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Abstract

Abstract

The decrease in the amount of the fossil fuels and significant environmental issues arisen from their
consumption drives our currently fossil fuel-based society towards more sustainable sources.
Lignocellulose is the most abundant sustainable biomass on earth. It has a very promising potential for
the production of renewable fuels and chemicals. Two of the main components of lignocellulosic
material, cellulose and hemicellulose, are evaluated for the use in industrial processes since they can
be degraded easily by identified enzymes and chemical hydrolysis. However, at present very little is
known about lignin, the third component of the lignocellulosic material. Insufficient knowledge and
technology in lignin degradation, in part due to its recalcitrant nature, prevents industry from fully
exploiting the potential of this polymer. The effort shown in the last decades about enzymatic lignin
degradation has provided many bacterial and fungal organisms, eventually specific enzymes, which
take part in efficient lignin degradation in the nature. Promising enzymes from bacteria and fungi have
been identified; however, many drawbacks and difficulties stand between these enzymes and efficient

exploitation of them in the industrial processes.

The main objective of this dissertation was to establish a versatile set of knowledge-based lignin-
degrading enzymes from oxidoreductases to B-etherases and to achieve the heterologous expression
of those enzymes to develop efficient methods for enzymatic lignin degradation. For this purpose,
individual lignin-degrading enzymes were selected and heterologously expressed initially in E. coli.
Expression yields of certain enzymes were improved by changing the host to P. fluorescens. The
recombinant enzymes were purified via immobilized metal affinity chromatography and characterized
using simple lignin-model substrates. Following basic characterization assays, which helped to
understand the best conditions for the activity assays, the recombinant enzymes were tested with
more complex lignin-model compounds and polymeric Kraft lignin. Two different immobilization
methods were applied successfully to a laccase as a model for the recycling of these enzymes to reduce
the production costs. Eventually a directed evolution library for a DyP-type peroxidase was created
and an ultra-high-throughput method based on FACS was developed to screen the library for the

variants with higher H,0; stability.

This dissertation presents efficient heterologous expression of bacterial lignin-degrading enzymes and
offers ways to obtain a decent amount of recombinant enzymes. Most of the expression yields
reported here represent the highest yields achieved so far in the literature, which gives the flexibility
of performing a wide range of activity assays with simple and complex lignin-model compounds and
polymeric lignin samples from different sources. Immobilization and protein engineering were applied
to the selected enzymes to develop advanced methods for improving the activity and stability of lignin-

degrading enzymes economically.
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Zusammenfassung

Die Abnahme der Menge an fossilen Brennstoffen sowie erhebliche Umweltprobleme, die sich aus
ihrem Verbrauch ergeben, treiben unsere derzeit auf fossilen Brennstoffen basierende Gesellschaft zu
nachhaltigeren Quellen. Lignocellulose ist die am haufigsten vorkommende nachhaltige Biomasse auf
der Erde und besitzt ein vielversprechendes Potenzial fiir die Produktion von erneuerbaren
Kraftstoffen und Chemikalien. Zwei der Hauptbestandteile des Lignocellulosematerials, Cellulose und
Hemicellulose, werden fir die Verwendung in industriellen Prozessen verwendet, da sie leicht durch
identifizierte Enzyme und chemische Hydrolyse abgebaut werden kénnen. Uber Lignin, die dritte
Komponente des Lignocellulosematerials, ist derzeit jedoch nur sehr wenig bekannt. Unzureichendes
Wissen und Technologie im Ligninabbau, zum Teil aufgrund seiner widerspenstigen Natur, verhindert,
dass die Industrie das Potenzial dieses Polymers vollstdndig ausnutzt. In den letzten Jahrzehnten
konnte bereits gezeigt werden, dass viele bakterielle und pilzliche Organismen spezifische Enzyme
bereitstellen, die an einem effizienten Ligninabbau in der Natur beteiligt sind. Vielversprechende
Enzyme aus Bakterien und Pilzen wurden identifiziert; es bestehen jedoch viele Nachteile und
Schwierigkeiten zwischen diesen Enzymen und ihrer effizienten Verwendung in den industriellen

Prozessen.

Das Hauptziel dieser Dissertation war es, ein vielseitige Set wissensbasierter Lignin-abbauender
Enzyme von Oxidoreduktasen zu B-Etherasen bis zu etablieren und heterolog zu exprimieren, um
effiziente Methoden fiir den enzymatischen Ligninabbau zu entwickeln. Zu diesem Zweck wurden
einzelne ligninabbauende Enzyme ausgewahlt und zunachst heterolog in E. coli exprimiert. Die
Ausbeuten bestimmter Enzyme wurden verbessert, indem P. fluorescens als Expressionssystem
verwendet wurde. Die rekombinanten Enzyme wurden Gber immobilisierte
Metallaffinitatschromatographie  gereinigt  und unter  Verwendung  von einfachen
Ligninmodelsubstraten charakterisiert. Nach den grundlegenden Charakterisierungsassays, die dazu
dienten, die optimalen Bedingungen fiir die Aktivitdtsassays zu identifizieren, wurden die
rekombinanten Enzyme mit komplexeren Lignin-Modellsubstraten und polymerem Kraft-Lignin
getestet. Um die Produktionskosten zu senken, wurde eine Laccase exemplarisch mittels zweier
unterschiedlicher Methoden immobilisiert, sodass eine Moglichkeit zum Recycling besteht. Schlieflich
wurde eine gerichtete Evolutionsbibliothek fiir eine DyP-Peroxidase geschaffen und eine Ultra-
Hochdurchsatz-Methode auf FACS-Basis entwickelt, um die Bibliothek auf Varianten mit hoherer H,0,-

Stabilitat zu untersuchen.

Diese Dissertation prasentiert eine effiziente heterologe Expression von bakteriellen Lignin-
abbauenden Enzymen und bietet Moéglichkeiten, um eine ausreichende Menge an rekombinanten

Enzymen zu erhalten. Die meisten der hier angegebenen Expressionsausbeuten stellen die héchsten
2
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bisher erzielten Ausbeuten in der Literatur dar, was die Flexibilitdt der Durchfiihrung eines breiten
Spektrums von Aktivitatsassays mit einfachen und komplexen Lignin-Modellsubstraten und polymeren
Ligninen aus verschiedenen Quellen ermoglicht. Immobilisierung und Protein-Engineering wurden auf
die ausgewahlten Enzyme angewendet, um fortgeschrittene Verfahren zur wirtschaftlichen

Verbesserung der Aktivitat und Stabilitat ligninabbauender Enzyme zu entwickeln.
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1.0 Introduction

1.1 Lignocellulose

The energy and feedstock requirements of modern society have traditionally been dependent on
petroleum-based fuels such as oil, coal, gas and various petrochemicals. However, nowadays these
energy sources are approaching severe depletion, which is accompanied by the proportional increase
in the prices (Bauer et al., 2016). In addition to this fact, there are many evidences showing that these
energy sources are not environmentally friendly and there is an unequivocal correlation between the
consumption of fossil energy sources and increasing greenhouse effects with increasing carbon dioxide
emissions. Adverse consequences such as increase in land temperature and sea levels can be also
counted as some of the many negative contributions of fossil sources to nature (Brecha, 2008; Zakzeski
et al., 2012). Together with the aforementioned effects of fossil fuels (Figure 1), decreasing amounts
of the reserves have directed the society into the search for sustainable energy, including alternative

carbon sources as novel feedstocks (Marechal et al., 2005).

Biofuels, most commonly bioethanol and biodiesel, offer plant-based solutions for energy requirement
and a chance to reverse the environmental deterioration. However, biofuels are majorly produced
from corn kernels, sugarcane or soybean oil (Schubert, 2006). The increasing consumption of
agricultural products and lands for the production of biofuels brings the discussion of water-land-food
competition forward. Approximately 4% of the actual agricultural land, accompanied by almost equal
amount of world’s fresh water, is being used to supply the needs for biofuel production. The given
amount of land and water could be sufficient to feed one-third of the malnourished population of the
world (Rulli et al., 2016). Increasing competition between food and energy, together with the
unfavorable outcomes contributing to the climate change, attentions has been given to changing the
type of sustainable feedstock, which can also supply the demands for biofuel production or even for

building blocks heavily used for industrially important chemicals.

Lignocellulose is the most sustainable biomass on earth (Moreno et al., 2015). The exploitable fractions
of this valuable biomass are cellulose, hemicellulose and lignin (Isikgor & Becer, 2015). Unlike the
aforementioned agricultural products, lignocellulose does not compete with the food supply
(Valentine et al.,, 2012). Lignocellulose as a potential feedstock for biofuels and building blocks
comprises the non-edible part of almost all plants including the agricultural waste. Lignocellulose is

expected to substitute fossil-based fuels in the near future (Van Dyk & Pletschke, 2012).
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Figure 1: The big picture of energy consumption and its adverse outcomes on economics and environment
(Bauer et al., 2016; Statistics, 2011). A: Primary energy consumption (before dashed line: 1990-2005, after
dashed line: 2005-2100), B: Increase in the prices of the fossil fuels oil natural gas and coal (before dashed line:
1980-2011, after dashed line: 2011-2100), C: Carbon dioxide (CO2) concentration scenarios in the next century
(Bauer et al., 2016), D: Fossil fuel energy-related CO2 emissions between 1990 and 2035 (Statistics, 2011).
Projections of E: Sea-level increase and F: Temperature change since 1990 (Bauer et al., 2016). BAU: Business-as-
usual scenario.
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Cellulose, a homopolymer of B-1,4-linked glucose, is the main structural polysaccharide of the plant
cell wall (Figure 2). It comprises 30-50% of the dry mass of lignocellulose. The linkages between the
glucose units, which build up the polymer, can be depolymerized by microbial cellulases (Sukumaran
et al., 2005). Hemicellulose comprises 15-30% of the plant cell wall. It consists of pentoses and hexoses
such as xylose, arabinose and mannose. Hemicelluloses can be degraded into their monomers by
diluted acid or base hydrolysis and also by microbial hemicellulases (Abdel-Hamid et al., 2013). The
third component, which occupies up to 15-30% of the plant cell wall, is lignin (Figure 2). Lignin has a
very complex nature, in that it is resistant to degradation. It evolved to give plants the structural rigidity

during the adaptation to the terrestrial life (Vanholme et al., 2010).
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Figure 2: The main components of lignocellulose and their building blocks (Isikgor & Becer, 2015). The most
sustainable and abundant biomass on earth is lignocellulose. Lignocellulose is made of three components:
cellulose, hemicellulose and lignin. Cellulose is a B-1,4-linked glucose homopolymer. Hemicellulose consists of Cs
and Cs sugars connected by various linkages. Lignin is the sole non-carbohydrate component of lignocellulose
made of phenylpropanoid subunits.
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Unlike cellulose and hemicellulose, lignin is a non-carbohydrate aromatic polymer. Depending on the
lignin source, one, two or three of the phenylpropanoid monomers come together by coupling
reactions in order to build up the lignin polymer (Abdel-Hamid et al., 2013). The main phenylpropanoid
monomers or monolignols are namely coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol (Figure
3), which are synthesized from phenylalanine obtained from the shikimate biosynthetic pathway in the
plastid (Rippert et al., 2009; Vanholme et al., 2010). The monolignols incorporated into the lignin
polymer structure are named as guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units (Figure 3).
Lignin polymers of different origins can contain different combinations of these three components.
Hardwood lignins (dicotyledonous angiosperm) consist majorly of G and S units and trace amounts of
H units, whereas softwood (gymnosperm) lignins are built mostly by G units with low levels of H units.
Grasses (monocots) consist of almost equal amounts of G and S units and relatively more H units than
dicots (Baucher et al., 1998). However, exceptions can be always encountered. There can be even one
type of lignin polymer, which is built by merely one type of subunit such as lignins from gymnosperms
that are built by only G-units (Uzal et al., 2009). Many different linkages exist in the incorporated
structure of lignin polymer (Figure 4). The most abundant inter-unit linkage is the $-0-4 (B-aryl ether)
linkage, which is also the one cleaved most easily by enzymes and chemical catalysts. Besides B-O-4
linkage, there are B-5, B-B, 5-5, 5-0O-4 and B-1. These linkages are both chemically and enzymatically
more difficult to break than the B-aryl ether linkage. The type of lignin monomer controls the amount
of a certain linkage in the polymer. G-units tend to link via more resistant -5, 5-5 and 5-0-4 linkages

in comparison to the S-units (Boerjan et al., 2003).

__OH _OH _OH
| : ~o HaC ~o~ """l::::::' L O
OH OH  CHj OH éH;;
p-Coumarylalcohol Coniferyl alcohol sinapyl alcohol
I 1 1
A A )
|::;;_.- ~o H4C o~ | °
0O 0 CHy 0 (liH;«
p-Hydroxyphenyl unit {H) Guaiacyl unit (G) syringyl unit ()

Figure 3: The monomers, which build lignin polymers and corresponding units within the incorporated lignin
polymer structure (modified from Abdel-Hamid et al., 2013).
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species and cells. An arrow indicates each related bond.

Nowadays most of the lignin polymer is obtained from the paper and pulp industries as a by-product.
Lignocellulosic biomass including agricultural waste and biomass fractionation for various purposes
also contribute to the amount of lignin obtained yearly, which is not valorized efficiently. However, an
effective lignocellulosic biomass valorization strategy (Figure 5) should cover the exploitation of all
three components (Jorgensen et al., 2007). Most of the lignin is either combusted in order to provide
power for the cellulose fermentation plants (Schubert, 2006) or is chemically modified and used in
chemical industry such as phenolic binder powder resins, polyurethane foams, epoxyresins,
biodispersants and others (Lora & Glasser, 2002). The efficient depolymerization of this under-utilized
highly-sustainable biopolymer has a potential to lead the industrial production of high value-added
products such as vanillin, ferulic acid, vinyl guaiacol, optically active lignans, monolignol dimers
(Ghaffar & Fan, 2014) and p-coumaric acid (Tapin et al., 2006). However, currently vanillin is the sole
industrial product that is produced from lignin at a decent commercial scale and able to compete with
the vanillin produced from the feedstocks of petrochemical origin (Balan, 2014). The major obstacle
preventing the efficient industrial valorization of lignin is the lack of methods for the complete
degradation of the polymer. Using an individual enzyme or a chemical catalyst for lignin degradation
does not yield in complete depolymerization of the polymers, since each enzyme or catalyst is specific

for merely one type of linkage breakdown in lignin.
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Figure 5: A scheme of ideal lignocellulosic biomass exploitation by the conversion of the subunits into the
value-added products (adapted from Jorgensen et al., 2007). The (hemi)-cellulose part of the lignocellulosic
biomass is pretreated and hydrolyzed to fermentable sugars and lignin is depolymerized to the monomers
resulting in value-added products such as biofuel and bulk chemicals. Alternatively, the rest of lignin following
the enzymatic or chemical cleavage can either be burned to provide energy to the whole biomass valorization
plant or can be converted into chemicals to feed other processes.

The difficulties in the lignin valorization processes mostly arise from the heterogeneity in the monomer
units and type of linkages. The type of linkages and physicochemical properties of isolated lignin
polymer is majorly affected by the methodology used for extracting lignin from the total lignocellulose
fraction. Therefore, following valorization procedures are also affected by the preparation techniques.
Several techniques are used frequently for the extraction such as acidic and alkaline pulping. Acidic
pulping is carried out with aqueous bisulfite and some additional chemicals such as either sodium,
magnesium hydroxide or calcium hydroxide (Gratzl & Chen, 2000). At the end of the procedure lignin
is obtained as lignosulfonate together with certain amount of degraded carbohydrates (Gierer &
Ljunggren, 1979). Alkaline pulping can be achieved by two individual processes: Kraft process, being
the most dominant one, and soda process (Chakar & Ragauskas, 2004). Alkaline pulping process
resembles the acidic pulping process as lignin is dissolved in black liquor in both processes (Gierer &
Wannstrom, 1986; Kondo & Sarkanen, 1984). In the Kraft process, aqueous sodium hydroxide is used
together with sodium sulfide, thus lignin is obtained as lignin phenolate. The Bergius-Rheinau process
uses concentrated hydrochloric acid at low temperatures resulting in a lignin sample that is insoluble
in water and very poor in functional groups. The hydrochloric acid used in the acidic pulping can be
recovered by an extraction process (Baniel & Eyal, 2010). Another common pretreatment method is
steam explosion. This method is applied to redistribute lignin by exploding fibrous fraction. In a
following step lignin can be extracted by an aqueous alkali or organic solvent (Jorgensen et al., 2007).
Lignin can be also isolated relatively easier than other methods by treating the lignocellulosic biomass
by mixture of an organic solvent and water. The drawback of the method, which is called organosolv
pulping, is the requirement for elevated temperatures (Johansson et al., 1987; N, 1971). In addition to

the methods described thus far, more methods are being developed at pilot-scale or even lab-scale i.e.
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using dilute acid for hydrolysis, by employing ionic liquids, superheated steam or supercritical water
etc. (Liu, 2010; TAO, 2012; van Groenestijn et al., 2012; Yu et al., 2008). Mechanical comminution can
be applied on lignocellulose samples in order to reduce the particle size and crystallinity, however, the
methodology is not economically feasible because of the high energy requirements (Saritha et al.,

2012). Lignin isolation techniques, types of lignin polymers and their properties are summarized in

Figure 6.
Acidic pulping <:I Biomass pretreatment methods |:> Hydrolysis
= Lignosulfonates = Hydrolysis lignin
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Figure 6: Biomass pretreatment methods and the type of lignin obtained from each method (adapted from
Bruijnincx et al., 2016).

In addition to the pretreatment techniques where the biomass is processed by chemical or physical
forces, delignification can be also achieved biologically by the hydrolysis of the lignocellulosic sugars
(Hatakka, 1984; Saritha et al., 2012; Woolridge, 2014). Biological delignification offers several
advantages over the abovementioned techniques such as no harsh effects for environment, mild
reaction conditions, low energy requirement, less complicated reactor design, higher product yield and
lower side products which can have inhibiting effects on ongoing reactions or in further fermentation
steps (Moreno et al., 2015). However, it can be difficult to achieve effective hydrolysis of the sugars
because of the poor accessibility caused by the recalcitrant lignin barrier. Therefore, additional steps
might be required to increase the accessibility to hemicellulose and cellulose and to increase the

solubility of the given components.
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1.2 Lignin-degrading enzymes

In nature, degradation of lignocellulosic biomaterial takes place by the participation of various
enzymes from a certain organism or most of the time by the synergism of different enzymes of
different origins (Bornscheuer et al., 2014). The depolymerization of lignin is among all other
components the bottleneck as it is also the case for the pretreatment processes. Studies focused on
the biological degradation of lignin go back to the 1980s. The first identified lignin degrading enzymes
were peroxidases from the white rot fungus Phanerochaete chrysosporium (Glenn et al., 1983; Tien &
Kirk, 1983). Afterwards, many different enzymes were identified and characterized. Although, it is
known that both bacteria and fungi can take part in lignin degradation, only one class of organisms,
White-rot Basidiomycetes, is able to achieve a complete lignin depolymerization and the
mineralization of the degradation products. White-rot Basidiomycetes have a set of extracellular
enzymes consisting of unspecific peroxidases, oxidases and reductases, which show activity in the
presence of certain low molecular mass compounds mediating the reactions (Isroi et al., 2011;
Martinez et al.,, 2005). Mediators are important for local lignin modification, because the lignin-
degrading enzymes might be too large to penetrate in the condensed biomass structure (Pollegioni et

al., 2015).

Particularly in the last decades, many bacterial and fungal lignin-degrading organisms and even insects
have been identified as lignin-degrading organisms. Promising enzymes of bacterial and fungal origin
have been expressed in order to characterize them further and to understand the function of these
enzymes (Alam et al., 2014; Bugg et al., 2011b; Call, 1992; Farrell et al., 1987). Today, lignin-degrading
enzymes (Figure 7) are divided into two major groups; heme peroxidases and laccases. As an additional
group, B-etherases have also been shown to be effective lignin-degrading biocatalysts (Picart et al.,
2015). There are more enzymes such as glucose oxidases, glyoxal oxidases and veratryl alcohol
oxidases, which do not participate directly in lignin depolymerization, however, they help other
enzymes by providing required molecules as hydrogen peroxide for example, or by reducing methoxy
radicals generated by the peroxidases and laccases (Green, 1977). Esterases are another significant
group of supporting enzymes that act on the junction groups between lignin and carbohydrates
(d'Errico et al., 2015). Thus, the esterases are required for efficient total biomass depolymerization or
biological delignification through the degradation of lignin-carbohydrate complexes (LCC) (Jeffries,
1990).

Heme peroxidases consist of two sub-groups that belong to different superfamilies. The first heme
peroxidase superfamily comprises lignin peroxidase (LiP; EC 1.11.1.14), manganese peroxidase (MnP;
EC 1.11.1.13) and versatile peroxidase (VP; 1.11.1.16), which are typically produced by fungi.
(Hofrichter et al., 2010).
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Figure 7: The lignin subunits that are attacked by lignin-degrading enzymes and the most common reaction
mechanisms for each enzyme (modified from Lambertz et al.,, 2016). The bulky lignin polymer structure
represents part of an organosolv lignin. Both superfamilies of lignin-degrading enzymes (heme peroxidases and
laccases) can oxidize phenolic lignin subunits. Laccase requires the presence of a mediator to oxidize non-
phenolic lignin subunits succesfully. Lignin peroxidase, versatile peroxidase and DyP-type peroxidase do not
require a mediator to attack non-phenolic structures. Manganese peroxidase and versatile peroxidase oxidize
phenolic lignin subunits via the oxidation of manganese (Mn2* - Mn3*). The inset box shows heme peroxidases
reducing H20:2 to water to catalyze the oxidative reactions, whereas laccases reduce molecular oxygen to water,
which is accompanied by the oxidation of the substrates or mediators. B-etherases act on aryl ether linkages
independent of the phenolic or non-phenolic character of the groups. Depending on the type of B-etherase,
glutathione (GSH) or glutathione disulfide (GSSG) is required for the reaction. The atoms and bonds of the
phenolic and non-phenolic lignin subunits are highlighted in bold within the bulky structure. med: mediator, sub:
substrate.

Non-phenolic structures are thought to be degraded by LiP due to its high redox potential. MnP can
oxidize phenolic model compounds via the oxidation of Mn?* to Mn3*. VP is so called because it
combines the catalytic properties of LiP and MnP (Abdel-Hamid et al., 2013). The second heme
peroxidase superfamily comprises the dye-decolorizing peroxidases (DyP; EC 1.11.1.19), which also
oxidize non-phenolic and phenolic B-0-4 lignin-model compounds (Sugano, 2009). Although the first
DyP was isolated from fungi, subsequent genome sequence analysis has revealed that this superfamily
of enzymes is also prominent in bacteria (Colpa et al., 2014). DyPs typically require hydrogen peroxide
to form the oxo-ferryl intermediates of the enzymes, which subsequently oxidize the mediator or the

substrate.

Unlike peroxidases, laccases (EC 1.10.3.2) reduce molecular oxygen to water using the copper atoms
located within the active center to oxidize the mediator or substrate. Phenolic lignin units are oxidized

directly whereas non-phenolic subunits are oxidized via a redox mediator system to overcome the low
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redox potential of laccases. The potential applications of laccases in lignocellulose degradation have
been reviewed comprehensively in comparison to other lignin-degrading enzymes (Munk et al., 2015;

Roth & Spiess, 2015).

B-etherases are members of glutathione-S-transferases. As non-radical ligninolytic enzymes being able
to cleave the most dominant intermolecular linkage arylglycerol-b-aryl ether bond (Adler, 1957), B-
etherases hold a great potential for biological lignin valorization (Picart et al., 2014). Despite their
potential and catalytic properties, the number of studies about the identification and characterization
of fungal or bacterial B-etherases is very limited. The reported B-ethreases consist of a fungal member
from the genus Chaetomium (Otsuka et al., 2003), bacterial members from the soil a-proteobacterium
Sphingobium paucimobilis SYK-6, and some other from different bacterial species (Picart et al., 2014).
The fungal enzyme was reported to be extracellular and active on B-aryl ether bonds in two lignin
model dimers and a polymeric synthetic lignin (Otsuka et al., 2003). LigE, LigF and LigP are three
enantioselective B-etherases from S. paucimobilis (EC 2.5.1.18) and are able to cleave B-aryl ether bond

in the presence of glutathione (Masai et al., 2007; Masai et al., 1999; Tanamura et al., 2011).

In the last years, enzymes from fungi have been studied more comprehensively than those from
bacteria since fungi had been shown to be more effective in lignin degradation and mineralization.
However, recent studies suggest that, bacteria are also able to degrade lignin and that they produce

potentially important bacterial peroxidases, laccases and B-etherases.

DyP-type peroxidases: TfuDyP, DyPB, SSHGDyP

DyP-type peroxidases comprise a relatively novel class of heme-containing lignin-degrading
peroxidases (Singh & Eltis, 2015). The first member of the superfamily that had been described was a
fungal DyP. However, further genomic studies have asserted that the number of DyPs in bacteria is
even higher than the counterparts in eukaryotes (Colpa et al., 2014). Currently, DyPs are divided into
four main sub-groups. Class A DyPs contain a Tat-type signal sequence, class B and C DyPs are known
to be cytoplasmic and class D DyPs represent the fungal members of the family (Yoshida & Sugano,
2015). There is an additional sub-group, which is not always included in the classification. DyPs in this
sub-group, class E, are relatively less characterized and have a stress-response function (Singh & Eltis,
2015). DyPs were initially known by their ability to degrade anthraquinone dyes and to oxidize a range
of phenolic substrates (Sugano, 2009). Following studies revealed the potential of DyPs in lignin
degradation. Several members of DyPs were shown to be responsible for lignin degradation in nature
and activities on lignin-model compounds were also confirmed (Ahmad et al., 2011; Rahmanpour &

Bugg, 2015a).
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TfuDyP represents one of the most comprehensively characterized bacterial DyPs from the
thermophilic organism Thermobifida fusca XY. It was first described by van Bloois and colleagues and
shown to bear a Tat-type signal peptide, which is a particular feature for class A DyP-type peroxidases
(van Bloois et al., 2010). The enzyme possesses the typical structural DyP properties such as the
conserved GXXDG motif, which is a part of the heme-binding region and crucial for the peroxidase
activity (Colpa et al., 2014). Further characterization and crystallization studies revealed significant
structural and catalytic properties and showed that TfuDyP can oxidize Kraft lignin and a B-aryl ether
lignin model compound to a dimer. Regarding its broad substrate specificity and activity on complex
model compounds and polymeric lignin, TfuDyP is a promising biological catalyst for further biomass

valorization applications.

DyPB was identified by bioinformatical analysis of the genome sequence of Rhodococcus jostii RHA1
(Roberts et al., 2011). Further characterization and activity analyses showed that DyPB is active on
lignin-model compounds and Kraft lignin (Ahmad et al., 2011). Just like TfuDyP, DyPB has also been
investigated comprehensively. The specificity of the enzyme was analyzed for a wide range of organic
substrates. Different from other DyPs, DyPB was shown to be able to oxidize Mn?* by kinetic and
spectroscopic analyses, which is a feature for fungal MnPs. The X-ray crystal structure of DypB was

also determined, revealing the substrate access and putative active site residues.

The SSHGDyP gene was revealed following the genome analysis of Streptomyces albus JA10 genome
(zaburannyi et al., 2014). SSHGDyP was annotated to be an extracellular DyP; however, the expression
of the enzyme in S. albus was not reported yet. There is also no report about the heterologous

expression of the enzyme in other organisms.

