, chemical and physical methods
only lead to the extraction of lignin (delignification) as a by-product with no industrial value,
while the biological methods are based on the use of fungi possessing the ability to almost
completely decompose lignocellulosic material, including lignin (Janusi¢ et al., 2008) .

This thesis was done as a part of the ERC-COG OXIDISE project (project number
726396) with the aim to resolve authentic conversion rates of fungal lignocellulose degrading
oxidoreductases in the vicinity of/or bound onto their polymeric substrates and to elucidate
their distribution and interaction. Because fungi classified as white-rots and soft-rots have an
substantial arsenal of oxidoreductases dedicated to lignocellulose degradation, Phanerochaete
chrysosporium, widely studied white-rot fungus from the Basidiomycota phylum, has been

used as the model organism in this project (Riley et al., 2014).



In the lignin degradation process, two main groups of P.chrysosporium enzymes are
involved: lignin-modifying enzymes (LME) and lignin-degrading auxiliary enzymes (LDA).
LME group contains various types of enzymes, such as lignin and manganese peroxidase, that
are responsible for the catalization of lignin breakdown, but for their activity H,O; is cruical.
This H,0; is produced by the LDA enzymes which are unable to degrade lignin on their own
yet are necessary to complete the degradation process. One of the LDA enzymes is glyoxal
oxidase (GLOX), a partially investigated extracellular enzyme with a great biotechnological
potential, which is why its characterization was one of the main tasks in this thesis (Daou and
Faulds, 2017).



2. THEORETICAL PART

2.1. LIGNOCELLULOSIC BIOMASSS

2.1.1. Lignocellulose

Lignocellulosic biomass generally comprises three different types of biopolymers,
namely cellulose, hemicellulose and lignin (Figure 1). The precise amount of different
polymers in specific plants depends on the plant or wood species (softwood or hardwood) but
usually varies between 40-50 % for cellulose, 25-35% for hemicellulose and 15-20 % for
lignin (Alonso et al., 2010). Lignocellulose is the most abundant biopolymer in nature and, as
a sustainable feedstock that can replace fossil fuels for energy production, it has received

considerable attention in the last couple of years.
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Figure 1. Structure of lignocellulose (Rubin, 2008)



2.2.2. Cellulose

As the main substance in the walls of plant cells, cellulose is the most common organic
compound on Earth. It is a linear organic polysaccharide comprised of many glucose
monosaccharides linked to one another by B(1—4)glycosidic bonds. To develop carbohydrate
potential, cellulose content needs to be converted into simple sugars, such as glucose and
because of the cellulose structure simplicity, this conversion can easily be done by acid or
enzyme catalyzation (Van Wyk, 2011).

2.2.3. Hemicellulose

Hemicellulose is a collective name for non-cellulose polysaccharides that show large
variation, within one plant species and its tissues and between plants. It is a heteropolymer
with varying degrees of branching, whose biopolymers bind bundles of cellulose fibrils to
form microfibrils, which enhance the stability of the cell wall (Figure 1). They also cross-link
with lignin, creating a complex web of bonds that provide structural strength. In general,
enzymatically it is easier to degrade hemicellulose than cellulose, but certain oligomeric
structures are recalcitrant and hard to break because of complex branching and acetylation
patterns. Decomposition of hemicellulose results in a mixture of different types of sugars,
including pentoses that are difficult to ferment (Horn et al., 2012; Van Wyk, 2011).

2.2.4. Lignin

Lignin is a relatively hydrophobic and aromatic heteropolymer consisting mainly of
three different phenylpropanoid units, guaiacyl, syringyl and p-hydroxyphenyl. In the
lignocellulosic biomass, lignin is crosslinked with carbohydrates by ether or ester linkages
and his main function in plant wall is to give structural support, impermeability and microbal
attack and oxidative stress resistance. So far, there is no simple industrial process for lignin
degradation. Usually, it is expensive degradation done by co-factor-dependent

oxidoreductases (Horn et al., 2012).



2.2.5. Lignocellulosic degradation

Due to the increasing needs and decreasing availability of fossil fuel resources, it is
estimated that available supplies will be consumed in less than a century. As the generation of
fossil fuels is a long process and their combustion releases large amounts of carbon dioxide,
dramatically increasing global warming, a complementary strategy focused on renewable
resources has been created. Therefore, lignocellulosic materials like wood, grass or straw will
become a major source of raw materials and biorefineries will deconstruct complex biomass
constituents into valuable raw-materials (Esposito and Antonietti, 2015).

As the only renewable carbon source for the production of all carbon products, organic
bulk and fine chemicals and hydrocarbon fuels, lignocellulose is a highly valuable feedstock
(Henrich et al., 2015). But, due to the compact structure and interwoven network of its
constituents, degradation of lignocellulosic materials is difficult. Lignin is a complex
heteropolymer of phenolic subunits that are interconnected by a variety of different bond
types, the most common being B-O-4' aryl glycerol ether bond (~ 45%) and B-5-phenyl
coumaran bond (~ 10%). Due to the many nonspecific bond types in the composition of lignin
and its intertwining with cellulose and hemicellulose, lignin provides the plant with strength,
but it is also the largest barrier to the efficient decomposition and use of lignocellulosic
materials. Because of the structural complexity, in order to open up the carbohydrates
compounds and make them available for microbial and/or enzymatic attacks, it is necessary
to pre-treat lignocellulosic materials (Andlar et al., 2018; Den et al., 2018).

Current processes for lignocellulose deconstruction are based on thermal pretreatment
and hydrolysis based on acid, base or solvents followed by enzymatic processing in some

Cases.
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Figure 2. Conversion process of lignocellulosic biomass (Den et al., 2018)

The main problem with the most commonly used physical (mechanical comminution,
steam explosion, extruion and radiation) and chemical methods (acids, bases and solvents) of
pretreatment is that lignin remains as a by-product without industrial value, which causes
large losses, but also these methods are usually economically unprofitable and during the
process, inhibitory compounds can be formed. In addition with chemical methods another
very important problem arises and that is aggressiveness and toxicity of used chemicals and

their adequate disposal after use (Kovaci¢ 2007).

Plant cell wall-degrading filamentous fungi from the phylum of Basidiomycota and
Ascomycota, have an important role in recycling nutrients in the forest ecosystem. These are
wood-degradation fungi possessing two types of lignocellulose degradation systems,
intracellular and extracellular. In the extracellular system, two categories of enzymes are
distinguished, hydrolytic for the degradation of the polysaccharides and oxidative for the
degradation of lignin and the opening of phenolic rings. In terms of effect and degradation

mechanism, 3 groups of fungi are distinguished: soft-rot, brown-rot and white-rot. All these



types of fungi are able to decompose lignin, but only white-rot degrade it completely to CO,
and H,O, thereby the details of the lignin degradation mechanism have been elucidated in the
white rot fungus species Phanerochaete chrysosporium (Andlar et al., 2018; Janusz et al.,
2017).

2.3. WHITE-ROT FUNGI AND THEIR LIGNIN DEGRADATION SYSTEM

Phanerochaete chrysosporium is a white-rot fungi from the Basidiomycota phylum. It is
a crust fungi which forms flat fused reproductive fruiting bodies instead of the mushroom
structure with a high optimum temperature of 40°C. P.chrysosporium is the organism most
extensively studied for its lignin-degradaing ability. It has the ability to break down both
hardwood and softwood.

