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General introduction

Outline of renewable energy and biofuel

The term biofuel has been mentioned for a long time since the development of the
industrial manufacture of cars. Even in the beginning of the 20th century, the model Ts
designed by Henry Ford was planned to use ethanol. Moreover, the peanut oil was used early
in the diesel engines. Unfortunately, at that time, gasoline and diesel price were quite cheap
and more convenient for applying in a large scale due to the constant finding of crude oils
reserves. Biofuels, therefore, were nearly abandoned. Nowadays, the global warming is an
urgent issue and petroleum consumption is blamed as one of the major reasons for this
problem. Another important factor is that the global fossil fuel deposits are predicted to run
out in the near future and biofuels will become a “safeguard” for human society.

The fossil fuels require over millions of years with some specific conditions to form,
and thus it cannot be sufficiently replaced for the energy consumption by human civilization.
In contrast, biofuel production depends on biomass which is naturally produced through the
carbon cycle or from the crop farming. For this reason, biomass and its products, the biofuels,
are considered as the renewable energy source because it can be replaced every year (Sims et
al. 2008).

In the total renewable energy supplement, the highest contribution comes from biofuels.
The ratio of the biofuel supply in the global energy consumption is maintained at around 10.5%
from 2005 (Eisentraut 2010). Since 2010, the use of biomass for producing bioenergy has
steadily increased by around 2.5% per year (Fig. 0-1). Compared to 2015, the total biofuel
production grew by 2%, achieving 135 billion liters in 2016. Besides that, in the US, the amount
of bioethanol increased by 3.5% to 58 billion liters during the year. In Asia, supported by the
government policy to reduce the import of petroleum, the production of bioethanol in India
rose to 0.9 billion liters, whereas it reached to 1.2 billion liters in Thailand (REN21 2017).

Until now, the development of biofuels is broken down into several generations. In the
first generation, starch, sugar, animal fats, and vegetable oil were used as the primary materials
to generate biofuels (http://biofuel.org.uk/). However, there are many arguments risen from
scientists, farmers, and even the customers. For example, some biofuel production is highly
costly and may release much more carbon in the process than the amount stored in their
feedstock so that final greenhouse gases emission is increased. In addition, the competition in
the choice between the food and biofuel crops is the most prevalent issue, especially because
famine is still a big concern in some countries. Deforestation is also one of the consequences
of using farm areas for biofuel crops. For these reasons, the second generation biofuels are

suggested to replace the first generation biofuels. The materials such as wood chips, organic
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General introduction

waste, and food crop waste are chosen to produce biofuels. They are plentiful, renewable, and
almost costless which make them superior to the first generation biofuels and fossil fuels (Sims
et al. 2008).

The second generation biofuels include bioethanol, biodiesel, biomethane, and some
higher alcohols. Until now, bioethanol is still the major product. In the first step of biomass
conversion to bioethanol, the mixture containing various enzymes is applied to hydrolyze the
lignocellulose into sugars (Fig. 0-2). These sugars are then fermented into alcohol by yeast or
bacteria (Eisentraut 2010). Currently, almost all the processes of biomass degradation are
demonstrated only in the laboratory pilot or small scale due to the recalcitrant and complex
structure of lignocellulose which significantly reduces the efficiency of biomass degradation.
The commercial procedure still strongly demands the expensive equipment with various
pretreatments, thus leading to high cost of the end-products. Further research is required to
reduce the price and to improve performance and reliability of the conversion process (Sims et

al. 2008).

Lignocellulosic biomass

Biomass is a great renewable source of chemicals and energy. It is relatively cheap and
its processing does not increase the percentage of greenhouse gases. The weight of dry biomass
on earth is estimated to be 1.85-2.4 x 10'? tons. Every year 150-180 x 10° tons of
photosynthetic biomass is produced. To obtain more accurate information, the satellites were
used to scan the vegetation over the terrestrial terrain. The results showed that around 56.4
billion tons of biomass are generated per year. The amount of produced biomass from the
oceans was indirectly estimated through the sea-surface chlorophyll levels and the about 48.5
billion tons of annual cellulose are produced in all over the ocean (Hodéasova et al. 2015).

Lignocellulosic biomass is a complex mixture of cellulose, hemicellulose, and lignin
(Fig. 0-3). Cellulose is the linear polymer of -(1,4)-linked D-glucose units which is the core
component and accounts for 20—40% of dry weight in the primary cell walls. In the secondary
cell walls, it could be increased to be 50% and even 100% in some special cases like in the
cottonseed hairs (Watanabe and Tokuda 2010). Therefore, it is considered to be the most
abundant organic polymer on Earth, and thus expected to be a highly potential energy source.

Hemicellulose is the hetero-polymer of B-(1,4)-D-xylopyranose, glucopyranose,
mannopyranose, and galactopyranose backbone with some side chains such as arabinose. The

glucuronoxylan of most plants consists of [B-(1,4)-D-xylan main chains with several
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substituents, for instance, 4-O-methyl-D-glucuronic acid, acetic acid, and ferulic acid (Jeffries
1994; Rubin 2008). Hemicellulose is believed as the second most abundant renewable source
for bioenergy by providing various sugar compounds such as pentose (D-xylose and L-
arabinose) and hexoses (D-glucose, D-mannose, and D-galactose).

Lignin constitutes the aromatic components of biomass and occupies about 18-35% of
dry weight in the plant cell walls (Watanabe and Tokuda 2010). Three basic monomers of lignin
named “monolignols” are p-coumaryl, coniferyl, and sinapyl alcohols which are synthesized
from phenylalanine. When these monomers are assembled in the lignin structure, they are
called p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units (Fig. 0-3). The ratio of these
units within the lignin varies between different plants. For example, H-unit dominates in the
grass, while in gymnosperms, it is G-unit that dominates. Lignin plays a role as an adhesive to
hold the cellulose and hemicellulose components as main parts of lignocellulose matrix (Fig.
0-3) (Hodasova et al. 2015). In the plant cell walls, lignin can be connected to hemicellulose
through chemical linkages that form the macromolecular structures called lignin-carbohydrate
complexes (LCCs) (Fig. 0-4) (d’Errico et al. 2015; Baath et al. 2016). Lignin, as a part of
biomass, is also a good renewable source and has relatively stable prices through the years and
seasons. In the ecosystem, the quantity of total lignin represents more than 300 billion tons and
around 20 billion tons are produced per year. The interesting part of lignin is that it can be
broken down into several building blocks and from the reduction of them the primary

substances such as benzene, toluene, xylene, and phenol can be produced.

The ester linkage of the lignocellulose

Hemicellulose can associate with lignin through the esters and ethers linkages (Fig 0-
4). It is generally accepted that the a-linked esters (benzyl ester types) in LCCs are formed
during the lignin biosynthesis of plant cell wall (Watanabe 1995). Recently, the direct evidences
of the y-linked esters in LCCs have been reported by using the advanced 2D NMR spectroscopy
in the softwood (pine-Pinus taeda) and the hardwoods (white birch-Betula pendula and
Populus tomentosa) (Balakshin et al. 2011; Yuan et al. 2011). In LCCs, lignin is covalently
bonded to polysaccharides in the intact plant cell wall, thus reducing the accessible surface area
of cellulose and hamper the degradation of lignocellulose (Laureano-Perez et al. 2005). In
wood xylans, monomeric side chains consist of 4-O-methyl glucuronic acid units which can be
esterified with lignin at a proportion of around 40% (Jeffries 1994). Therefore, effective

degradation of this linkage is essential to overcome or circumvent the bottlenecks in the plant
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biomass degradation (Fig. 0-5). The use of glucuronoyl esterase (GE) which specially cleaves
this ester linkage is supposed to be a new approach to solve this issue without using extreme
pre-treatment. It is of note that the GEs can recognize and cleave both the a- and y-linked esters
between glucuronic acid residues of hemicellulose and aromatic alcohols of lignin (Biely 2016;

d’Errico et al. 2016).