Sclac

Laccases are the largest subgroup of the multi-copper oxidase protein superfamily (lhssen et al., 2015).
They can oxidize a broad range of substrates including phenolic compounds, azo dyes, aromatic
amines, non-phenolic substrates (mostly with the help of mediators), anilines and aromatic thiols, and
recalcitrant environmental pollutants (Canas & Camarero, 2010; Majumdar et al., 2014; Margot et al.,
2013; Widsten & Kandelbauer, 2008). Each monomeric laccase contains four copper atoms located at
three different positions, namely the type 1 (T1), type 2 (T2) and the binuclear type 3 (T3) copper sites.
All of them are involved in the oxidation of substrate molecules accompanied by the reduction of
molecular oxygen to two molecules of water (Thurston, 1994). The copper atoms bind histidine
residues that are conserved among the laccases of different organisms (Claus, 2003; Luis et al., 2004).
The T1 copper gives the laccase its blue color and is responsible for the final oxidation of the substrate.

Electrons are transferred from the T1 copper site to the T2/T3 sites, where molecular oxygen is
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reduced to water. The T1 copper is characterized by its absorbance at 610 nm whereas the T3 copper
shows a weak absorbance at 330 nm. The T2 copper is colorless but it can be detected by electro-

paramagnetic resonance spectroscopy (Gunne & Urlacher, 2012a; Thurston, 1994).

Laccases are used in many biotechnological processes in the paper and pulp, textile, pharmaceutical
and petrochemical industries, and for the bioremediation of industrial wastes (Chandra & Chowdhary,
2015; Morozova et al., 2007; Munk et al., 2015; Rodriguez Couto & Toca Herrera, 2006; Roth & Spiess,
2015). Laccases can be combined with laccase mediator systems (LMS) such as 1-hydroxybenzotriazole
(HBT) and 2, 2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) for the pretreatment and
depolymerization of lignocellulosic biomass (Call & Mucke, 1997; Canas & Camarero, 2010). Digestion
of the cellulose fraction of a lignocellulose sample can be increased after decomposing the lignin
fraction by laccases (Chen et al., 2012a). In the presence of HBT, lignin can be removed from whole-
woody and non-woody feedstocks to increase sugar and ethanol yields (Gutierrez et al., 2012). By
combining ABTS with a laccase, the lignin fraction of a wheat straw sample can be degraded selectively

after applying a steam explosion pretreatment (Qiu & Chen, 2012).

Although laccases are ubiquitous, research has focused mainly on fungal laccases because many
different isozymes have been identified, particularly among the white-rot fungi. Following the
identification of the first bacterial laccase (Givaudan et al.,, 1993) many further examples were
discovered (Chandra & Chowdhary, 2015). The properties of bacterial laccases, such as their
enantioselectivity, stability at high pH and high temperatures, and a broader pH range are advantagous
for industrial applications. Further, the large-scale production of fungal laccases is challenging because
of the slow growth rates of fungi. These factors have made bacterial laccases a valuable alternative to

fungal laccases (Ausec et al., 2011; Bugg et al., 2011b; Chandra & Chowdhary, 2015).

The extracellular expression of Sclac in its native host was previously carried out in the submerged
culture for 10 days and the laccase was purified by 5 sequential steps (Arias et al., 2003). The enzyme
showed activity on a range of phenolic substrates, on veratryl alcohol via ABTS as the mediator (Arias
et al., 2003), and even in Kraft pulp biobleaching (Arias et al., 2003) and micropollutant degradation
for waste water treatment (Margot et al., 2013). However, the activity of the enzyme was 20 times
lower when compared to the fungal laccase from Trametes versicolor (Margot et al., 2013). Although,
the enzyme presented promising catalytic properties against phenolic and non-phenolic substrates,
the heterologous expression of the enzyme and applications towards biological lignin valorization have

not been reported in the literature so far.
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B-etherases: LigE and LigF

Ligk and LigF are two well-characterized bacterial B-etherases from S. paucimobilis that are dependent
on glutathione and belong to the glutathione-S-transferase (GST) superfamily. Enzymes in the
superfamily of GSTs are involved in a broad range of detoxifying processes, including xenobiotics
(Allocati et al., 2009; Hayes et al., 2005). Lig and LigF genes are tandemly located together with
another GST LigG in the genome of S. paucimobilis SYK-6 (Masai et al., 1999). However, in the B-aryl
ether cleavage pathway of S. paucimobilis there are more enzymes including several stereospecific
alcohol dehydrogenases that are dependent on four nicotinamide adenine dinucleotide (NADH)
(Figure 8). Masai et al. used a lignin-model compound, a-(2-methoxyphenoxy)-B-
hydroxypropiovanillone (MPHPV), to understand the exact function of LigE and LigF in lignin
degradation mechanism achieved by the organism. According to the assays, LigF and LigE catalyze the
nucleophilic attack of glutathione on the carbon atom at the B position of MPHPV, however, each
enzyme attacks a different enantiomer of the racemic MPHPV preparation (Picart et al., 2015). Picart
et al. recently used LigF and LigE to mine the databases and obtained four novel B-etherases. The group
provided more evidences that LigF and LigE are active on various B-aryl ether lignin-model compounds
and artificial polymeric lignin structures (Picart et al., 2014). Further assays towards the lignin-
degrading activities and stereoselectivities of the B-etherases were also carried out by Gall et al. It was
shown that with racemic B-aryl ether-linked model substrates, LigE cleaves only the (R)-enantiomer,

whereas LigF cleaves only the (S)-stereoisomer (Gall et al., 2014).
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Figure 8: B-aryl ether cleavage pathway in S. paucimobilis via guaiacyl-a-veratrylglycerol (GVL) model
compound (Picart et al., 2014). NADH-dependent LigD, LigL, LigN, and LigO oxidize the Ca-hydroxyl group of the
GVL diastereomers that are subsequently cleaved by the B-etherases LigE, LigF, and LigP, which yield two
enantiomeric glutathione (GSH) conjugates (GS-BVG). LigG is the glutathione lyase that uses GSH to liberate
veratrylglycerone (VG) from GS-B(S)VG through the formation of glutathione disulfide.
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1.3 Directed evolution of lignin-degrading enzymes

Directed evolution is a technology platform, which is used to modify or improve certain characteristics
of enzymes without necessariliy requiring prior knowledge about the protein structure (Garcia-Ruiz et
al., 2014). It can be applied to an enzyme by following four main experimental steps: generation of the
diversity, cloning and transformation in heterologous host, screening for improved variants, and
isolation of the mutant and the gene responsible for the enhanced property (Matsuura & Yomo, 2006).
Random mutagenesis by error-prone PCR or recombination by DNA shuffling are two frequently used
methods for the generation of diversity (Shivange et al., 2009; Wong et al., 2006). Based on the
performance of the variants obtained from the screening of each library, diversity generations can be
repeated as many times as required to obtain an even better and improved variant. To detect the best
performing variants creating a high-quality mutant library and developing an efficient screening system
that reflects the property of interest are very important and essential steps. In most of the directed
evolution studies, lack of an effective high-throughput screening method is the main bottleneck in
finding improved variants (Wong et al., 2005). Microtiter plate (MTP) and agar plate assays for
enzymatic activity detection are most commonly used screening methods. MTP assays can be easy to
develop and carry out, however, the number of the variants that can be screened is restricted (103-
10°) and they can be expensive and time consuming (Becker et al., 2004; Longwell et al., 2017; Olsen
et al., 2000; Ostafe, 2013). Agar plate assays are straightforward and economic, but the activity of the
variants cannot be assayed quantitatively (Leemhuis et al., 2009). As an alternative to MTP and agar
plate assays, flow cytometry makes it possible to screen more than 107 variants in a very short time
(Aharoni et al., 2005) with a rate of 100,000 cells per second (Givan, 2001). The technique provides
detection and analysis of fluorescent signals generated by particles as they flow in a liquid stream past
an illuminating laser beam. Optical and fluorescence characteristics of cells can be measured and
resolved for a certain sample population (Brown & Wittwer, 2000). The signal detection, however, is
limited to fluorescence and the product of the enzymatic reaction needs to stay connected to the cells
responsible for producing it. This can be achieved by binding or the intercalation of the fluorescent
dyes (Becker et al., 2004) or creating artificial compartments around the cells. Lipovsek et al. used the
tyramide-fluorescein assay to stain yeast cells by binding fluorescence-labeled tyramine. This
fluorescent assay combined with the display of a horseradish peroxidase (HRP) on the yeast surface
provided a high-throughput (HTP) screening assay based on fluorescence activated cell sorting (FACS)
without the requirement of cell compartmentalization and decreased the possibility of cross-activity

between the cells (Lipovsek et al., 2007).

Directed evolution of lignin-degrading oxidoreductases promises great improvements towards

industrial applications by changing their substrate specificity, increasing their stability at the elevated
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temperatures or in the presence of industrial denaturants and against high concentrations of hydrogen
peroxide (Rahmanpour & Bugg, 2016). Nevertheless, the number of studies about the engineering of
bacterial lignin-degrading enzymes are very low due to lack of suitable heterologous expression hosts
and HTP assays. A few studies have been conducted recently on a bacterial laccase CotA, and the
substrate specificity and functional expression of the enzyme was improved successfully (Brissos et al.,
2009; Gupta & Farinas, 2009; Gupta et al., 2010; Gupta et al., 2011; Koschorreck et al., 2009). Neither
fungal nor bacterial DyPs were used previously in directed evolution experiments for improving the
enzyme characteristics. So far, only a small number of fungal heme-peroxidases were used in directed
evolution studies to improve the stability against higher concentrations of hydrogen peroxide, the
stability in the presence of organic solvents, the stability at elevated temperatures, the catalytic
activity, and the functional expression and secretion (Cherry et al., 1999; Garcia-Ruiz et al., 2012;
Houborg et al., 2003; Miyazaki-Imamura et al., 2003; Morawski et al., 2001; Patel & Hecht, 2012; Ryu
et al., 2008a; Ryu et al., 2008b). In all cases S. cerevisiae had been chosen as heterologous expression
host and sometimes also for the generation of the diversity (Gonzalez-Perez et al., 2012). The host
facilitates the introduction and recombination of point mutations and provides an efficient secretory
machinery and possibility for complex post-translational modifications (Garcia-Ruiz et al., 2014). It is
also possible to display the proteins on the surface of S. cerevisiae cells by using a special plasmid called
pCTcon2 (Chao et al., 2006), which can accelerate the high-throughput screening processes and keeps

the connection between genotype and phenotype.

1.4 Objectives of the Research

Lignin is the most under valorized component of lignocellulosic biomass due to the lack of knowledge
and technologies for degradation. One of the major problems in the field of biological lignin
depolymerization is to obtain sufficient amount of biological catalysts to investigate efficient methods.
The main objective of this thesis is to develop high-yield heterologous expression strategies for a
versatile set of lignin-degrading enzymes in suitable host system/s to investigate efficient methods for
biological lignin depolymerization. The experiments described in this thesis constitute a
comprehensive comparison of different heterologous expression strategies based on the application
of leader peptides, changing the position of the affinity tags and changing expression host from most
commonly used bacterial host Escherichia coli to Pseudomonas fluorescens. The following work will
discuss the ways to produce lignin-degrading enzymes efficiently and will provide assays using bacterial
recombinant enzymes against complex model substrates and polymeric lignin samples. The methods
for modifying the recombinant enzymes via immobilization or protein engineering will be also
discussed as an alternative platform to obtain enhanced biocatalysts to develop advanced methods

for efficient biological lignin valorization. The outline of the objectives are summarized in Figure 9.
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= TfuDyP = Ligk = Tfubyp * LigkE
= DyPB = LigF = DyPB = LigF
= SSHGDyP " SSHGDyP
= Sclac " Sclac

[ Selection of the best expression strategy ]

" Expression yield vs specific activity

[Characterization of the purified recombinant enzymes ]

= Optimum pH & °C
= Enzyme stability

[Activity tests]

= Simple and complex model compounds
= Polymeric lighin

[Engineering of the selected enzymes ]

= Decreasing production costs
= |ncreasing enzyme stability

Figure 9: The flowchart of the work described in this thesis. The experimental steps of the thesis are summarized
for each main point of the experimental procedures. It starts with the selection of the lignin-degrading enzymes,
followed by three heterologous expression strategies, the characterization of the enzyme’s properties and
specific activities and leads into an engineering approach for enhanced features.
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2.0 Results

2.1 Expression of selected lignin-degrading enzymes in E. coli

Considering the structure of lignin and the linkages that build it up, a versatile set of lignin degrading
enzymes were selected. Particular emphasis has been placed on the enzymes which are able to modify
B-O-4 linkages because they are ubiquitous in lignin sources from many different species (Nichols et
al., 2010). At least one member of each major group (heme-containing peroxidases, laccases and B-
etherases) was included in the enzyme set to achieve a comprehensive catalysis of the complex model
substrates and polymeric lignin samples. The progress indicating the significance of the bacterial lignin-
degrading enzymes and the ease to produce these enzymes influenced the selection of certain
enzymes in this thesis. Therefore, three bacterial DyP-type peroxidases, one bacterial laccase and two
bacterial B-etherases were selected to be used in further experiments. The selected enzymes, their
origin organisms and properties were summarized in the following table (Table 1).

Table 1: Enzymes that have been chosen for heterologous expression in an E. coli and a Pseudomonas

fluorescens host system. The enzymes, their origin and the type of lignin linkage they are capable of modifying
are given.

Enzyme Origin Reaction

DyP-type peroxidase Thermobifida fusca TM51 Oxidation of non-phenolic lignin model
(TfuDyP) compounds and B-0-4 linkages

DyP-type peroxidase Streptomyces albus 1104 Oxidation of non-phenolic lignin model
(SSHGDyP) compounds and B-0-4 linkages
Peroxidase DyPB Rhodococcus jostii RHA1 Oxidation of non-phenolic lignin model
(DyPB) compounds

Laccase Streptomyces cyaneus CECT Catalysis of both phenolic and non-
(ScLac) 3335 phenolic lignin model compounds
B-etherase Sphingobium paucimobilis Degradation of B-aryl ether linkages
(ligE) SYK-6

B-etherase Sphingobium paucimobilis Degradation of B-aryl ether linkages
(ligF) SYK-6

The TfuDyP encoding nucleotide sequence (UniProt Q47KB1) was amplified from the isolated genomic
DNA of Thermobifida fusca YX. The coding sequences of DyPB (UniProt QO0SE24), SSHGDyP (UniProt
D6B600) and ScLac (UniProt F6L7B5) were codon optimized for the expression in E. coli and obtained
by gene synthesis. In order to transport the DyPs and the laccase into the periplasmic space of E. coli,
further modifications were carried out when required and the genes were cloned into the pET-22b(+)
bacterial expression vector system. The native Tat signal peptide within the TfuDyP coding sequence

and the pelB leader peptide of the pET-22b(+) plasmid were implicated in the expression cassettes of
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two individual expression constructs. In addition, another construct lacking any kind of leader peptides
(TfuDyP-cp) was prepared to check the effect of the signal sequences on the heterologous expression
levels TfuDyP. The DyPB coding sequence comprised no native signal peptide, therefore, merely the
pelB leader peptide of the pET-22b(+) vector was used to direct the protein in the periplasmic space
of E. coli. SSHGDyP and SclLac were reported to be secreted enzymes (Arias et al., 2003; Zaburannyi et
al., 2014). Thus, the codon optimized synthetic nucleotide sequences of these enzymes were cloned
into pET-22b(+) initially without any leader peptides in the expression cassette. However, in a parallel
strategy, the enzymes were also cloned with the pelB leader peptide into the pET-22b(+) vector to
compare the expression yields. Codon optimized and synthesized sequences of the B-etherases, LigE
and LigF, were cloned into pET-22b(+) without any leader peptides since they are known to be
cytoplasmic enzymes. All constructs harbored a Hisg-tag at the C-terminus for later immunodetection
and purification. In addition, LigE and LigF were also designated to harbor an N-terminus Hise-tag as
individual constructs. Test expressions were carried out in small scale (20 ml) for each enzyme to
determine the optimal culture conditions (Table 2) for the following protein expression in higher
volumes (500 ml). The temperature was varied between 12°C and 37°C, the expression time was varied
between 3 h and 20 h, and the IPTG concentration was varied between 0.04 mM and 0.5 mM. Various
E. coli strains were also used as host systems to optimize the expression vyields: E. coli BL21-
CodonPlus(DE3)-RIL, BL21 Star(DE3), SHuffle Express, ArcticExpress, Rosetta-gami 2(DE3)pLysS, and
NiCo21(DE3).

The enzymes were expressed under optimal conditions in 500 mL culture volume and purified by one-
step IMAC. The elution fractions obtained from the IMACs were analyzed by SDS-PAGE (5-12%
polyacrylamide gels) and western blot (detection by using an a-His antibody and GAR??). The fractions,
for which strong protein signals were detected, were pooled and dialyzed to remove the imidazole.

Protein concentrations were determined and expression yields were calculated.

The IMAC chromatograms of TfuDyPs show that all enzymes were eluted from the column at
approximately same imidazole concentration independent of the used construct (type of signal leader
peptide). However, the strength of the eluted protein bands might vary depending on the expression

yield and purification efficiency.

21



Results

Table 2: Optimal culture conditions (Induction ODsoo, IPTG concentration, expression temperature and expression duration), E. coli strain used for the heterologous expression
of the lignin-degrading enzyme constructs and the corresponding expression yields. cp: Cytoplasmic, pelB: Pectate lyase B of Erwinia carvotora CE, Tat: Twin-arginine

translocation pathway.

Enzyme Hisg-tag Leader E. coli strain Induction IPTG Expression Expression time Expression yields
ODsoo mM temperature h ~mg protein L
[FESiTET EEELES °C expression culture
TfuDyP C-terminus Tat BL21-CodonPlus(DE3)-RIL 0.6 0.5 30 16 6.0
C-terminus pelB BL21-CodonPlus(DE3)-RIL 0.6 0.5 30 16 6.0
C-terminus cp BL21-CodonPlus(DE3)-RIL 0.6 0.5 30 16 20.0
DyPB C-terminus pelB BL21 Star (DE3) 0.6 0.04 20 20 18.0
C-terminus cp BL21 Star (DE3) 0.6 0.04 20 20 4.0
SSHGDyP C-terminus pelB BL21 Star (DE3) 0.6 0.04 20 20 3.5
C-terminus cp BL21 Star (DE3) 0.6 0.04 20 20 5.0
Sclac C-terminus pelB BL21 Star (DE3) 0.6 0.04 20 20 3.5
C-terminus cp BL21 Star (DE3) 0.6 0.04 20 20 104.0
Lige C-terminus no BL21-CodonPlus(DE3)-RIL 0.6 0.5 30 16 2.0
N-terminus no BL21-CodonPlus(DE3)-RIL 0.6 0.5 30 16 5.5
LigF C-terminus no BL21-CodonPlus(DE3)-RIL 0.6 0.5 30 16 3.0
N-terminus no BL21-CodonPlus(DE3)-RIL 0.6 0.5 30 16 16.0
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Figure 10: SDS-PAGE and western blot analysis of the IMAC purification fractions of TfuDyP-cp (A, B), TfuDyP-
Tat (C, D) and TfuDyP-pelB (E, F). Elution fractions: 1-6 for TfuDyP-cp, 1-11 for TfuDyP-Tat and TfuDyP-pelB, FT:
Flow through, W: Washing after sample application, M: Molecular mass marker (A-B: P7711S, C-F: P7712S, NEB)
and C(+): Positive control (a Hiss-tagged recombinant protein sample). SDS-PAGE analyses (A, C, E) were carried
out using 12% polyacrylamide gels (6.2.10) and the detections for western blot analyses (B, D, F) were done with
an a-His antibody and GAR*? (6.2.11). The number indicated above each well corresponds to different elution
fraction for each IMAC. SDS-PAGE and western blot for the IMAC purifications of the TfuDyP-cp construct was
carried out by Laura Grabowski as a part of her Bachelor thesis.

Both SDS-PAGE and western blot analyses of the elution fractions revealed a dominant band around
46 kDa for TfuDyP-cp, which corresponds to its calculated mass (Figure 10A, B). The eluted protein
sample bands of TfuDyP-Tat and TfuDyP-pelB cannot be distinguished easily by Coomassie staining
because of lower amounts of purified proteins. However, western blot analyses revealed two distinct
but very close bands for both constructs (Figure 10C-F). This shows that two different forms of TfuDyP-

Tat and TfuDyP-pelB were present in the expression cultures. The first form is the unprocessed
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precursor of the protein, which has a higher molecular mass. The one, which has a lower molecular
mass, results after signal peptide cleavage and transportation to the periplasmic space of E. coli (van
Bloois et al., 2010). Other minor signals on the SDS-PAGE gels or western blot membranes might be
degradation or aggregation products of the proteins of interest or contaminating proteins from the
host lysate that retained in the column via unspecific interaction even after excess washing. The
expression yields were determined as ~20 mg, ~6 mg, and ~6 mg purified protein per L of expression
culture for TfuDyP-cp, TfuDyP-Tat and TfuDyP-pelB, respectively. The results show that TfuDyP was
expressed best when there was no leader peptide included at the N-terminus of the protein coding

sequence. However, the type of signal sequence did not have any influence on the expression yields.
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Figure 11: SDS-PAGE and western blot analyses of the IMAC purification fractions of DyPB-cp (A, B) and DyPB-
pelB (C, D). Lanes 1-11 or 1-9: Elution fractions, FT: Flow through, W: Washing after sample application, M:
Molecular mass marker (A-B: P7712S, C-D: P7711S, NEB), C(+): Positive control (a Hiss-tagged recombinant
protein sample). SDS-PAGE analyses (A, C) were carried out using 12% polyacrylamide gels (6.2.10) and the
detections for western blot analyses were done with an a-His antibody and GAR*? (6.2.11). The number indicated
above each well corresponds to different elution fraction for each IMAC.

DyPB was expressed successfully in the soluble phase both with pelB leader peptide and without any
leader peptide. The purification of the construct with the pelB leader peptide resulted in two forms of
the protein (Figure 11C, D) like TfuDyP-Tat or -pelB. The products of both constructs were purified by
IMAC successfully and prominent bands were detected around 40 kDa (Figure 11A-D), which is slightly
higher than the calculated molecular mass of DyPB (37 kDa). The signals obtained for the flow through
and washing fractions of DyPB-pelB show that some parts of the protein of interest did not bind to the

column efficiently, therefore, washed away before the elution. Additional bands obtained in the
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elution fractions can be aggregation and/or degradation products of DyPB-cp and DyPB-pelB or
contaminating proteins from the host lysate that retained in the column via unspecific interaction even
after excess washing. The expression yields of DyPB-cp and DyPB-pelB were determined as ~4 mg and

~18 mg purified protein per L of expression culture, respectively.
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Figure 12: SDS-PAGE and western blot analyses of the IMAC purification fractions of SSHGDyP-cp (A, B) and
SSHGDyP-pelB (C, D). Lanes 1-10: Elution fractions, FT: Flow through, W: Washing after sample application, M:
Molecular mass marker (P7711S, NEB), C(+): Positive control (a Hiss-tagged recombinant protein sample). SDS-
PAGE analyses (A, C) were carried out using 12% polyacrylamide gels (6.2.10) and the detections for western blot
analyses (B, D) were done with an a-His antibody and GAR*? (6.2.11). The number indicated above each well
corresponds to different elution fraction for each IMAC.

The SDS-PAGE and western blot analyses of the purified enzyme preparations of cytoplasmic and
periplasmic SSHGDyP confirmed the expression of soluble proteins for both variants (Figure 12).
Stronger signals detected by western blot analyses and higher number of elution fractions where
protein of interest was detected suggested higher expression yields for SSHGDyP-cp (~36 kDa). When
SSHGDyP was expressed with the pelB leader peptide, two individual bands were detected as proteins
of interests. This is expected as observed for previous constructs. However, the heterologous
expression of the enzyme, which was reported as extracellular, yielded merely single bands (Figure
12B). Heterologous expression yields were calculated as ~5.0 mg and ~3.5 mg purified protein per L
of expression culture for SSHGDyP-cp and SSHGDyP-pelB, respectively. Several bands were observed
below the proteins of interest on the western blot membranes, which could be degradation products.
Signals obtained for flow through and wash fractions indicate weak interaction of SSHGDyP with the
column resin.
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Figure 13: SDS-PAGE and western blot analyses of the IMAC purification fractions of ScLac-cp (A, B) and ScLac-
pelB (C, D). Lanes 1-11 or 1-13: Elution fractions, FT: Flow through, W: Washing after sample application, M:
Molecular mass marker (A-B: P7711S, C-D: P7712S NEB), C(+): Positive control (a Hiss-tagged recombinant
protein). SDS-PAGE analyses (A, C) were carried out using 12% polyacrylamide gels (6.2.10) and the detections
for western blot analyses (B, D) were done with an a-His antibody and GAR*? (6.2.11). The number indicated
above each well corresponds to different elution fraction for each IMAC. SDS-PAGE and western blot analyses
for the IMAC purifications of ScLac-pelB construct was carried out by Louisa Kauth as a part of her Bachelor thesis.

An SDS-PAGE analysis of the purified enzyme revealed strong bands for the elution fractions of ScLac-
cp near the 70 kDa marker agreeing with the predicted molecular mass of 69.5 kDa. High expression
yields up to 104 mg L? purified protein per L of expression culture were achieved by heterologous
expression. However, both SDS-PAGE (Figure 13A) and western blot analysis (Figure 13B) show many
additional bands, which might be degradation products of the protein of interest. On the contrary, the
IMAC of SclLac-pelB resulted in only a few elution fractions where the recombinant protein was
detected. The lesser number of elution fractions and weaker signals of protein of interest obtained by
western blot analysis correlated with the calculated expression yield of up to 3.5 mg purified protein

per L expression culture.
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Figure 14: SDS-PAGE and western blot analyses of the IMAC fractions of LigE with C-terminus Hiss-tag (A, B)
and with N-terminus Hise-tag (C, D). SDS-PAGE (left) and western blot analysis (right) of the fractions obtained
from the IMAC. Lanes 1-9: Elution fractions, FT: Flow through, W: Washing after sample application, M: Molecular
mass marker (P7712S, NEB), C(+): Positive control (a Hise-tagged recombinant protein sample). SDS-PAGE
analyses (A, C) were carried out using 12% polyacrylamide gels (6.2.10) and the detections for western blot
analyses (B, D) were done with an a-His antibody and GARA? (6.2.11). The number indicated above each well
corresponds to different elution fraction for each IMAC.
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Figure 15: SDS-PAGE and western blot analyses of the IMAC purification fractions of LigF with C-terminus Hise-
tag (A, B) and LigF with N-terminus Hiss-tag (C, D). Lanes 1-9 or 1-11: Elution fractions, FT: Flow through, W:
Washing after sample application, M: Molecular mass marker (A-B: P7711S, C-D: P7712S, NEB), C(+): positive
control (a Hise-tagged recombinant protein sample). SDS-PAGE analyses (A, C) were carried out using 12%
polyacrylamide gels (6.2.10) and the detections for western blot analyses (B, D) were done with an a-His antibody
and GAR”? (6.2.11). The number indicated above each well corresponds to different elution fraction for each
IMAC.
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Both B-etherases, ligk and ligF, were expressed successfully in the soluble fractions and purifed by
IMAC via the Hise-tag located on both of the termina (Figure 14 and Figure 15). Wider bands on SDS-
PAGE gels and stronger signals on western blot membranes were detected for both of the B-etherases
containing the affinity tag at the N-terminus. When the affinity tag was located at the C-terminus, the
expression yields were calculated as ~2.0 and ~3.0 mg purified protein per L of expression culture for
Lig and LigF, respectively. When the affinity tag was placed at the N-terminus, the expression yields
increased up to 5.5 and 16.0 mg purified protein per L of expression culture for LigE and LigF,
respectively. Changing the location of the affinity tag from C-terminus to the N-terminus led to an

increase of about 2-3 fold.
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Figure 16: SDS-PAGE and Western-Blot analyses of the IMAC purification fractions of E. coli BL21 Star (DE3)
cells (A, B) and E. coli BL21-CodonPlus(DE3)-RIL (C, D) carrying the empty pET-22b(+) vector. Lanes 1-9: Elution
fractions, FT: Flow through, W: Washing after sample application, M: Molecular mass marker (P7712S, NEB), C(+):
Positive control (a Hiss-tagged recombinant protein sample). SDS-PAGE analyses (A, C) were carried out using
12% polyacrylamide gels (6.2.10) and the detections for western blot analyses (B, D) were done with an a-His
antibody and GAR*?(6.2.11). The number indicated above each well corresponds to different elution fraction for
each IMAC.