Enzymes from white-rot fungi involved in lignin breakdown can generally be divided
into 2 main groups: lignin-modifying enzymes (LME) and lignin-degrading auxiliary (LDA)
enzymes. LME enzymes are produced as a products of secondary metabolism, since lignin
degradation does not provide any energy to the fungus. They are classified as phenol oxidase
(laccases) and heme containing peroxidases (POD), namely lignin (LiP), manganese (MnP)
and versatile peroxidases (VP). LDA enzymes are unable to degrade lignin on their own, but
still are necessary to complete the degradation process. Some of LDA enzymes are glyoxal
oxidase (GLOX), aryl alcohol oxidase (AAO), glucose dehydrogenase (GDH), pyranose 2-
oxidase (POX) and cellobiose dehydrogenase (CDH) (Janusz et al., 2017).

However, the recent expansion in genome analyses has shown that the repertoire of
genes varies substantially among white rot fungi, which is why for e.g P. chrysosporium lacks

genes encoding laccases, GDH and AAO.

2.4. GLYOXAL OXIDASE

GLOX is an extracellular enzyme found in white-rot fungi. The best-characterized one
is from Phanerochaete chrysosporium with the molecular mass of 68 kDA. As an LDA
enzyme, GLOX is not capable of digesting lignin by itself, but essential for the degradation
process. Namely, in order for peroxidases (LME enzymes) to break down lignin, they need

H,O, for their catalytic activity. That H,O, is produced by GLOX, an redox-active enzyme



that uses oxygen as an electron acceptor to catalyze the reaction of simple aldehydes and a-

hydroxy-carbonyls (Figure 3):

Aldehyde = Carboxylic acid

0> H>0»
Figure 3. Reaction catalyzed by GLOX (Daou and Faulds, 2017)

Attempts to resolve the crystal structure have not been successful so far, but
spectroscopic studies revealed a remarkable degree of similarity in terms of active site
structure and chemistry, between glyoxal oxidase and galactose oxidase (GAQO) (Whittaker et
al., 1996). Sequence alignment and homology modeling facilitated the identification of the
catalytic residues in GLOX (Figure 4) (Daou and Faulds, 2017).
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Figure 4. Active site of GLOX adapted from GAO active site (Daou and Faulds, 2017)

GLOX is a metalloenzyme that, like GAO, combines two distinct one-electron
acceptors into a metalloradical complex in its active site. One is a copper metal center while
the second is an unusual free radical site at a tyrosine residue that is covelently linked to a
cysteine (Cys-Tyr 272) (Whittaker 2003). By transfering one electron to an activator, GLOX
is oxidized and catalyzes the oxidation of a number of aldehyde and o-hydroxy carbonyl
compounds. Reduced GLOX, in order to regenerate itself, reduces dioxygen to hydrogen

peroxide, which is the co-substrate of peroxidases.



From previous studies it has been shown that purified GLOX in its resting state is
catalytically inactive, but can be reactivated by a peroxidase system . Kersten (Kersten, 1990)
was the first one who conducted a series of reactions to find out what it takes to achieve full
enzyme activity. He proved that GLOX can be activated by a system containing a peroxidase
(e.g. lignin peroxidase) together with its substrate (e.g. veratryl alcohol). But these two
enzymes and their substrates were not sufficient for immediate activation of the GLOX.
Namely, during this reaction, the presence of a lag phase was observed, which was later
successfully overcome by the addition of catalytic amounts of H,O..

Few years later, together with Kurek, Kersten investigated in more details influence of
the H,O, and peroxidases (POD) on rGLOX activity (Kurek and Kersten, 1995). During
these studies it has been shown that peroxidase substrate itself is not activating GLOX, only
in a combination with peroxidase (HRP or LiP) activation happens, which indicates that

oxidized substrate of peroxidase is actually activating GLOX .
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Figure 5. Proposed scheme for the catalytic mechanism of GLOX and POD
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GLOX activity can be determined by measuring oxygen consumption directly with an
oxygen sensor (Kersten, 1990), but also spectrophotometrically using a coupled assay to
detect H,O, formation (Leuthner et al., 2005). However, because oxygen consumption is a
time-consuming method and for higher throughput, in this thesis, a coupled assay with



horseradish peroxidase (HRP) and ABTS was used (Figure 5). ABTS can be oxidized by HRP
resulting in ABTS radical, a highly colored compound that can be detected
spectrophotometrically. In its catalytic cycle, HRP is oxidized by H,0, and subsequently
reduced by oxidizing two ABTS molecules.

Because of the presence of one copper ion in its active site, GLOX is classified as
radical copper oxidase (CRO), forming the AA5 family in the CAZymes system (Whittaker et
al., 1996). In order to determine copper in metalloproteins, a method known as Zincon assay
can be used. The method is based on the use of metal chelator Zincon, a colorimetric indicator
used for spectrophotometric determination of zinc, copper and mercury. Initially, the proteins
are denatured with guanidine hydrochloride whereby copper is released from the active site
into solution. The released copper then binds to zincon and forms a metal-zincon complex
whose formation is detected spectrophotometrically (Séabel et al., 2010).
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3. MATERIALS AND METHODS

3.1. CHEMICALS, SOLUTIONS AND MEDIA

3.1.1. Chemicals

Chemicals used during this research were purchased from Sigma-Aldrich (St.Louis,
Missouri, USA), Fluka (Vienna, Austria), Carl Roth (Karlsruhe, Germany) and Merck
(Darmstadt, Germany) and were of analytical grade or the highest purity available.

Agueous solutions were prepared by using water deionized with reverse osmosis (RO-
H,0) or by water deionized and purified (HQ-H,0, 0.055 mS cm™) by a Siemens Ultra clear
Basic UV SG system.

3.1.2. Buffers

Table 1. Buffers used in enzymatic assays

Buffer Molarity [mM] pH
Borate buffer 50 100 9.0
KPP buffer 50 100 6.5
MES 50 100 5.0,6.0
Malic acid buffer 50 100 5.0,6.0
Oxalate buffer 50 100 5.0, 6.0
Tartrate buffer 50 100 5.0, 6.0
Histidine buffer 50 100 5.0, 6.0
Acetate buffer 50 100 5.0, 6.0
Imidazole-HCI buffer 50 100 5.0, 6.0
Phosphate buffer 50 100 5.0, 6.0
MOPS 50 100 5.0,6.5,7.0,75
Na-2,2-dimethylsuccinate 50 100 3.5,4.0,45,5.0,55,6.0,6.5
buffer
Citrate buffer 25 50 100 3.5,4.0,45,5.0,55,6.0,6.5, 7.0

Table 2. Buffers for anion-exchange chromatography (AEX)

Buffer Molarity [mM] pH Composition
Stock buffer 1000 7.0 57,19 g > 99,5% HEPES
Buffer A 20 7.0 1 M stock buffer
Buffer B 20 7.0 1 M stock buffer + 1M NacCl
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3.1.3. Solutions and media

Table 3. Media for Phanerochaete chrysosporium

Component Concentration [g L]

MCC 30

saw dust 0.5
peptone 20
NH;NO3 2.5
MgSO,- 7 H,0 1.5
KH,PO, 1.2
KCI 0.6
Streptomycin 0.05