Glucuronoyl esterase (GE)

GE was first reported in the cellulose-spent culture fluid of the wood-rotting fungus
Schizophyllum commune (ScGE; Spanikova and Biely, 2006). Later another GE, Trichoderma
reesei (teleomorph Hypocrea jecorina) Cip2, was identified and characterized (Li et al. 2007),
followed by several other GEs from filamentous fungi, such as GEs from Phanerochaete
chrysosporium (PcGEl and PcGE2; Duranova et al. 2009b), Sporotrichum thermophile
(StGE2; Topakas et al. 2010), Podospora anserina (PaGE1; Katsimpouras et al. 2014), and
Cerrena unicolor (CuGE; d’Errico et al. 2015). These findings lead to the establishment of a
new family of carbohydrate esterases (CE15) in the carbohydrate-active enzymes (CAZy)
database (www.cazy.org; Cantarel et al., 2009). Later, based on the alignment of GE sequences
in this family at that time and more than 30 GE-like sequences in the NCBI database which
exhibit >40% amino acid sequence identity, a novel consensus sequence G-C-S-R-X-G
containing the candidate catalytic nucleophile Ser residue was proposed (Topakas et al. 2010).
Subsequent elucidation of the crystal structures of two GEs, Cip2 (PDB ID 3PIC; Pokkuluri et
al. 2011) and StGE2 (4G4G; Charavgi et al. 2013), further unraveled the organization of the
catalytic triad that is composed of Ser-His-Glu residues. The GE sequences are unique and
phylogenetically distant from other CE families such as CE1 and CES of acetyl xylan esterases,
CE1 and putative CE3 of feruloyl esterases, and CES8 of pectin methylesterases (Fig. 0-6) (Biely
2016).

Up until now, all the research on GEs depended on the synthetic compounds due to the
unavailability of specific natural substrates (Fig. 0-7). By modifying the structure of the
synthetic substrate to mimic the ester bond in the plant cell wall, some characteristics of GEs
were elucidated. The O1 position of 4-O-methyl-D-glucuronic acid which can be linked to
carbohydrate part of hemicellulose does not play a decisive role in the substrate recognition by
ScGE (Spanikova et al. 2007). GEs seem to favor the glucuronoyl esters of bulkier alcohols
such as benzyl, allyl, and methyl alcohols in the descending order of preference. A possible

explanation is that the active site of GEs is located on the surface of the enzyme (Pokkuluri et
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al. 2011) and thus providing the access of large substrates (d’Errico et al. 2015; Hiittner et al.
2017). The C4 configuration of pyranose ring is important in the enzymatic recognition of GEs.
GEs attack exclusively the methyl esters of D-glucuronic acid but do not hydrolyze that of D-
galacturonic acid — a C4-epimer of D-glucuronic acid (Duranova et al. 2009a; Wong et al.
2012). In addition, the substrates containing 4-O-methyl group in the pyranose ring are favored

by GEs (Spanikova et al. 2007; Wong et al. 2012).
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Objective

The utilization of lignocellulosic biomass as a replacing energy source has become an
urgent issue in the society due to the unstable price and concern about the depletion of fossil
fuel resources. The industrial bio-conversion of lignocellulose into ethanol is built up of three
main steps: the pretreatment of the biomass, enzymatic saccharification of LCCs, and microbial
fermentation to produce ethanol. However, obtaining fermentable sugars from lignocellulose
is not an easy task because of the recalcitrance of covalent linkage between hemicellulose and
lignin. The breakdown of this linkage requires several pretreatments which highly consume
energy and chemicals. The unique activity of GE which cleaves this ester linkage between 4-
O-methyl-D-glucuronic acid residue of glucuronoxylan and aromatic lignin alcohol could
provide a promising solution for this issue. In this Thesis, I performed the identification,
functional expression, and characterization of two putative fungal GEs, NcGE from
Neurospora crassa and AfGE from Aspergillus fumigatus. Molecular modeling and site-
directed mutagenesis studies of AfGE were performed to elucidate the important role of the
conserved Lys residue in the preference for the substrates containing 4-O-methyl group in the
glucopyranose ring. Finally, the biological role of GE on the degradation/utilization of plant
biomass by N. crassa was investigated by using the mutant deleted for the NcGE gene and
wood powder from some popular plants in Japan as the sole carbon source. This work would
contribute to understanding the characteristics and enzymatic mechanism of GEs. Moreover, it
could provide a closer look into the physiological functions of GEs in the fungal growth

process, especially in the environment containing the lignocellulosic biomass.
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Figure 0-3: Structure of lignocellulose

There are three main components of lignocellulose: cellulose, hemicellulose, and lignin.
Cellulose is a polymer of glucose molecules connected by p-(1,4)-linkage. Between different
layers of cellulose, hydrogen bonds are formed to create the crystalline region. Hemicellulose
is composed of various 5- and 6-carbon sugars like xylose, glucose, mannose, galactose, and
arabinose. Lignin consists of three major phenolic compounds, p-coumaryl alcohol (H),
coniferyl alcohol (G), and sinapyl alcohol (S). Cellulose, hemicellulose, and lignin create the
matrix called microfibrils, which are collocated into macrofibrils, an intermediate structure in
the plant cell wall (Rubin 2008).
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Figure 0-4: The model for the linkages of LCCs in the plant cell walls

(A) Lignocellulose matrix. (B) The possible linkages inside the LCCs. 1, glucuronic acid ester
linked to lignin; 2, hydroxycinnamic acid ester; 3, hydroxycinnamic acid ether; 4, ferulic acid
bridge; 5, direct ether linkage; 6, dehydrodiferulic acid diester bridge; 7, dehydrodiferulic acid
diester—ether bridge. The arrow shows the ester linkage between hemicellulose and lignin
which is targeted by GEs (Krause et al. 2003). (C) The simple structure of a-linked esters
(upper) and y-linked esters (lower) in LCCs (d’Errico et al. 2015).



General introduction

Lignocellulosic Biomass
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Figure 0-5: The ester linkage between hemicellulose and lignin, which is cleaved by GEs,

is indicated by the arrow (Duranova et al., 2009)
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Figure 0-6: The biodiversity of GEs and other esterase families

The phylogenetic tree was built from the data sequences of characterized and putative GEs,
acetylxylan esterases, feruloyl esterases, and pectin methyl esterases. The accession numbers
were obtained from NCBI, BROAD, and JGI databases presented for the protein sequences
(Biely 2016).
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Figure 0-7: General structure of synthetic GE substrates
Ri, H or CHjs substituent; Raiconol, the aromatic groups of lignin; Rglycosisic, H or D-
xylopyranoside. The ester linkage between glucuronic acid and lignin which is cleaved by GEs

is shown by the arrow. The glycosidic linkage between glucuronic acid and polysaccharide of

hemicellulose is marked by the arrowhead (Hiittner et al. 2017)
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Chapter1: Heterologous expression of two fungal glucuronoyl esterases

1.1. Introduction

Lignocellulose in biomass is a promising renewable energy. However, cellulose is
surrounded by hemicellulose and lignin, which hampers complete degradation of cellulose.
Hemicellulose and lignin form covalent bonds such as the linkage between 4-O-methyl
glucuronic acid of hemicellulose and aromatic alcohol of lignin. Glucuronoyl esterase (GE)
was recently found to cleave this ester linkage, and thus is expected to aid the decomposition
of biomass.