E. coli BL21-CodonPlus(DE3)-RIL and BL21 Star(DE3) cells were transformed with the empty pET22b(+)
vector as negative controls. As observed in the western blot analyses, no signals were detected using
a-His antibodies, which is an expected outcome. However, several bands were detected in certain
elution fractions on the Coomassie stainings for both strains. This shows that endogenous proteins

bind to the column resin unspecifically and are eluted together with the protein of interest. That
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explains the additional bands observed in the Coomassie stainings of certain IMAC fractions given

above for the recombinant enzymes.

Expression yields based on different expression strategies described for the heterologous expression
of the selected lignin-degrading enzymes in E. coli were summarized together with the strategies and

E. coli strains used in the experiments in Table 2.

2.2 Expression of selected lignin degrading enzymes in P. fluorescens
Due to the restrictions of the expression vector pD1 and the commercial P. fluorescens system, all

enzymes, TfuDyP, DyPB, SSHGDyP, SclLac, Ligk and LigF, were expressed in P. fluorescens without any
signal sequences. Therefore, the DyPs and the laccase were expressed without any additional leader
peptide. The native signal sequence in the TfuDyP coding sequence was removed at the gene synthesis
step. The expression of Ligk and LigF resulted in higher expression yields when the His¢-tag was located
at the N-terminus for the expression in E. coli. Thus, the constructs of the B-etherases for the
expression in P. fluorescens were designed to carry the Hise-tag at the N-terminus. All sequences were
codon optimized for expression in P. fluorescens. TfuDyP, ScLac, Lig and LigF were initially expressed
in 50 mL scale successfully in the soluble phase. SSHGDyP was expressed in the form of inclusion bodies
and the expression of DyPB could not be approved neither in the soluble form nor in the inclusion body
form. The enzymes that were expressed successfully were purified by one-step IMAC and the purified
enzyme preparations were analyzed by SDS-PAGE (Figure 17). Afterwards, the heterologous
expressions were optimized for 2 L culture volume. The recombinant enzymes (TfuDyP, Sclac, Ligk and

LigF) were purified by one-step IMAC for further analyses.
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Figure 17: SDS-PAGE of IMAC purified TfuDyP, ScLac, LigE and LigF expressed in P. fluorescens. All IMAC-purified
enzyme preparations were analyzed in 2 different dilutions on a coomassie stained SDS-gel (5-12%) (6.2.10). Lane
1-2: LigE (1:5 and 1:10); lane 3-4: LigF (1:5 and 1:10); lane 5-6: TfuDyP (1:2 and 1:5); lane 7-8: ScLac (1:2 and 1:5);
lane M: Molecular mass marker (PageRuler, Thermo Fisher); lane 9-11: Protein standard (250/500/1000ng). The
figure represents the IMAC purified enzyme samples after initial expressions. Due to license issues of the strain
and the expression vector, the cloning and heterologous gene expression in P. fluorescens and the subsequent
IMAC purifications were carried out by Dr. Stefan Rasche and his group at Fraunhofer IME (Aachen).
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The protein concentrations after the first and second IMAC purifications were determined
densitometrically using a well-characterized and quantified protein standard. The initial and optimized
expression yields after one-step IMAC are summarized in Table 3.

Table 3: The initial and optimized heterologous expression yields of the lignin-degrading enzymes in P.

fluorescens. The position of Hiss-tag was optimized for each enzyme in E.coli (6.2.1). IB: Inclusion body, NE: Not
expressed successfully.

Enzyme Hise-tag Initial expression yields Optimized expression yields
position ~mg protein L ~mg protein L
expression culture expression culture
TfuDyP C-terminus 6.4 130
DyPB C-terminus NE NE
SSHGDyP C-terminus 1B 1B
Sclac C-terminus 27.2 234
LigkE N-terminus 53.2 490
LigF N-terminus 169.4 11235

2.3 Characterization of the purified enzyme preparations
2.3.1 Analysis of heme B content and T1-copper incorporation

DyP-type peroxidases are a novel group of heme-containing peroxidases and possess a heme B (iron
protoporphyrin IX) group as a cofactor (Rahmanpour & Bugg, 2016). The prosthetic heme group is
important for the oxidation activity of DyPs on the substrates and it can be detected by Ultraviolet-
visible (UV-Vis) spectrophotometry due to their electronic absorption (Giovannetti, 2012). The heme
group gives an intensive peak around 400-436 nm, which is called Soret or B band (Dayer et al., 2010).
Using the absorbance value of the Soret band together with the aborbance of the enzyme sample at
280 nm, a ratio is calculated called “Reinheitszahl (RZ) value” (Harreither et al., 2011). RZ value of an
enzyme preparation indicates the purity of the sample and gives an idea about the enzymatic activity.
However, it is not a measure of the catalytic activity quantitatively. The higher the RZ values, the

greater the purity of the sample (Deshpande, 2012).

The heme content of the DyPs were quantified by carrying out Soret band scans of the purified enzyme
samples. The Soret scans yielded observable peaks for TfuDyP and DyPB around 400-410 nm (Figure
18A-C). However, SSHGDyP samples expressed either with or without pelB leader peptide did not show
any peaks. This indicates that during the protein folding, the heme B group was not incorporated
correctly into the protein structure and thus, inactivity of the enzyme. The RZ numbers of the enzyme
samples were calculated and the resulting values indicated that the recombinant enzymes represented
higher RZ values when they were expressed without the leader peptides. The RZ values were

summarized in Table 4.
30



Results

A TfuDyP B TuDyP-Pf
0.3 03
025 TfuDyP-Tat
) 0.25
= = = TfuDyP-pelB
02 02
vvvvvvvvv TfuDyP-cp
So1s 2
I 3 0.15
01 0.1
0.05 0.05
0 0
350 400 450 500 550 600 350 400 450 500 550 €00
Wavelength (nm) Wavelength
C DyPB D SSHGDyP
0.3 03
—— DyPB-pelB ——— SSHGDyP-pelB
025 0.25
02 — = = DyPB-cp 0.2 = = = SSHGDyP-cp
8015 So1s
o Ca
0.1 0.1
\
0.05 kel L _—— 0.05 \
0 0
350 400 450 500 550 600 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)

Figure 18: Soret band analyses of DyP-type peroxidases expressed in E. coli and P. fluorescens (Pf). The UV-Vis
spectra of 1 uM purified enzyme preparation was recorded between the wavelengths of 350 and 600 nm (6.2.14).
A: TfuDyP expressed with or without leader peptides in E. coli. B: TfuDyP expressed in P. fluorescens without
leader peptide. C: DyPB expressed with or without leader peptide in E. coli. D: SSHGDyP expressed with or
without leader peptide in E. coli. Tat: Twin-arginine translocation pathway signal peptide. pelB: Pectate lyase B
(Erwinia carotovora CE) leader peptide. cp: Cytoplasmic expression (no leader peptide).

Table 4: Reinheitszahl (RZ) values (6.2.14) calculated for DyP-type peroxidases expressed in E. coli and P.
fluorescens with or without leader peptides. ND: Not detected. Tat: Twin-arginine translocation pathway signal
peptide. pelB: Pectate lyase B (Erwinia carotovora CE) leader peptide. cp: Cytoplasmic expression (no leader
peptide).

Expression host DyP-type peroxidase Leader peptide Reinheitszahl value
(Aa0s/Azg0)
Tat 1.00
pelB 1.00
Tfubyp cp 2.06
pelB 0.28
E. coli DyPB - 052
pelB ND
SSHGDyP - ND
P. fluorescens TfuDyP - 136
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Figure 19: Visible spectra analyses and activity assays of ScLac-cp expressed in E. coli (A, C) and in P. fluorescens
(B, D). The visible spectra and the activity assays were recorded before (dashed lines) and after CuSOs (0.1
mM) treatment (solid lines). 1 uM of each enzyme was used to record the visible spectra between 500 nm and
700 nm (6.2.14). Activity assays were carried out using DMP (6.2.15) before and after CuSO4 treatment with 0.4
UM of ScLac-cp expressed in E. coli and 1 uM of ScLac-cp expressed in P. fluorescens. The reactions were followed
spectrophotometrically for 8.5 min at 465 nm.

The detection of the T1-copper gives information about the proper folding and the activity of the
enzyme. Just like the heme B group of the DyP-type peroxidase, the T1-copper in the laccase can be
detected by the analysis of the visible spectra. The visible spectra of the recombinant ScLac-cp,
expressed in E. coli and P. fluorescens were initially recorded after IMAC purification. None of the
samples gave a peak around 600 nm, which would show the successful incorporation of the T1-copper
(Figure 19A-B dashed lines). Thereupon, protein samples were incubated in the presence of 0.5 mM
CuSO,4 and the visible spectra were recorded again (Figure 19A-B solid lines). The visible spectra
following the CuSQ, treatments correlated with the typical spectra of blue laccases. A peak around 600
nm was observed for both enzyme samples. This indicates that the type 1 copper atom is incorporated
into the protein structure (Thurston, 1994), however only after the CuSO,4 treatment. Activity assays
were carried out with both CuSO, treated and non-treated enzyme samples using DMP as the substrate

(Figure 19C-D). A significant increase in the absorbance at 469 nm was observed only with the CuSO4
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treated samples (Figure 19C-D solid lines). The activity of the CuSQ, treated recombinant SclLacs were
also checked via zymography using ABTS, L-DOPA and caffeic acid as substrates (Figure 20). For SclLac
expressed in E. coli, it was possible to detect the activity against three of the substrates on native gels

whereas SclLac expressed in P. fluorescens showed a visible activity signal merely against L-DOPA.

A B C D
# 2 bl | 2 1 2
100 |
80 &~ »
60
50
30

Figure 20: Zymogram analysis of purified laccases expressed in E. coli (lane 1) and in P. fluorescens (lane 2). 25
ug of each laccase was loaded onto native gels for electrophoresis and the gels were stained with ABTS (B), L-
DOPA (C) and caffeic acid (D). Molecular mass marker is shown in the lane A (6.2.12).

2.3.2 The effect of temperature and pH on enzyme activities and stabilities

In order to assess the optimal reaction conditions of the purified recombinant enzymes, the optimum
pH value (Figure 21A) and temperature (Figure 21B) for each enzyme were determined. If not
otherwise stated, ScLac-cp and DyPB-pelB expressed in E. coli and TfuDyP-cp, LigE (N-terminus Hisg-
tag) and LigF (N-terminus Hise-tag) expressed in P. fluorescens were assayed in the characterization
and detailed activity analysis studies given from here on. DMP was used as substrate for the DyPs and
the laccase, whereas a-0O-(b-methylumbelliferyl) acetovanillone (MUAV) was used to assay the optimal
conditions for the etherases. ScLac showed a very braod pH range from 3.5 to 8.5 with a maxiumum
at pH 5.5 (Figure 21A), however, after pH 8.5, a significant decrease was observed in the activity.
TfuDyP showed high activity levels at acidic pH range (3.5 to 5.5) with a constant decrease in the activity

at pH values under pH 5.5.

DyPB was also active at acidic pH values and showed the highest activity at pH 4.5. The pH profile of
the enzyme resembled the one from TfuDyP. LigE and LigF showed no activity at acidic pH values. The
substantive activity levels were first observed at neutral pH values. The highest activities were

observed at pH 9.5 and 9.0 for LigE and LigF, respectively.
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Figure 21: ph (A) and temperature (B) profiles of the recombinant lignin-degrading enzymes. A: The activities
of the purified recombinant enzymes were measured against 20 uM DMP (6.2.15) for TfuDyP, DyPB and Sclac
and 100 uM MUAV (6.2.15) for LigE and LigF at 30°C in buffers with various pH values ranging from pH 3.5 to 10.0
at 25°C(6.2.21). B: In order to assay the optimum temperatures, the activities towards 20 uM DMP were followed
spectrophotometrically for TfuDyP, DyPB and ScLac and towards 100 uM MUAV for LigE and LigF after incubation
for 5 min in the optimal buffer system of each enzyme in a temperature range from 25°C to 90°C (6.2.21). The
highest activity was assigned as 100% and the lower activities were calculated as % of the highest activity. All

measurements were performed in triplicate (n = 3). Error bars indicate standard deviation (xtSD) from arithmetic
mean.

Following the determination of the optimum pH values, optimum temperature assays (Figure 21B)
were carried out in the buffer systems in which the enzymes performed best at a temperature range

from 25°C to 90°C. Therefore, ScLac was assayed in 100 mM MES pH 5.5 and the enzyme showed
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constant activity levels from 30°C to 90°C. TfuDyP was assayed in 100 mM sodium acetate buffer pH
4.0. The maximum TfuDyP activity was observed at 60°C. The optimum temperature assay of DyPB was
carried out in 100 mM sodium acetate buffer with pH 4.5. The recombinant enzyme reached its
maximum activity at 80°C. The B-etherases performed best at approximately 25°C. Rapid loss of activity
was observed by increasing the temperature from 25°C to 30°C. However, LigF showed better stability

than LigE at the temperatures higher than 40°C but lost its activity at 80°C.

The effect of temperature on lignin degrading enzymes were assayed by short and long term thermal
stability assays. In order to assay the short term thermal stabilities, the enzymes were incubated in
their optimal pH buffer systems for 5 min at the given temperature range (Figure 22A) from 25°C to
90°C and the residual activities were measured towards the substrates as mentioned in the assays for
optimum pH and temperature. As given in Figure 22A, TfuDyP, DyPB and SclLac showed activity after 5
min of incubation at all temperatures. Interestingly, ScLac demonstrated an increasing profile of the
residual activities by increasing temperature. Its residual activity at 90°C was increased by
approximately 5-folds in comparison to its initial activity (control). TfuDyP and DyPB also showed heat
activation, thus increase in the residual activities up to approximately 150% and 200% at 40°C. From
this point on, the enzymes started losing their activities. Ligk kept half of its initial activity at 30°C but
showed no activity at higher temperatures. LigF showed approximately 80% of residual activity at 60°C
and lost its whole activity from 70°C on. Long term thermal stability assay results (Figure 22B)
correlated in general with the ones from the short term. However, the heat activation was only
observed for ScLac after incubation at 30°C. The enzyme kept 64% of its initial activity after incubation
at 60°C and lost almost its activity completely after incubation at 90°C. TfuDyP and DyPB showed no
heat activation in the long term thermal stability assay. TfuDyP preserved 88% and 16% of its initial
activity at 30°C and 60°C, respectively, and lost almost all activity at 90°C. DyPB maintained
approximately 34% and 9% of its initial activity at 30°C and 60°C, respectively. The enzyme showed no
activity after incubation at 90°C. Ligk showed very low activity (7% of its initial activity) after incubation
at 30°C and stayed inactive at the temperatures higher than that point. LigF stayed active after
incubation at 30°C (~58% and ~24%) and 60°C, correlating with the short term stability assay results,

however it showed no activity after incubation at 90°C.
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Figure 22: Short term (A) and long term (B) thermal stability assays of the recombinant lignin-degrading
enzymes. A: 1 uM of each enzyme was incubated for 5 min at 25°C, 30°C, 40°C, 50°C, 60°C, 70°C, 80°C and 90°C.
After incubations, the samples were cooled down to the room temperature and the residual activities were
assayed using 20 uM DMP (6.2.15) for TfuDyP, DyPB and ScLac or using 100 uM MUAV (6.2.15) for Ligk and LigF
(6.2.21). B: 1 uM of each enzyme was incubated for 1 h at 25°C, 30°C, 60°C and 90°C. After the incubation the
samples were cooled down to the room temperature and the residual activities were assayed as described for
the short term thermal stability assay (6.2.21). Control assays were carried out as mentioned above skipping the
heat incubation step. Each enzyme’s control was assigned to 100% and the heat-incubated sample’s relative
activity was calculated as % of the corresponding control. n = 3; xSD.

The effect of pH on the enzyme stabilities was assayed by incubating the enzymes in their optimal pH
buffer systems at approximately 25°C for 1, 6, and 24 h and assaying the residual activities (Figure 23).
In general, the enzymes kept the major percentage of their initial activity after 1 h incubation. DyPB
only kept ~17% of its initial activity after 1 h incubation. Except LigF, all enzymes preserved some part
of their initial activity after 24 h incubation. Approximately 76%, 6%, 39%, 62% of their initial activities
were assayed for TfuDyP, DyPB, ScLac and LigE, respectively.
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Figure 23: pH stability profiles of the recombinant lignin-degrading enzymes. 1 uM of each enzyme was
incubated at 25°Cfor 1, 6, and 24 h and the residual activities were assayed using 20 uM DMP (6.2.15) for TfuDyP,
DyPB and Sclac or using 100 uM MUAYV (6.2.15) for Lig and LigF (6.2.21). The control represents the initial
activity of each enzyme prior to pH incubation. n = 3; x£SD.

2.4 Activity assays with common lignin-model substrates

The activities of the purified enzymes were assayed towards most commonly used substrates by
microtiter plate (MTP) assays (6.2.15). Specific activities and/or kinetic parameters of the enzymes
were calculated based on the MTP assay results. The specific activities of DyPs towards DMP is
summarized in Table 5, the specific activities of ScLac towards DMP are summarized in Table 6 and the
specific activities of the B-etherases towards MUAV are summarized in Table 7.

Table 5: Specific activities of recombinant DyP-type peroxidases towards DMP (6.2.15) expressed by various
heterologous expression strategies. NA: Not applicable, ND: Not detected. Tat: Twin-arginine translocation

pathway signal peptide. pelB: Pectate lyase B (Erwinia carotovora CE) leader peptide. cp: cytoplasmic expression
(no leader peptide). n = 3; x+SD.

Expression host DyP-type peroxidase Leader peptide Specific activity
(mU mg)
Tat 55.0£0.5
pelB 96.0+ 1.0
TfuDyP
cp 60.0+ 0.0
E. coli pelB 77.9+5.2
DyPB
cp 7.7 £0.53
pelB ND
SSHGDyP
cp ND
TfuDyP cp 38.2+0.67
P. fluorescens DyPB cp NA
SSHGDyP cp NA
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Table 6: Specific activities of the recombinant ScLac towards DMP (6.2.15) expressed by various heterologous
expression strategies. Tat: Twin-arginine translocation pathway signal peptide. pelB: Pectate lyase B (Erwinia
carotovora CE) leader peptide. cp: Cytoplasmic expression (no leader peptide). n = 3; x+SD.

Leader peptide Specific activity
(muUmg?)
pelB 630.0 £ 20.0
E. coli Sclac
cp 540.0 £ 20.0
P. fluorescens Sclac p 127.0+ 4.9

Table 7: Specific activities of the recombinant B-etherases towards MUAV (6.2.15) expressed by various
heterologous expression strategies. ND: Not detected. n = 3; x+SD.

B-etherases Hise-tag Specific activity
location (mU mg?)
C-terminus ND
Ligk N-terminus 11.0+3.3
E. coli C-terminus 43+0.2
LigF N-terminus 4221+8.7
Ligk N-terminus 20.9+10.2
P. fluorescens
LigF N-terminus 302.2+17.8

The spectral assays were performed with DMP, ABTS and guaiacol for the DyPs and the laccase, and
with MUAV for the B-etherases to determine the steady state kinetics Kv, kcat and kcat/Km (6.2.17). The

values are given in Table 8 -Table 12.

Table 8: Kinetic parameters (6.2.17) of TfuDyP towards DMP, ABTS and guaiacol. n = 3; x+SD.

TfuDyP Km (LM) keat (s?) keat/Km (M s72)
DMP 2.178 £0.8439 0.026 £ 0.001425 1.19 x 10*
ABTS 13.72+4.721 0.9249 +£0.1977 6.70 x 10*

Guaiacol 89.48 £ 33.59 0.02132 £ 0.01389 0.0238 x 10*

Table 9: Kinetic parameters (6.2.17) of DyPB towards DMP, ABTS and guaiacol. n = 3; x+SD.

DyPB Kv (kM) keat (s) keat/Km (M s%)

DMP 109.9£123.2 0.1088 + 0.08361 0.099 x 10*

ABTS 1.552+1.514 0.001719 £ 0.0008578 0.11x 10*
Guaiacol 163 +17.56 0.0549 + 0.00155 0.034 x 10*
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Table 10: Kinetic parameters (6.2.17) of ScLac towards DMP, ABTS and guaiacol. n = 3; x+SD.

Sclac Kwm (1M) keat (s) keat/Km (M s1)

DMP 201.6 £ 34.79 0.955 +£0.135 0.473 x 10*

ABTS 33.52+27.85 0.057 £0.031 0.17 x 10*
Guaiacol 5.373 £1.946 0.028 £ 0.00146 0.52 x 10*

Table 11: Kinetic parameters (6.2.17) of LigE towards MUAV. n = 3; x+SD.
LigE Km (uM) Keat (s7Y) Keat/Km (M s7%)

MUAV 0.4287 +1.186 0.001076 + 0.000152 0.25 x 10*

Table 12: Kinetic parameters (6.2.17) of LigF towards MUAV. n = 3; x£SD.
LigF Kw (“M) Keat (5-1) Kcat/Km (|V|':l 5'1)

MUAV 9.292+2.974 0.06253 +0.004758 0.67 x 10*

In addition to the substrates DMP, ABTS and guaiacol, ScLac expressed in E. coli and P. fluorescens was
tested against the non-phenolic substrate veratryl alcohol (VA). The activities were tested in the
presence of two different mediator systems ABTS and HBT. According to the HPLC analyses (Appendix
Figure 49), ScLac converted some part of the substrate into the aldehyde product veratraldehyde
preferably in the presence of ABTS. Although a quantification was not performed, the area of the
veratraldehyde peak obtained out of the reaction with ABTS is apparently larger than the peak
obtained out of the reaction with HBT (Appendix Figure 49-Figure 52). No peak was obtained for

veratric acid, which could have been obtained as a second product.

2.5 Activity assays with complex lignin-model compounds

The phenolic and non-phenolic complex lignin-model compounds used in this study (Figure 26) are
poorly soluble in water. In order to dissolve the compounds in the reaction mixtures completely, the
stock solution of the compounds should be dissolved in an organic solvent such as DMSO, ethanol or
methanol. However, the presence of organic solvents in a reaction mix affects the catalytic efficiency
of most enzymes and even causes denaturation (Kumar et al., 2016). Therefore, it has to be avoided
to use them as long as there is no special requirement such as increased thermostability, higher
substrate solubility or lower microbial contamination risks (Anbu, 2016; Gupta, 1992). Prior to the
activity assays using the complex lignin-model compounds, the stability of the enzymes was assayed
in the presence of three of most commonly used organic solvents, DMSO, ethanol and methanol, to
determine the best (less harmful) organic solvent (Figure 24 and Figure 25). The activity assays using
DMP or MUAYV as the substrates were carried out in the presence of increasing amounts of the
abovementioned solvents. The behavior of the enzymes in the presence of the solvents showed a wide
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variety depending on the combination of the solvent and enzyme. The reproducibility of the activity

assays in the presence of ethanol and methanol for Ligé and LigF was very low (results not shown).

According to the overall results, more than 10% of the organic solvents resulted in rapid decrease in

the enzyme activities.
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Figure 24: Stability profiles of the recombinant lignin-degrading enzymes in the presence of DMSO. Activity
assays were carried out using DMP or MUAV as the substrates in the presence of 0% (control), 1%, 5%, 10%, 20%,

50% and approximately 67% (max) of DMSO (6.2.21). n = 3; x+SD.
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Figure 25: Stability profiles of the recombinant lignin-degrading enzymes in the presence of ethanol and
methanol. Activity assays were carried out using DMP or MUAYV as the substrates in the presence of 0% (control),

1%, 5%, 10%, 20%, 50% and approximately 67% (max) of DMSO (6.2.21). n = 3; x£SD.
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2.5.1 Phenolic and non-phenolic lignin-model compounds

Purified recombinant TfuDyP, DyPB, SclLac, LigkE and LigF expressed in E. coli or/and P. fluorescens were
tested against phenolic and non-phenolic lignin-model compounds (Figure 26) that were synthesized
by the group of Prof. Nicholas Westwood (School of Chemistry, University of St Andrews, Scotland).
Reactions were set up under the optimal conditions determined for each enzyme (2.3). The possible

products of the reactions were extracted from the water phase to the organic phase using ethyl acetate

as the solvent and analyzed by NMR.
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Figure 26: The phenolic and non-phenolic, aromatic complex lignin-model compounds. A and B are non-
phenolic B-0-4 lignin model compounds whereas C and D are phenolic B-O-4 lignin model compounds.
Depending on the number and the position of the methoxy groups on the structure, the compounds are called
either GG- (A and C) or SS- (B and D). All compounds comprise the B-aryl ether linkage, which is the most
dominant linkage type in lignin polymer. The compounds presented here were synthesized by Dr. Christopher S.
Lancefield (former affiliation; School of Chemistry, University of St Andrews, Scotland and current affiliation;
Chemistry - Debye Institute for Nanomaterials Science - Inorganic Chemistry and Catalysis, Utrecht University).

Among the model compounds that have been tested (Figure 26) with the purified recombinant DyPs
and the laccase, significant activity levels were detected merely towards phenolic SS B-0-4 OH.
Common mediators such as ABTS and HBT were used in the SclLac reactions with non-phenolic model
compounds (Figure 26 A and B), however, in the NMR analyses only the starting materials were
detected. According to the NMR and LC-MS analyses (8.7) of the reactions with the phenolic model
compound SS B-O-4 OH (Figure 26 D), the enzymes catalyzed the conversion of the secondary alcohol
moiety of the SS-B-0-4 OH to the corresponding SS-B-0-4 ketone (Figure 27). The distinct formation
of aldehydes was also detected in each assay including the control reactions. The ketone formation
yields were calculated by adding known concentrations of an internal standard, 4-nitrophenol, into the
reaction mixtures after the reaction time was ended and before starting the extraction procedure. The
analysis of the resulting ketone by NMR and the quantification of the ketone formation by ScLac using
the internal standard is demonstrated in Figure 28 and Figure 29 as a representative example for

TfuDyP, DyPB and SclLac reactions.
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Figure 27: Conversion of the secondary alcohol moiety of the SS-B-0-4 OH (left) to the corresponding SS-B-O-
4 ketone (right) in the presence of laccase enzymes. The group that goes through the oxidation by the enzymatic
activities is indicated by a red circle.
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Figure 28: Representative analysis of the activity against the SS B-O-4 OH model compound by NMR using
Sclac. The formation of the ketone product was shown by the comparison of the NMR analysis (6.2.18) of the
starting material with the control and the enzymatic reaction. 1: NMR analysis of SS $-O-4 OH as the starting
material, 2: NMR analysis of the control reaction (identical to the enzymatic reaction except the presence of the
enzyme) where small amount of ketone formation is observed due to the reaction conditions (temperature, pH
etc.), 3: NMR analysis of ScLac reaction with the model compound using 0.25 mg purified recombinant enzyme
with 10 mg starting material after incubating the reaction mix at 90°C for 3h. All conditions were kept the same
for control and enzymatic reactions and the same extraction protocol was used in order to separate the ketone
product from the aqueous phase prior to the NMR analysis. Black circles indicate the peaks that correspond to
the ketone products formed from the starting material.
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Figure 29: Demonstration of the quantification of the phenolic SS B-0-4 OH model compound conversion to
the corresponding ketone product by the addition of an internal standard to the reaction mixtures after the
reactions are stopped. The peak areas of the internal standard and the model compound were indicated in
circles. Calculations were performed depending on those peak areas for all the reactions (6.2.18). 1:
Demonstration of internal standard peaks in control and enzymatic reactions, 2: Peak area comparison for the
control reaction, 3: Peak area comparison for the ScLac reaction.
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After confirming that the recombinant enzymes show activity towards the phenolic SS 3-0-4 OH model
compound, several conditions such as enzyme : starting material ratio (1:200 to 1:40), duration of the
reaction (3 days to 3 hours) or saturation of the reaction mix with O, for laccase reactions in order to
reach higher ketone formation yields were optimized. Both the DyPs and the laccase showed the
highest activity at a ratio of 1:40 enzyme : starting material. ScLac showed improved activity levels,
when the reaction mix was saturated with O; prior to the incubation. The ketone formation yields (%)

for TfuDyP, DyPB and SclLac for different conditions are summarized in Table 13 and Table 14.