Chlorophenikol 0.035

Component

Concentration [mL L]

trace metal solution

0.3

Table 4. Trace metal solution

Component Concentration [g L™
ZnSO, - 7 H,0O 1
MnClI; - 4 H,0O 0.3
H3BO3 3
CoCl, - 6 H,0O 2
CuSO,4 -5 H,0 0.1
NiCl; - 6 H,O 0.2
H,SO, 4
Table 5. Assay solutions
Solution Molarity Solvent
[mM]
ABTS 10 HQ-H,0
Methyl glyoxal 1000 HQ-H,0
Guanidine hydrochloride 4710 50 mM borate buffer pH 9.0
Zincon solution 0.8 HQ-H20
DCIP solution 3 10% EtOH
Lactose solution 300 HQ-H,0
Syringol solution 10 HQ-H,0
MnSQ, solution 5 HQ-H,0
H,0; solution 0.5 HQ-H,0
Veratryl alcohol 10 HQ-H,0
Amplex red solution 10 DMSO
TMB 50 DMSO
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Table 6. Substrate solutions

Solution Molarity Solvent
[mM]
Methyl glyoxal 1000 HQ-H,0
2,3-Butanediole 1000 HQ-H,0
Glyoxal 100 HQ-H,0
D-(+)-Glyceraldehyde 100 96% EtOH
L-(+)-Glyceraldehyde 100 96% EtOH
Acetaldehyde 1000 HQ-H,0
Formaldehyde 1000 HQ-H,0
Glyoxylic acid 1000 HQ-H,0
Veratryl aldehyde 100 96% EtOH
Benzyl alcohol 100 96% EtOH
D-(+)-Glucose 100 HQ-H,0
D-(+)-Cellobiose 100 HQ-H,0
D-(+)-Galactose 100 HQ-H,0
1,3-propanediol 1000 HQ-H,0
Dimethylglyoxal 1000 HQ-H,0
Formic acid 1000 HQ-H,0
Dihydroxyacetone 1000 96% EtOH
Glycerol 1000 96% EtOH
Table 7. Activator solutions
Solution Molarity Solvent
[mM]
Tetrafluoro-1,4-benzoquinone 1 DMSO
Methoxy-1,4-benzoquinone 5 HQ-H,0
2,6-Dimethyl-1,4-benzoquinone 5 DMSO
2,6-Dimethoxy-1,4-benzoquinone 5 DMSO
Veratryl alcohol 10 96% EtOH
Guaiacol 10 HQ-H,0
Caffeic acid 100 96% EtOH
Ferulic acid 100 DMSO
Catechol 10 HQ-H,0
Coumeric acid 100 DMSO
Vanillic acid 100 DMSO
Syringic acid 100 DMSO
Acetosyringone 100 DMSO
Syringaldehyde 100 96% EtOH
Coniferyl alcohol 100 96% EtOH
TEMPO 100 DMSO
1-Hydroxybenzotriatole hydrate 100 DMSO
(HOBLY)
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3.1.4. Enzymes

Recombinant glyoxal oxidase (rGLOX), whose characterization was the goal of the
second part of this thesis, was produced in both Pichia pastoris strain X33 and Trichoderma
reesei strain QM9414 Axyrl. The production process, consisted of fermentation followed by a
two-step purification: hydrophobic interaction chromatography (HIC) and anion exchange
chromatography (AEX), resulted in enzymes with purity higher than 95% according to SDS-
PAGE analysis.

Peroxidase from horseradish, which was used in the ABTS assay, was obtained from
Sigma-Aldrich.

Glucose oxidase from Aspergillus niger, which was used to test the O, sensor, was
purchased from Sigma-Aldrich.

Laccase from Botrytis aclada, which was used to oxidize potential activators, was
produced by another lab member in P. pastoris.

3.2. FERMENTATION AND PROTEIN PURIFICATION

3.2.1. Fermentation

3.2.1.1. Pre-pre culture

P.chrysosporium ATCC 24725 strain was grown on PDA (Potato Dextrose Agar) plate.
After 10 days, 5 mL of PDB (Potato Dextrose Broth) was added to scrape off the mycelium
and to collect it in a Falcon tube. Three 1-L flasks, containing 200 mL PDB medium, were
inoculated with 1 mL each of the mycelium suspension and covered with a steril air filter and
a metal cap. The flasks were incubated at 30°C and 80 rpm for 2 h afterward the shaking

speed was increased to 100 rpm for another 72 h.

3.2.1.2. Pre-culture

Supernatant from the prepre-culture flasks was decanted and mycelium, together with
residual medium, was homogenized using the Ultra turrax with a sterile tip. As a result,
homogeneous mycelium was obtained and used for the inoculation of pre-culture flasks. The

medium in the flasks was of the same composition as the fermentation medium. In total there
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were six 1-L flasks containing 300 mL of medium, each inoculated with 2 mL mycelium

suspension. Flasks were incubated at 30°C and 95 rpm for 48 h.

3.2.1.3. Fermentation

P.chrysosporium fermentation was conducted in a 10-L scale with microcrystalline
cellulose (MCC) and saw dust from popler as a carbon sources. Fermentation media ( Table
3) also contained MgSO, - 7 H,0, KH,PO,4, KCI and trace metal solution (Table 4). As a
protein and nitrogen sources, peptone from meat and NH4;NO3 were added. In order to ensure
sterile working conditions the fermenter (Figure 6) was filled with water, NH;NO3, MgSO, - 7
H,0, KH,PO, and autoclaved at 121 °C for 30 min. To prevent clogging of the air diffuser,
MCC, saw dust and peptone were autoclaved separately and subsequently pumped into the
fermenter in a sterile manner. Afterwards, trace metal elements, as well as the antibiotics
streptomycin and chlorophenikol, were injected using a syringe and a sterile filter. The
fermentation was carried out as a batch process. The inoculum volume was 1 L which is 10%
of the media volume. Fermentation was run for 8 days at 30°C and at pH 5.0. To keep the pH
value stable during the fermentation, NaOH (1M) and H3PO, (1M) were used. Cultivation
was aerobic with an airflow of 5 L min™ and agitation of 200 rpm.

Figure 6. Fermenter
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3.2.2. Purification

3.2.2.1. Vacuum and tangential filtration

The first step of purification was vacuum filtration used to separate the biomass from
the culture liquid. Separation was performed via filter paper and to accelerate the filtration,
vacuum was used.

The obtained supernatant was purified and concentrated by tangential filtration, also
know as a cross-flow filtration. To perform this type of filtration, a MiniKros Plus tangential
flow filtration module was used. In a first step, the hollow fiber module with a pore size of
0.22 um was used to remove particles and then a hollow fiber module with a molecular
weight cut-off (MWCO) of 10 kDa was used to concentrate the supernatant.

3.2.2.2. Anion exchange chromatography (AEX)

The second step of the purification was an anion exchange chromatography which was
performed using an AKTA Pure system (GE Healthcare Bio-Sciences, Pittsburg,
Pennsylvania, USA). Employed buffers and specifications of the utilized column are listed in
a Table 2.. The column was flushed with buffer B and then equilibrated with buffer A. The
sample was loaded onto the column (flow rate 20 mL min™) and the column was washed with
buffer A to elute all unbound proteins. The elution was carried out in two gradients and

fractions were collected with volumes of 250 mL.
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Table 8. Column description and settings for AEX

Column DEAE-Sepharose Fast Flow
Column Volume 600 mL
Buffer A 20 MM HEPES pH 7.0
Buffer B 20 mM HEPES pH 7.0 + 1M NaCl
Flowrate Sample Application 20 mL min™
Gradient Gradient 1: 0-50% buffer B in 3250 mL ( 6

column volumes)
Gradient 2 : 50-100% buffer B in 1500 mL (

3 column volumes)

Device AKTA pure (GE Healthcare)

The fractions and flow-through were screened for enzyme activity as described in
section 4.1.. Pooled fractions were concentrated using the MiniKros Plus tangential flow
filtration module and Vivaflow 50 module with a MWCO of 10 kDa (Sartorius, Gottingen,
Germany) and finally centrifugal filters until a protein concentration of 10 mg mL™ was

achieved.