After the discovery of GE, the first crystal structure of GE was reported for Cip2 of 7.
reesei, and its amino acid sequence was often used to search for homologs of GEs. Until now,
around 11 GEs were characterized (Hiittner et al. 2017). Most of them are from fungi, but two
GEs from bacteria were also characterized. In addition, there are some putative GEs from the
symbiotic protist of termites. A recent study about the phylogenetic analysis of GEs by peptide
pattern recognition confirmed the abundance of GEs in the Kingdom Fungi containing
Basidiomycetous and Ascomycetous species. Surprisingly, GE seems less common in bacteria,
although the selected organisms in that study are known as the lignocellulosic degraders in
nature (Agger et al. 2017).

Aiming at finding and analyzing more about novel GEs, I performed an initial screening
to select some candidate GEs. I paid more attention to the microorganisms, especially
filamentous fungi. A BLAST search showed that a significant amino acid sequence homology
was found between Cip2 and two putative GE sequences from filamentous fungi, NcGE from
Neurospora crassa and AfGE from Aspergillus fumigatus, which were characterized in this

study.

1.1.1. Pichia pastoris as a host for heterologous expression of NcGE

Pichia pastoris is a single-celled eukaryotic methylotrophic yeast which can use
methanol as a carbon source. It is frequently used for heterologous expression of proteins in
high yields. As a eukaryotic organism, P. pastoris can perform suitable post-translational
modifications such as glycosylation which cannot be expected in the E. coli expression system.
In addition, unlike Saccharomyces cerevisiae, P. pastoris can grow to very high cell densities
in the minimal medium and the expression of recombinant proteins is tightly regulated by the
methanol-inducible alcohol oxidase 1 (40X1) promoter (Balbas and Lorence 2004). Another
advantage is that the expressed proteins in P. pastoris less sufter hyperglycosylation compared

to S. cerevisiae. Due to the absence of a-1,3-linked mannosyltransferase, glycoproteins
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expressed in P. pastoris do not have a large number of N-linked glycosylation terminated via
a-1,3-linked mannose residues, which are considered to be allergenic (Celik and Calik 2012).
Therefore, P. pastoris expression system is suited for the production of heterologous proteins
to the culture medium (Balbas and Lorence 2004).

There are two genes, AOX1 and AOX2, encoding the alcohol oxidases in P. pastoris
which catalyze the first step in the methanol utilization pathway (MUT pathway). There are
two phenotypes often used in P. pastoris transformation. The first is Mut” phenotype (methanol
utilization plus), in which the cells grow normally in the methanol medium in the presence of
both 40X genes. The other is Mut® phenotype (methanol utilization slow) which is observed
in the P. pastoris KM71H strain (his4 aox1::ARG4) used in this study. The 40X gene in this
strain is partially deleted and replaced with S. cerevisiae ARG4 gene. The AOX2 gene allows
this strain to grow in the methanol-containing medium at a slow rate (Cereghino and Cregg
2000). The Mut" strains have higher growth rate when grown in the methanol medium, which
would result in better productivities. However, in the MUT pathway, the oxidation of methanol
leads to the reduction of oxygen to hydrogen peroxide which may cause cellular stress. Another
important factor is that this metabolism highly demands oxygen and releases heat, which might
damage the recombinant proteins, especially thermosensitive proteins. For these reasons, the
Mut® strains have been preferred to be used in the heterologous protein expression (Orman et
al. 2009; Krainer et al. 2012).

Some studies also confirmed the high ability of yeast P. pastoris together with an AOX1
promoter to secrete recombinant protein. AOX1 promoter is known to be one of the strongest
and tightly regulated eukaryotic promoters. A wide variety of proteins have been expressed
using this promoter, with yields up to 14.8 g/l and claims up to 20-30 g/l of recombinant protein
(mouse collagen) (Celik and Calik 2012; Krainer et al. 2012). In this study, I used P. pastoris
expression system to produce NcGE in this Chapter. Also in Chapter 3, I used this system to
produce wild-type and mutant AfGEs.

1.1.2. Aspergillus oryzae as a host for heterologous expression of AfGE

Filamentous fungi are the common hosts for producing recombinant proteins in the
biotechnological application. The main advantages of fungi for heterologous protein expression
are their fast growth on various inexpensive media and their high secretory capacity. For
example, the concentration of the bovine chymosin achieved around 1 g/I by using Aspergillus

niger system (Havlik et al. 2017). Aspergillus oryzae has long been used in the industrial
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fermentation processes including sake, miso, and soy sauce production. Moreover, together
with the development of genetic modification techniques, A. oryzae has become a prevalent
and safe host for heterologous protein production (Mabashi et al. 2006). In our laboratory, the
A. oryzae expression system has been successfully used for the production of several
heterologous proteins, even including the B-glucosidase from a phylogenetically far distant
organism, the termite Neotermes koshunensis (Uchima et al. 2011).

In this Chapter, [ used the 4. oryzae expression system to produce AfGE, since the gene

encoding AfGE contained an intron in its coding sequence.

1.1.3. Objective

The discovery of GE has opened a new area for bio-degradation of lignocellulose. To
understand more about this promising enzyme, in this Chapter, the Cip2 sequence was used to
search for novel GE sequences. Two GEs, NcGE and AfGE, were found and expressed in P,
pastoris and in 4. oryzae, respectively. Characterization of these GEs would contribute to better
understanding of GEs, especially on their enzymatic properties which will be described in the

following Chapters.
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1.2. Results
1.2.1. Heterologous expression of NcGE in P. pastoris
1.2.1.1. Sequence analysis of NcGE

A BLAST search of N. crassa genome database
(http://fungi.ensembl.org/Neurospora crassa/Info/Index) using the amino acid sequence of
Cip2 from T. reesei resulted in the identification of a putative protein, NCU09445.7, displaying
significant sequence identity to Cip2 (55%) (Fig. 1-1) and other CE15 GEs. This protein,
named NcGE, is comprised of 395 amino acids with the predicted N-terminal signal peptide.
The genomic sequence encoding NcGE does not contain any intron and the deduced protein
lacks the carbohydrate-binding module (CBM). No N-glycosylation site was predicted. The
calculated molecular mass of mature polypeptide is around 41.3 kDa with the predicted
isoelectric point of about 8.8 (www.expasy.org; Gasteiger et al. 2005). NcGE has the consensus
G-C-S-R-X-G motif conserved in the CE15 family where the central Ser residue serves as the
catalytic nucleophile (Topakas et al. 2010; Pokkuluri et al. 2011).

1.2.1.2. Cloning and expression of NcGE

An E. coli/lP. pastoris shuttle vector pPICZaA was chosen to produce recombinant
NcGE. This vector has a strong alcohol oxidase 1 (4OXT) promoter which drives the expression
of foreign genes when methanol is added to the culture medium (Fig. 1-2). In addition, the
prepro-o-factor sequence derived from S. cerevisiae directs the secretion of recombinant
proteins. Since the linearized plasmid prepared by digestion at the unique Bgl/ II site just
upstream of the 5 40X] region was used for transformation, the plasmid would be integrated

into the AOXI locus of the yeast chromosome (Invitrogen 2010).