The ketone product, which was obtained from the DyPs and laccase reactions were collected together
for separation via Silica column. The purified ketone product was characterized by NMR and used as a
dimeric model compound to test the activities of Lig and LigF. The initial assays of Lige and LigF
indicated no cleavage of the dimeric ketone product (data not shown).

Table 13: Percentage formation of SS B-0-4 OH ketone by purified ScLac expressed in E. coli or P. fluorescens.
n = 3; xxSD.

SclLac-cp SclLac-cp
(P. fluorescens) (E. coli)
Enzyme : starting material 1:200 1:200 1:40 1:40 + Oz
Ketone formation (%) 6.0+1.24 11.0+0.81 40.0£2.05 58.0+1.41

Table 14: Percentage formation of SS B-0-4 OH ketone by purified TfuDyP and DyPB expressed in E. coli or P.

fluorescens. n = 3; x+SD.

TfuDyP-cp DyPB-pelB
Enzyme : starting material (1:40) E. coli P. fluorescens E. coli
Ketone formation (%) 6.0+0.81 8.0+£0.81 6.0+1.24

The closer inspection of the NMR data revealed that ScLac seems to react with one of the SS-p-0-4 OH
diastereoisomers preferentially. The more the enzyme : starting material ratios is increased, the higher
conversion of the related diastereoisomer was achieved. At the highest enzyme : starting material
ratio, almost complete disappearance of the diastereoisomer was observed. Because of the highest
ketone formation yields of SclLac, the reaction with the phenolic SS $-0-4 OH model compound was
investigated in more detail by kinetic measurements. The previous measurements were done as dead-
end reactions with the duration of 3 h. For the kinetic measurements, the reaction mixture was
incubated for 3 h at 30°C and interval samples were collected for NMR analyses at the time points 0,
2.5,5,10, 15, 20, 30, 45, 60, 120, and 180 min. The ketone formed (mmol) was plotted vs time and the
resulting diagram is given in Figure 30. The activity of ScLac towards the phenolic model compound

increased and reached its maximum activity in the first 30 min. The amount of ketone formed at t= 30
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min corresponds to the whole amount of the preferred diastereoisomer added into the reaction mix
in the begining. After 30 min of incubation, the amount of ketone steadily decreased, which shows
that the compound is most probably converted into another product that has not been characterized

yet.

Sclac-Ec
0.013

0.011
0.009
0.007 I

0.005 ] |

0.003

Ketone formed {(mmoal)
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-0001 ¢ 30 60 a0 120 150 180
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Figure 30: Kinetic analysis of the ScLac-Ec activity on the phenolic SS 3-0-4 OH model compound. The reaction
mix is prepared with approximately 0.0095 mmol model compound and 0.25 mg Sclac in the optimal buffer
system of the enzyme. The mixture was saturated with Oz prior to incubation at 30°C for 3 h. Interval samples
were collected at time points 0, 2.5, 5, 10, 15, 20, 30, 45, 60, 120, and 180 min. The reaction products were
extracted using ethyl acetate and quantified using an internal standard via NMR (6.2.18). The forming ketone
(mmol) was plotted against the time. n = 3; x£SD.

2.6 Activity assays with Kraft lignin

The oxidation assays using alkali Kraft lignin were carried out as described previously (Rahmanpour &
Bugg, 2015b; Rahmanpour et al., 2016) with TfuDyP-cp expressed in P. fluorescens, DyPB-pelB and
ScLac-cp expressed in E. coli. Initial assays were carried out with 5 uM Kraft lignin to check if the
enzymes show activity on the polymeric lignin sample and to determine the effect of MnCl, on the
activities of DyPs (Appendix Figure 56). The initial assays demonstrated the increase in the
absorbance at 465 nm, which shows that some parts of the substrate went through oxidation in the
presence of the enzymes. After confirmation of the enzymatic activities on Kraft lignin, more activity
assays were carried out with varying concentrations of the substrate. The increasing concentrations
of the substrate resulted in saturation kinetic behavior (Figure 31). The apparent Kv was determined
as 20.42 uM, 10.00 uM and 3.33 uM (All measurements were performed in triplicate (n = 3). Error

bars indicate standard deviation (x"+" SD) from arithmetic mean.

Table 15) for TfuDyP, DyPB and Sclac, respectively. Michaelis-Menten models of the enzymatic
activities by increasing Kraft lignin concentrations are given in Figure 31 and the kinetic parameters,

Vmax and Ky, were calculated based on these models are given in Table 15.
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Figure 31: Change of TfuDyP, DyPB and ScLac activity (Abs s™) by increasing Kraft lignin concentration (uM).
Specific activities of purified TfuDyP (A), DyPB (B) and Sclac (C) depending on varying concentrations of Kraft
lighin were determined at 25°C, using 225 pg mL? of each enzyme (6.2.17). 100 mM sodium acetate (pH 4.0) was
used for TfuDyP assays, 100 mM sodium acetate (pH 4.5) was used for DyPB assays and 100 mM MES (pH 5.5)
was used for ScLac assays as the buffer system (6.2.17). Michaelis-Menten model was fitted to the experimental
data by non-linear curve fitting function of GraphPad Prism 6 software. All measurements were performed in
triplicate (n = 3). Error bars indicate standard deviation (x"+" SD) from arithmetic mean.

Table 15: Kinetic parameters of TfuDyP, DyPB and ScLac towards Kraft lignin (6.2.17). n = 3; xSD.

Construct Vmax (Abs s) Km (mM)
TfuDyP 0.001015 * 8,506x10°° 0.02042 £ 0.003902
DyPB 0.000649 * 23.4x10°° 0.001 £ 0.0004679
Sclac 0.000315 * 1.34x10°° 0.003338 £ 0.0006396
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2.7 Modifications of selected enzymes for higher stability and/or activity
2.7.1 Immobilization of ScLac by two distinct methods

Sclac was immobilized on agarose beads and by the preparation of cross-linked enzyme aggregates
(CLEAS), the latter mediated by PEG precipitation and glutaraldehyde cross-linking. At the end of the
CLEA procedure, 71.5% of the initial activity was recovered. The immobilization of ScLac on agarose
beads based on a Schiff base reaction was achieved by 33% immobilization efficiency (the proportion of
bound protein). The reusability of the immobilized enzyme preparations was tested by performing 5
sequential activity assays using DMP as the substrate. The laccase immobilized on agarose beads
maintained approximately 80% of its initial activity after five steps. The activity of the CLEAs declined to
~60% of the initial activity over the five steps, but the heat activation detected in the free enzyme sample
was also observed for the CLEA preparation (Figure 32). Both methods made it possible to reuse

immobilized ScLac samples at least five times in the sequential activity assays.

The stability of the immobilized ScLac was tested after 1 h incubation at 30°C and compared to the free
SclLac sample. The laccase immobilized on agarose beads retained 70% of its initial activity whereas the
CLEAs retained 88% of their initial activity (Figure 33 A). The pH optima of the immobilized enzymes
were also determined and found to differ from the free enzyme preparation. The laccase immobilized
on agarose beads reached its maximum activity at pH 6.5 and the CLEAs reached the maximum activity

at pH 4.5 (Figure 33 B).

A Agarose beads B CLEAs
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Figure 32: The reusability of immobilized ScLac samples. The remaining activity of immobilized ScLac on agarose

beads (A) or as CLEAs (B) was analyzed in sequential activity assays for five cycles using DMP as the substrate
(6.2.22). n = 3; x£SD.
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Figure 33: Characterization of immobilized and free ScLac samples. A: Thermal stability was determined by
incubating the free and immobilized enzyme samples at 30°C for 1 h and measuring the residual activities. Control

assays were set up without heat treatment, B: Optimum pH profiles of immobilized and free ScLac samples
(6.2.22). n = 3; x+SD.
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2.7.2 Protein engineering for improved H:0: stability
2.7.2.1 Development of an ultra-high-throughput screening method via
fluorescence activated cell sorting

A modified version of the ultra-high-throughput screening method reported by (Ostafe et al., 2014)
was adapted to screen the mutant libraries of TfuDyP. For this purpose, TfuDyP was cloned into the
pCTcon2 vector system for expression in EBY100 strain of S. cerevisiae cells. The pCTcon2 vector
together with EBY100 cells construct the yeast display system, which provides the expression of TfuDyP
on the cell surface via a-agglutinin receptor of S. cerevisiae cells (Boder & Wittrup, 1997). The
anchoring of TfuDyP on the cell surface is achieved by disulfide bridge formation between two
subunits, AGA1 and AGA2 (Lu et al., 1995). A c-myc tag positioned at the C-terminus of TfuDyP was
used to stain the cells with a fluorescent secondary antibody, facilitating the detection of the

expression level of TfuDyP per cell (Figure 34).

Fluorescent labeled EBY 100 cells
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Figure 34: Ultra-high-throughput screening method for FACS. TfuDyP is expressed in EBY100 cells using pCTcon2
vector. The vector system and the host facilitate the presentation of the enzyme on the cell surface through
AGA1P and AGA2P peptides. The vector system harbors a C-terminus c-myc tag, which can be used for
determining the expression level of the protein by staining the cells using a fluorescent antibody. Tyramide-
fluorescein is used as the fluorescent substrate for the FACS screening experiments. When the enzyme oxidizes
the substrate in the presence of H20., the substrate binds to the surface of the cell covalently via the tyrosine
residues from the protein present on the surface of cells, thus staining the cells with the fluorescence. Adapted
from Ostafe, 2013 and Boder & Wittrup, 1997.
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A fluorescent substrate, tyramide-fluorescein, was chosen to stain the EBY100 cells based on TfuDyP
activity expressed on the cell surface. When the enzyme showed activity on the substrate in the
presence of H,0,, the fluorescent substrate stained the cells by binding to proteins on the surface of
the cells via tyrosine residues (Figure 34). In addition to staining the cells with tyramide-fluorescein, a
fluorescent secondary antibody was used to double stain the cells in order to detect the amount of
enzyme expressed on the cell surface (Figure 34). By using the two colors we could detect the specific
activity of the enzyme determining the activity on one fluorescent channel and the amount of the

expressed protein on another.

The successful cloning of TfuDyP into pCTcon2 was confirmed by sequence analysis. The expression of
the enzyme in EBY100 cells was verified by a MTP assay using ABTS as the substrate. The optimal
expression time for further studies was determined by evaluating the enzyme activity at different times
of expression in YNB CAA galactose medium. The highest activity towards tyramide was tested using

FACS analysis and was observed to be after 20 h of expression (Figure 57).

2.7.2.2 TfuDyP mutant library creation by random mutagenesis

The mutant libraries of TfuDyP were created by error-prone (ep) PCR using the commercial
GeneMorph Il Random Mutagenesis Kit (Agilent Technologies). The wild type (WT) TfuDyP coding
sequence cloned into the pCTcon2 vector was used as the template for ep-PCRs. The ep-PCR amplified
fragment of TfuDyP was used as a megaprimer to amplify the whole plasmid (MEGAWHOP) (Miyazaki
& Takenouchi, 2002). The MEGAWHOP-PCR was carried out with different megaprimer : template
amounts (250 ng : 150 ng, 500 ng : 300 ng, 250 ng : 300 ng) to optimize the yield of the PCR product
and the transformation efficiencies. The PCR products obtained out of these reactions were first
treated with Dpnl and then transformed into the ultracompetent XL10 Gold cells. Approximately 670,
830, and 3500 transformants were obtained for the megaprimer:template ratios 250 ng:150 ng, 500
ng:300 ng, 250 ng:300 ng, respectively (Figure 35). In order to assure the diversity of the library and to
reach a number of ~10° clones, transformation of the ultracompetent XL10 Gold cells was repeated
with the PCR product of 250 ng:300 ng ratio several times. Five colonies were picked and cultures were
prepared for sequence analysis to verify the mutagenesis frequency of the variants (Table 16). The
sequence analysis showed that 4 out of 5 clones have mutations at least at the DNA level, therefore
proving that the creation of the mutant libraries was successful. The remaining colonies obtained out
of the transformations were collected and glycerol stocks were prepared accordingly. The DNA library
was further amplified in the bacterial strain, plasmids were isolated and used for the transformation
of EBY100 yeast cell line so that more than 10° different cell variants were obtained and further used

for the FACS screening.
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Number of colonies obtained from the transformation of ultracompetent E. coli XL10 Gold cells with 1 ug MEGAWHOP PCR product:
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Figure 35: Analysis of the MEGAWHOP-PCR for the creation of mutant TfuDyP library. MEGAWHOP-PCRs were
carried out with three different megaprimer:template ratios: 250 ng:150 ng (left), 500 ng:300 ng (middle), and
250 ng:300 ng (right), in order to reach maximum PCR product concentration and number of colonies following
the transformation of competent XL10 Gold cells with the PCR products. The approximate length of the PCR
product expected from the MEGAWHOP-PCR is 8 kb. Numbers of colonies obtained from XL10 Gold cells
transformed with the corresponding PCR products are given below each agarose gel image (6.2.23).

Table 16: The sequence analysis of randomly selected five colonies from the transformation plates of
MEGAWHOP-PCR products (6.2.23).

CLONES | Total number of mutations in codon Amino acid
exchange level changes

1 1 -

2 - -

3 3 F>Y; Q>H; VI
4 4 MV; ADP; ADV;

Q>P
5 3 A-V; E>G; ADF

2.7.2.3 FACS screening of mutant TfuDyP library

The feasibility of the adapted FACS screening method on the real mutant TfuDyP library was tested by
an artificially created reference library, using a mixture of empty vector control (negative) cells and
WT-TfuDyP expressing (positive) cells. The tyramide reaction was performed using the negative, the
positive and the artificial library cells. When staining the cells only with tyramide based on enzyme
activity (without antibody staining), we could not see a clear separation between the positive and
negative population that was confirmed by no enrichment obtained after sorting (Figure 36-39 A, B,
C). On the contrary, staining with both tyramide and antibody helped distinguishing the active
population from the negative ones in the gates P4 (Figure 36-37) and P2 (Figure 38-39). The reaction
time with tyramide was also an important parameter and was optimized using the timepoints 1, 5, 15
and 30 min. Five thousand events on the P4 and P2 gates were sorted for the reference libraries on
YNB CAA glucose plates and were compared with the cells from the libraries before sorting. The cells
before and after sorting were transferred to MTPs and their activity was evaluated using the ABTS
assay. The results showed that the screening method was successful in enriching positive cells from a

starting population of ~2% to a final purity of ~56%, when the reference library (5%) was incubated
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with tyramide for 1 min (Figure 40 A). The longer reaction times resulted in cross-reactivity between

positive and negative cells therefore, no enrichment could be observed.
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Figure 36: Optimization of reaction time (1 min) for tyramide assay using the artificial reference library. A-C:
Samples without antibody staining (only tyramide stained); A: Negative cells, B: Positive cells, C: Artificial
reference library (5%). D-F: Samples with both antibody and tyramide staining; D: Negative cells, E: Positive cells,
F: Artificial reference library containing 5% positive cells (6.2.24). P4 gate (marked in red) used for the sorting.
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Figure 37: Optimization of reaction time (5 min) for tyramide assay using the artificial reference library. A-C:
Samples without antibody staining (only tyramide stained); A: Negative cells, B: Positive cells, C: Artificial
reference library (5%). D-F: Samples with both antibody and tyramide staining; D: Negative cells, E: Positive cells,
F: Artificial reference library containing 5% positive cells (6.2.24). P4 gate (marked in red) used for the sorting.
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Figure 38: Optimization of reaction time (15 min) for tyramide assay using the artificial reference library. A-C:
Samples without antibody staining (only tyramide stained); A: Negative cells, B: Positive cells, C: Artificial
reference library (5%). D-F: Samples with both antibody and tyramide staining; D: Negative cells, E: Positive cells,
F: Artificial reference library containing 5% positive cells (6.2.24). P2 gate (marked in green) used for the sorting.
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Figure 39: Optimization of reaction time (30 min) for tyramide assay using the artificial reference library. A-C:
Samples without antibody staining (only tyramide stained); A: Negative cells, B: Positive cells, C: Artificial
reference library (5%). D-F: Samples with both antibody and tyramide staining; D: Negative cells, E: Positive cells,
F: Artificial reference library containing 5% positive cells (6.2.24). P2 gate (marked in green) used for the sorting.
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Figure 40: ABTS MTP assays of 5% reference libraries incubated with tyramide for 1 min (A), 5 min (B), 15 min
(C), and 30 min (D) before and after sorting (6.2.24). In the presence of ABTS and H;0>, color change from
transparent to blue-green shows the activity of the cells.

After proving on the artificial reference library that the screening and sorting method was successful,
the mutant TfuDyP library was screened for oxidative stability by pretreating the cells with 5 mM H,0;
(6.2.24). The variants, which showed higher activity during FACS analysis were sorted (Figure 41) and
analyzed first by the ABTS MTP assays and subsequently by the DNA sequencing. This yielded four
mutant variants with higher activity, and H,0, stability (Table 17). The positions of the mutations (blue)
were highlighted individually on the homodimer structure of TfuDyP (Figure 42-right) together with
the conserved residues (yellow) that are significant for the heme-binding and the catalytic activity

(Figure 42-left).
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Figure 41: FACS analysis of TfuDyP library with (E) or without (F) H20:2 pretreatment together with positive (A,
C) and negative controls (B, D). The library samples both with and without H20: pretreatment were sorted for
the analysis by ABTS MTP assay.

Table 17: Sequencing analysis of the variants that showed higher activity in comparison to the WT-TfuDyP in
the ABTS MTP assay after the pretreatment with 5 mM H202(6.2.24). *Based on ABTS MTP assays.

Variant Mutation Increase in the activity in
comparison to the WT-TfuDyP
(fold)*
1 R315H 2.28
2 P154S and Q357R 1.67
3 V165l 1.39
4 S274C 1.39
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Figure 42: The homodimer structure of TfuDyP (PDB: 5FW4). The conserved residues (yellow) that are significant
for heme-binding and catalytic activity are demonstrated on the monomer on the left. On the other monomer
(right), the mutations (blue) carried by the sorted variants with higher H,0; stability were demonstrated as a
comparison with the conserved residues. The conserved residues and the mutational exchanges on the
homodimer structure were indicated on the structure via Swiss-PdbViewer version 4.1.0.

Heterologous expression of mutant TfuDyP variants and WT-TfuDyP in E.coli for a detailed enzymatic
characterization revealed differences in the expression yields (8.16) . The variants with the single
mutations R315H, V165I and S274C were expressed in higher yields (Table 18) in comparison to the
WT-TfuDyP. However, an approximately 5-fold decrease in the heterologous expression yield (Table
18) was observed for the double mutant variant with the aminoacid exchanges of P154S and Q357R.
Functional characterization assays indicated that the optimum temperature, which was determined as
60°C for all variants, was not affected by any of the mutational exchanges. However, the double
mutation (P154 and Q357R) resulted in a slight optimum pH shift from 5.0 to 4.5 and the single R315H
exchange shifted the optimum pH dramatically from 5.0 to 8.5 (Figure 60). For other variants and WT-
TfuDyP the highest activities were recorded at pH 5.0. Analysis of the kinetic parameters of the mutant
variants and the WT enzyme did not show significant changes in the turnover numbers (kcat). The Kw
of the V165I variant increased significantly suggesting a decrease in the specifity of the variant towards
guaiacol. Interestingly, the lowest Ky was determined for the double mutant P154S and Q357R, which
was expressed with the lowest yields. The heterologous expression yields, optimum pH and
temperature values and the kinetic parameters are summarized for all the mutant TfuDyP variants and

WT-TfuDyP in Table 18.
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Table 18: Characterization of the isolated mutant TfuDyP variants (6.2.24) and WT-TfuDyP (6.2.24) expressed
in E. coli (6.2.6) for expression yield (mg protein per L™ expression culture), pH and temperature profiles
(6.2.21) and kinetic parameters (6.2.17) (Km, kcat and kcat/Kwm) for guaiacol.

Mutation Expression Optimum Optimum Km Keat Keat/ Kw
yield pH temperature (1M) (s?) (uM1s?)
(mgL?) (°C)
1 R315H 78.3 8.5 60 20.9 1.8x1073 8.5x10°
2 P154S and 11.3 4.5 60 6.5 1.1x10°3 1.6x10*
Q357R

3 V165l 85.0 5.0 60 407.3 3.4x10°3 8.2x10°®
4 S274C 83.8 5.0 60 15.8 1.4x10°3 8.9x10°
5 WT 57.8 5.0 60 11.7 1.4x10°3 1.2x10*
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3.0 Discussion

3.1 Heterologous expression of lignin-degrading enzymes

The structure of lignin is derived from the methoxylated hydroxycinnamyl alcohol building blocks
ending up with a complex, unordinary and heterogeneous polymer composed of many different
linkages (Rinaldi et al., 2016). The difficulties in the depolymerization of lignin hampers the efficient
exploitation of the polymer and hinders the utilization of cellulose and hemicellulose. However, the
high carbon content of lignin still makes it an attractive source to produce sustainable biofuels and

chemicals.

Back in 1980s, white-rot fungi were identified to break lignin slowly by producing extracellular lignin-
degrading peroxidases. Upon the findings, research about the lignin-degrading enzymes focused
mainly on white-rot fungi such as Phanerochaete chrysosporium (Andrawis et al., 1988; Holzbaur et
al., 1988; Kirk, 1987; Ulmer et al., 1983). Many more enzymes of fungal origin with the potential to
degrade lignin were identified such as manganese peroxidases and laccases (Chen et al., 2012c; Hatti-
Kaul & lbrahim, 2012). Despite the intensive work and deep investigations, there is no example yet of
a fungal enzyme being commercially used for an effective lignin-degradation process. In the recent
years, lignin-degrading enzymes of bacterial origin have attracted the attention as promising
alternatives to fungal counterparts regarding the differences in functional parameters, their potential
showed on complex lignin-model compounds and polymeric lignin, and the facilities in expression
procedures. Unlike fungal enzymes, there is no requirement for post-translational modifications.
Therefore, the heterologous expression of the bacterial enzymes can be carried out by well-defined,
easy-to-handle bacterial host organisms such as E. coli. Bacterial enzymes present certain properties,
which can be advantageous over the fungal counterparts (Ausec et al., 2011; Bugg et al., 20113;
Chandra & Chowdhary, 2015). For instance, bacterial laccases possess a wide range of pH optima and
some of them are active at neutral or even basic pH values (Ece et al., 2017). However, fungal laccases
show activity only in a narrow window of pH range and the large-scale production of fungal laccases
can be challenging because of the slow growth rates of fungi or the requirements of the post-
translational modifications, which complicate the successful heterologous expression (Lambertz et al.,

2016).

The main purpose of this thesis was to express a set of bacterial lignin-degrading enzymes with high
yields to be able to characterize the functional and kinetic parameters of the enzymes in detail using
simple and complex lignin-model compounds and polymeric lignin samples. To achieve a better
degradation of the recalcitrant lignin polymer, possible modification approaches such as
immobilization and protein engineering were investigated. For this purpose, six knowledge-based

bacterial enzymes from three different families of lignin-degrading enzymes were chosen (Table 1).
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The coding sequences of all enzymes were previously reported either in the databases such as Uniprot

and NCBI or in the literature.

3.1.1 E. coli as the heterologous expression host

Previous studies showed that, if present, the efficiency of the heterologous expression depends
considerably on the existence of the leader peptide (Sletta et al., 2007). Furthermore, the stability and
the activity of the recombinant protein are also affected by the presence or absence of the leader
peptide (Singh et al., 2013). For the heterologous expression, the type of the signal sequence plays an
important role since the native signal sequences might not be recognized by every host organism
(Pines & Inouye, 1999; Rosano & Ceccarelli, 2014). In some cases, it is possible to optimize the signal
sequences or to create an artificial one to improve the efficiency of the heterologous expression and
the targeting to the desired compartment, such as the periplasm or to enable secretion (Clerico et al.,

2008; Samant et al., 2014; Velaithan et al., 2014).

In this work, the TfuDyP coding sequence was expressed in the presence of the native Tat signal
peptide, the pelB leader peptide provided on the pET-22b(+) vector system or without any leader
peptides. Judging initially from the expression yields (Table 2), the existence of the Tat or pelB leader
peptide limits the expression in comparison to the version without any signal sequence. Considering
that all three versions of TfuDyP (-Tat, -pelB and -cp) were purified from the soluble fractions
represented successful heme incorporation, and showed activity towards DMP, it can be concluded
that the leader peptide does not play a crucial role in the folding process of TfuDyP. The coding
sequence of TfuDyP bears merely one cysteine residue, which suggests there is no possibility and
requirement to form any disulfide bridges. This might have an effect on the successful expression of
TfuDyP without any leader peptides. TfuDyP was previously expressed in E. coli with the native Tat-
sequence (van Bloois et al., 2010) and the expression yield was determined as 3 mg L expression
culture after one step IMAC purification. It was shown that TfuDyP was exported to the periplasmic
space when expressed in an E. coli strain, which was deficient in its Tat translocation system. SDS-PAGE
analysis of purified TfuDyP sample revealed one unprocessed and one mature form of the recombinant
enzyme, which is comparable to the results presented here for TfuDyP-Tat and -pelB (Figure 10).
Recently, Rahmanpour and colleagues expressed TfuDyP that lacks any signal sequence in E. coli BL 21
(DE3) (Rahmanpour et al., 2016). The yield obtained after one-step IMAC purification and a following
Hise-tag removal step was reported as 9 mg protein L expression culture. The increase in the
expression yield achieved by removing the Tat signal sequence from the coding sequence reported in
this study is comparable to the data obtained from the literature and indicates clearly that signal

sequences might not always be required for the efficient heterologous expression in E. coli. Thus, the
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expression without any leader peptide can be an alternative strategy, when periplasmic or

extracellularic location is not crucial for a proper protein folding.

DyPB was expressed previously (Roberts et al.,, 2011) in the cytoplasm of E. coli. Although the
expression yield of the recombinant DyP was not reported, the results indicate a successful expression.
The results obtained in this thesis show that DyPB was expressed less efficiently in the cytoplasm of E.
coli than TfuDyP (Table 2). The coding sequence of DyPB contains three cysteine residues. Although
there has been no experimental proof so far, the expression of DyPB in the periplasm might have
favored the formation of the disulfide bridges and consequently higher yields of recombinant active

protein in the soluble fraction.

The coding sequence of SSHGDyP was revealed by the genome analysis of Streptomyces albus JA10,
which is often used as heterologous expression host for bacterial proteins. The expression of the
enzyme was not reported thus far. Although, the enzyme is reported as an extracellular enzyme, the
analysis of the purified enzyme without any leader peptide does not indicate an unprocessed and a
mature form of the enzyme. Adding the pelB leader peptide to the coding sequence of the enzyme did

not make a significant change in the expression yields of the purified proteins.