3.3. PROTEIN CHARACTERIZATION
3.3.1. Protein concentration

3.3.1.1. Bradford protein assay

The total protein concentration in the fermentation culture was determined using the
Bradford assay. The reagent and BSA standards were purchased from Bio-Rad Laboratories
(Hercules, California, USA) and prepared due to the manufacturer’s instructions. The assay
was performed by adding 600 pL of Bradford reagent and 15 pL of diluted sample in a
disposable cuvette and incubating it for 15 min at room temperature. For the measurements, a
Beckman Coulter DU 800 spectrophotometer (Beckman Coulter, Brea, California, USA) was
used, measuring the absorption at 595 nm. The protein concentration was calculated using a

calibration curve of BSA in the range of 0.1 — 1.0 mg mL™.
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3.3.1.2. NanoDrop™ 2000/2000c Spectrophotometer

To determine the total protein concentration of purified enzyme samples, the absorbance
at 280 nm was measured using a NanoDrop 2000/2000c spectrophotometer and the
concentration was calculated according to Lambert-Beer’s law. The extinction coefficient and
the molecular weight of the enzyme were determined from its amino acid sequence (GenBank
ID: AAA87594.1).

At first, the signal peptide was identified by the software tool "SignalP"
(http://www.cbs.dtu.dk/services/SignalP/) and removed. The sequence lacking the signal

peptide was used in another software tool "ProtParam™ (https://web.expasy.org/protparam/) to

calculate the extinction coefficient (35,3 mM™cm™) and the molecular weight (57.7 kDa).

Lambert-Beer's Law:
A= XcXd

A — absorption

& —molar extinction coefficient [Mcm™]
¢ —molar concentration [M]

| — pathlength [cm]

3.3.2. Copper loading

The amount of GLOX being loaded with copper was determinated by
spectrophotometric method using the zincon assay. For the calibration curve, CuCl; solution

was measured with the concentrations given in Table 9.
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Table 9. Standards concentrations

Standards
Stock concentration [uM] Final concentration [uM]

0 0

10 1

20 2

50 5
100 10
200 20
300 30
400 40

Calibration samples:
e 100 pL stock solution CuCl; (in HQ-H,0)
e 850 uL 4.71 M guanidine hydrochloride

e 50 pL zincon solution

The reaction was started by the addition of the Zincon solution. Samples were incubated

for 10 min at 21°C and the absorption was measured at 610 nm.

Before conducting the assay, to remove the storage buffer components, the enzyme

samples were re-buffered to HQ-H,O in centrifugal filters.

Enzyme samples:
e 75 uL enzyme suspension [2.2 pg mL™]
e 637.5 uL borate buffer with guanidine hydrochloride pH 9.0

e 37.5 pL zincon solution

The reaction and measurements were carried out in the same manner as for the
calibration samples. The absorbance recorded at 610 nm was compared with the calibration

curve generated with copper chloride.
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3.3.2.1. rGLOX reconstitution with Cu®*

Reconstitution was based on enzyme incubation with CuSQO, solution in different
concentrations. For the reconstitution, two different incubation conditions were tested and the
incubation lasted 23 h with activity measurements conducted after 3 h and 23 h. For the

activity measurements, the standard ABTS activity assay was used.

Table 10. Reconstruction conditions

Buffer CuSOgsolution [mMM] Incubation conditions [ °C]
Acetate buffer 50 mM pH 5.0 0 21
4
MES buffer 50 mM pH 6.0 0.1 21
4
Borate buffer 50 mM pH 9.0 1 21
4

3.3.4. Enzymatic assays

Enzymatic assays were measured spectrophotometrically either using a Perkin Elmer
Lambda 35 UV-Visible Spectrometer or an Agilent 8453 UV-visible spectroscopy system
(diode-array). The obtained result was the positive slope (increase) of the absorption at a
reagent-specific wave lenght. To convert the results into U mL™ | the slope was multiplied
with the enzyme factor (EF). One unit (1U= pmol min™) is defined as the amount of the
enzyme that catalyzes the conversion of one micromole of substrate per minute under the

specified conditions of the assay method.

(total cuvette volume x sample dilution x time factor)

B (enzyme volume x pathlength x molar absorption coefficient)

3.3.4.1. CDH activity assay with DCIP

e 100 uL 3 mM DCIP solution
e 100 pL 300 mM lactose solution
e 760 uL 100 mM Na-acetate buffer pH 4.0

e 20 uL sample (clear supernatant)

20



All solutions were pipetted into a 1 mL microcuvette except the sample and incubated at
30°C in a water bath for 20 min. The reaction was started by addition of sample and the

absorption was measured at 520 nm. Absorption coefficient () = 6.9 mM™cm™.

3.3.4.2. MnP activity assay using syringol (2,6-dimethoxyphenol)

e 100 puL 10 mM Syringol solution
e 100 uL 5 mM MnSQ,solution

e 10 uL 10 mM H,0; solution

e 770 uL 50 mM Na-tartrate pH 4.5

e 20 uL sample (clear supernatant)

All solutions were pipetted into a 1 mL microcuvette except the sample and incubated at
30°C in a water bath for 20 min. The reaction was started by addition of sample and the

absorption was measured at 469 nm. Absorption coefficient (€) = 53.2 mM™cm™.

3.3.4.3. LiP activity assay

e 100 pL 10 mM veratryl acohol
e 10 uL H,0, solution
e 870 uL 100 mM Na-tartrate pH 4.0

e 20 pL sample (clear supernatant)

All solutions, except H,O, and the sample, were pipetted into a 1 mL microcuvette and
incubated at 30°C in a water bath for 20 min. The reaction was started by addition of H,0,
and sample. The absorption was measured at 310 nm. Absorption coefficient (¢) = 9.3 mM"

tem™,

3.3.4.4. ABTS activity assay

e 3860 pL 50 mM MES buffer pH 6.0
e 100 uL ABTS/POD reagent

e 20 uL enzyme sample

e 10 uL 500 uM H,0, solution
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e 10 pL 1M methyl glyoxal solution

Buffer was aerated for 15 min and then added to a micro-cuvette in a water bath for 15
min at 30°C. ABTS/POD reagent was pipette in and incubated for 2 more minutes. After that,
all the other solutions were added except methyl glyoxal. The reaction was started by the
addition of methyl glyoxal and the absorption was measured at 420 nm. Absorption

coefficient (g) = 36 mM™cm™.

3.3.4.5. Amplex red activity assay

o 760 uL 50 mM MES buffer pH 6.0

o 100 uL 500 pM AMPLEX RED solution
e 100 uL POD (1428 U mL™)

o 10 uL 1M methyl glyoxal

o 10 uL 500 uM H,0; solution

. 20 pL enzyme

Buffer was aerated for 15 min and then added into a transparent plastic cuvette in a
water bath for 15 min at 30°C. POD reagent was pipette in and incubated for 2 more minutes.
After that, all the other solutions were added except the enzyme. The reaction was started by
the addition of enzyme and the absorption was measured at 571 nm. Absorption coefficient
(e) =63 mMem™.