1.2.1.3. Expression of NcGE using the pPICZoA vector

After methanol induction, SDS-PAGE analysis of the culture supernatant clearly
showed that a protein of about 44 kDa which is nearly equal to the calculated size of c-Myc-
and hexahistidine-tagged NcGE was produced in the pPICZaA/NcGE transformant, whereas
no protein was detected in the vector-transformed control strain (Fig. 1-3A). Production of
NcGE was further confirmed by Western blot analysis using anti-c-Myc antibody (Fig. 1-3B).
Smaller-sized doublet bands at around the position of 30 kDa were also detected, suggesting
that NcGE was partially degraded. Semi-quantitative measurement of GE activity using the

substrate A shown in Fig. 1-4 demonstrated that GE activity was detected in the fractions
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containing the 44 kDa protein, but not in the culture supernatant of the control strain. The
highest amount of NcGE protein was obtained after 2 days of methanol induction.

The synthetic compound 3-(4-methoxyphenyl) propyl methyl 4-O-methyl-o-p-
glucopyranosiduronate (substrate A) mimics the ester linkage in the lignin-carbohydrate
complexes (Fig. 1-4) (Spanikova et al. 2007; Sasagawa et al. 2011). This compound has 4-O-
methyl group in glucuronic acid which is suggested to play an important role in the enzyme-
substrate interaction (Spanikova et al. 2007; Duranova et al. 2009a). Besides, the substrate
contains the aromatic UV-absorbing chromophore which can be used to detect the de-

esterification of the substrate by high performance liquid chromatography (HPLC).

1.2.2. Heterologous expression of AfGE in A. oryzae
1.2.2.1. Sequence analysis and cloning of a gene encoding the putative glucuronoyl
esterase AfGE

Previously, the crystal structures of Cip2 (PDB ID 3PIC) and StGE2 (4G4G) suggested
the presence of the catalytic triad consisting of Ser-His-Glu residues in GEs (Pokkuluri et al.
2011; Charavgi et al. 2013). By the sequence analysis of NcGE and other characterized GEs, I
found that these residues are present in highly conserved novel consensus sequences,
VTGCSRXGKGA, HC, and PQESG (catalytic residues are underlined). Two Cys residues in
these consensus sequences (Cys277 and Cys412 in Cip2) were suggested to form a disulfide
bond and bring the catalytic Ser and His close together. Furthermore, two additional pairs of
Cys residues (Cys 96-Cys131 and Cys309-Cys384 in Cip2) are also highly conserved in all
characterized fungal GEs and are thought to form disulfide bonds (Fig. 1-5). BLAST search of
Aspergillus genome database (http://www.aspgd.org; Cerqueira et al. 2014) showed that A.
Sfumigatus Afu6g14390 possesses a sequence that displays a high identity (53.9%) with Cip2
and contains these conserved features, including the positions of six Cys residues (Fig. 1-6).

A phylogenic tree was drawn to observe the relationship between the characterized GEs
and other carbohydrate esterases (CEs) (Fig 1-7). As shown, GEs are differently grouped from
other CE families such as acetyl xylan esterase and feruloyl esterase. In the past, many putative
GE sequences were categorized into the acetyl xylan esterase group due to the lack of
information about the specific sequence of GEs (Agger et al. 2017). The characterized GEs
were separated into two branches: the ascomycota GEs that include StGE2 (S. thermophile),
NcGE, PaGE1 (P. anserina), Cip2, and AfGE; and the basidiomycota GEs that include CuGE
(C. unicolor), ScGE (S. commune), PcGE2, and PcGEl (P. chrysosporium). NcGE shows
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higher identity with StGE (72%) than Cip2 (55%) in contrast to AfGE (45% and 54%,

respectively).

1.2.2.2. Cloning and expression of AfGE

Since the gene encoding AfGE was predicted containing an intron, 4. oryzae niaD300
strain was chosen to be the host for the heterologous expression using pUNA vector. The pUNA
vector is a traditional expression vector for A. oryzae that contains the dextrin-inducible amyB
promoter, amyB terminator, and the selection markers niaD and Amp"” for A. oryzae and E. coli,
respectively (Fig. 1-8). A gene of interest is inserted to the Sma I site located between amyB
promoter and terminator. AfGE was tagged with c-Myc and hexahistidine sequences at the C-
terminus. The A. oryzae transformant harboring AfGE was cultured in 5XDPY (pH 8.0)
medium containing dextrin as the carbon source to produce AfGE.

CBB staining of the culture supernatant showed that the target protein was secreted into
the medium, whereas no corresponding protein was produced in the control strain transformed
with the empty vector (Fig. 1-9). Western blot analysis using anti-c-Myc antibody clearly
confirmed the expression of AfGE which appeared as at least 3 bands at 44-48 kDa. The
predicted size of AfGE-Myc-His is 44 kDa. Since AfGE has two potential N-glycosylation sites,
two upper bands may be due to heterologous N-glycosylation, which will be analyzed in the
next Chapter. The highest protein production was achieved after 3 days of culture. The
supernatant obtained from the 4. oryzae transformant showed the ability to hydrolyze the

substrate A described above, while the supernatant from the control strain did not (Fig. 1-9).
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1.3. Discussion
1.3.1. NcGE expression

N. crassa has the ability to metabolize both cellulose and hemicellulose from the plant
cell walls (Znameroski et al. 2012). In this report, I showed that the putative protein
NCU09445.7 in N. crassa is actually a functional glucuronoyl esterase. CBM involved in the
interaction of cellulolytic enzymes with the insoluble substrates was not found in the NcGE
sequence. This is similar to ScGE from S. commune (Wong et al. 2012), PcGE2 from P.
chrysoporium (Duranova et al. 2009b), and StGE2 from S. thermophile (Topakas et al. 2010).
In contrast, Cip2, PcGE1 from P. chrysoporium (Duranova et al. 2009b), and CuGE from C.
unicolor (d’Errico et al. 2015) contain type 1 CBM at the N-terminus of the catalytic domain.
CBMs are classified into subfamilies based on the amino acid sequence similarity and most of
the fungal CBMs in cellulases belong to the family 1, in which three aromatic residues create
a planar structure to bind to the crystallized surfaces of chitin/cellulose (Mello and Polikarpov
2014).

When the recombinant NcGE was expressed in P. pastoris using pPICZoA vector, a
protein of 44 kDa which is nearly equal to the calculated size of c-Myc- and hexahistidine-
tagged NcGE was produced. This agrees well with the absence of potential N-glycosylation
site in NcGE (http://www.cbs.dtu.dk/services/NetNGlyc/). Although 15 O-glycosylation sites
were predicted by NetOGlyc 4.0 server (http://www.cbs.dtu.dk/services/NetOGlyc/), it is
unlikely that NcGE was highly O-glycosylated.