Such as SSHGDyP, the coding sequence of ScLac was also suggested to harbor a leader peptide
regarding its extracellular expression in its native host. However, the existence of the leader peptide
has never been proved. The extracellular expression of ScLac by Streptomyces cyaneus CECT 3335 was
previously carried out for 10 days in a submerged culture, yielding 8.19 mg protein from 100 mL of
culture supernatant following five purification steps (Arias et al., 2003; Margot et al., 2013). In contrast,
here, the heterologous expression of ScLac in E. coli achieved higher yields up to 104 mg L (Figure 13)
in a shorter cultivation time and required only a single IMAC step. In the first report of the native
expression of ScLac (Arias et al., 2003), the bacterial laccase was reported to be an extracellular laccase
and it was purified from the culture supernatant. SclLac was later produced in its native host and
compared with a native fungal laccase based on its activity on micropollutants (Margot et al., 2013).
The Sclac activity was also detected in the extracellular fraction of S. cyaneus. The analysis of the ScLac
sequence by databases such as SignalP and UniProt indeed did not indicate the presence of any leader
peptides. Therefore, it was concluded that ScLac is not an extracellular enzyme and it was not secreted
by the organism. It was actually released into the extracellular media throughout the cultivation
because of the increasing rate of cell death (Margot et al., 2013). SDS-PAGE and western blot analysis
of purified ScLac-cp did not yield two close bands as observed for TfuDyP, when ScLac was expressed
without pelB leader peptide agreeing with the abovementioned findings. The expression of the enzyme

with pelB leader peptide decreased the yields drastically (Table 2).
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Despite of the potential of the microbial B-etherases regarding their cleavage activity of the B-aryl
ether linkages, very few members of the enzyme family was identified and characterized into details,
such as LigE and LigF (Masai et al., 1991; Masai et al., 1993; Masai et al., 1999). More recently, lig and
LigF were also expressed in E. coli BL21(DE3) together with other novel bacterial B-etherases (Picart et
al., 2014). The recombinant B-etherases were purified by one-step IMAC benefitting from the
interaction between the Hise-tag at the N-terminus and the Ni?*-NTA agarose resin. The expression
yields of the B-etherases were reported to be in the range of 75 to 150 mg protein L expression
culture. In comparison to the yields reported by Picart et al., the yields obtained in this work (up to 16
mg L) is lower, although the expression host was E. coli in both cases. However, the E. coli strain used
in this work was BL21-CodonPlus(DE3)-RIL, which supplies rare codons for argU (AGA, AGG), ileY (AUA)
and leuW (CUA), instead of BL21(DE3). Studies about heterologous expression of prokaryotic and
eukaryotic proteins showed that the type of host strain can make great differences in the expression
levels (Rosano & Ceccarelli, 2014). Therefore, many different strains and conditions should ideally be

tested to express the protein of interest in desired amounts.

3.1.2 P. fluorescens as the heterologous expression host

E. coli has been used most of the time for the expression of bacterial lignin-degrading enzymes since
it is most well-established, easy and simple organism to work with (Rosano & Ceccarelli, 2014). There
are many molecular biology tools available that provide flexibility. However, the production levels of
soluble recombinant proteins might be too low to be able to carry out further analyses of the
recombinant enzymes. P. fluorescens is known to be a robust expression host particularly for
pharmaceutical proteins. A wide range of molecular biology tools are also available and appropriate
fermentation technics are tested successfully for up scaling procedures (Retallack et al., 2012). First
studies have already revealed that P. fluorescens might be more effective for the heterologous
expression of bacterial proteins when compared to E. coli under similar conditions (Retallack et al.,
2005). Therefore, P. fluorescens might be an alternative for E. coli, when one cannot overcome the low

expression yield issue for the target recombinant protein.

Except DyPB and SSHGDyP, all enzymes were expressed successfully in P. fluorescens and the yields
after one-step IMAC were increased by 2 to 70-fold in comparison to the expression in E. coli. DyPB
was not expressed at all and SSHGDyP was expressed in form of inclusion bodies. The expression yields
of the B-etherases were improved up to 70-folds, particularly the yields for LigF reached to the gram
levels indicating the great potential of P. fluorescens as a heterologous expression host for bacterial

lignin-degrading enzymes.
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The biggest obstacle standing between the enzymes with high potential and real-life applications is
generally the poor number of available enzymes. Problems occurring at the native, homologous or
heterologous expression steps which arise from submerged cultures, low expression yields due to
codon usage bias, leader peptides or accumulation of the protein of interest as inclusion bodies due
to lack of the posttranslational modifications might comparatively affect the isolation or purification
steps (Brijwani et al., 2010; Piscitelli et al., 2010). Relatively simple bacterial expression hosts such as
E. coli provides higher productivity, low cost, short expression times and less laborious processes which
are favorable routine processes and industrial applications. That is why E. coli is still the most
commonly used expression host for the heterologous expression of broad range of enzymes from
eukaryotic and prokaryotic origins. Using both E. coli and P. fluorescens as expression hosts, substantial
expression yields were achieved in comparison to the previously reported studies about recombinant

lignin-degrading enzymes with bacterial origin.

To compare the expression yields obtained for E. coli and P. fluorescens in this study (Table 19), the
reported bacterial DyP-type peroxidases, laccases and B-etherases were summarized in Table 20, Table
21 and Table 22 together with the origins of the enzymes and the expression yields (when possible).
The expression yields achieved in E. coli are in the range of the yields reported in the literature.
However, the yields achieved in P. fluorescens outrun the reported yields in E.coli.

Table 19: Comparison of the expression yields obtained in E. coli and P. fluorescens with the yields reported in

the literature obtained by heterologous expression. IB: Inclusion bodies, NE: Not expressed successfully, NR:
Not reported. *TfuDyP expressed with the yield of 200 mgL™! was almost inactive (Colpa & Fraaije, 2016).

Enzyme Expression yields in Expression yields in Expression yields Reference
E. coli P. fluorescens reported in the
~mg protein L1 ~mg protein L1 literature~mg protein L
expression culture expression culture expression culture

(van Bloois et al.,

2010);
R *
TfuDyP 200 130.0 3.0-200.0 (Rahmanpour et al.,
2016); (Colpa &
Fraaije, 2016)
DyPB 18.0 NE NR (Ahmad et al., 2011)
SSHGDyP 5.0 1B NR NR
Sclac 104.0 234.0 NR NR
Lig 5.5 490.0 75.0-150.0 (Picart et al., 2014)
LigF 16.0 11235 75.0-150.0 (Picart et al., 2014)
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Table 20: Bacterial laccases, laccase-like phenol oxidases, and multi-copper oxidases produced by
heterologous expression in E. coli and the corresponding expression yields (if reported). If not mentioned
otherwise, the enzyme yield is the amount of enzyme recovered after purification. NR: not reported.

Enzyme Origin Yield Comments Reference
PpoA Marinomonas mediterranea NR (Sanchez-Amat et al.,
2001)
Cot A Bacillus subtilis NR 10% of total (Martins et al., 2002)
recombinant CotA
expressed by E. coli
was purified
successfully
CotA B. subtilis 20 mg L-1 (Durao et al., 2006; Durao
(aerobic) et al., 2008a; Durao et al.,
23 mgL-1 2008b; Pereira et al.,
(anaerobic)
2009)
EpoA Streptomyces griseus NR (Endo et al., 2003)
STSL Streptomyces lavendulae 10 mg L? (Suzuki et al., 2003)
Lbh1 Bacillus halodurans NR (Ruijssenaars & Hartmans
2004)
SLAC Streptomyces coelicolor NR (Machczynski et al., 2004)
Tth laccase | Thermus thermophilus 10 mg L? (Miyazaki, 2005)
McoA Aquifex aeolicus NR Expressed as insolublg (Fernandes et al., 2007)
protein and recovered
by unfolding and
refolding
CotA Bacillus licheniformis 10 mg L? (Koschorreck et al., 2008)
SilA Streptomyces ipomea NR 4.8-fold purification ol (Molina-Guijarro et al.,
the protein 2009)
corresponding
to a final yield of
85.6%
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Enzyme Origin Yield Comments Reference
(continued) (continued) (continued) (continued) (continued)
LCMOs Bacillus coagulans NR (Ihssen et al., 2015)

Bacillus clausii
Bacillus pumilus
Streptomyces pristinaespiralis
Gramella forsetii
Marivirga tractuosa
Spirosoma linguale
SCLAC S. coelicolor 15-20 mg L? (Majumdar et al., 2014)
SLLAC Streptomyces lividans
SVLAC Streptomyces viridosporus
AMLAC Amycolatopsis sp
Cot A B. clausii NR (Brander et al., 2014)
Ssl1 Streptomyces sviceus 40-50 mg L? (Gunne & Urlacher,
2012b)
BALL B. licheniformis 20 mg ! (Tonin et al., 2016)
MmPPO Marinomonas mediterranea NR Recovered from (Tonin et al., 2016)
membrane fraction
and partially purified
to34UL?
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Table 21: Bacterial DyP-type peroxidases produced by heterologous expression in E. coli and the corresponding
expression yields (if reported). If not mentioned otherwise, the enzyme yield is the amount of enzyme recovered
after purification. NR: not reported.

Enzyme Origin Yield Comments Reference
AnaPX Anabaena sp. 10 mg L? (Ogola et al., 2009)
BIDyP Brevibacterium linens NR (Sutter et al., 2008)
BsDyP Bacillus subtilis NR (Sezer et al., 2013)
BtDyP Bacteroides NR (Zubieta et al., 2007b)

thetaiotaomicron
DyP2 Amycolatopsis sp. 75iv2 25mgL? (Brown et al., 2012)
DyP1B Pseudomonas  fluorescens | 30 mg 2 L! (Rahmanpour & Bugg,
Pf-5 2015b)
DyPA Rhodococcus jostii RHA1 NR (Ahmad et al., 2011)
DyPB R. jostii RHA1 NR (Ahmad et al., 2011)
dypPa Pseudomonas aeruginosa | NR (Li et al., 2012)
PKE117
DyP2B P. fluorescens Pf-5 26 mg2L? (Rahmanpour & Bugg,
2015b)
DyPA P. fluorescens Pf-5 5mg2lL? (Rahmanpour & Bugg,
2015b)
FepB Staphylacoccus aureus NR (Turlin et al., 2013)
PpDyP Pseudomonas putida NR (Sezer et al., 2013)
TyrA Shewanelle oneidensis NR (Zubieta et al., 20073;
Zubieta et al., 2007b)
TfuDyP Thermobifida fusca YX 3mglL? (van Bloois et al.,
2010)
TfuDyP T. fusca YX 9mglL? (Rahmanpour et al,,
2016)
TfuDyP T. fusca YX Up to 200 mg L'? | Low activity / inactive | (Colpa & Fraaije, 2016)
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Table 22: Bacterial B-etherases produced by heterologous expression in E. coli and the corresponding
expression yields (if reported). If not mentioned otherwise, the enzyme yield is the amount of enzyme recovered
after purification. NR: not reported.

Enzyme Origin Yield Comments Reference

LigD Sphingomonas NR (Masai et al., 1991)
paucimobilis SYK-6

LigkE S. paucimobilis NR (Masai et al., 1991)

LigF S. paucimobilis 2.66 mg 200 mL* 2-step purification (Masai et al., 2003;

Masai et al., 1993)

LigG S. paucimobilis NR (Masai et al., 2003)

LigkE Sphingobium sp. NR 2 rounds of IMAC (Gall et al., 2014)

LigF

LigG

LigP

LigkE Sphingobium sp. 75-150 mg L! 1-step IMAC (Picart et al., 2014)

LigE-NS NA:

LigE-NA Novosphingobium

LigF sp. PP1Y

LigF-NS NS:

LigF-NA Novosphingobium

LigP aromaticivorans

LigP-SC DSM1244.

3.2 Functional and structural characterization of the purified enzymes

The Soret band scans assist in calculating Reinheitszahl (RZ) values of peroxidases, which give
information about correct heme incorporation and initial hint about the enzymatic activity. The band
analyses carried out here (Figure 18 A, B) showed that the heme B group was incorporated into the
TfuDyP structure expressed in E. coli and P. fluorescens successfully. The corresponding RZ values
(Table 4) were lower for the DyP that was expressed with leader peptides in E. coli compared to the
same protein that was expressed without leader peptide. The highest RZ value of TfuDyP is obtained

when the enzyme was expressed in E. coli without any leader peptides. A successful heme
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incorporation into TfuDyP via P. fluorescens expression shows that P. fluorescens is able to synthesize
sufficient amount of heme without providing any precursors into the expression medium. Precursors
are known to be crucial for the heterologous expression of heme-containing recombinant enzymes
that are expressed in bacteria and yeast (Colpa & Fraaije, 2016). Here, the heme incorporation into the
TfuDyP structure was successfully performed by the host without any additional precursors or
laborious experimental steps. The same variation in the RZ values is also observed for DyPB. A lower
RZ value (half) was obtained when the enzyme was expressed with pelB leader peptide in E. coli (Table
4). However, both DyPB samples with or without pelB leader peptide yielded lower RZ values in
comparison to the TfuDyP samples. Although the heterologous expression of SSHGDyP yielded soluble
proteins, the Soret scans showed no peaks for the existence of the heme B group (Figure 18 D). Thus,
no RZ values could be calculated for the purified protein samples. This was already a sign that the
enzymes were expressed in their inactive form. Following the structural analysis results, in vitro heme
incorporation was attempted using hemin (no data shown), which was not successful. The calculated
RZ values for TfuDyP and DyPB expressed in E. coli or P. fluorescens are comparable to those obtained

for other fungal and bacterial DyP-type peroxidases (Kim & Shoda, 1999; Li et al., 2012).

The visible spectra analyses of SclLac indicated strongly that the laccases were expressed as
apoproteins in E. coli and P. fluorescens. The addition of copper to the purified samples was necessary
for the maturation and activation of the enzyme (Figure 19 A, B). The results suggest that incorporation
of copper into the laccase structures can be complicated regardless from the heterologous expression
host. A similar situation was observed for the recombinant EpoA that was only active when expressed
in the presence of 10 uM CuSO.. Otherwise, the recombinant EpoA accumulated in an inactive
monomeric form of the enzyme within the cells (Endo et al., 2003). However, the addition of copper
ions to the expression medium is a critical issue since excess amount of copper shows toxic effect on
the cell growth (Bird et al., 2013; Grey & Steck, 2001). Following the in vitro copper incorporation step,
it was shown by the MTP assays (Figure 19 C, D) or zymography assays (Figure 20) that at least the T1-

copper was incorporated into the protein structures and the recombinant laccases gained activity.

In the previous studies about the identification and characterization of TfuDyP, the enzyme was
reported to show activity against Reactive Blue 19 (RB 19) between pH 3-4 with a maximum activity
observed at pH 3.5 (van Bloois et al., 2010) and between pH 4.0-8.0 against 2,4-dichlorophenol (DCP)
with a maximum activity observed around pH 5.0-5.5 (Rahmanpour et al., 2016). In this study, TfuDyP
showed the highest activity at pH 4.0 using DMP as substrate. A shift in the optimal pH value towards
different substrates was also observed with a DyP from Irpex lacteus (Salvachua et al., 2013). The
fungal DyP showed maximum activity towards veratryl alcohol at pH 2.0, towards ABTS and DMP at pH

3.0 and towards RB 19 at pH 4.0. Although the reason for the pH shift remains unclear, it can be
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interpreted that phenolic or non-phenolic nature of the substrate together with the residues at the
catalytic center on the distal face of heme cofactor play a major role in determining the optimal pH.
The same is conceivable for the variations in the temperature optima using different substrates. The
optimum temperature assays resulted in 25°C when TfuDyP was assayed with RB 19 (van Bloois et al.,
2010), in a range of 45-60°C when the recombinant enzyme was assayed with DCP (Rahmanpour et al.,
2016) and 60°C against DMP (this study). As typically observed for DyP-type peroxidases, DyPB showed
the highest activity in the acidic pH region. The enzyme reached its maximum activity towards DMP at
pH 4.5 and remained active until pH 6.5. (Ahmad et al., 2011) reported the optimal pH for DypB as pH
3.6 using ABTS as the substrate, however, the activity was retained at pH 5-6. Surprisingly, DyPB
reached its maximum activity at 80°C and remained active when incubated at the temperatures up to
90°C. The recombinant ScLac showed a broad optimum pH and temperature profiles. ScLac showed its
maximum activity at pH 5.5 and it retained its stability at neutral and basic pH values, in agreement
with the reports of other bacterial laccases. This leads to the suggestion that ScLac also might be ideal
for biotechnological applications where neutral or basic pH values are required over a longer period
(Brander et al., 2014; Gunne & Urlacher, 2012b; Ruijssenaars & Hartmans, 2004). An activity at neutral
or basic pH values is often observed for bacterial laccases and laccase-like enzymes but less frequently
for the fungal laccases (Christopher et al., 2014). For example, B. halodurans Lbh1 showed maximum
activity against SGZ at pH 7.5-8.0, Streptomyces sviceus Ssl1 showed maximum activity against
phenolic substrates such as DMP and guaiacol at pH 9.0 and against SGZ at pH 8.0, and a halotolerant
alkaline laccase from Streptomyces psammoticus showed maximum activity at pH 8.5 and retained
97% of its initial activity after 90 min at pH 9.0 (Gunne & Urlacher, 2012b; Niladevi et al., 2008;
Ruijssenaars & Hartmans, 2004). High activities in alkaline solutions are ideal for industrial applications
such as bio-bleaching of Kraft pulp during paper production, lignin modification or total biomass
degradation (Pometto & Crawford, 1986; Ruijssenaars & Hartmans, 2004; Si et al., 2015). Laccases
often remain active for a short time at high temperatures (Reiss et al. 2011; Zhang et al. 2013) but
industrial applications usually require prolonged reactions. Although Sclac lost most of its activity
following the incubation at 90°C, it showed promising stability profiles at 30°C and 60°C. A
phenomenon known as heat activation, which has already been reported for a Bacillus clausii LMCO
expressed in E. coli (Brander et al., 2014), was observed for ScLac after incubation at 30°C. Consistent
with the previous reports of Ligk and LigF, the recombinant B-etherases showed optimal pH values
around pH 9.0 and pH 9.5 and optimal temperature values around 25°C (Picart et al., 2014). An
incubation of the enzymes around 30°C-60°C caused almost total loss of the enzymatic activity
suggesting that the enzymes are more convenient for the reactions carried at relatively mild

conditions.
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3.3 Activity analyses of the purified recombinant lignin-degrading
enzymes

3.3.1 Activity assays with common lignin-model compounds

DMP and guaiacol are two of the well-known peroxidase substrates (van Bloois et al., 2010) and ABTS
is a well-known synthetic mediator of laccases (Cabana et al., 2007a; Mishra & Bisaria, 2006). These
three substrates are often used to test the activities of lignin-degrading peroxidases and laccases. The
initial activity assays with the recombinant DyPs and the laccase were carried out using DMP to
compare the specific activities. The values in Table 5 and Table 6 show that the leader peptides might
affect the enzymatic activity. As observed for all three oxidoreductases, TfuDyP, DyPB and Sclac, the
highest specific activities towards DMP were observed when the enzymes were targeted to the
periplasm. The activity analyses of the recombinant enzymes on these three common substrates were
further analyzed by kinetic measurements using TfuDyp-cp (expressed in P. fluorescens), DyPB-pelB
(expressed in E. coli) and ScLac-cp (expressed in E. coli). The calculated kinetic parameters (Table 8,
Table 9 and Table 10) resembled those reported previously (Chandra & Chowdhary, 2015; lhssen et
al., 2015; van Bloois et al., 2010). The highest kcat/Km values were obtained with ABTS for TfuDyP and
DyPB consistent with the previous reports (Rahmanpour & Bugg, 2016; Roberts et al., 2011), whereas
the lowest activity levels were observed with guaiacol. DyPs show highest oxidation activity towards
anthraquinone dyes followed by typical peroxidase substrates and azo dyes such as ABTS (Kim &
Shoda, 1999; Zubieta et al., 2007a). Although oxidation of guaiacol was reported previously for TfuDyP
(van Bloois et al., 2010), the specific activity towards guaiacol was the lowest among all tested
substrates. ScLac showed the highest kc.t/Km with guaiacol, which is a natural mediator of the laccases
and laccase-like phenol oxidases (Morozova et al., 2007). Many fungal and bacterial laccases are
reported to present higher catalytic efficiencies for guaiacol rather than catechol, DMP or pyrogallol
(Pardo & Camarero, 2015). In addition to the abovementioned substrates, ScLac was also tested
against the non-phenolic substrate VA in the presence of two different mediator systems. Sclac
showed oxidation activity towards the substrate in the presence of both mediator systems (Appendix
Figure 49 -Figure 52). Veratraldehayde was obtained as the main product of the electron transfer route
(Bourbonnais et al., 1998) provided by ScLac-ABTS LMS, however the conversion yield was not 100%.
Although the quantification was not carried out for HPLC analyses, the area of the product peaks
indicate higher product formation yields in the presence of ABTS as observed for many other bacterial

laccases (Christopher et al., 2014).

Unlike for the lignin-degrading peroxidases and the laccases, there is no substrate that is commercially
available for B-etherases. Therefore, the activity of Ligk and LigF was tested merely against MUAV

compound for specific activity determination and kinetic analyses. The expression of the B-etherases

70



Discussion

with N-terminus Hise-tag yielded higher specific activities towards MUAV. Specific activities, which
were significantly higher than the previously reported values (Picart et al., 2014), as well as the catalytic
properties showed that LigF was more active on MUAV than LigE in accordance with the prior

knowledge (Masai et al., 1991; Picart et al., 2014).

3.3.2 Activity assays with complex lignin-model compounds

Using simple model compounds that are commercially available gives an idea about the substrate
preferences of the enzymes and its catalytic properties facilitating the comparison with the other
reported enzymes. However, the activity assays with the aromatic phenolic or non-phenolic lignin-
model compounds bears high significance because, unlike the commercial substrates, they reflect the
structure and the properties of the natural lignin polymer partly. Four different aromatic phenolic and
non-phenolic model compounds (Figure 26) were tested with the recombinant DyPs and the laccase.
Among all the model compounds, significant activity levels were obtained merely with the phenolic SS
B-0-4 OH model compound under certain conditions. A ketone product was obtained out of the
reactions with TfuDyP, DyPB and SclLac (Table 13 and Table 14). However, ScLac showed significantly
higher formation yields for the ketone product than the other enzymes. Furthermore, the conversion
of the secondary alcohol moiety of the SS--0-4 OH to the corresponding the SS-B-0-4 ketone by Sclac
was improved by saturating the reaction mix with O, prior to the incubation. A commercial laccase
from T. versicolor was tested under the same conditions using equal amount of specific activities as
the recombinant SclLac. The results show that the ketone formation yields of SclLac is comparable to
the commercial laccase, therefore, promises high potential for further assays with lignocellulosic
biomass. Most studies about biomass and lignin modification using laccases are of fungal origin. Many
fungal enzymes were shown to oxidize or depolymerize lignin-model compounds, lignin polymers or
lignocellulosic samples using different mediator systems (Camarero et al., 2005; Chandra &
Chowdhary, 2015; Chen et al., 2012b; Gutierrez et al., 2012). However, there are only a few successful
examples of bacterial laccases such as small laccases from Streptomyces sp. shown to produce acid
precipitable lignin polymeric lignin from Miscanthus x giganteus lignocellulose (Majumdar et al., 2014).
SCLAC from S. coelicolor was shown to degrade a similar dimeric phenolic B-0-4 model compound and
oxidize a non-phenolic lighin-model compound (Majumdar et al., 2014) in the presence of different
redox mediators. Although the redox mediators ABTS and HBT were used with ScLac on the non-
phenolic SS B-0-4 model here, no oxidation or degradation product was obtained. However, this might
be due to the requirement of a more comprehensive optimization work including more synthetic or

natural laccase redox mediators.

The potential of TfuDyP and DyPB on the B-aryl ether lignin-model compound were known by previous
reports (Ahmad et al., 2011; Rahmanpour et al., 2016). These two enzymes represent few of the most
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comprehensively characterized bacterial DyP-type peroxidases. Their activity on the phenolic SS B-O-
4 OH model compound increases the potential of the recombinant DyPs for future biomass valorization

processes and makes the enzymes more attractive for industrial applications.

The ketone product which was obtained from the DyP and laccase reactions was purified and used in
the activity assays of Ligk and LigF. Initial assays indicated no cleavage of the dimeric ketone product.
The results were unexpected because the activity of both Ligk and LigF were shown on dimeric model
compounds resulted in the cleavage of the model via nucleophilic attack by the tripeptide GSH on the
carbon atom at the B position of substrates containing B-aryl ether linkages to produce guaiacol and a
GSH-conjugated aromatic compound (Gall et al., 2014; Picart et al., 2014). The purified ketone was
mixed with the rest of the unreacted phenolic SS B-0-4 OH model compound and this might have

interfered with the B-etherase reactions.

3.3.3 Activity assays with Kraft lignin

The assays with commercial Kraft lignin resulted in an increase in the absorbance at 465 nm for TfuDyP,
DyPB and Sclac. The control reactions carried out under the same conditions excluding the enzymes
did not yield significant increase in the absorbance at the same wavelength. This indicates that the
observed increase in the absorbance was due to reactions between the enzymes and the lignin sample.
Kraft lignin is a commercial by-product of paper manufacturing and might be relatively rich in
sulfonated groups. The results suggest that some parts of the substrate solution go through an
oxidation process, however, it is not clear yet which groups of the polymer are attacked by the enzymes
(Rahmanpour & Bugg, 2016). The reactions with increasing concentrations of Kraft lignin revealed
Michaelis-Menten kinetic behavior for TfuDyP, DyPB and ScLac, which suggests that the enzymes might
be able to bind certain parts of the polymeric lignin (Ahmad et al., 2011). As reported for DyPB

previously, its activity towards Kraft lignin was improved in the presence of Mn?*.

The oxidative enzymatic activities on Kraft lignin can be exploited for further functionalization of the
commercial lignin by coupling water-soluble phenols (Lund & Ragauskas, 2001) or ester and ether
derivatives (Kalliola et al., 2014). Functionalization of Kraft lignin can be directed in such a way to
change the properties of the recalcitrant polymer for the benefit of the valorization protocols such as
increased water solubility or even repolymerization of the lignin polymer. Nevertheless, the saturation
kinetic behavior towards Kraft lignin is unsusual for lignin-degrading enzymes regarding its recalcitrant
structure rich in C-C linkages. Some argued that the kinetic behavior could be caused by a physical

phenomenon rather than an enzymatic activity, however, no experimental evidence was shown.
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3.4 Modification of the selected enzymes for enzymes for higher stability
and/or activity

3.4.1 Immobilization of ScLac

The immobilization of ScLac was performed via two distinct methods: The immobilization on agarose
beads and via cross-linked enzyme aggregates (CLEA). The recovery of the immobilized enzyme
samples was determined as 71.5% (of initial activity) and 33% (bound protein) for CLEA procedure and
immobilization on the agarose beads, respectively. The immobilized enzyme samples could be used at
least five times in the sequential activity assays, if the samples were washed between the activity
assays. Immobilization harbors not only the advantage of recycling but also a possible increase in
stability and activity due to enhanced structural rigidity and decreased possibility of the dissociation-
related inactivation (Guzik et al., 2014). Although the immobilized ScLac can be reused at least five
times, neither the stability nor the activity of the immobilized enzyme improved compared to the free
enzyme, which contrasts with previous studies of other laccases (Cabana et al., 2007b; Sinirlioglu et
al., 2013). The pH optima of the immobilized enzymes differed from the free enzyme preparation most
likely due to changes in the structural conformation of the enzyme or the microenvironment induced
by the immobilization method or the matrix (Bussamara et al., 2012; Guzik et al., 2014; Kumar et al.,

2014).