3.3.4.6. DMP activity assay

. 850 uL 50 mM MES buffer pH 6.0
o 10 uL 100mM 2,6-DMP solution

e 100 uL POD (1428 UmL™)

o 10 uL 1M methyl glyoxal

e 10 puL 500 uM H,0; solution

o 20 uL enzyme [2.2 pg mL™]

Buffer was aerated for 15 min and then added into a transparent plastic cuvette in a
water bath for 15 min at 30°C. 2,6-DMP and POD solutions were pipetted in and incubated

for 2 more minutes. After that, all the other solutions were added except the enzyme. The
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reaction was started by the addition of enzyme and the absorption was measured at 469 nm.

Absorption coefficient (¢) = 53.2 mM™cm™.

3.3.4.7. TMB activity assay :

e 858 uL 50 mM Na-2,2-DMS buffer pH 6.0
e 100 pL POD reagent

e 2 ulL 50 mM TMB solution

e 10 pL 1M methyl glyoxal solution

e 20 puL enzyme [2.2 pg mL™]

Buffer was aerated for 15 min and then added into a transparent plastic cuvette in a
water bath for 15 min at 30°C. POD reagent was pipette in and incubated for 2 more minutes.
After that, all other solutions were added except the enzyme. The reaction was started by the
addition of enzyme and the absorption was measured at 650 nm. Absorption coefficient (g) =

59 mM™*em™.

3.3.5. ABTS radical and phenoxy radicals generation

ABTS radical and all phenoxy radicals were created using laccase from Botrytis aclada.
Five mililiters of 1 mM ABTS/phenoxy radical solution was prepared in 25 mM citrate buffer
pH 4.0 and converted by using 8.653 U of laccase. ABTS/phenoxy radical solution in the
presence of laccase was incubated for 3min at 30°C and then centrifuged for 10 min (4000
rpm, 4°C) in an Amicon centrifugal filter with a MWCO of 10 kDa for the purpose of laccase
removal. Oxidation success was detected spectrophotometrically using the NanoDrop
2000/2000c Spectrophotometer. Filtrate, ABTS radical solution, was aliquoted, frozen at -
80°C and stored at -20 °C, while penoxy radicals solutions were used directly in an enzymatic

assay.
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3.3.6. Quinones

All reactions were carried out in 50 mM MES buffer pH 6.0 and at 30°C. Quinone
solutions from (Table 7) were further diluted to stocks of 0.5 mM in HQ-H,O to minimize the
final concentration of DMSO in the cuvette. The final concentration of quinones was SuM

and the samples were measured in triplicates.

24



4. RESULTS AND DISCUSSION

Two major objectives are targeted in this thesis. The first goal was to conduct the
fermentation of the native fungus, P.chrysosporium, and to isolate the extracellular enzymes,
including GLOX, from the culture. The second part of the thesis was based on the
investigation of the physiochemical properties of recombinant GLOX (rGLOX) which was
produced by expression from P.pastoris and T.reesei.

4.1. FERMENTATION OF Phanerochaete chrysosporium AND PROTEIN
PURIFICATION

Pre-pre culture cultivation was performed on a PDA plate with daily growth monitoring.
After 10 days, it was observed that the mycelium had nicely overgrown the plate, causing the
end of further cultivation. Grown mycelium was used for the inoculation of liquid prepre-
cultures, where after three days formation of nicely shaped pellets has been observed (Figure
7). The pellets were homogenized and used for pre-culture medium inoculation. Cultivation
ended after two days with the formation of mycelium agglomerates (Figure 8). The flasks
were observed under the microscop for bacterial contamination. Three flasks without

contamination and with nicely grown mycelium were chosen for the fermentor inoculation.

Figure 7. Pre-pre culture Figure 8. Pre-culture
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Cultivation of native P.chrysosporium was performed on MCC and sawdust in a volume
of 10 L. The fermentation lasted for 8 days and was monitored daily. Hydrolytic activity in
the medium was measured every other day by a colleague. After 8 days, due to the excessive
amount of produced biomass, the uniform transport of oxygen and nutrients throughout the
medium was no longer possible, resulting in the decision to stop the fermentation. Harvesting
was carried out by filtration through filter paper using a vacuum pump and a Biichner funnel.
Because of the interest in extracellular enzymes, the filtrate was used in further purification
and analysis processes, while the remaining biomass was autoclaved and disposed properly.

After vacuum and tangential filtration, the remaining filtrate was purified performing

anion exchange chromatography with a DEAE column (Figure 9).
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Figure 9. AEX chromatogram

Elution was conducted in two gradients resulting in 19 fractions all together. The
volume of each fraction was 250 mL. The first peak represents the flow-through, all
components that were not bound to the column. To check if any of desired proteins did not
bind to the column these fractions were analyzed together with selected fractions of both
elution gradients. Fractions marked in Figure 10 were anlyzed and checked for protein

concentration and enzyme activity.
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The indicated fractions (Figure 10) were screened for the presence of several
oxidoreductases, namely for cellobiose dehydrogenase using the DCIP assay, manganese
peroxidase using syringol, lignin peroxidase using veratryl alcohol and GLOX using the
coupled ABTS/HRP assay. Unfortunately, all assays were completed with negative results,
which means that there was no activity of the required enzymes. Since the type and amount of
enzymes expressed by fungi depend on the carbon source type and amount of present oxygen,
what could be done differently is the usage of different carbon sources. For e.g. instead of
MCC, pure glucose or xylose could be used, which proved to be successful in other
publications (Kersten, 1990).

Despite the presence of oxidoreductases, the presence of hydrolases was also checked
and detected by the colleague in the flow-through and all the fractions (Table 11). Since the
main goal of this experiment was production and isolation of oxidoreductases but lack of
detectable activities thereof, no further purification was carried out, as the separation of
hydrolases was not the desired target at that time. Gradient fractions were pooled together and
as well as flow-through, concentrated to 10 mg mL™ and stored at -80°C as a hydrolysis
cocktail of P. chrysosporium.
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Table 11. Hydrolysis activity and protein concentration

Fraction Enzymatic activity Protein concentration
UmL™ Umg™ mg mL™
4 1.49 18.21 0.08
5 0.73 4.88 0.15
6 1.48 5.23 0.28
7 0.90 6.09 0.15
8 0.50 2.94 0.17
13 0.40 21.93 0.02
3 0.37 44.63 0.01
Flow-through 1.59 33.50 0.05

4.2. GLOX CHARACTERIZATION

4.2.1. ABTS assay and activation

When it comes to GLOX reactivation, in previous studies Kurek and Kersten (Kurek
and Kersten, 1995) tested the effect of lignin peroxidase and horseradish peroxidase on
rGLOX activity. The tests were performed with several different peroxidase substrates which
resulted in multiple and divergent effects on rGLOX activity. This led to the conclusion that
peroxidase itself has no effect on rGLOX, but that the oxidized peroxidase product actually
can act as an activator.

Throughout this thesis, as the main assay for rGLOX activity, an ABTS assay (3.3.4.4.
ABTS activity assay) together with HRP was used. Relying on the previously mentioned
conclusions of Kurek and Kersten (Kurek and Kersten, 1995) that the oxidation product is
actually activating rGLOX, the influence of HRP-oxidized product, ABTS radical, was tested.