1.3.2. AfGE expression

A. fumigatus has a diverse range of lignocellulolytic enzymes. Even though this fungus
1s a pathogenic species, it has a larger number of biomass-degrading enzymes such as cellulases
and hemicellulases than 7. reesei; a total of 263 glycoside hydrolases (GHs) were found in A.
Sfumigatus, while T. reesei contains 200 GH-encoding genes (Adav et al. 2015). Indeed, A.
Sfumigatus is often found on decaying plants and organic debris (Latgé 1999) and is suggested
to play an important role in the carbon cycle. Thus, its lignocellulolytic enzymes would be of
potential use if they are heterologously expressed in a safe organism. A. oryzae is non-
pathogenic and has been used as a host for heterologous protein production due to its prominent
ability to secrete a large amount of protein into the culture medium (Uchima et al. 2011). In

this study, I therefore used 4. oryzae as a host for production of AfGE. Successful expression
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of C. unicolor CuGE in A. oryzae further prompted me to use A. oryzae as a production host
(d’Errico et al. 2015). As expected, recombinant AfGE was produced in the culture supernatant
of the A. oryzae transformant. Moreover, the enzyme clearly showed the activity toward the

synthetic substrate A in the GE assay.

1.3.3. Identification of novel consensus sequences of GEs

The amino acid sequences of NcGE and other characterized GEs with experimentally-
proven GE activity were aligned (Fig. 1-5). It is evident that the motif GCSRXG containing
the nucleophile Ser is strongly conserved. This consensus sequence was identified by aligning
the sequences of three characterized GEs, T. reesei Cip2, S. thermophile StGE2, and P.
chrysosporium PcGE1, with other putative GE sequences showing more than 40% amino acid
sequence identity to StGE (Topakas et al., 2010). In this study, using the sequences of seven
characterized fungal GEs, I propose that this motif could be expanded to VTGCSRXGKGA
(the original motif is underlined). Besides, based on the crystal structures of Cip2 (Pokkuluri
et al. 2011) and StGE2 (Charavgi et al. 2013), the catalytic triad of GEs was suggested to be
composed of two more amino acids, Glu and His, located C-terminal to the nucleophile Ser.
The molecular docking study of StGE2 with the model substrate (Katsimpouras et al. 2014)
also supported this idea, which led to the hypothesis that Ser-Glu-His is the standard catalytic
triad for GEs. Taking these into consideration, I propose two more consensus sequences
constituting the catalytic triad of GEs: PQESG and HC containing the Glu and His residues
(underlined; positions 328 and 439 in NcGE, respectively). These sequences are strongly
conserved in all GE sequences, suggesting again the importance of these residues as the
components of catalytic triad, especially in the fungal GEs.

In support of my proposal, the crystal structures of Cip2 and StGE (Pokkuluri et al.
2011; Charavgi et al. 2013) showed that the disulfide bond is formed between the Cys residues
equivalent to Cys277-Cys412 in Cip2, linking the consensus sequences VTGCSRXGKGA and
HC, hence bringing Ser and His residues close together in the catalytic center (Charavgi et al.
2013; Katsimpouras et al. 2014). Cys309 involved in another disulfide bond with Cys384 in
Cip2 is near E328 and both of these Cys residues are also highly conserved, possibly assisting
in introducing Glu to create the catalytic triad. In addition, there is also a conserved pair of Cys
(96-131) present in the N-terminal region of Cip2 which would assist the correct folding of the
protein. Therefore, these three disulfide bonds may contribute to forming the catalytic triad in
GEs. Although my proposal needs further verification by additional experiments, it might be

informative in identifying novel GE sequences and elucidation of their catalytic mechanism.
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The identification of AfGE from A. fumigatus genome based on these guidelines gives a support
for this statement (Fig 1-6).
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Figure 1-1: Amino acid sequence alignment of Cip2 and NcGE

The amino acid sequence alignment of Cip2 (7. reesei AAP57749) and NcGE (N. crassa

NCU09445.7) is shown. The underlines show the signal peptides, and the shaded letters
indicate the CBM1 in Cip2. The consensus GCSRXG sequence (Topakas et al., 2010) is boxed.
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A
B N. crassa NCU 09445.7
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Figure 1-2: pPICZaA for protein expression in P. pastoris
(A) The structure of pPICZaA plasmid (Invitrogen 2010). (B) The scheme for cloning the

NcGE gene into pPICZaA. C-terminally c-Myc- and Hiss-tagged NcGE sequence was inserted

between the EcoR I and Xba I sites (red arrows) of the plasmid.
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Figure 1-3: Production of NcGE in P. pastoris using pPICZoA vector

(A) CBB staining and (B) Western blot analysis using anti-c-Myc antibody of the culture
supernatants of P. pastoris pPICZa.A/NcGE transformant. Lanes 1-6 indicate the samples from
day 1-6 of methanol induction, respectively. C, control (empty vector) transformant grown for

2 days.
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Figure 1-4: Substrate A used for the detection of GE activity

Substrate A, 3-(4-methoxyphenyl) propyl methyl 4-O-methyl-a-p-glucopyranosiduronate,
used for the GE activity assay. Two products are generated in the reaction: methyl 4-O-methyl-
p-glucuronic acid (right, top) and 3-(4-methoxyphenyl) propyl alcohol (right, bottom). The

arrow indicates where the enzyme cleaves the substrate.
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Figure 1-5: Alignment of characterized GEs
The putative catalytic triad residues are marked by arrowheads. Conserved Cys residues linked

by disulfide bonds are indicated by the solid arrows.
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Figure 1-6: Alignment of amino acid sequences of the mature Cip2 and AfGE enzyme
Arrowheads (V) indicate the conserved amino acids forming the catalytic triad of GE; arrows
(W) indicate the cysteines linked by disulfide bonds. Diamonds (4p) indicate the potential N-
glycosylation sites in AfGE. The sequence of CBM1 in Cip2 was underlined.
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Figure 1-7: Phylogenetic tree of NcGE, AfGE, and other fungal GEs

The data on characterized GEs and other enzymes were obtained from the carbohydrate-active
enzymes (CAZy) database (www.cazy.org). The phylogeny diagram was built by MEGA6
software with the out-group sequences including two different acetyl xylan esterases (AXEs)
from 7. reesei (CAA93247.1; CE family 5) and Aspergillus niger (CAA01634.1; CE family 1),
and one ferulic acid esterase (FAE) from N. crassa (CAC05587.1; CE family 1).
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Figure 1-8: pUNA for protein expression in A. oryzae

(A) The structure of pUNA plasmid. (B) The scheme for cloning the full-length AfGE gene
(including signal peptide and intron) into pUNA vector. Myc-His tag was added to the C-
terminus of the putative mature region of AfGE. The AfGE sequence was inserted into the

vector at Sma 1 site shown by the red arrow.
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Figure 1-9: Expression of AfGE using A. oryzae as a host

(A) CBB staining and (B) Western blot analyses of the culture supernatants of pUNA-AfGE-
Myc-His tag A. oryzae transformant. Lanes 1-5 indicate the samples from day 1-5, respectively.
Lane 6, control (empty vector) transformant grown for 3 days. For SDS-PAGE, 20 pl of

supernatant from each sample was loaded.
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2.1. Introduction

After the target enzymes were obtained, the purification process was performed to
determine their characteristics. Because the recombinant proteins were tagged with the
hexahistidine sequence, the Ni>"-NTA affinity chromatography was applied in the first step.
The ion exchange chromatography followed to achieve higher purity. At this point, the enzymes
displayed sufficient quality to determine their enzymatic properties.