3.4.2 Protein engineering for improved H:0: stability

Directed evolution mimics the natural evolution process in wet-lab in considerably shorter time and
increases the chance of obtaining highly enhanced variants in comparison to the rational protein
design (Turner, 2009). However, the directed evolution studies of lignin-degrading enzymes have been
hampered by the lack of successful heterologous expression hosts, and efficient and rapid high-
throughput methods (Garcia-Ruiz et al., 2014). TfuDyP represents one of the best-characterized
bacterial DyP-type peroxidases. The potential of TfuDyP in oxidizing simple and complex lignin-model
compounds and Kraft lignin has been shown and the three dimensional structure has been determined
(Rahmanpour et al., 2016; van Bloois et al., 2010). In this study, TfuDyP was used for directed evolution
to improve its stability and activity in the presence of higher H,0, concentrations and to develop a
high-throughput screening method that can be applied to other lignin-degrading oxidoreductases as
well. The WT-TfuDyP gene was cloned in a surface display vector, which expresses the enzyme of
interest on the cell surface by a covalent linkage. The surface display of TfuDyP provided the
connection between phenotype and genotype throughout the screening and sorting experiments
(Ostafe, 2013) and ruled out the requirement of the compartmentalization of the cells by
encapsulation. In order to screen the mutant library of TfuDyP, a method that was previously

developed for glucose oxidase was modified and applied successfully using the effective analytical cell
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biology technique based on FACS (Ostafe et al., 2014). The method used a fluorescent substrate to
stain the cells via covalent binding. To distinguish the population with higher activity successfully a
second staining technique was applied. A fluorescent secondary antibody, DyLight 647, was used for
simultaneous detection of the enzyme expression while tyramide-fluorescein was used for monitoring
the enzyme activity. Regarding the difference in the exitation and emission spectra of both dyes, the

simultaneous usage did not result in the cross-talk between the channels.

Most of the DyPs are active in the presence of 1 mM H,0;and beyond this concetration, the enzymes
start losing their activity (Roberts et al., 2011; Shrestha et al., 2016). The screening of the TfuDyP library
resulted in four variants (Table 17) with higher activity towards ABTS than the WT-TfuDyP after the

pretreatment with 5 mM H,0..

Among the mutations, the Arg315His exchange represents the most critical one. The Arg315 residue is
on the distal face of the heme cofactor (Figure 42) and responsible for the stabilization of the
compound | intermediate via hydrogen bonding (Hiner et al., 2002). This residue was previously
exchanged by site-directed mutagenesis to Gln and the resulting mutant did not show any activity
against ABTS in the presence of 1 mM H,0, (Rahmanpour et al., 2016). As compared to GIn, His shows
similar properties to Arg with a relatively less bulky side group. It can be concluded that the exchange
to His did not disturb the cofactor-binding pocket and the hydrogen bonding and enhanced the stability
instead. Moreover, this exchange resulted in a dramatic shift in the optimum pH value of the variant
from acidic (5.0) to the basic (8.5) region. Activity at elevated pH values is not a known property for
DyPs. So far, reported DyPs usually performed their best activity in the acidic pH range from 3.0t0 5.0
(Kim & Shoda, 1999; Shakeri et al., 2008). However, an optimal activity at basic pH can be advantegeus
for the applicability of the enzyme in alkali-based biomass pretreatment procedures (Xu et al., 2016).
Pro154 and Val165 residues are located on the a-helix secondary structure (Figure 58). Ser274 and
GIn357 do not correspond to any significant residues on the secondary structure, however, they are in
the vicinity of the larger and smaller tunnels that provide access to the distal face of the heme cofactor
and H,0, (Rahmanpour et al., 2016). All three exchanges, Arg315His, Val165lle and Ser274Cys, occur
between the aminoacids within the same group of properties except the variant 2 with the double
exchange Pro154Ser and GIn357Arg. Here, both residues are located on the protein surface (Figure
42), which might have affected the interaction between the enzyme and the environment in the
reaction media. Interestingly, the double exchange resulted in a slight shift of optimum pH towards
the acidic region and decreased the Kwv value of the enzyme against guaiacol accompanied with a

significant decrease in the heterologous expression yield (~5-fold).
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4.0 Conclusions

Lignocellulosic material offers a vast amount of sources and possibilities for the production of
sustainable chemicals, materials and value-added biofuels. It is more appropriate than most of other
common biomass feedstocks used for biofuel production such as corn stover and sugarcane bagasse
because it does not compete with the food supply. The cellulosic part of the lignocellulosic material is
built by well-defined subunits and regular interlinking organized by B-1,4-glycosidic bonds. Unlike the
cellulosic part, the lignin part of the lignocellulosic material is built by 3 different monomeric units
linked by at least 7 types of bonding motifs. The complex structure of lignin requires complex
conditions for complete degradation. The main drawback of biological lignin depolymerization
originates from the variety in the subunits and linkages, which require wide range of reactions
catalyzed by many different enzymes. The analysis of the enzymes on the complex lignin sub-structures
and linkages require complicated technics and expertise as well. Regarding these difficulties arisen
from the structure of lignin, the research in the field of biological lignin valorization developed
relatively slow. First lignin-degrading organisms, thus lignin-degrading enzymes, were identified from
white-rot fungi. Although, several bacteria were identified as lignin-degraders synchronously, the
superior features of fungal enzymes such as high redox potential overshadowed the research in lignin-
degrading bacteria and bacterial enzymes. The requirement of post-translational modifications, low
expression vyields and complicated fermentation procedures have emerged the bacterial lignin-
degrading enzymes as valuable alternatives to the fungal enzymes in the last decade. Distinct
functional parameters, facilities in the expression protocols and the availability of the heterologous
expression hosts, helped in reaching higher amounts of bacterial lignin-degrading enzymes that
resulted in characterization of the enzymes in more detail. Nevertheless, the potential of bacterial
lignin-degrading enzymes on complex lignin-model compounds, polymeric lignin and lignocellulosic
substrates is still limited to very few but promising examples from each class of enzymes. Nowadays,
bacterial enzymes are still not included in most recent reviews about lignin-degrading enzymes,
although certain classes are originally predominant in the bacteria. This clearly indicates the research
in the field of lignin-degrading enzymes and biological lignin valorization should focus on the bacterial
families as well to exploit the potential of the bacterial enzymes and to develop further optimization
and protein engineering methods to increase their potential for degradation of recalcitrant lignin

polymer.

To investigate the potential into more detail and to contribute to the field of the bacterial lignin-
degrading, six bacterial enzymes were selected from DyP-type peroxidase, laccase and B-etherase
families. 5 out of 6 selected enzymes were successfully expressed in E. coli, suggesting that despite its

simplicity it still serves as an effective host system. The effects of the leader peptides for the
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heterologous expression of the oxidoreductases or the position of the affinity tag for the B-etherases
were also investigated in E. coli. The existence of the leader peptide affected the expression yields
differently for each DyP and the laccase. The results showed that although the coding sequence of an
enzymes consists of a leader peptide, the expression of the particular enzyme discarding the leader
peptide might result in higher expression yields without losing the enzymatic activity or vice versa. The
contradictions in the databases were revealed by the heterologous expression results for ScLac and
SSHGDyP. Although the enzymes were reported as extracellular enzymes, SDS-PAGE and western blot
analyses of the purified enzymes that were expressed without any additional leader peptide yielded
merely one form of the enzymes. Therefore, it can be concluded that a comprehensive heterologous
expression optimization should include both conditions, including and excluding the leader peptides.
Locating the Hise-tag at the C-terminus of the B-etherases decreased the expression yields and affected
the enzymatic activity reversely. On the contrary, locating the Hise-tag at the N-terminus resulted in
higher expression yields and enzymatic activities for both of the B-etherases indicating that the
position of the affinity tags might also be an important parameter for the successful heterologous

expression of a lignin-degrading enzyme.

So far, P. fluorescens was not used as the heterologous expression host for lignin-degrading enzymes.
In this thesis, 4 out of 6 selected enzymes were expressed successfully in P. fluorescens. The expression
yields reached up to gram values showing that P. fluorescens can be a powerful alternative to E. coli
for the expression of the bacterial lignin-degrading enzymes, particularly for B-etherases. This can
certainly provide a great advantage over other expression hosts to avoid repeated expressions and

purification cycles that can decrease the process costs substantially.

The recombinant enzymes expressed in E. coli or P. fluorescens were purified by one-step affinity
chromatography successfully and characterized for functional and catalytic parameters. The structural
characterization assays showed that both E. coli (in the presence of the precursor 5-ALA) and P.
fluorescens (no precursor required) were able to synthesize the heme and incorporate it into the
structure of the DyP-type peroxidases as the prosthetic group successfully. However, incorporation of
the copper into Sclac structure failed in both of the expression hosts. Purified recombinant laccase
expressed in both systems showed no activity without an in vitro T1-copper incorporation step, which
was achieved by incubation of the recombinant enzyme solutions in the presence of copper. Functional
parameter assays showed great differences of the optimal pH and temperature values among the
classes of the enzymes. The results pointed out the bottleneck towards preparation of a single enzyme
cocktail and suggested stepwise application of various enzyme cocktails for effective lignin
depolymerization. Sets of enzyme cocktails can be prepared and the interaction and the potential

synergism between the cocktail sets can be analyzed by Design of Experiments (DoE) software
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approach. This approach reduces the number of the experiments required to optimize the cocktail

contents and the conditions (Zhou et al., 2009).

The recombinant purified enzymes were tested with simple and complex lignin-model compounds and
polymeric Kraft lignin. The assays with the simple lignin-model compounds such as DMP, ABTS or
guaiacol yielded specific activities and kinetic parameters in the range of the previous similar reports.
In addition to the abovementioned substrates, ScLac was also tested against the non-phenolic simple
substrate veratryl alcohol in the presence of two common mediator systems ABTS and HBT. The
recombinant laccase catalyzed the conversion of the non-phenolic substrate to the aldehyde product
preferably in the presence of ABTS. All recombinant oxidoreductases showed oxidative activity
towards phenolic SS B-0O-4 OH lignin-model compound. However, ScLac showed the highest product
formation percentage that was comparable to the activity of the commercial laccase from Trametes
versicolor, proving the high potential of the bacterial laccases again. This is a very promising result,
keeping in mind that the conversion of the complex model compounds can be very difficult especially
with the individual enzymes. The same successful results were not observed with the non-phenolic
complex lignin-model compounds suggesting that the redox potential of the bacterial oxidoreductases
might be too low to oxidize the complex non-phenolic substrates or more optimization studies should
be carried out. This issue can be overcome, for instance, by modifying the enzymatic structures via
protein engineering approaches. In addition to the activity towards the phenolic model compound, the
recombinant oxidoreductases showed oxidative activity and saturation kinetics behavior with the
commercial Kraft lignin sample. The activity towards Kraft lignin is significant for functionalization of

the polymeric lignin sample, which can further facilitate the modification of the polymer.

The cost of enzyme production is a major factor in the economics of enzyme-based biomass degradation
processes and is dependent on the host cells and purification strategy (Klein-Marcuschamer et al., 2012).
Such costs can be minimized if the enzyme is reused in multiple process cycles by means of
immobilization. In this study, ScLac was immobilized using two distinct methods. The recovery and
reusability of the enzyme were demonstrated successfully, suggesting that ScLac could be used for the
development of cost-efficient biotechnological processes (Robinson, 2015). Two distinct immobilization
methods were successfully applied to ScLac, which gives a chance to recycle the enzymes to decrease
the expenses. Nevertheless, immobilized enzymes still need to be tested against more complex model
compounds. Also the methods need to be applied to the rest of the enzymes in order to judge its overall

applicability.

Protein engineering studies on lignin-degrading enzymes are focused mostly on variants originating from
fungal sources. The majority of protein engineering studies on bacterial lignin-degrading enzymes

consist of site-directed mutagenesis of certain residues to investigate the significant motives in the
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enzyme structures such as heme-binding groups in order to reveal the active center of the enzymes or
to figure out the residues that play a role in the conversion of the substrates. TfuDyP was chosen as the
platform enzyme in our study as a proof of principle on which we can develop and fine tune the FACS
based screening system. Once the screening system is developed it can be applied to other peroxidases
as well. The directed evolution library of the DyP-type peroxidase, which contained approximately 10°
variants, was created by combining ep-PCR and MEGAWHOP-PCR methods. A high-throughput
screening method was developed to screen the mutant library via advanced FACS technique. This high-
throughput screening method facilitates the screening procedure and increases the rate considerably in
comparison to the common MTP assays. The cost related to material consumption is also decreased and
the method can be applied to other bacterial or fungal DyP-type peroxidases and laccases or any lignin-
degrading oxidoreductases. The screening of the mutant library of TfuDyP yielded four variants with five
different mutations, which showed up to 2.3 times more activity in the presence of 5 mM H;0,. The
results give a hint for further development of the sequential mutant libraries of TfuDyP. The protein
engineering study of TfuDyP contributes to the literature of lignin-degrading enzymes in two ways. First,
the high-throughput screening method fills the gap in the field of time- and cost-efficient high-
throughput screening assays. Second, the optimized method for creating directed evolution library
together with the high-throughput screening method opens the door to further improve enzymatic
activities and stabilities and to increase the potential of the bacterial enzymes for a better degradation
of recalcitrant lignin part of the lignocellulosic biomass. In addition to all these, the approach of
displaying the enzyme of interest on the cell surface of S. cerevisiae provides an alternative and robust

immobilization system, which does not require protein purification and immbobilization.
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5.0 Outlook

The successful over-expression of the enzymes carried out in this study has given the possibility to test
them on single and complex lignin-model compounds and polymeric Kraft lignin. As a future work,
more assays could be carried out with other lignin-model compounds and polymeric lignin samples
that possess different characteristics or isolated from different sources and vary in the type of linkages
(Abdelaziz & Hulteberg, 2017; Miles-Barrett et al., 2017; Rinaldi et al., 2016). These assays would reveal
more about the potential of the recombinant enzymes for developing efficient lignin valorization
methods. Despite the remarkable progress made with the fungal laccases (Maijala et al., 2012;
Mattinen et al.,, 2011), those from bacteria have not received that much of attention yet. Sclac
demonstrated a pronounced catalytic activity towards the phenolic SS B-O-4 OH lignin model
compound and it should be tested on many more substrates to explore its potential further. The
behavior of the recombinant laccase towards the non-phenolic lignin-model compounds should be
analyzed in more detail by using different synthetic and natural mediator systems and the amount of

the mediators used in the assays should be also optimized (Bourbonnais et al., 1998).

The biochemical and functional analyses of the recombinant lignin-degrading enzymes revealed the
differences between the optimal conditions of the oxidoreductases and the B-etherases. Thus far, the
enzymes were merely used in the individual activity assays towards simple and complex lignin-model
compounds and polymeric Kraft lignin. Although promising results obtained from the assays carried
out with single enzymes, the effective depolymerization of the lignin polymer requires a wide range of
linkage catalysis that cannot be achieved by a single class of lignin-degrading enzymes (Chen et al.,
2011). In recent years, the idea of using enzyme cocktails to reach escalated activity levels and wider
spectrum of activity has attracted the attention and several strategies have been developed for both
cellulosic and the lignin part of the biomass (Alvarez et al., 2016; Benoit et al., 2015; Mohanram et al.,
2013). According to the information obtained from the functional parameter analyses, the
recombinant enzymes can be grouped based on their optimal pH and temperature values and used
together in the form of enzyme cocktails. Ideally, the enzyme cocktails can be prepared by mixing the
DyP-type peroxidases and the laccase in one cocktail mixture and the B-etherases LigE and LigF in
another cocktail mixture regarding their functional parameters. Sequential activity assays with those
two enzyme cocktails might increase the activity on the substrates, as they might also widen the range
of catalysis and provide complete depolymerization of dimeric or polymeric substrates. Furthermore,
the content of the enzyme cocktails can be optimized via a Design of Experiments software approach,
which would help to reduce the number of the experiments for the optimization assays. The approach

would also assist in the analysis of the interaction and potential synergism between the lignin-
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degrading enzymes. This would provide a comprehensive optimization study in a relatively short time,

which might not be possible using classical trial-and-error approaches in the wet laboratory.

Lignin is a complex polymer and degradation of this complex polymer requires high biological activities.
High biological activities could be achieved by increasing the amount of the biological catalysts used in
the assays. However, an important issue to pay attention is to use economically feasible production
methods or to find a way to recycle and reuse the enzymes. The reuse of ScLac was demonstrated by
two immobilization methods successfully, which was possible for at least 5 sequential activity assays.
Those two immobilization technics could be also applied to the DyP-type peroxidases and the B-
etherases in order to further decrease the enzyme production costs. The activity of immobilized
enzymes on the complex lignin-model compounds and polymeric lignin-model compounds should be

also tested eventually.

The bottleneck of the protein engineering studies for lignin-degrading enzymes has always been the
lack of efficient and rapid high-throughput screening methods. Most of the libraries have been
screened by using conventional MTP assays, which are time-consuming, labor-intensive and expensive
due to the high amounts of disposable material and substrates used in the screening. The ultra-high-
throughput screening method, which was developed for TfuDyP in this thesis, should serve as an
example for other oxidoreductases studied herein as well as in the literature. Directed evolution
libraries could also be created for DyPB and Sclac in order to improve their catalytic properties or
stabilities and the ultra-high-throughput method developed in this thesis could be applied to screen
their libraries as well. The activity and stability of TfuDyP variants could be further improved by taking
the obtained mutants from the first round of screening and performing a couple of iterative
mutagenesis-screening cycles. The variants presented in this study that showed higher activity and
stability were cloned in E. coli for higher-level expression followed by purification and functional and
kinetic characterization. Although the kinetic parameters of the variants did not show dramatic
changes in comparison to the WT-TfuDyP, a variant was characterized with a strong optimum pH shift
to pH 8.5, which is not common for DyP-type peroxidases. However, this variant could be a valuable
candidate for potential applications of the enzyme in alkali pretreatment methods and preparation of

the enzyme cocktails with B-etherases with optimum pH levels in basic environment.
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6.0 Experimental procedures
6.1 Materials
6.1.1 Chemicals and consumables

All chemicals were purchased from the following companies: Acro Organics (New Jersey, USA), Bio-Rad
(Munich, Germany), Boehringer (Mannheim, Germany), Dianova (Hamburg, Germany), Duchefa
(Haarlem, Netherlands), EMD Millipore (Darmstadt, Germany), Eurofins Genomics (Ebersberg,
Germany), Fisher Scientific (Schwerte, Germany), GE Healthcare (Freiburg, Germany), Hybrid Catalysis
(Eindhoven, The Netherlands), Invitek (Berlin, Germany), Lifetechnologies (Carlsbad, USA), Merck
(Darmstadt, Germany), New England Biolabs (Frankfurt am Main, Germany), Pall Corporation (Port
Washington, NY, USA), Promega (Madison, USA), Roche (Mannheim, Germany), Roth (Karlsruhe,
Germany), Serva Electrophoresis (Heidelberg, Germany), Sigma-Aldrich (Munich, Germany),

Stratagene (La Jolla, USA) and VWR International (Darmstadt, Germany).

Consumables were obtained from Bio-Rad (Munich, Germany), Biozym (Oldendorf, Germany),
Eppendorf (Hamburg, Germany), Fisher Scientific (Schwerte, Germany), GE Healthcare (Freiburg,
Germany), Greiner (Solingen, Germany), Hartenstein (Wirzburg, Germany), Merck (Darmstadt,
Germany), Millipore (Eschborn, Germany), NerbePlus (Winsen, Germany), Novodirect (Kehl/Rhein,
Germany), Peglab (Erlangen, Germany), Qiagen (Hilden, Germany), Roth (Karlsruhe, Germany),
Sarstedt (Nimbrecht, Germany), Schott (Mainz, Germany) and VWR International (Darmstadt,

Germany).

6.1.2 Primers
Primers were designed using Clone Manager 9 Professional and were ordered from Eurofins Genomics.
The lyophilized primers were dissolved to 100 uM in distilled water and were diluted to 10 uM before

they were used for PCR. All sequences are listed in the Appendix (8.1).

6.1.3 Plasmids
Plasmids were isolated from E. coli cells using the Pure Yield™ Plasmid Miniprep Kit for small amounts
of DNA and the Pure Yield™ Midiprep Kit (Promega) for larger amounts. Plasmid integrity was verified

by restriction digests and sequencing (6.2.1).

6.1.3.1 pET-22b(+) and pET-21d(+)

The expression vector pET-22b(+) was originally developed by (Studier & Moffatt, 1986). The
commercial expression vector provides cloning of target genes under control of strong bacteriophage
T7 transcription and translation signals, if required (Rosenberg et al., 1987; Rosenberg & Studier, 1987,
Studier et al., 1990). The heterologous expression is induced by IPTG providing a source of T7 RNA
polymerase in the host cell. The vector carries the coding sequence for the lactose-inducible lac operon
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transcriptional repressor (Lacl). Targeting of protein of interest to the periplasmic space can be
achieved by a pelB leader sequence provided on the vector backbone. The vector also provides an
optional C-terminal Hise-tag for protein purification. In the multiple cloning site, there are a number of
restriction sites (Ncol-Xhol) present. The origin of replication (pBR322) ensures a medium copy
number. bla gene provides resistance to ampicillin. Different from pET-22b(+), the pET-21d(+) vector
carries an N-terminal T7-Tag sequence and an optional C-terminal His-Tag sequence. A plasmid map

for each vector is provided in Appendix (Figure 43 and Figure 44).

6.1.3.2 pBB540, pBB541, pBB550 vectors expressing molecular chaperons
pBB540 (pSC101 origin) plasmid expresses chaperones grpE and clpB genes, pBB541 (p15A origin)
plasmid expresses groESL gene and pBB550 (p15A origin) plasmid expresses dnak, dnal and groESL
genes under the control of the IPTG-regulated promoter PA1/lacO-1 or Plac (de Marco et al., 2007; de
Marco et al., 2005b; Tomoyasu et al., 2001). pBB540 plasmid harbors cat gene that provides resistance

to chloramphenicol. pBB541 and pBB550 plasmids contain spect gene for spectinomycin resistance.

6.1.3.3 pCTcon2

A version of pCTcon2 plasmid was developed by the group of Prof. K. Dane Wittrup (Koch Institute for
Integrative Cancer Research, MIT) for yeast expression and includes CD20 sequence (183 bp) between
Nhel and BamHI| restriction sites (Chao et al., 2006). The plasmid was kindly provided by Dr. Raluca
Ostafe (Bio7, RWTH Aachen University). The expression plasmids provides an N-terminal AGA2 tag for
surface display and a C-terminal c-myc tag for antibody staining. Bla gene on the vector backbone

provides resistance to ampicillin. A plasmid map for the vector is provided in Appendix (Figure 45).

6.1.4 Escherichia coli strains

E. coli strain DH5a was used for general cloning and the large-scale production of plasmids for DNA
rub inoculation. This strain has the genotype fhuA2 lac(del)U169 phoA gInv44 ®80' lacZ(del)M15
gyrA96 recAl relAl endAl thi-1 hsdR17 (Hanahan, 1983).

E. coli BL21-CodonPlus(DE3)-RIL strain was used for the overexpression of certain constructs of lignin-
degrading enzymes. This strain has the genotype E. coli B F- ompT hsdS(rs ~ mg ~ ) dcm™* Tet" gal A(DE3)
endA Hte [argVU ileY leuW Cam'] (Weiner et al., 1994).

E. coli BL21 Star (DE3) strain was used for the overexpression of certain constructs of lignin-degrading
enzymes. This strain has the genotype FompT hsdSg (rs”, ms’) galdcmrne131 (DE3) (Grunberg-Manago,
1999; Kido et al., 1996; Lopez et al., 1999).

E. coli Shuffle T7 express strain was used for the optimization studies SSHGDyP expression. The strain

has the genotype fhuA2 lacZ::T7 genel [lon] ompT ahpC gal Aatt::pNEB3-r1-cDsbC (Spec®, lacl’) AtrxB
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sulA11 R(mcr-73:miniTn10--Tet%)2 [dcm] R(zgb-210::Tn10 --Tet®) endA1 Agor A(mcrC-mrr)114::15S10
(Bessette et al., 1999; Boyd et al., 2000; Chen et al., 1999; De Marco, 2009; Levy et al., 2001).

E. coli ArcticExpress (DE3) was used for the optimization studies SSHGDyP expression. The strain has
the genotype E. coli B F-ompT hsdS(rs ~ mg = ) dem* Tet" gal A(DE3) endA Hte [cpn10 cpn60 Gent" ]
(Ferrer et al., 2003; Grodberg & Dunn, 1988; Jerpseth et al., 1997; Jerpseth et al., 1998; Schein, 1989).

One Shot® chemically competent E. coli Top 10 cells (Life Technologies) were used to transform and
maintain directed evolution libraries. This strain has the genotype mcrA, A(mrr-hsdRMS-mcrBC),
Phi80lacZ(del)M15, AlacX74, deoR, recAl, araD139, A(ara-leu)7697, galU, galK, rpsL(SmR), endAl,

nupG.

XL10-Gold® Ultracompetent E. coli cells were used to transform and maintain directed evolution
libraries. This strain has the genotype Tet'A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl supE44 thi-1
recAl gyrA96 relAl lac Hte [F’ proAB laclgZAM15 Tn10 (Tet") Amy Cam'].

6.1.5 Saccharomyces cerevisiae EBY100 cells and yeast display system

EBY100 expresses the AGA1 gene under control of the GAL1 promoter. The strain was originally
created by integrating the vector plU211 into the AGA1 locus of the Saccharomyces cerevisiae strain
BJ5465 with the genotype MAT a ura 3-52 trp 1 leu2A1 his3A200 pepd:HIS3 prbl1Al. 6R canl GAL
(Boder & Wittrup, 1997). plU211 contains the AGA1 gene regulated by the GAL promoter and a URA3
selectable marker. The vector was linearized for integration AGA1 using BsiWI. BsiW!| cuts in the AGA1

gene, ensuring that the construct integrates at the AGA1 locus.

Together with the pCTcon2 plasmid, EBY100 cells construct the yeast display system. The system uses
the S. cerevisiae a-agglutinin receptor to display heterologous proteins on the cell surface (Ostafe,
2013). The AGA1 subunit of the system is expressed by EBY100 cells using the GAL1 promoter (Lu et
al., 1995) and AGA2 subunit is encoded by the pCTcon2 vector as an N-terminal fusion to the protein
of interest. The N-terminal region of AGA2 binds to AGA1 on the surface of the yeast cell by disulfide
bond formation (Cappellaro et al., 1991). The c-myc tag expressed as a fusion to the C-terminal of the

protein of interest can be used for immunodetection.
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6.2 Methods
6.2.1 Vector construction

The constructs were prepared according to the standard guidelines provided by (Sambrook & Russell,
2001). The restriction enzymes used in the vector construction protocols were purchased from New
England Biolabs (NEB). If the chosen restriction enzymes could not be used in the same buffer, DNA
was cut sequentially and was purified between reactions using the Wizard® SV Gel and PCR Clean-Up
System (Promega). Various DNA polymerases such as Pfu DNA polymerase (Promega), Phusion® High-
Fidelity DNA Polymerase (NEB), Q5® High-Fidelity DNA Polymerase (NEB), Herculase Il Fusion DNA
Polymerase (Agilent Genomics) and PfuUltra Il Fusion HS DNA Polymerase (Agilent Genomics) were
used for PCR experiments and control PCRs were carried out using GoTag® DNA polymerase
(Promega). All vectors were dephosphorylated with calf intestinal phosphatase (CIP, NEB) after

digestion and ligations were carried out using T4 DNA ligase (Promega) overnight at 16°C.

Some of the constructs were prepared according to the Gibson assembly protocol, which was
developed by Dr. Daniel Gibson (J. Craig Venter Institute, USA) (Gibson et al., 2010; Gibson et al., 2009).
The protocol was applied using the Gibson Assembly® Master Mix (NEB) and Q5® High-Fidelity DNA
Polymerase (NEB) according to the protocol provided with the kit. The ligation or assembly products
were transformed into E. coli DH5a cells and colonies were selected on LB plates supplemented with
100 pg/ml ampicillin for the residual vectors overnight at 37°C. Plasmids were isolated from overnight
cultures and sequenced by Fraunhofer sequencing services (Fraunhofer IME Aachen). DNA was
resolved by 1.2% (w/v) agarose gel electrophoresis in 1x TAE buffer (40 mM Tris base, 20 mM acetic
acid, 1 mM EDTA). The GeneRuler™ 100 bp plus and 1-kb ladders from Fermentas (Thermo Fisher
Scientific) were used as standards 8.4. Ethidium bromide was used for gel staining and DNA was
visualized under UV light. Gel pictures were color inverted for higher contrast. DNA was isolated from

agarose gels using the Wizard® SV Gel and PCR Clean-Up System (Promega).