In order to determine the ABTS radical activation power, an adjusted ABTS activity
assay was performed whereby the ABTS radical was used in exchange for H,O,. The results
(Figure 11) shows that the ABTS radical in a final concentration of 5 uM (blue line) has the
same effect on rGLOX activation as the addition of 5 uM of H,O, (red line), essential to
overcome the lag phase present in a sample where no additional H,O, was added (Figure 11).
The added amount of H,O; is not activating GLOX, but is immediately used by HRP which
subsequently oxidizes the ABTS molecules to the ABTS radicals which then activates
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rGLOX. Also, that is the reason why the measured absorbance of the samples with H,O, and
ABTS radical start at a higher initial absorbance than the sample without activator. What is
significant is the lag phase in the first 200 s of measurement time when there is no activator
present and the equal slope of the curves when maximum activity was reached after full
activation (either by the addition of the activator, ABTS radical, or by in situ generation of

ABTS radical over the course of the assay)(Figure 11).

Ag20nm

50 100 150 200 250 300 310
Time [ s

Figure 11. GLOX activity in the presence and absence of H,O, and ABTS

During the study of the ABTS radical activation potential, a great instability of the
ABTS radical was detected. Instability occurred depending of the buffer composition and due
to the strong illumination. According to the previously published data, ABTS radical
instability appears in "Good buffers", for example MES or TES, that catalyze the reduction of
the colored ABTS radical cation back to the reduced form causing a reduction of the
absorbance at 420 nm (McCoy-Messer JM and Bateman RC Jr. 1993).

These results were verified and confirmed in MES and MOPS buffers during which the
light sensitivity of the ABTS radical was detected. Namely, while performing the assays in
spectrophotometers it was observed that frequent shooting and the use of strong UV-light,
causes radical instability, which is why it is advisable to use only the VIS light that is
necessary for the measurement and to record it at slightly longer intervals (approximately

every 3-5 seconds).

29



4.2.2. Buffer testing

In order to see if certain buffer will affect the enzyme and to determine in which buffer

composition enzyme activity will be the highest, 11 different buffers shown in Table 12., were

tested at two different pH values, pH 5.0 and pH 6.0. All buffers were of the same molarity

(100 mM) and to determine enzymatic activity the ABTS activity assay was used (3.4.3.

Enzymatic assays).

Table 12. List of buffers used for testing

Phosphate buffer

Imidazole-HCI buffer
Tartrate buffer
Na-2,2-DMS buffer

Species (100 mM) pH
5.0 6.0
Oxalic acid X
Acetic acid X X
2.2-dimethyl succinic acid X X
Tartaric acid X X
Malic acid X X
Citrate X X
Imidazole-HCI X X
Phosphate X X
Histidine X X
MES X X
MOPS X
X — used buffer
MOPS buffer H
Oxalate buffer "
MES buffer . =
Histidine buffer " H
II
Citrate buffer 1 H
pH 6
Malate buffer ) H
pH5
i
. -
— —
||

Acetate buffer

-400

-200

0 200 400 600 800 1000 1200 1400 1600 1800
UmL?

Figure 12. Enzymatic activity in selected buffers at two different pH values
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From the obtained result, it is clearly visible that rGLOX is more active at pH 6.0 than
pH 5.0. The highest enzyme activity was detected in MOPS buffer at pH 6.0, followed by a
MES buffer, citrate buffer and sodium-2,2-dimethyl succinate buffer at the same pH value.

Inhibitory effect of phosphate buffer (pH 5.0 and pH 6.0) on enzyme activity (Figure
12), also has been observed before by Whittaker (Whittaker et al., 1996) and could be caused
by spherical phosphate effects, such as blocking the substrate access to the active site
(Whittaker et al., 1995). What appears to be a negative activity in histidine buffer at pH 6.0,
could potentially be a consequence of the instability of ABTS radical, because as the H,O; is
always added to the assay cuvette to overcome the lag phase, a certain amount of ABTS
radical is formed before reaction with GLOX is initiated. When there is no reaction with
GLOX, but the ABTS radical is reduced back by e.g. interaction with a buffer species or a
substrate, this is observed as a decrease in the absorbance at 420 nm, falsely indicating a
negative activity. But in order to be sure and to explain these results in more details, further
investigations need to be made and a better understanding of the enzymes active site is

required.

4.2.3. pH profile

After testing and detection of the buffer with the best effect on enzyme activity (Figure
12) was done, a pH profile for rtGLOX was measured ranging from pH 3.5 to pH 7.5 in
increments of 0.5 pH units. In order to get the most reliable results, the use of "Good buffers"
was avoided as far as possible, which is why MES buffer was not used. Table 13. shows
certain buffers that were ultimately used to measure the pH profiles. Among these buffers, it
can be seen that despite the aforementioned shortcomings, a "Good buffer”, namely MOPS,
was still used. The reason is that among the previously tested buffers only MOPS and
phosphate buffer were able to go higher than pH 7.0 and ABTS radical instability in "Good
buffers” had a significantly smaller effect on enzyme activity than the inhibitory effect of
phosphate buffer (Whittaker et al., 1996).
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Table 13. Buffers used for pH profile

Buffer (100 mM) pH values

Na-2,2-dimethylsuccinate buffer 3.5,4.0,45,5.0,55,6.0,6.5

Figure 13. GLOX pH profiles in P. pastoris and T. reseei

The pH profiles (Figure 13) were measured using the ABTS activity assay with rGLOX
from P.pastoris and T.reesei with each buffer having one to two overlapping points as control
points. From the obtained results (Figure 13) it is visible that profiles from both hosts are
quite similar with a rather narrow pH range (pH 5.0 - 7.0) for enzyme activity and a pH
optimum at pH 6.0. They coincide with the results published by Kersten and Kirk (Kersten
and Kirk, 1987) using the native GLOX from P.chrysosporium and with the results obtained
by measuring rGLOX activity of Pycnoporus cinnabarinus heterologously expressed in
Aspergillus niger (Daou et al., 2016). Deviations occur in relation to the results published for
rGLOX from P. chrysosporium heterologously expressed in P.pastoris (Son et al., 2012). In
this publication, pH 5.0 is stated as the optimal pH value and the deviation in the results may
be due to the use of MnP instead of HRP and the use of buffers of different compositions.
High standard deviations in samples of MOPS buffer (Figure 13) may be a consequnce of
ABTS radical instability in "Good buffers".
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4.2.4. Copper loading - Zincon assay

Formazan dye Zincon has long been known as an excellent colorimetric reagent for the

detection of zinc and copper ions in aqueous solutions. As a member of enzymes class CRO,

GLOX is a metalloenzyme containing one copper metal ion in its active site, which

is

required for its full activity. To determine the amount of copper present in the enzyme, Zincon

assay was used.

In order to be able to determine the concentration of copper, it is necessary to make a

calibration curve, which was made using CuCl; (Figure 14).
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Figure 14. Calibration curve generated with CuCl,

To examine the protein concentration present in a sample solution, in addition to 610
nm, absorption was simultaneously measured at 280 nm, too. From the obtained absorption
values, the present concentrations of the proteins and copper ions were calculated using the

Lambert-Beer law.