In order to get a high hydrolysis efficiency, the enzymes need to be operated in the
optimum condition. In this study, the effects of some typical factors such as pH, temperature,
metal ions, and chemical reagents were investigated. Besides, almost all the studies of GEs
relied on the synthetic compounds due to the unavailability of the proper natural substrate.
Among these compounds, the esters of glucuronic acid derivatives and aromatic alcohol were
more suitable. They mimic better the structure of the ester linkage between hemicellulose and
lignin, the latter of which is considered as the phenolic component of biomass. The aromatic
group can be easily detected by the HPLC-based assay. The HPLC method provides a highly
precise activity measurement, enabling the enzyme kinetics measurement (Sunner et al. 2015).
Herein, the synthetic substrate 3-(4-methoxyphenyl) propyl methyl 4-O-methyl-o-D-
glucopyranosiduronate (substrate A) that mimics the ester linkage between hemicellulose and
lignin was used (Fig. 2-1; Spanikova et al. 2007; Sasagawa et al. 2011). In addition, a
commercially-available compound, benzyl D-glucuronate (substrate B; Sunner et al. 2015), was
also exploited to check the GE activity. Substrate A was mainly used to determine the enzymatic

properties of two GEs.
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2.2. Results
2.2.1. Purification of two fungal GEs
2.2.1.1. Purification of NcGE

NcGE was purified from the culture supernatant of P. pastoris transformant firstly by
Ni**-NTA affinity chromatography. The purification was performed using Ni-NTA agarose. It
seemed that the target protein did not strongly bind to the column, since a small amount of
protein was detected in the flow through (Fig. 2-2, lane 2) and wash (Fig. 2-2, lanes 3-6)
fractions. The majority of NcGE was eluted by the buffer containing 100 mM imidazole (Fig.
2-2, lanes 7 and 8).

Secondly, to achieve a higher purity, the affinity-purified NcGE was applied to ion
exchange chromatography. Since the predicted pl of NcGE-Myc-His is about 8.8, the
purification of NcGE was performed by using HiTrap SP XL cation exchange column at pH
7.0. A band of 44 kDa, which corresponds to the calculated size of c-Myc- and hexahistidine-
tagged NcGE, was purified to near homogeneity. The activity of purified fractions were also

confirmed (Fig. 2-3).

2.2.1.2. Purification of AfGE

Firstly, the supernatant of A. oryzae transformant was applied to Ni-NTA agarose
column where Tris-HCI buffer (50 mM, pH 8) was used as the binding buffer. Unfortunately,
hexahistidine-tagged AfGE did not seem to strongly bind to the column, since a significant
amount of AfGE was detected in the flow-through fraction. Thus, HisTrap FF column and
sodium phosphate buffer (20 mM, pH 8) as the binding buffer were selected to be used in the
purification as suggested by the manufacturer (GE healthcare, Tokyo, Japan). The bound
protein was then eluted by 100 mM imidazole (Fig. 2-4). AfGE was further purified by anion
exchange chromatography at pH 7.0 (Fig. 2-5), since the predicted pl of AfGE-Myc-His was
about 6.1. In each step of purification procedure, the substrate A (Fig. 2-1) was used to detect
the enzyme activity. The fractions containing AfGE displayed the ability to degrade the
substrate A, whereas those without AfGE did not (data not shown).

AfGE-Myc-His has the predicted size of about 44 kDa, but a smear of upper bands was
detected by CBB staining and Western blot. After treatment with endoglycosidase H (Endo H),
only the 44 kDa band remained and its signal became stronger while the upper bands in the
CBB-stained gel and Western blot disappeared (Fig. 2-5, D and E). This result indicates that

AfGE undergoes heterologous N-glycosylation when expressed in 4. oryzae.
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2.2.2. Characterization of two fungal GEs
2.2.2.1. Enzymatic characterization of NcGE
Effect of pH and temperature

The optimum pH and temperature for NcGE were pH 7.0 and 40-50°C, respectively
(Fig. 2-6). NcGE was stable in the relatively broad pH range (pH 4-7). The enzyme was stable
at 30°C, but it completely lost its activity when pre-incubated at 70°C for 30 min. Thus, the
optimal conditions of NcGE lie in the pH range 5-7 and the temperature around 40°C-60°C
which are normally observed in the currently described GEs (d’Errico et al. 2015). There are
no available data in which the temperature profiles of GEs were examined by employing the
same substrate used in this study; in Cip2 and S*GE2 (both of which were also heterologously
expressed in P pastoris using pPICZa vector), the pH and temperature profiles were
determined using 4-nitrophenyl 2-O-(methyl-4-O-methyl-o-p-glucopyranosyluronate)-f3-p-
xylopyranoside as a substrate (Li et al. 2007; Topakas et al. 2010). Both GEs showed higher
optimum temperature (40-60°C and 50-55°C for Cip2 and StGE2, respectively). In addition,
Cip2 was quite stable at 40°C (Li et al. 2007) and StGE2 displayed significant stability up to
50°C (Topakas et al. 2010). This is in contrast to NcGE which quickly lost its activity at higher
temperatures, especially above 50°C, despite that NcGE is most closely related to StGE2 (72%
identity) in the phylogenic tree (Fig. 1-7).

Effect of metal ions and other reagents

The effect of cations and chemical compounds on the activity of NcGE is shown in
Table 2-1. The metal ions such as Mg?*, Fe**, and AI** modestly increased the enzyme activity,
and the highest effect was observed with Ca** and Tween 80. In contrast, significant inhibition
(by around 40%) was caused by Cu®" and Ni**. The enzyme was affected neither by glycerol,
ascorbic acid, nor by two potential inhibitors acetic anhydride and dimethyl sulfoxide. As
expected, the activity of NcGE was significantly inhibited by the compounds influencing the
enzyme structure, such as dithiothreitol, 2-mercaptoethanol, and urea, while the enzyme was
completely inhibited by SDS.

As mentioned above, NcGE has the consensus sequence for GEs containing the
nucleophile Ser residue. In agreement, NcGE activity was decreased by 60% when the enzyme
was incubated with 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and the activity was totally
lost in the presence of 1| mM PMSF (data not shown), demonstrating that this enzyme is truly
a serine type-esterase. In contrast, NcGE activity was not affected by 5 mM EDTA, suggesting
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that it is not a metalloenzyme.

Kinetic parameter of NcGE

Next, the kinetic constants of NcGE were determined using the substrates A and B
(Table 2-2). The K values were around 15 and 34 mM, respectively. With the substrate A,
ScGE, a GE from S. commune, Kn was much lower (1.78 mM; gpénikové et al. 2007),
indicating that ScGE has higher affinity for this substrate, which is reflected in the higher
catalytic efficiency (kca/Km Was reported to be 4.38 mM's! in ScGE). On the other hand, the
keat/Kim ratio of NcGE was similar to that of Cip2 (1.1 mM™'s!; Li et al. 2007). NcGE showed
the lowest catalytic efficiency of around 0.24 mM's! toward the substrate B compared with
PaGE1 and StGE2. However, its turnover number (kca: value) was higher than other GEs,

indicating a higher speed of the substrate conversion into the product.

2.2.2.2. Enzymatic characterization of AfGE
Effect of pH and temperature

AfGE showed a high activity and stability from pH 5 to neutral pH with the optimum
activity observed at pH 5 (Fig. 2-7A). Its activity was significantly lost after pre-incubation in
the pH lower than 4 or higher than 8. The highest activity was observed at 40°C, while at 70°C,
the enzyme lost around 50% of its maximum activity. Besides, the enzyme displayed significant
stability in the temperatures up to 50°C (more than 90% of its maximum activity was retained)
and at 60°C, the residual activity was still around 70% (Fig. 2-7B). These results suggested that
AfGE is generally a thermophilic enzyme.