Construction of pET-22b(+) vectors

TfuDyP constructs were amplified from the isolated genomic DNA of Thermobifida fusca YX. TfuDyP
encoding nucleotide sequence (UniProt Q47KB1) was amplified using Tful and 2 primers for
periplasmic localization via the native Tat leader peptide, and using Tfu2 and 3 via pelB leader peptide.
For the cytoplasmic expression, the coding sequence was amplified using Tfu4-7 primers by Bachelor
student Laura Grabowski. The amplified sequences were ligated into the pET-22b(+) vector via Ndel-
Xhol, Hindlll-Xhol and Ndel-Xhol sites TfuDyP-Tat, TfuDyP-pelB and TfuDyP-cp constructs, respectively.
DyPB coding sequence (UniProt Q0SE24) was amplified using DyPB1 and 2 primers for localization in

the periplasmic space of E. coli and ligated into the pET-22b(+) vector via EcoRI-Xhol. The cytoplasmic
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expression construct (DyPB-cp) was cloned by Gibson assembly between Ndel and Xhol sites using the
primers DyPB3 and 4. SSHGDyP coding sequence (UniProt D6B600) was amplified using SSHG1 and 2
primers to obtain the cytoplasmic expression construct (SSHGDyP-cp) in the pET-22b(+) vector (Ndel-
Xhol). The construct for periplasmic localization was obtained by Gibson assembly using the primers
SSHG3 and 4 (Ncol-Xhol). SclLac coding sequence (UniProt F6L7B5) was amplified using Scl and 2
primers and ligated into the pET-22b(+) vector between Ndel-Xhol sites for expression in the
cytoplasm. To localize ScLac in the periplasm of E. coli, the coding sequence was amplified and ligated
into the pET-22b(+) vector using the Sc3-6 primers by Bachelor student Louisa Kauth (Institute for
Molecular Biotechnology, RWTH Aachen University). The coding sequences of DyPB, SSHGDyP and
ScLac were obtained from Genscript (USA) as codon-optimized synthetic genes. The coding sequences
of Lig and LigF were kindly provided by Dr. Pere Picart (Institute of Biotechnology, RWTH Aachen
University) and Prof. Dr. Annett Schallmey (Institute for Biochemistry, Biotechnology and
Bioinformatic, Technical University of Braunschweig) in the artificial vector pMA-T between the
restriction sites Hindlll and Ndel. The coding sequences were cut using the abovementioned restriction
sites and transferred into the pET-22b(+) vector between the same sites to obtain the constructs with
C- terminus Hise-tag. The constructs with N-terminus His6-tag were prepared by Gibson assembly
introducing the His6-tag sequence within the primers E1-2 and F1-2 primers (Ndel-Xhol). All the
constructs were checked by applying colony PCR following ligation reactions or assembly protocol
using the T7 pro and T7 ter primers for initial confirmation of the colonies with correct insert.
Afterwards, final confirmations were carried out by sequence analysis using the same primer set

(Sequencing services, Fraunhofer IME Aachen).

Construction of pD1 expression vector

The coding sequences for TfuDyP (UniProt Q47KB1), DyPB (UniProt QOSE24), SSHGDyP (UniProt
D6B600), ScLac (UniProt F6L7B5), LigkE (UniProt P27457) and LigF (G2IN92) were codon optimized for
expression in P. fluorescens and synthesized by “GeneArt (Thermo Fischer)” to contain Spel/Xhol
restriction sites at 5" and 3" regions. The synthetic genes were cloned into the P. fluorescens expression
vector pD1 via given restriction sites. Due to legal restrictions, the construction of the pD1 expression

vector was carried out by Dr. Stefan Rasche at Fraunhofer IME (Aachen).

Construction of pCTcon2 expression vector

TfuDyP, DyPB, SSHGDyP and SclLac coding sequences were amplified using the corresponding pET-
22b(+) constructs as templates for the preparation of pCTcon2 constructs. The primers pCT1-8 were
used in the PCR reactions and the inserts were ligated into the pCTcon2 vector via Nhel-Sall sites. All

the constructs were checked by applying colony PCR following ligation reactions or assembly protocol
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using the pCT fw and pCT rev primers for initial confirmation of the colonies with correct insert.
Afterwards, final confirmations were carried out by sequence analysis using the same primer set

(Sequencing services, Fraunhofer IME Aachen).

6.2.2 Genomic DNA extraction from Thermobifida fusca XY

Glycerol stocks of T. fusca XY strain was kindly provided by Dr. Johannes Klinger (former affiliation
Institute for Molecular Biotechnology, RWTH Aachen University) and the cells were cultivated as
described by Leibniz Institute DSMZ. The genomic DNA was isolated using Wizard® SV Genomic DNA
Purification System (Promega) according to the protocol provided with the kit. The isolated genomic

DNA was resolved by 1.2% agarose gel electrophoresis in 1x TAE buffer.

6.2.3 Colony PCR

Colony-PCR is carried out to test recombinant colonies after transformation of ligation products into
the electro- or chemically competent cells. The primer set used in the PCR can be insert-specific,
backbone-specific or orientation-specific. In this study, backbone-specific primers were used for
colony-PCRs and the protocol was applied as follows: The colonies were picked with a sterile toothpick,
streaked on an LB agar plate (master plate) containing appropriate antibiotic and subsequently swirled
into the PCR mix. The PCR products were resolved by 1.2% (w/v) agarose gel electrophoresis in 1x TAE
buffer.

6.2.4 Transformation of competent E. coli cells
pUC19 plasmid (NEB) was used as a positive control to assess the efficiency of the transformations.
Long-term cryocultures of transformed cells were prepared by adding 20% (v/v) glycerol and were

stored at —80°C.

Heat shock

The chemically competent cells were thawed on ice for at least 15 minutes. When the cells were
completely thawed, 1-5 pL of the ligation/assembly product or isolated plasmid sample (10 pg—100 ng)
was added to the cells and the mixtures were incubated on ice for 30 minutes. The heat shock was
applied on a 42 °Cheat block for 30 seconds and transferred to ice for another 2 minutes. Subsequently
250 pL SOC medium was added and the cells were incubated for 1 hour at 37 °C on an orbital shaker
(250 rpm). 50 uL-300 pL of the transformation mixture were plated onto pre-warmed LB agar plates

containing appropriate antibiotic for selection and incubated at 37 °C overnight.
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Electroporation

Self-prepared electrocompetent cells were thawed on ice for at least 15 minutes. Once the cells were
thawed completely, the ligation/assembly product was added and the cells were transferred to a pre-
chilled electroporation cuvette. The electroporation was carried out at 2500 V for 5 ms and 900 L pre-
warmed SOC medium was immediately added to the cell-DNA mixture in the cuvettes. The cell
mixtures were transferred into 2 mL-Eppendorf tubes for incubation at 37 °C on an orbital shaker (250
rpm). Following 1 hour incubation, the cells were harvested by centrifugation (6000 rpm, 1 min, RT)
and resuspended in 300 pL SOC medium. The entire volume was plated on pre-warmed LB agar plates

containing appropriate antibiotic for selection and incubated overnight at 37 °C.

6.2.5 Preparation and transformation of competent S. cerevisiae EBY100
cells

Preparation of competent EBY100 cells and transformation of the competent cells with pCTcon2
plasmid was carried according to the protocol described by (Gietz & Schiestl, 2007) by heat shock at
42°C. After transformation, the cells were grown directly in YNB-CAA glucose medium for 48 h at 30°C,
160 rpm. For short term storage cells were kept on YNB-CAA agar plates containing glucose and for

long term storage, cell stocks were prepared with 20 % (v/v) glycerol and stored at -80°C.

6.2.6 Cultivation of E. coli and P. fluorescens cells for protein expression

Transformed E. coli cells were incubated overnight at 37°C shaking at 180 rpm in 50 mL lysogeny broth
(LB) containing 100 pg mL?' ampicillin and/or 50 pg mL? chloramphenicol as pre-cultures. The
overnight cultures were then used to inoculate 500 mL terrific broth (TB) supplemented with the same
antibiotics, and the cultures were incubated as described above until the optical density (ODsgoo)
reached 0.6. Recombinant gene expression was then induced by adding 0.04 or 0.5 mM IPTG
depending on the strain. Furthermore, 10 mM benzyl alcohol was added to the cultures 20 min before
the IPTG to induce the expression of native chaperones (de Marco et al., 2005a). The cultures were
incubated under the optimal conditions determined by optimization experiments (at 20°C for 20 h at

180 rpmor at 30 °C for 16 h at 180 rp).

Transformed P. fluorescens cells were cultivated in 1000 mL scale in a defined High-Throughput
medium (HTP-medium; Teknova, USA). After 24 h incubation at 30°C and 250 rpm, protein expression
was induced by the addition of IPTG (0.3 mM) and incubated for an additional 24 h incubation at 30°C
and 250 rpm. Due to the use restrictions, the construction of the pD1 expression vector was carried

out by Dr. Stefan Rasche at Fraunhofer IME (Aachen).
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6.2.7 Cultivation of S. cerevisiae EBY100 cells

EBY100 cells were inoculated from YNB-CAA agar plates containing 2% (w/v) glucose and 50 pg mL*
chloramphenicol into liquid YNB-CAA medium containing 2% (w/v) glucose and 50 pg mL?
chloramphenicol. The cells were grown for 24 h at 30°C, 160 rpm. To induce protein expression, the
cells were transferred to YNB-CAA media containing 2% (w/v) galactose and 50 pg mL?
chloramphenicol to ODgyo 1.0 and grown at 30°C, 160 rpm, for 16 h and then used for FACS

experiments.

6.2.8 Protein extraction from E. coli and P. fluorescens cells

E. coli cells were harvested by centrifugation (5000 x g, 15 min, 4°C). The cell pellet was re-suspended
in 20 mM potassium phosphate buffer (pH 7.4) containing 20 mM imidazole and 300 mM NacCl. Cells
were disrupted by sonication in the presence of 0.5 mM phenylmethylsulfonyl fluoride, 1 mg mL-1
lysozyme and 10 ug mL™ DNasel. The cell suspension was centrifuged (30 000 x g, 30 min, 4°C), the

supernatant was separated from the cell debris and filtrated with 0.45 nm filter prior to the IMAC.

P. fluorescens cells were harvested by centrifugation (11,000 x g, 20 min) after additional 24 h
incubation at 30°C and 250 rpm. The supernatant was discarded and the remaining cell pellet was
extracted by adding “BugBuster MasterMix” (Merck-Millipore) in phosphate-buffered saline (PBS, pH
7.4). Following protein extraction, the remaining cell debris was removed by centrifugation (16,000 x

g, 10 min, 4°C).

6.2.9 IMAC purification of recombinant lignin-degrading enzymes

Proteins expressed in E. coli were purified via IMAC using 5 mL “HiTrap Chelating Sepharose FF”
(GEHealthcare). The cell extracts were applied onto the column with 3 mL min-1 velocity using
potassium phosphate buffer (pH 7.4) containing 20 mM imidazole and 300 mM NaCl as the running
and the washing buffer. Bound proteins were eluted in an increasing imidazole gradient from 0 mM to
500 mM over 50 mL total volume. The elutions were collected in 2 mL fractions and checked by SDS-
PAGE and western blot analysis. All fractions containing the target protein were pooled and dialyzed
against 100 mM HEPES (pH 7.5) overnight at 4°C. During the dialysis step, dialysis buffer was changed

once.

Proteins expressed in P. fluorescens were purified via IMAC using 1 mL “HiTrap Chelating Sepharose
FF” (GEHealthcare). The cell extracts were applied onto the column with 1 mL min-1 velocity and PBS
(pH 7.4) was used as the running and the washing buffer. Bound proteins were eluted in an increasing
imidazole gradient between 0 mM and 250 mM over 30 mL total volume. The elutions were collected
in 1 mL fractions and checked by SDS-PAGE and western blot analysis. All fractions containing the

target protein were pooled and the buffer was exchanged with PBS (pH 7.4) by using PD-10 desalting
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columns (GE-Healthcare). After the final desalting step the protein concentration was determined
densitometrically using a well characterized and quantified protein standard. The purified and

qguantified proteins were stored at 4°C.

6.2.10 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Protein samples obtained in test expressions and IMAC purifications were resolved by SDS-PAGE
(Laemmli, 1970). The samples were mixed with 5x reducing buffer (62.5 mM Tris-HCl pH 6.8, 30% (v/v)
glycerol, 4% (w/v) SDS, 10% (v/v) 2-mercaptoethanol, 0.05% (w/v) bromophenol blue) and boiling for
5—-10 min. Samples were separated on 12% polyacrylamide-SDS gels (stacking gel T=4%, C=2.7%, pH
6.8; resolving gel T = 12%, C = 2.7%, pH 8.8). The ColorPlus Prestained Protein Ladder Broad Range
(P7711S, NEB) was used as a protein standard (Figure 46). The gel was run at 100 V until the samples
reached the resolving gel and then at 200 V for approximately 40 minutes. 1x SDS buffer (25 mM Tris,
2 M glycine, 1 % (w/v) SDS) was used as running buffer. The resolved samples were analyzed by staining
the gel with Coomassie Brilliant Blue staining solution (0.25 % (v/v) Coomassie Brilliant blue G-250, 50
% (v/v) methanol, 10 % (v/v) acetic acid) for 15 minutes shaking. Destaining step was repeated until

clear bands are observed in destaining solution (5 % (v/v) methanol, 7.5 % (v/v) acetic acid).

6.2.11 Western blot

All constructs were designed to carry a Hise-tag either on the C- or on the N-terminus of the proteins
of interest. For the specific detection of the proteins, the polyacrylamide gels were blotted onto a
nitrocellulose membrane (HybondC, Amersham) and blocked for 1 h with 5% (w/v) skimmed milk in
PBS. They were incubated with the primary and secondary antibodies and the signal was visualized
with nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolylphosphate p-toluidine salt (NBT/BCIP)
(Roth). The western blot was carried out semi-dry using Turbo TransBlot system (Bio-Rad, 25 V and 1
A for 30 minutes). Anti 6x his epitope tag (rabbit, Rockland) was used as the first antibody and Goat

Anti Rabbit (GAR??, Dianova) was used as the second antibody.

6.2.12 Zymography assays
For zymography analysis, a native protein gel electrophoresis was performed using 4-12% Native-PAGE
Tris-Glycine gels. 25 pg of protein sample was mixed with 5x non-reducing buffer and loaded on the
non-denaturing gels. SDS-PAGE was carried out as described above (6.2.10). For each substrate, a
separate gel was run. The gels were soaked in 10 mM ABTS (Sigma) or L-3,4-dihydroxyphenylalanine
(L-DOPA; Sigma) or caffeic acid (Sigma) solutions prepared in 100 mM 2-(N-morpholino) ethanesulfonic
acid (MES; Sigma) buffer (pH 5.5) and incubated at 37°C for 5 min. Reactions were stopped by the

addition of 1:1 ethanol-water mixture (Ramachandra et al., 1987; Thomas et al., 1998).
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6.2.13 Determination of protein concentration

For IMAC purified lignin-degrading enzyme samples, protein concentration was determined by the
Edelhoch method (Edelhoch, 1967). However, the protein concentrations for immobilization studies
of ScLac were determined by bicinchoninic acid assay (Pierce™ BCA Protein Assay Kit, Thermo Fisher

Scientific) according to the protocol provided by the manufacturer.

6.2.14 UV-Vis Spectra for Soret band and T1-copper detection
The ultraviolet-visible (UV-Vis) spectra of 1 uM of purified TfuDyP-Pf preparation was recorded using
Tecan Microplate Reader between the wavelengths of 300 and 800 nm. RZ value (A403/A2s0) of enzyme

sample was calculated as described elsewhere (Hofbauer et al., 2015).

The ultraviolet-visible (UV-Vis) spectra of ScLac were recorded using 1 uM of IMAC-purified Sclac
before and after the incubation with 0.1 mM CuSO, by Tecan Microplate Reader between 230 nm and
700 nm (Shleev et al., 2004). The activity assays before and after the incubation with CuSO, was

performed against DMP.

6.2.15 Activity assays using simple lignin-model compounds

Enzymatic activity of purified recombinant enzymes were initially determined against simple lignin-
model compounds by microtiter plate (MTP) assays. For the activity analysis of DyP-type peroxidases
and laccase, ABTS, DMP and guaiacol was used as substrates. For B-etherases, MUAV was used as the
substrate. Activity assays were carried out in the optimal buffer system of each enzyme and the
reactions were followed by a plate reader (Infinite® 200 plate reader, Tecan). The oxidation of the
following substrates was tested at the given wavelengths: guaiacol (Sigma) at 465 nm (¢=26.6 mM™
cm™) (Sakamoto et al., 2012; Singh et al., 2009), 2,6-dimethoxyphenol (DMP; Sigma) at 469 nm (¢=49.6
mM™ cm™) (Pandey, 2006; Yoshida et al., 2012) and ABTS (Sigma) (e= 36 mM™ cm™®) at 420 nm (Galai
et al., 2012; Salvachua et al., 2013). For DyP-type peroxidases, the reaction mixtures were prepared in

the presence of 0.2 mM H;0,.

The B-etherase activity of LigE and LigF towards MUAV was measured fluorometrically in a plate reader
(Infinite® 200 plate reader, Tecan) using an excitation wavelength of 360 nm and an emission
wavelength of 450 nm (Masai et al., 1989; Picart et al., 2014). Reaction mixtures were prepared with 1
mM GSH (reduced) in the optimal buffer system of each enzyme. Formation of 4-methylumbelliferone
(4MU) was monitored continuously over 15-30 min. The calibration of 4-MU formation was carried out

with commercial 4-MU (Sigma) as the standard. The standard curve is provided in Appendix (Figure 47).

Control reactions for the activity assays were prepared under the same conditions with combinations of
related purified enzyme and buffer, related substrate (and H,O, or GSH) and buffer or buffer only. All

activity assays were performed in triplicates. A significant increase in the absorbance was observed
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merely in the presence of all of the components; the enzyme, the substrate (and H,0; or GSH) and the

buffer. Specific activity was expressed as units per milligram of protein.

6.2.16 Synthesis of MUAV compound

The fluorogenic substrate MUAV was synthesized in collaboration with Cristoph R. Miller and Mareike
M. A. Honickel (ITMC, RWTH Aachen University) according to the protocol reported by (Weinstein &
Gold, 1979).

6.2.17 Determination of enzyme Kinetics

Kinetic parameters Kuv, Vmax and ket of purified DyP-type peroxidases and laccase were analyzed by
measuring the activities towards ABTS, DMP and guaiacol with the concentrations ranging from 0.5
UM to 1000 uM. Kinetic parameters of purified B-etherases were analyzed by measuring the activity
towards MUAV with the concentrations ranging from 1 uM to 100 uM. The measurement results were
analysed and the kinetic constants were calculated using GraphPad Prism 6 software (Statcon,

Germany).

6.2.18 Activity assays using complex lignin-model compounds

In the model compound assays, 20 mg phenolic SS-B-0-4 model (SS B-0-4 OH synthesised as reported
by Lancefield et al. (Lancefield et al., 2015) and kindly provided by Dr. Christopher S. Lancefield
(Chemistry, Debye Institute for Nanomaterials Science, Inorganic Chemistry and Catalysis, Utrecht
University (current addess)) was used with the released purified enzyme (with or without 500 uM
H,0,). The model compound was dissolved in 600 pL of 100 % DMSO prior to the addition in the
reaction mix. The reaction mix was incubated at 30 °C for 3 hours under constant rotation. After that
time, it was extracted three times with ethyl acetate. The organic extracts were then combined, dried

over MgSQ,, filtered and concentrated in vacuo. The residue was analysed by NMR spectroscopy.

Nuclear magnetic resonance (NMR, School of Chemistry,University of St Andrews and Inorganic
Chemistry and Catalaysis, Utrecht University) spectra were recorded at room temperature on Bruker
Avance 500 (*H 500 MHz, 3C 126 MHz) and Bruker Avance 400 (*H 400 MHz, *3C 101 MHz) instruments.
Deuterated solvents were used and *H NMR shifts were internally referenced to CDCl; (7.26 ppm) in
d-chloroform. Data processing was performed using TopSpin and MestReNova 9.0 NMR software
(Mestrelab Research S.L.). Quantification experiments were performed by adding 2-nitrophenol as

internal standard following extraction of the reaction mixture.

6.2.19 Activity assays of ScLac towards veratryl alcohol
1 uM Sclac expressed E. coli or P. fluorescens were tested towards 5 mM VA in the presence of 20 mM
of a mediator system. As the mediator system both ABTS and HBT were used in the assays. The reaction

mixtures were prepared in 100 mM MES (pH 5.5) buffer system and mixed by a rotator at 30°C for 16
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h. After stopping the incubations, the reaction mixtures were extracted with ethyl acetate 3 times and
the extraction products were analyzed by HPLC. The measurements were conducted on an Agilent
Infinity 1260 HPLC apparatus using an Agilent Eclipse XDB-C18 (4.6 mm ID x 150 mm, 5um) column
with a H,0/MeOH eluent and a flow rate of 1 mL min™. Reference solutions were prepared with the
possible products of ScLac with VA, veratraldehyde and veratric acid, and analyzed under the same
conditions as the enzymatic and the control reactions. The retention times of the peaks were

compared with the reference peaks.

6.2.20 Activity assays using Kraft lignin

Oxidation of alkali Kraft lignin (Sigma) were analyzed spectrophotometrically with a plate reader
(Infinite® 200 plate reader, Tecan) in the optimal buffer system of each enzyme. The reaction mixtures
for DyP-type peroxidases were prepared in the presence of 1 mM H,0,. The initial reactions of DyP-
type peroxidases were carried out both without MnCl, and with 1 mM MnCl; to check if MnCl,
enhances the reaction rate. The reactions were followed spectrophotometrically at 465 nm (Ahmad
et al.,, 2011; Rahmanpour & Bugg, 2016). The kinetic parameters Ku and Vmax were analyzed as
described above (6.2.17) with a concentration range of the substrate 2-50 uM for TfuDyP and DyPB
and 2-35 uM for Sclac.

6.2.21 Characterization of the enzymes

The optimal reaction conditions of purified enzymes were analyzed by using one of the simple lignin-
model compound. For DyP-type peroxidases and laccase, DMP was used as the substrate. Activity
assays were carried out as described in section (6.2.15) using appropriate amounts of purified enzyme
samples (0.1-1 uM). pH profiles were determined by measuring the activity in a set of buffers with pH
values ranging from 3.5 to 10.0. For the pH range from 3.5 to 5.0, 100 mM sodium acetate buffer; from
pH 5.5 to 7.5, 100 mM 3-(N-morpholino) propanesulfonic acid buffer (MOPS); from pH 8.0 to 8.5, 100
mM 2-Amino-2-hydroxymethyl-propane-1,3-diol hydrochloric acid buffer (Tris-HCI) and from pH 9.0 to
10.0, 100 mM Glycine sodium hydroxide buffer was used.

To analyze the temperature profiles, appropriate amounts of purified enzyme samples (0.1-1 uM) were
incubated with related substrate in the optimal buffer system at various temperatures ranging from
25°C to 90°C for 5 min. The resulting absorbance or fluorescence values were measured as described

above (6.2.15).

For short time (5 min) temperature dependent enzyme stabilities, appropriate amounts of purified
enzyme samples (0.1-1 uM) were incubated in the optimal buffer system at 30°C, 40°C, 50°C, 60°C,
70°C, 80°C and 90°C. Subsequent to the heat treatment, the samples were cooled down and the

residual activities were assayed as described above (6.2.15). For long time (1 h) temperature
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dependent enzyme stabilities, appropriate amounts of purified enzyme samples (0.1-1 uM) were
incubated in the optimal buffer system at 30°C, 60°C, and 90°C. The residual activities were determined
as described for the short time stability assay. pH stability assays were carried out the same way as
described temperature dependent stability assays by incubating the enzymes in the optimal buffer

system at approximately 25°C for 1 h, 6 h and 24 h and assaying the residual activities afterwards.

Organic solvent stability assays were carried out by assaying the activities of appropriate amounts of
purified enzyme samples (0.1-1 uM) in the presence of 1%, 5%, 10%, 20%, 50% and approximately 67%
(max) (v/v) ethanol, methanol and DMSO. The diagrams for the characterization assays were
generated based on the relative activities, which were calculated by assigning the highest value of the

data set as 100%.

6.2.22 Immobilization of ScLac

A sample of IMAC-purified ScLac was immobilized via two distinct methods. In the first method, cross-
linked enzyme aggregates (CLEAs) were formed and in the second one, AminoLink™ Plus Coupling
Resin (Thermo Fisher Scientific) was used as carrier material benefiting from Schiff base reaction

between the primary amines of the protein and the aldehyde groups of the resin.

In order to obtain CLEAs, 2.5 mL of 1 g mL? polyethylene glycol (PEG) 4000 solution was added
dropwise to 5 mg of purified ScLac sample. The mixture was constantly mixed on an orbital shaker
while adding the PEG solution (on ice) and afterwards incubated at 20°C for 2 h, 200 rpm. Following
the incubation in the presence of PEG 4000, 5 mM glutaraldehyde was added and the sample was
incubated overnight under the same conditions. On the next day, the sample was centrifuged to collect
the CLEAs (5000x g, 10 min, 4°C). The supernatant was removed and an activity assay with DMP was
performed to check for free laccase in the washing fraction. The washing steps were repeated until no
activity was detected in the washing buffer and in the final step CLEAs were re-suspended in 1 mL of
0.1 M MES buffer (pH 5.5). Activity recovery after CLEAs protocol was calculated via dividing the activity
(U) expressed by CLEAs by the activity of free enzyme (U L) multiplied with the volume of the free
enzyme used for the immobilization and then the resulting value was multiplied with 100 (Eq. 1)
(Lopez-Gallego et al., 2005).

AcLEA 100

Activity recovery (%) =
Afree X Vfree

Equation 1. Calculation of the activity recovery (%) of prepared CLEAs. Acieas: activity (U) of prepared CLEAs;
Arree: activity (U mL?) of free enzyme; Vrree: volume (mL) of free enzyme used to prepare CLEAs.

For immobilization on AminoLink™ Plus Coupling Resin (Thermo Fischer), approximately 5 mg of
purified ScLac-Ec was used with the resin consisting of agarose beads (10-50 pum) which are

functionalized with aldehyde groups. The beads were provided as a 50% slurry in 0.02% (w/v) sodium
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azide buffer. The immobilization protocol was performed in 10 mL gravity-flow columns from Bio-Rad
and throughout the protocol the beads were never ran dry. 500 pl of the bead slurry was pipetted into
a 10 mL gravity-flow column. After the beads settled, the storage solution was drained and the beads
were equilibrated with 6 mL of Coupling buffer (0.1 M sodium phosphate, 0.15 M NaCl, pH 7.2).
Following the equilibration 4.5 mL of the protein sample (1.11 mg mL™) was added to the beads and
the slurry was mixed for 3-4 hours at 4°C. Afterwards the samples were drained and the beads were
equilibrated with 3 mL of pH 7.2 Coupling buffer. Then 1 mL of a 0.1 M sodium cyanoborohydride
solution in Coupling buffer was added to the beads and the slurry was mixed overnight at 4°C. The
reaction buffer was drained and the beads were equilibrated with 2 mL Quenching buffer (1 M Tris-
HCl, pH 7.4). Following the equilibration, 1 mL of a 0.1 M sodium cyanoborohydride solution in
Quenching buffer was added to the beads and the slurry was mixed further for 90 min. To finish the
immobilization, the beads were washed with 6 mL washing buffer and stored in 500 pL immobilization

storage buffer.