Table 14. Zincon assay data

Sample Absorbance Protein cu® Ratio
concentration concentration
0]
Azs0nm Ag10nm [uM] [uM] [%0]
P.pastoris 0.239 0.082 6.765 4552 65.9
T.reesei 0.356 0.092 10.081 5.349 51.7
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To be active, GLOX needs and can contain only one copper in its active site (Whittaker
et al.. 1996). Relaying on this data that previous studies confirmed, obtained values (protein
and copper concentrations) were put in a ratio to calculate the percentage of active enzyme
produced in P.pastoris and T.reesei. Ratios shows that 65.9% of rGLOX produced in P.
pastoris is active and 51.7% of rGLOX from T. ressei. These results (Table 14) are quite
similar with copper loading determined by Whittaker in 1999 (Whittaker et al., 1999),
although in this paper as method of detection atomic absorption spectroscopy was used.

4.2.5. rGLOX reconstitution with Cu®

Philip J. Kersten has reported that after GLOX was purified without Cu®* in the buffers,
a great loss of activity occured , but it was partially regained by incubation with 1 mM Cu®*
solution in 50 mM sodium 2,2-dimethylsuccinate buffer (pH 6.0) at 25 °C. It resulted with 5-
fold increase in activity in 1h with 50% of this activation occurring within the first 8 min
(Kersten, 1990).

In this study, the calculated ratios showed that a bit more than half of the enzyme
preparation was active, which leaves 34 — 48% of inactive enzyme. For that reason, an
attempt for rGLOX reconstitution was made. Reconstitution was carried out in a several
different conditions (Table 10) with activity measurements after 3 and 23 h from the

beginning of the incubation.

1400 1400
1200 B Acetate buffer 21°C 1200  Acetate buffer 4°C
1000 Acetate buffer 21°C 23h 1000 Acetate buffer 4°C 23h
= 800 MES buffer 21°C 2 800 MES buffer 4°C
> 600 MES buffer 21°C 23h > 600 MES buffer 4°C 23h
400 400
Borate buffer 21°C Borate buffer 4°C
200 200
0 Borate buffer 21°C 23h 0 Borate buffer 4°C 23h
0 2 20 0 2 20
mM mM

Figure 15. Enzyme activity at 21°C and 4°C

Nevertheless, the reconstitution attempt was not successful. Enzyme activity remained

the same or slightly decreased, but under any circumstances it did not increase (Figure 15).
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4.2.6. Substrate screening

The substrate specificity of GLOX is broad, with simple aldehyde, a-hydroxycarbonyl
and a-dicarbonyl compounds supporting activity. Kersten and Cullen (Kersten and Cullen,
1993) showed that GLOX acts primarily on sugar metabolites such as methylglyoxal and
glyoxal, but also was found to act on lignin degradation products such as glycoaldehyde.
Accordingly, the screening of several different compounds listed in Table 6 was performed

and all potential substrates were tested in a final concentration of 10 mM.

Veratryl alcohol [ |
Veratryl aldehyde il
Benzyl alcohol —i
L-Glyceraldehyde Hl
D-Glyceraldehyde [

2,3-butanediol

Cellobiose
1,3-propanediol
Formic acid
Dimethylglyoxal
D-Galactose
D-Glucose
Glycerin
Glyoxalic acid
Dihydroxyacetone
Glyoxal
Acetaldehyde
Formaldehyde
Methyl glyoxal

-10 10 30 50 70 90 110
[Umg?]

Figure 16. Screened substrates

The obtained screening results (Figure 16) confirmed previously reported results from
Kersten and Kirk (Kersten and Kirk, 1987), indicating that the highest activity was reached
with methylglyoxal. As in this study, Kersten and Kirk also used GLOX isolated from
P.chrysosporium, but deviations occured when the results were compared with the results
obtained from GLOX of Pycnoporus cinnabarinus (Daou et al., 2016). Two GLOXs of
P.cinnabarinus heterologously produced in A.niger, best specific activity have shown with
glyoxalic acid followed by methyl glyoxal, while specific activity of GLOX isolated from
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P.chrysosporium for glyoxalic acid is not that significant (Figure 16, Kersten and Kirk, 1987).
That proves the difference between the substrate specificity and the alternative mechanism
existing in a different fungi. In all previously mentioned studies, the inability of rGLOX to
oxidize sugars and alcohols (Figure 16) have been shown and negative activity of certain
samples, as previously described in chapter 4.2.2., is likely a consequence of high sensitivity

and instability of ABTS radical in certain solutions.

4.3. ACTIVATOR ASSAY ESTABLISHMENT

For the purpose of testing numerous compounds as a potential activators of GLOX, a
new activity assay needed to be established. The reason why ABTS activity assay was not
suitable for that purpose is that active HRP uses ABTS as an electron donor during the
reduction of hydrogen peroxide to water. The resultant product is ABTS radical and as it has
been shown before, ABTS radical itself activates rGLOX making it difficult to use as a
GLOX-activator-screening system. For this reason, the main intention was to establish an

assay in which the HRP reaction product will not interfere with GLOX.

4.3.1. TMB assay

The attempt to establish the TMB assay was based on the standard ABTS assay used
throughout the study. The assay was adapted by using 3,3',5,5’-Tetramethylbenzidine (TMB)
as a HRP substrate instead of ABTS reagent. The main challenge was to find an appropriate
final concentration of TMB at which no precipitants would occur because, with its
appearance, it is not possible to measure the absorbance reliably. This was achieved with a
final concentration of 100 uM TMB. As a proven activator (Figure 11), ABTS radical

solution (10 uM) was used and as a negative control an activator-free sample was run.
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Figure 17. TMB assay with ABTS radical (sample) and without ABTS radical (negative controle)

The reaction was run at the diode array photometer because of its capability for a whole
spectrum detection. In the first half of the reaction, peak growth at 650 nm was observed
(Figure 17) and after 50-60 minutes, the maximum was reached. Shortly after, the peak started
to decrease while a new peak at 450 nm was increasing, which shows the formation of a
second product.

Due to the previous studies, the oxidation of TMB takes place in two stages (one-
electron oxidation and two-electron oxidation), yielding products with different colors (blue
and yellow). As a product of the one-electron oxidation, a blue-color product (cation free
radical) is formed, which is detected at 650 nm, while a second-electron oxidation product is a
yellow-colored diimine with absorption at 450 nm. Reaching the maximum absorption at 650
nm (after 50-60 minutes, Figure 17 with ABTS radical) corresponds to the molar correlation
of % mol of H,O, / 1 mol of TMB and the second stage of oxidation ends when
approximately equimolar concentrations of H,O, and substrate are reached, after which the

concentration of yellow product remains constant (Josephy et al., 1982).
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Figure 18. TMB assay time drive

As a proven activator, ABTS radical was used and the absence of lag phase was
expected in that sample. According to the obtained results (Figure 18) the lag phase is present
and it is accompanied by a noticable decrease at the very beginning of the reaction (first 2-3
min). The instability of the ABTS radical in the used "Good buffer" and concomitant
oxidation of GLOX by ABTS radical causing its reduction, could lead to a decrease of the
absorption signal.