Effects of metal ions and other reagents

The effects of cations and chemical compounds on AfGE activity are listed in Table 2-
3. The activity of AfGE was slightly inhibited by AI**, Cu?**, Li*, Mn?', and Fe**, while it
increased by Mg**. The remaining metal cations significantly inhibited A/GE (by ~40%) except
Zn** (no effect). The enzyme activity was not affected by most of the reagents tested.
Interestingly, AfGE activity was significantly enhanced by Tween 80 (by 2.3 times). Similar
enhancement was also observed in NcGE (~1.5 times). Since the substrate A contains a
hydrophobic aromatic alcohol group, Tween 80 might have increased its solubility and thus
improved the accessibility of the enzymes to the substrate (Zheng et al. 2008). Dithiothreitol
and 2-mercaptoethanol partially inhibited AfGE activity, suggesting the essential role of three

33



Chapter 2: Purification and characterization of NcGE and AfGE

putative disulfide bonds in AfGE.

As the mentioned above, AfGE has the consensus sequence containing the putative
nucleophile Ser residue. In agreement, AfGE activity was inhibited by PMSF, suggesting that
this enzyme is truly a serine type-esterase. In contrast, AfGE activity was not affected by EDTA,

indicating that this enzyme is not a metalloenzyme.

Kinetic parameter of AfGE

Kinetic parameters for AfGE were determined using various substrates (Table 2-2). For
both substrates A and B, AfGE displayed quite high K values of 15.8 mM and 16.4 mM,
respectively. This means that these compounds were not preferred by AfGE. However, the kcat
value of AfGE was much higher than those of other GEs determined using the same substrates;
as to the substrate A, ket for AfGE was 67.1 s7!, which was 9-60 times higher than those for
NcGE and ScGE; as to the substrate B, when compared with PaGE1 and StGE2, kca: for AfGE
was 3-7 times higher. Thus, the de-esterifying reaction by AfGE proceeds at a significantly high
rate, resulting in comparable (compared with ScGE) or higher (compared with PaGE1 and
StGE2) catalytic efficiency (kca/Km) toward the substrates A or B, respectively. Cited from the
kinetic parameters of a recent study, AfGE also displayed much higher kca and kca/ Kim values
than AaGEl (a GE from Acremonium alcalophilum), PcGE1l, and WcGEl (a GE from
Wolfiporia cocos) toward the substrate B (Hiittner et al. 2017).
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2.3. Discussion
2.3.1. Characterizations of NcGE

Toward the substrate A, NcGE displayed much higher Ky, value (15 mM) than ScGE
(1.78 mM). It thus seems that NcGE does not prefer this substrate, although it clearly cleaved
the ester linkage as a typical GE. The reason may be the synthetic substrate mimics but does
not exactly represent the natural bond of the target substrate (Wong et al. 2012). Therefore the
natural substrate and physiological role of NcGE are yet to be elucidated. NcGE showed the
characteristic of a mesophilic enzyme with the temperature optimum at 40-50°C and displayed

the optimal activity at pH 7 and broad pH stability.

2.3.2. Characterizations of AfGE

After purification by Ni**-affinity and anion exchange chromatographies, it was
confirmed that AfGE is a functional glucuronoyl esterase. Although AfGE did not show high
preference to the synthetic substrates, it exhibited a significantly high kca; value for the substrate
A (67.1 s) leading to high catalytic efficiency. As to the thermostability, compared to the
mesophilic nature of GEs such as Cip2 (Li et al. 2007) and NcGE which are stable at around
40°C and 30°C, respectively, AfGE displayed the feature of a thermophilic enzyme in that the
high activity was observed in the temperature range of 30-50°C with the optimum temperature
being around 40°C. Thus AfGE is one of the thermostable GEs such as PaGE1, PcGE1, PcGE2,
StGE1, and CuGE, maintaining its activity up to 50°C. Addition of N-glycans could be the
reason for the thermostability of AfGE, since some studies have suggested that the glycosylated
protein exhibits a higher thermostability than the non-glycosylated form (Han and Lei 1999;
Clark et al. 2004; Benoit et al. 2006). In this regard, it is of note that StGE1 and CuGE were
shown to be N-glycosylated (Vafiadi et al. 2009; d’Errico et al. 2015), PaGE1 and PcGE1 were
suggested to be O-glycosylated (Katsimpouras et al. 2014; Hiittner et al. 2017), and PcGE2 has
seven potential N-glycosylation sites (Duranova et al. 2009), whereas no N-glycosylation site
was found in the mesophilic enzyme NcGE. Moreover, the indirect comparison with other GEs
using different substrates indicated that AfGE has the lowest pH optimum at 5.0. Only PaGE1,
PcGE1, and PcGE2 were shown to display the optimal activity in the range of pH 5-6
(Duranova et al. 2009; Katsimpouras et al. 2014). Interestingly, the enzymatic hydrolysis of
lignocellulosic biomass by the commercial cellulase products such as Ultraflo® L or Cellic®
CTec is often conducted at 50°C, pH 5.0 (d’Errico et al. 2016). Thus, AfGE could collaborate

with these cellulases in the industrial degradation of lignocellulose.
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2.3.3. Catalytic mechanism of GEs

It is generally accepted that the GE activity involves the function of the catalytic triad
Ser-His-Glu. The consensus sequence containing the nucleophilic Ser was first mentioned by
Topakas et al. and its important role was demonstrated by mutation studies (Topakas et al.
2010). The crystal structures of Cip2 and StGE2 further suggested the roles of His and Glu
forming the catalytic triad (Pokkuluri et al. 2011; Charavgi et al. 2013). It was therefore
concluded that GE is a serine-type esterase (Topakas et al. 2010; Biely 2016) which belongs to
the serine hydrolase superfamily including the well-examined serine protease group (Simon
and Cravatt 2010). In Chapter 1, I suggested the presence of expanded consensus sequences
surrounding Ser, His, and Glu. The difference from serine proteases is that the catalytic triad
of the serine protease group consists of Ser, His, and Asp; however, it is of note that the
combination of Ser, His, and Glu also appears in aspartyl dipeptidase and in some other
esterases (Hékansson et al. 2000; Hedstrom 2002). In addition, based on the crystal structure
of StGE2, the catalytic Ser and the next amino acid (Arg) were suggested to form the structure
called “oxyanion hole” (Charavgi et al. 2013). Taken all together, guided by the hydrolytic
principle of serine proteases, the enzymatic mechanism of GE can be predicted as shown in
Fig. 2-8. Since the substrate B has the simpler molecular structure, this substrate was used to
demonstrate the predicted enzymatic mechanism of GEs.