The protein concentration on the beads was calculated by subtracting the mass of protein after the
first reaction step and mass of the protein lost at washing steps from the initial mass of protein and
dividing this by the resulting volume of bead slurry after the immobilization. Protein concentrations
for immobilization experiments were determined by bicinchoninic acid assay (Pierce™ BCA Protein
Assay Kit, Thermo Fisher Scientific) according to the protocol provided by the manufacturer. All

samples and standards were measured either in duplicates or triplicates.

The reusability capacities of immobilized laccases were assessed in sequential activity assays against
DMP which were repeated five times. Immediately prior to the reusability assay, the enzyme samples
were mixed vigorously. Subsequent to each activity assay, beads and CLEAs were collected either by
gravity or centrifugation (15000x g, 5 min, 4°C), washed thrice and used in the following activity assays.
Temperature stability and pH optima profiles were obtained as described previously. The diagrams for
the characterization of the immobilized ScLac were generated based on the relative activities which
were calculated by assigning the highest value of the data set of each immobilization method as 100%
(except for the reusability assay). For the reusability assay, first measurement result of each data set

was taken as 100%.

6.2.23 Creation of TfuDyP Libraries

The directed evolution library of TfuDyP was created by error-prone PCR technique, which was carried
out by GeneMorph Il Random Mutagenesis Kit (Agilent Technologies). The kit comprises Mutazyme Il
DNA polymerase, a blend of two error prone DNA polymerases Mutazyme | DNA polymerase and a
novel Tag DNA polymerase mutant that exhibits increased misinsertion and misextension frequencies

compared to wild type Tagq, providing mutation rates of 1-16 mutations per kb. A set of primers
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(Eurofins MWG Operon) was design for random mutagenesis and TfuDyP sequence was amplified
according to the manufacturer’s instructions using the TfuDyP sequence cloned in pCTcon2. Amplified
DNA was resolved on agarose gel and isolated using Wizard® SV Gel and PCR Clean-Up System
(Promega). This product was used as a megaprimer for whole plasmid amplication (MEGAWHOP) in a
following PCR step (Miyazaki & Takenouchi, 2002). Three different megaprimer/template ratio (250
ng/150 ng, 500 ng/300 ng, 250 ng/300 ng) was used to optimize MEGA-WHOHAP PCR with Q5® High-
Fidelity DNA Polymerase (NEB). The cycling conditions were 98°C for 1 min, 1 cycle; 98°C for 10
sec/61°C for 30 sec/72°C for 4 min, 30 cycles; 72°C for 5 min, 1 cycle, after which the products were
digested with Dpnl for 1.5 h at 37°C and stored at 4°C until required. MEGAWHOP PCR products were
transformed into E. coli XL10 Gold cells according to the manufacturer’s protocol and the
transformants were plated on LB Amp agar plates and grown at 37°C ON. 5 colonies were picked and
inoculated in LB medium and plasmid DNA was isolated using the Pure Yield™ Midiprep Kit (Promega).
Isolated DNA was analyzed by sequencing for mutation frequency. The rest of the colonies from the
XL10 Gold plate were collected in liquid LB Amp media and re-grown for another 16 h at 37°C, 160
rom. The DNA was then isolated the Pure Yield™ Midiprep Kit (Promega) and transformed into the

competent S. cerevisiae EBY100 cell yielding the final directed evolution library of TfuDyP.

6.2.24 High-throughput screening of TfuDyP libraries

Tyramide fluorescein assay for FACS

EBY 100 cells expressing TfuDyP were harvested and washed three times with 100 mM sodium acetate
buffer pH 4.5. Just before starting the activity assays, the diluted cells were washed for the last time
with 0.1% (w/v) BSA in 100 mM sodium acetate buffer pH 4.5. 200 pL cell suspension containing 2 x
10° cells mixed with 1 mM H,0, and 0.02 mM tyramide-fluorescein and incubated at RT for 1 min. The
reaction was stopped by adding 0.5% (w/v) BSA with 10 mM ascorbic acid in 10X PBS and the cells
were washed with 0.1% (w/v) BSA in 1X PBS 3 times. After washing the cells were resuspended in 200
uL 0.1% (w/v) BSA in 1X PBS. Half of the mixture was used for further antibody staining. 30 ug mL™ of
mouse anti c-myc antibody (Abcam) was added to the cell suspension and incubated at 30°C for 30
min under constant shaking. The cells were washed again three times with 0.1% (w/v) BSA in PBS and
resuspended in 100 pL of the same solution. The secondary anti-mouse IgG antibody was added and
the mixture was incubated at 30°C for 30 min. The secondary antibody was either goat anti-mouse Fc
IgG Dylight 650 (Abcam) (1:50 dilution) or Alexa Fluor 647 dye (Thermo Fisher) (1:50 dilution). Before
FACS analysis, the cells were washed three times in 0.1% (w/v) BSA in PBS and finally resuspended in
1 mL PBS. The cells were analyzed using a BD FACS Diva flow cytometry system with the trigger
parameter set on forward scattering. The analysis rate was 1000-5000 events/s and the sorting speed

was 10-100 events/s. The 488 and 647 nm laser excitation wavelengths were used for detection and
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emissions were detected using 530 and 670 nm filters. The positive cells were gated on a fluorescence
double plot as specified in each experiment. The cells were sorted in the single cell mode onto YNB-
CAA glucose chloramphenicol agar plates. The screening method was first tested with a reference
library, which was prepared by mixing 95% empty vector control (negative) cells and 5% TfuDyP
expressing cells (positive). To test the efficiency of the screening method, fourty eight events of the
sorted fraction were selected and the activities were assayed by an ABTS MTP assay (as described
below) using ABTS as the substrate. Fourty eight events were also selected from the unsorted
reference library population and activity assays were carried out as described for the sorted events.
The number of the cells that showed activity towards ABTS were compared to determine the level of

enrichment, thus, the efficiency of the screening method.

The screening of real TfuDyP library was carried out with and without 5 mM H,0, pretreated samples
for a comparison, however, only H,0, pretreated cells were sorted for variant analysis. The H,0;
pretreatment was applied as follows: Pritor to starting the staining assay with tyramide-fluorescein,
cells washed with 0.1% (w/v) BSA in 100 mM sodium acetate buffer pH 4.5 were incubated in the
presence of 5 mM H,0; at RT for 10 min. Following the incubation, 500 uL above mentioned sodium
acetate buffer was added to dilute the cells and the cells were centrifuged (13 000 xg, 1 min, RT). The
cells were washed three times with sodium acetate buffer and re-suspended in the same buffer to go

on with the tyramide-fluorescein staining step as described above.
Synthesis of tyramide-fluorescein substrate

Fluorescein tyramide was synthesized as described (Gijlswijk et al., 1997; Ostafe, 2013) using 20 mM
5/6-carboxyfluorescein succinimidyl ester (Pierce) in dimethylformamide (DMF) mixed with 25 mM
triethylamine and 20 mM tyramine HCI (Sigma-Aldrich Chemie GmbH) also in DMF. The mix was kept
at room temperature for 2 h in the dark and ethanol was added in order to obtain a 2 mM fluorescein
tyramide solution, which was kept at 4°C until required (Davidson et al., 2004; Davidson & Keller, 1999;
Zhou & Vize, 2004).

Growing sorted EBY 100 cells and MTP assays with ABTS after FACS sorting

The EBY 100 cells sorted on YNB CAA glucose agar plates containing chloramphenicol was grown for 2
days at 30°C. Single colonies were inoculated on new YNB CAA glucose plates as masterplates and also
into MTP plates containing 100 uL YNB CAA glucose medium with CM and grown for 24 h. 7 ulL of the
cell culture was transferred to new MTP wells containing 25 pL YNB CAA glucose medium and the cells
were allowed to grow for a further 24 h before adding 84 uL YNB CAA galactose medium with CM and
5-ALA and growing for another 24 h. 7 uL of the cells were diluted in 84 puL 100 mM sodium acetate

buffer pH 4.5 and the ODeoo Was determined. After this point, 2 types of activity assays were carried
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out to characterize the sorted cells. In the first assay, 5 mM H,0, was added to the cell-buffer mixture
and incubated for 20 min at RT. Following the incubation, 17 uL of 7 mM ABTS stock solution was added
to the mixture and the increase in the absorbance was followed for 30 min at 420 nm with 1 min kinetic
time intervals. In the second assay, 17 puL ABTS (7 mM) and 17 pL H,0, was added to the cell-buffer
mixture simultaneously and the increase in the absorbance was followed as described for the first
assay. For each well measurement, the slope of the linear region was taken into account and the slopes
were normalized to the ODeggo in each well and the values were compared with the values of the cells
expressing the wild type enzyme. The best mutants were selected and the screening protocol was
repeated using the same MTP assay with ABTS as described above. DNA was extracted from the best-
performing S. cerevisiae mutants as described previously by Singh & Weil, 2002 and sequenced as

described for other DNA samples in section 6.2.1.
Characterization of the isolated mutant TfuDyP variants

The isolated TfuDyP variants and the WT-TfuDyP were cloned into pET-21d(+) vector via Nhel and Sall
as described for pET-22b(+) vector in 6.2.1 for expression in the cytoplasm with a Hise-tag at the C-
terminus. The plasmids carrying mutant variants or WT-TfuDyP were transformed into E. coli BL21 Star
(DE3) strain. Recombinant gene expression (6.2.6) using 0.5 mM IPTG, extraction of the protein (6.2.8),
following IMAC-purification (6.2.9) and further analysis of recombinant protein expression by SDS-
PAGE (6.2.10) and Western blot (6.2.11) analyses were carried out as described previously. In order to
characterize the functional parameters of the mutant variants and WT-TfuDyP guaiacol was used in
the activity assays. The optimum pH values were determined using buffer systems between pH 3.5 and
10.0 (6.2.21). The optimum temperature values were determined in a temperature range from 25°C
to 90°C. Kinetic parameters for guaiacol were determined as described previously (6.2.17) in a

substrate concentration range of 10 uM — 1000 pM.
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8.0 Appendix
8.1 Primer list

Primer | Primer name Sequence (5" 3°) (Letters in lower case indicate overlapping regions
number for Gibson clonnings)
Tful TfuDyP-Tat-Ndel GGAATTCCATATGGAATTCCGATGACCGAACCAGAC
Tfu2 TfuDyP-Tat-Xhol AAGCTCGAGTCCTTCGATCAGGTCCTGTCC
Tfu3 TfuDyP-pelB-Hindlll CCCAAGCTTCACCCCTGCTGCCCGACTC
Tful TfuDyP-pelB-Xhol TAAACTCGAGTCCTTCGATCAGGTCCTG
Tfus TfuDyP-cp-Ndel GGGTTTCATATGCCCCTGCTGCCCGACTCCGAC
Tfub TfuDyP-cp-Xhol CCGCTCGAGTCCTTCGATCAGGTCCTGTC
Tfu7 TfuDyP-cp-SDM fw TGGATGGACGGCGGCAGCTACCTGGTCGTGCGACGGATCCGCATG
Tfu8 TfuDyP-cp-SDM rv CATGCGGATCCGTCGCACGACCAGGTAGCTGCCGCCGTCCATCCA
DyPB1 DyPB-pelB-EcoRl CCGGAATTCACCGGGCCCGGTGGCGCGCC
DyPB2 DyPB-pelB-Xhol AAGCTCGAGCTGGCTCACGCCTTTCAGGC
DyPB3 GA-DyPB-cp-(Ndel) ctttaagaaggagatatacaATGCCGGGCCCGGTGGCG
DyPB4 GA-DyPB-cp-(Xhol) agtggtggtggtgetgetgcCTGGCTCACGCCTTTCAGGCCGC
SSHG1 | SSHGDyP-cp-Ndel GGAATTCCATATGGAATTCCAACTGACCATTGATCCGGGC
SSHG2 | SSHGDyP-cp-Xhol AAGCTCGAGGCTGGTGCGGCGCGGG
SSHG3 GA-SSHGDyP-pelB-(Ncol) gctgeccageeggcegatggcATGCTGACCATTGATCCGGGCGG
SSHG4 GA-SSHGDyP-pelB-(Xhol) agtggtggtegetgetggtgcGCTGGTGCGGCGCGGGTT
Scl Sclac-cp-Ndel CCATATGGAAACCGATATTATTGAACGCCTG
Sc2 Sclac-cp-Xhol CCTCGAGGAAGCCGGTATGGCCCGC
Sc3 GA-22b fw TAGTTAGCCGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCC
Sca GA-22b rev AGGCGTTCAATAATATCGGTGGCCATCGCCGGCTGGGC
5¢5 GA-22b Sclac fw ACCGATATTATTGAACGCC
Sc6 GA-22b Sclac rev GCCTAACTACGGCTACAC
E1 GA-LigE-Nhis-(Ndel) tttaactttaagaaggagatatacatatgcaccaccaccaccaccacGCACGCAATAATACC
ATC
E2 GA-LigE-Nhis-(Xhol) atctcagtggtggtggtggtggtgctcgagTTAATCTGCTTTTTCTGCAAC
F1 GA-LigF-Nhis-(Ndel) tttaactttaagaaggagatatacatatgcaccaccaccaccaccacACCCTGAAACTGTAT
AGC
F2 GA-LigF-Nhis-(Xhol) atctcagtggtggtggtggteggtgctcgagTTATGCAACTTTTTCGTTC
pCT1 TfuDyP-Nhel-fw CTAGCTAGCCCCCTGCTGCCCGACTCC
pCT2 TfuDyP-Sall-rv CGCGTCGACTCCTTCGATCAGGTCCTGTCC
pCT3 DyPB-Nhel-fw CTAGCTAGCCCGGGCCCGGTGG
pCT4 DyPB-Sall-rv CGCGTCGACCTGGCTCACGCCTTTCAGG
pCT5 SSHGDyP-Nhel-fw CTAGCTAGCCTGACCATTGATCCGGG
pCT6 SSHGDyP-Sall-rv CGCGTCGACGCTGGTGCGGCGCGGGTTC
pCT7 ScLac-Nhel-fw CTAGCTAGCACCGATATTATTGAACGCC
pCT8 Sclac-Sall-rv CGCGTCGACGCCGGTATGGCCCGC
T7 pro T7 promoter TAATACGACTCACTATAGG
T7 ter T7 terminator GCTAGTTATTGCTCAGCGG
Sc seq Sclac sequencing AGAAGATGCGCTGCATCTGCC
pCT fw pCT vector specific forward | AGTAACGTTTGTCAGTAATTGC
pCT rv pCT vector specific reverse | GTCGATTTTGTTACATCTACAC
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8.2 List of equipment

Name Type Manufacturer

BD FACS Diva (NJ, USA) Flow cytometry system BD Biosciences, USA

JEOL GSX Delta 270 NMR JEOL, USA

Waters LCT ESI mass LC-MS Waters, UK

spectrometer and 2795 HPLC

Agilent Infinity 1260 (with HPLC Agilent Technologies, USA
Agilent Eclipse XDB-C18 (4.6

mm ID x 150 mm, 5um)

column)

-20°C premium Freezer Liebherr-International AG, Switzerland
Allegra X15R Centrifuge Beckman Coulter, Germany
Beckmann Avanti 30 Centrifuge Beckman Coulter, Germany
Beckmann Avanti J-30i Centrifuge Beckman Coulter, Germany
Beckmann Avanti J-E Centrifuge Beckman Coulter, Germany
Biophotometer Photometer Eppendorf, Germany
Canon PowerShot SX220 HS Camera Canon, Germany
Eppendorf Centrifuge 5415 D Centrifuge Eppendorf, Germany

GE Akta pure FPLC GE Healthcare, Germany

GE Fraction Collector F9-C

Automated sample
collector

GE Healthcare, Germany

Heraeus B12 and UT12 Incubator Heraeus, Germany
Heraeus HS9 Sterile bench Heraeus, Germany
Herafreeze -80°C freezer Heraeus, Germany

Herolab E.A.S.Y. Win32-System

Gel documentation

Herolab GmbH, Germany

Herolab UVT-20M, wavelength:

UV transilluminator

Herolab GmbH, Germany

302 nm

Ikamag REC-G Stirrer IKA Labortechnik, Germany

Infinite M200 96 well plate reader TECAN Group Ltd, Switzerland

UP200S Ultrasonic processor Hielscher Ultrasonics, Germany

Innova 4430 and 4340 Incubator/shaker New Brunswick Scientific GmbH,
Germany

Kuhner ShakerX Incubator/shaker Kuhner AG, Switzerland

Mastercycler gradient PCR cycler Eppendorf, Germany

Microfuge R Centrifuge Beckman Coulter, Germany

Mini-Protean 3 cell devices

Gel electrophoresis supply

BioRad, Hercules, USA

Mini-Sub Cell GT

Electrophoresis supply

BioRad, Hercules, USA

Multiporator

Electroporation device

Eppendorf, Germany

Nikon CoolPix 4500

Camera

Nikon, Germany

PowerPac 300

Power supply

BioRad, Hercules, USA

Primus 25 advanced PCR cycler MWG Biotech, Germany
Primus 96 Plus PCR cycler MWG Biotech, Germany
Mastercycler PCR cycler Eppendorf, Germany
Sartorius BP 610, 1202 MP and Scales Sartorius, Germany

BP 121S

Systec DE-45 Autoclave Systec, Germany

Thermomixer comfort

Temperature controlled
mixer

Eppendorf, Germany

Varioklav135 S and 300S EPZ

Autoclave

Thermo Fisher Scientific, USA

Vortex Genie 2

Vortex

Scientific Industries, USA

Wide Mini-Sub Cell GT

Electrophoresis supply

BioRad, USA
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8.3 Plasmid maps
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Figure 43: pET-22b(+) vector used as template for vector construction and expression in E. coli. Restriction
enzyme sites are shown on the outer region of the vector. The vector comprises a number of restriction sites
(Ncol-Xhol) present in the multiple cloning site. The origin of replication (pBR322) ensures a medium copy
number. T7 promoter provides IPTG-inducible protein expression. lac\l: lactose-inducible lac operon
transcriptional repressor; pelB: 22-mer long N-terminal leader peptide for potential periplasm localization
(pectate lyase B of Erwinia carotovora CE); His-tag: hexahistidin-tag at the C-terminus for potential affinity
chromatography applications; bla: gene of B-lactamase; f1 origin: origin of phage replication.
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Figure 44: pET-21d(+) vector used as template for vector construction and expression of mutant TfuDyP
variants and WT-TfuDyP in E. coli. Restriction enzyme sites are shown on the outer region of the vector. The
vector comprises a number of restriction sites (Ndel-Ncol) present in the multiple cloning site. The origin of
replication (pBR322) ensures a medium copy number. T7 promoter provides IPTG-inducible protein expression.
lac\I: lactose-inducible lac operon transcriptional repressor;T7-tag at the N-terminus and His-tag at the C-
terminus for potential affinity chromatography applications.
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Figure 45: pCTcon2 vector used for construction and expression in S. cerevisiae EBY 100 cells for FACS
screening. Restriction enzyme sites are shown on the outer region of the vector. Trpl ORF: gene of
phosphoribosylanthranilate isomerase; Amp Resistance ORF: ampicillin resistance gene; pUC ori: a variant of
pMB1 origin of reprlication; Gall promoter: Yeast promoter with upstream activating sequence mediating Gal4-
dependent induction; HA: Hemagglutinin tag; c-myc: an epitope tag derived from avian myelocytomatosis viral
oncogene homolog; AGA2: A-agglutinin-binding subunit; (GlysSer)s: flexible peptide linker; CD20: B-lymphocyte

antigen CD20 a non-glycosylated phosphoprotein expressed on the surface of all mature B-cells.
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8.4 Protein and DNA ladder
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Figure 46: Protein and DNA ladders. A: P7711S ColorPlus™ Prestained Protein Ladder, Broad Range (10-230 kDa)
(https://www.neb.com/products/p7711-colorplus-prestained-protein-ladder-broad-range-10-230-kda), B:
P7712S ColorPlus™ Prestained Protein Ladder, Broad Range (10-230kDa) (https://www.neb.com/products/
p7712-color-prestained-protein-standard-broad-range-11-245-kda), C: PageRuler™ Prestained Protein Ladder
(10 to 180 kDa) (https://www.thermofisher.com/order/catalog/product/26616), D: GeneRuler™ 1 kb DNA
Ladder (http://www.thermoscientificbio.com/nucleic-acid-electrophoresis/generuler-1-kb-dna-ladder-ready-
to-use-250-t0-10000-bp/), E: GeneRuler™ 100 bp Plus DNA Ladder (http://www.thermoscientificbio.com/-
nucleic-acid-electrophoresis/generuler-100-bp-plus-dna-ladder-100-to-3000-bp/).

8.5 Standard calibration curve of 4-MU (MUAYV product)
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Figure 47: Standard calibration curve for quantification of 4-MU, which is produced as a result of the enzymatic
activity of B-etherases on MUAV. Dilution series of stock commercial 4-MU (Sigma) solution was prepared in the
range of 0.5-400 uM and the fluorescence intensity was measured in a plate reader (Infinite® 200 plate reader,
Tecan) using an excitation wavelength of 360 nm and an emission wavelength of 450 nm.
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8.6 Representative IMAC chromotogram
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Figure 48: A representative IMAC chromatogram. In the chromatogram, the blue line shows the milliabsorbance
(mAu) at 280 nm, the green line shows the buffer B concentration (imidazole gradient (%)), the brown line shows
the conductivity (mS cm™) throughout the purification procedure. The elution of the protein is followed by an
obvious increase in Azso that builds the elution peak. The elution fractions (95-120 mL), which correspond to that
peak are is later analysed by SDS-PAGE and western blot. Each construct of all enzymes was purified by IMAC
after the heterologous expression. This chromatogram shows the IMAC purification ScLac-cp Hise-tag fusion
protein (6.2.9).
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8.7 Analysis of ScLac activity on veratryl alcohol by HPLC
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Figure 49: HPLC analysis of ScLac (6.2.19) activity on the non-phenolic substrate veratryl alcohol in the presence
of ABTS as the mediator system. 1 uM Sclac expressed in E. coli (6.2.6) was used in the activity assays (6.2.19)
towards 5 mM VA at 30°C. 20 mM ABTS was used as the mediator system for the oxidation of the non-phenolic
model substrate. A control reaction mixture was also prepared under the same conditions as the enzymatic
reaction excluding the enzyme. Red line: Enzymatic reaction. Blue line: Control reaction.
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Figure 50: HPLC analysis of ScLac activity (6.2.19) on the non-phenolic substrate veratryl alcohol in the presence
of HBT as the mediator system. 1 uM Sclac expressed in E. coli (6.2.6) was used in the activity assays (6.2.19)
towards 5 mM VA. 20 mM HBT was used as the mediator system for the oxidation of the non-phenolic model
substrate. A control reaction mixture was also prepared under the same conditions as the enzymatic reaction

excluding the enzyme. Red line: Enzymatic reaction. Blue line: Control reaction.
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Figure 51: HPLC analysis of ScLac activity (6.2.19) on the non-phenolic substrate veratryl alcohol in the presence
of ABTS as the mediator system. 1 uM Sclac expressed in P. fluorescens (6.2.6) was used in the activity assays
(6.2.19) towards 5 mM VA. 20 mM ABTS was used as the mediator system for the oxidation of the non-phenolic
model substrate. A control reaction mixture was also prepared under the same conditions as the enzymatic
reaction excluding the enzyme. Blue line: Enzymatic reaction. Red line: Control reaction.
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Figure 52: HPLC analysis of ScLac activity (6.2.19) on the non-phenolic substrate veratryl alcohol in the presence
of HBT as the mediator system. 1 uM Sclac expressed in P. fluorescens (6.2.6) was used in the activity assays
(6.2.19) towards 5 mM VA. 20 mM HBT was used as the mediator system for the oxidation of the non-phenolic

model substrate. A control reaction mixture was also prepared under the same conditions as the enzymatic
reaction excluding the enzyme. Red line: Enzymatic reaction. Blue line: Control reaction.
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8.8 Representative LC-MS analysis of ScLac reaction with the SS 3-0-4 OH
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Figure 53: Representative LC-MS chromatogram of the analysis of ScLac reaction with the SS f-0-4 model
compound (6.2.18). Peaks in the diagram correspond to the reaction components and putative products of the
enzymatic reaction on the substrate and are compared with the theoretical mass calculations of the expected
products.
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Figure 54: Representative LC-MS chromatogram of the analysis of ScLac reaction with the SS 3-0-4 model
compound (6.2.18). Peaks in the diagram correspond to the reaction components and putative products of the
enzymatic reaction on the substrate and are compared with the theoretical mass calculations of the expected
products.
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8.9 Activity analysis of commercial laccase from T. versicolor on phenolic
SS B-0-4 OH lignin-model compound
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Figure 55: Activity analysis of laccase from T. versicolor towards the phenolic SS 3-O-4 OH lignin-model
compound (6.2.18). All conditions were kept similar to recombinant ScLac and equal amounts of specific
activities were used in the activity assay for a better comparsion.
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8.10 Initial activity assays with Kraft lignin
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Figure 56: Preliminary activity assays of TfuDyP, DyPB and SclLac towards Kraft lignin (6.2.20). A: Control
reaction for ScLac assay B: ScLac assay C: Control reaction for DyP-type peroxidases D: TfuDyP assay E: DyPB assay

F: TfuDyP assay with 1 mM MnClz G: DyPB assay with 1 mM MnClz.
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8.11 Optimization of TfuDyP expression time in S. cerevisiae
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Figure 57: Optimization of TfuDyP expression time in S. cerevisiae. S. cerevisiae cells that express TfuDyP (6.2.7)
were induced for 16 h (B) or 20 h (C) to optimize the expression time. Control expression was carried out with S.
cerevisiae cells that contain empty pCTcon2 vector (A). The P1 gate (indicated in green) shows the region where
positive cells would accumulate provide the comparison between TfuDyP expressiong cells and empty vector
control cells.

8.12 Secondary structure of TfuDyP
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Figure 58: Secondery protein structure of TfuDyP (PDB: 5FW4) (via www.expasy.org). Secondary structures
S ™ Helix and strand. Motifs /: beta turn /: gamma turn = beta hairpin. Residue contacts = : to ligand.
%' PDB SITE records.
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8.13 Characterization of isolated mutant TfuDyP variants and WT-TfuDyP

A
M (+)BPFTW1 234 567 8 910

kDa
80

60 —
50

40 —

C

M(+)BPFTW1 234 567 8 910
kDa

80
60 —

50 —
40 —

E

kDa
80
60 —

50 —
40 —

M (+)BPFTW1 234 567 8 9 10

M (+)BPFTW1 234 567 8 910

kDa

80 ___
60 —
50 —

40 —

D
M(+)BPFTW1 234 567 8 9 10
kDa

80
60 —

50 —
40 —

Figure 59: SDS-PAGE analyses of purified mutant TfuDyP variants and WT-TfuDyP. Elution fractions for R315H
(A), P154S+Q357R (B), V165I (C), S274 (D) variants and WT-TfuDyP (E). M: Molecular mass marker (P7712S, NEB),
C(+): Positive control (a His6-tagged recombinant protein sample), BP: Before purification, FT: Flow through, W:
Washing after sample application, 1-10: Elution fractions. SDS-PAGE analyses (A-E) were carried out using 12%

polyacrylamide gels (6.2.10).
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Figure 60: Optimum pH profile of mutant TfuDyP and WT-TfuDyP variants. The activities of the purified
recombinant enzymes were measured against 200 uM guaiacol (6.2.15) at 25°C in buffers with various pH values
ranging from pH 3.5 to 10.0 at 25°C (6.2.21). All measurements were performed in triplicate (n = 3). Error bars
indicate standard deviation (x"z" SD) from arithmetic mean.
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