In the negative control sample, the addition of an activator was omitted so no reaction
should have taken place. The obtained results show (Figure 18) that the reaction proceeded,
only much slower. Because of these disadvantages, presence of the lag phase in a sample with
activator and slow, but still ongoing reaction in a sample without any activator, TMB has not
proven to be a suitable reagent for a plausible activity assay. To know how TMB exactly
interferes with GLOX and what causes the obtained results, further and more detailed

investigates are necessary.
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4.3.2. Amplex red assay

HO o) OH HO (o) O
Peroxidase/H,0,
> 2
N N

H,C” 0

Amplex Red Resorufin

10-acetyl-3,7-dihydroxyphenoxazine 7-hydroxy-3H-phenoxazine-3-one
(Non-fluorescent) (Fluorescent)

Figure 19. Oxidation of non-fluorescent Amplex Red into highly fluorescent resorufin using

hydrogen peroxide and peroxidase (Kulys, 2008)

Amplex Red reagent is a colorless HRP substrate that reacts with hydrogen peroxide to
produce resorufin. Resorufin is a highly fluorescent compound that can be detected
spectrophotometrically at 571 nm. In order to prove that resorufin does not have any
activating effect on rGLOX, ABTS activity assay was performed using H,O, and ABTS
radical as a positive control and an activator-free sample as a negative control. Because of the
presence of lag phase with the same duration as in the negative control, the obtained results

(Figure 19) show that resorufin has no effect on rGLOX.
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Figure 20. Results of an activity assay performed with resorufin
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Despite the proven fact that resorufin is not activating GLOX, the establishment of an
Amplex red assay was not successful. The main reason for the failure was resorufin's
instability at pH 6.0, detected by a rapid color fading in a short time period. pH value suitable
for resorufin's stability is pH 7.0, but at this pH activity of rGLOX decreases dramatically and

therefore, the Amplex red was also not suitable for an assay establishment.

4.3.3. 2,6-DMP assay

/H
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oV Ay Jacs
()]
O La |
O 1HO, 2HO ‘

Q
O H/

2 2,6-DMP 2 2,6-DMP radical 1 Hydrocoerulignone 1 Coerulignone
Figure 21. 2,6-DMP oxidation (Breslmayr et al., 2018)

The last attempt to establish a new assay was with 2,6-dimethoxyphenol (2,6-DMP).
HRP is oxidizing 2,6-DMP into coerolignone, a highly colored product (orange), using two
molecules of H,O,. The formation of coerulignone involves two steps and starts with the
oxidation of two 2,6-DMP molecules, spontaneously dimerizing into a dimer
(hydrocoerulignone). In the second step, the formed hydrocoerulignone molecule is oxidized
to the chromogenic compound coerulignone, whose absorption can be detected at 469 nm
(Breslmayr et al., 2019).

During the measurement, after the addition of H,O,, in a period of 10-20 min, a great
loss of color was observed. This may be a consequence of background reaction (coerolignone
-> hydrocoerolignone - 2,6-DMP) due coerolignone instability at the assay conditions. For
the reasons stated above, unfortunately, 2,6-DMP was also not suitable for the assay

establishment.
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4.4. rGLOX ACTIVATION

Due to the previous studies GLOX is reversibly inactivated during the purification, but
can be reactivated when coupled to peroxidase system (LiP and HRP) (Kurek and Kersten,
1995). Since it has been reported that rGLOX is activated by the products from peroxidase
oxidation, one goal in this thesis was to identify potential activators of rGLOX. Due to the
GLOX participation in the process of lignocellulose degradation, the compounds that
potentially can occur during this process in its natural environment were tested first.

Despite the proven activation potential of ABTS radical, because of the unsuccessful
attempts to establish an assay that will serve to detect activators without the usage of ABTS
reagent, for further testing the regular ABTS activity assay was used. Determining whether a
particular molecule activates rGLOX or does not activate it, was based on occurance and

comparison of a lag phase.

4.4.1. Quinones

Table 15. Quinones tested for activation of GLOX (Kracher et al., 2016)

Quinone E%

(mV vs.SHE)
Tetrafluoro-p-benzoquinone 706
Methoxy-1,4-benzoquinone 144
2.6-Dimethyl-1,4-benzoquinone 148
2.6-Dimethoxy-1,4-benzoquinone 225
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Figure 22. GLOX activity measurements testing various quinones as activators

In the measurements H,O, and ABTS radical were used as positive controls and a
sample without any activator as a negative control. Due to the presence of lag phase in all
samples and almost in the same duration as in the sample of negative control, it can be said
that quinones do not have the ability to activate rGLOX. The reason may be that the reduction
potentials of quinones (Table 14) are lower than the redox potential of rtGLOX (E'/?= 0.64 V
vs. NHE, pH 7.0) (Whittaker et al., 1996), which is why they were unable to transfer electrons
to rGLOX, its active state being the oxidized state.

4.4.2. Phenoxy radicals

Despite the fact that rGLOX activation by the lignin peroxidase system with veratryl
alcohol has been proven by measuring the O, consumption during the reaction (Kersten,
1990), due to the inability of the laccase to oxidize veratryl alcohol, this compound could not
be tested with the spectrophotometric assay use din this thesis. All other phenoxy radicals

from Table 7. were successfully generated using the laccase from Botrytis aclada. In every
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compound solution 5-fold excess of laccase was added and after completion of the oxidation

process, the enzyme was removed using the Amicon centrifugal filters.
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Figure 23. GLOX activity measurements testing various phenoxy radicals as activators

From tested acids, ferulic acid stood out as an activator more potent than H,0,.
Consequently, the reaction was repeated without the addition of the enzyme where the activity
was still higher than with the H,O,. From the obtained results it can be concluded that ferulic
acid is highly reactive with the ABTS solution itself, which is why results are not reliable and
the testing cannot be performed using the ABTS activity assay. Also, as evidenced by the
presence of the lag phase in a duration equal to the sample without any activator, none of the

other tested compounds proved to be a successful activator of rGLOX (Figure 23).
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Figure 24. GLOX activity measurements testing various phenoxy radicals as activators
From the rest of the tested compounds, TEMPO stands out with a slightly higher

activation ability, but as in the case of other compounds, the lag phase is still present, so the

overall activating effect is not considered significant (Figure 24).
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5. CONCLUSIONS

Relying on the results obtained and processed in this thesis, the following conclusions

can be drawn:

1.

In the fermentation medium from native organism Phanerochaete chrysosporium,
glyoxal oxidase and other oxidoreductases could not be detected, but the presence of
different hydrolases was determined, so they were purified and stored as a enzyme

cocktail of P. chrysosporium.

The pH profile of rGLOX was measured for enzyme samples from both hosts,
Pichia pastoris and Trichoderma reseei, thereby determining an optimum pH value

at pH 6.0 in both cases.

An ABTS radical and phenoxy radicals were successfully generated using the
laccase from Botrytis aclada .

ABTS radical impact on rGLOX activity was investigated and activation ability was
determined. Also, its high sensitivity and instability dependent on the buffer

composition and strong illumination has been discovered.

In the GLOX samples from both expression hosts, only 52-66% of the enzymes
were found to containe a copper ion required for fully activity in their active site. An
attempt to reconstitute the enzyme, loading it with copper and thus increasing the

percentage of active enzyme, unfortunately failed.

GLOX catalyzes the oxidation of a number of simple aldehydes and o-hydroxy
carbonyl compounds, but it is not oxidizing sugars. Among the different substrates
that have been tested, the highest activity was found with methylglyoxal.

Due to the proven activation ability of ABTS radical for rGLOX, in order to test
potential activators, an attempt to establish a new assay independent from ABTS
was made. Unfortunately, this establishment did not complete successfully and for
further use ABTS activity assay was used. The detection of potential activation
ability was based on the occurrence and duration of the lag phase.
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8. Different types of chemical compounds present during the lignin degradation
process have been tested as a potential activators of rGLOX, but unfortunately no

activation ability has been identified.
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