Basically, the specific spatial arrangement of Ser-His-Glu is that the imidazole side
chain of His is close enough to the hydroxyl group of Ser to form a hydrogen bond. In addition,
the Glu residue is also close to His but located on the opposite side from Ser (Neitzel 2010).
The reaction can be divided into two stages. In the acylation half of the reaction, Ser residue
attacks the carbonyl group of the glucuronic acid ester substrate, assisted by His acting as a
general base, to yield a tetrahedral intermediate. The resulting His-H" is stabilized by the
hydrogen bond to the carboxylic acid group of Glu. The oxyanion of the tetrahedral
intermediate is stabilized by hydrogen bond interactions with NH> moiety in the main chain of
Ser and Arg residues which form the structure, the oxyanion hole. The tetrahedral intermediate
collapses by the expulsion of the aromatic alcohol group. The remaining substrate is still linked
to the enzyme, which is called the acyl-enzyme intermediate. The deacylation half of the
reaction essentially repeats the above sequence: water assisted by His residue attacks the acyl-
enzyme intermediated, which yields a second tetrahedral intermediate. Finally, this
intermediate collapses, and thus restoring the original Ser and expelling another reaction

product-a glucuronic acid derivative (Hedstrom 2002).
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Figure 2-1: Chemical structure of substrates A and B

Substrate A, 3-(4-methoxyphenyl) propyl methyl 4-O-methyl-a-p-glucopyranosiduronate;
Substrate B, commercially available benzyl D-glucuronate. The aromatic groups detected by

HPLC are boxed. The arrows indicate where the enzyme cleaves the substrate.
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Figure 2-2: Purification of N¢GE by Ni**-NTA column chromatography

(A) CBB staining and (B) Western blot analysis of Ni?*-NTA column chromatography fractions.
Lane 1, the culture supernatant of pPICZaA/NcGE transformant; lane 2, flow through, lanes 3
and 4, wash with 0 mM imidazole; lanes 5 and 6, wash with 20 mM imidazole; lanes 7-10,

elution with 100 mM imidazole.
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Figure 2-3: Cation exchange chromatography of NcGE
(A) Azgo (solid line), conductivity (dashed line), and GE activity of each fraction of cation
exchange chromatography. (B) Lanes 1-4, fractions 18-21; Ni, NcGE sample before loading;

M, protein marker.
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Figure 2-4: Purification of AfGE by Ni**-NTA chromatography

(A) CBB staining and (B) Western blot analysis of Ni*’-NTA chromatography. Lane 1, the

culture supernatant of A. oryzae transformant; lane 2, flow through; lanes 3 and 4, wash with 0

mM imidazole; lanes 5 and 6, wash with 10 mM imidazole; lanes 7-10, elution with 100 mM

imidazole; lanes 11 and 12, elution with 250 mM imidazole.
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Figure 2-5: Anion exchange chromatography and deglycosylation analysis of AfGE

(A) Azgo (solid line), conductivity (dashed line), and GE activity of each fraction of anion
exchange chromatography at pH 7.0. (B) CBB staining and (C) Western blot analysis of AfGE
after anion exchange chromatography. Ni, 4fGE sample before loading; lanes 17-23 indicate
the anion exchange chromatography fractions from 17 to 23, respectively. (D) CBB staining
and (E) Western blot analysis of purified AfGEs before and after endoglycosidase H (Endo H)

treatment.
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Figure 2-6: Effect of (A) pH and (B) temperature on the activity (solid line) and stability
(dashed line) of purified NcGE

The optimum pH was determined by performing the assay at 30°C for 10 min over the pH
range 3.0-9.0. The pH stability was evaluated by pre-incubating the enzyme at different pH at
30°C for 30 min and then testing the residual activity at 30°C, pH 7.0. The optimum
temperature was determined by performing the assay for 10 min at various temperatures from
30°C to 70°C. For the thermostability, the remaining activity was checked after incubation at

different temperatures (30°C-70°C) for 30 min at pH 7.0.
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Table 2-1: Effect of metal ions and other reagents on the activity of NcGE

Chapter 2: Purification and characterization of NcGE and 4fGE

Cation or reagent

Relative activity (%)

Control

NiSO4

CuClh

LiCl

ZnSOq4

MnCl,

FeSO4

FeCl3

AlCI3

MgCl,

CaCl,

Urea

Dimethyl sulfoxide
Acetic anhydride
Acid ascorbic
EDTA

Glycerol

Tween 80
Dithiothreitol
2-Mercaptoethanol
PMSF

SDS

100 £ 1.65
59.7+3.52
63.0+1.58
75.9 £5.65
84.1 £0.31
93.6 +2.34
103.6 £ 6.72
114.9 £2.37
118.0 £3.46
118.4+0.91
127.0+7.11
85.5+1.59
86.0 £6.70
93.2+5.19
97.5+4.05
102.5+1.33
103.8 £ 6.37
149.6 + 1.38
71.1 £2.63
83.9+3.47
40.8 +£5.36
0.0+ 00
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Table 2-2: Kinetic properties of NcGE, AfGE, and other GEs with the substrates A and B

Substrate A Substrate B
K Ke.at Ko Ko K, K.at Keal Koy Reference
[mM]  [s7] [mM's™] | [mM]  [s7]  [mMTsT]
158 671 424 164 238 145  This study
15 16.8 1.12 345 8.4 0.24  This study

nd nd 1.10 - - - (Lietal. 2007)
1.78 7.8 4.38 - - - (Spanikova et al. 2007)
PaGE1 - - - 12.1 7.8 0.64  (Sunneretal. 2015)
StGE2 - - - 8.9 3.9 0.39  (Sunneretal. 2015)

nd: not detected (Km 1s too high to be determined by the Lineweaver-Burk plots (Li et al. 2007)).
-: not tested
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Figure 2-7: Effect of (A) pH and (B) temperature on the activity (solid line) and stability
(dashed line) of purified AfGE

The optimum pH was determined by performing the assay at 30°C for 5 min over the pH range
3.0-9.0. The pH stability was evaluated by pre-incubating the enzyme at different pH at 30°C
for 30 min and then testing the residual activity at 30°C, pH 5.0. The optimum temperature was
determined by performing the assay for 5 min at various temperatures from 30°C to 70°C. For
the thermostability, the remaining activity was checked after incubation at different

temperatures (30°C-70°C) for 30 min at pH 7.0
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Table 2-3: Effect of metal ions and other reagents on the activity of AfGE

Cation or reagent

Relative activity (%)

Control

FeCl3

CaCl,

NiSO4

CuCl2

AlCI3

MnCl,

FeSOq4

LiCl

ZnSOq4

MgCl

Glycerol

Tween 80
Dimethyl sulfoxide
Acetic anhydride
Urea

Ascorbic acid
EDTA
Dithiothreitol
2-Mercaptoethanol
PMSF

SDS

100 = 4.23
51.16 + 4.68
61.5+6.20
64.4 + 4.89
722 +5.15
73.6 + 8.89
75.8 + 3.40
89.4 +5.98
89.4 +3.47
101.0 +2.56
113.17 +7.25
95.0 +7.53
233.1+9.5
98.9 +9.30
106.2 +7.52
106.3 + 7.20
107.1 +3.97
99.4 +2.08
712 +1.01"
93.8 +1.10"
56.7 +3.46
0.0 + 00

46

*: reaction was done at 50°C




Chapter 2: Purification and characterization of NcGE and 4fGE

Catalytic triad Ser-His-Glu
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Figure 2-8: The predicted catalytic mechanism of GE based on the scheme of serine
proteases

(A) Catalytic Ser performs a nucleophilic attack on the carbon of the carbonyl group in the
substrate. (B) The acylation step is finished by the formation of tetrahedral intermediate
structure, which collapses with the expulsion of the alcohol group of lignin (benzyl alcohol).
(C) The deacylation step begins with the interaction of a water molecule and the catalytic center.
(D) The second tetrahedral intermediate is formed, which collapses, releasing carboxylic acid

product (glucuronic acid). Thus the catalytic triad is restored to its beginning state.
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3.1. Introduction

Currently, the studies of GEs are hampered by the unavailability of specific substrates
for GE assay, since only some of the esters of glucuronic acid have been commercialized. Until
now, there are two suggested methods to qualify and quantify the GE activity (Biely 2016). In
one assay, benzyl glucuronate, the commercially-available synthetic substrate, was applied to
detect the GE activity by using HPLC (Sunner et al. 2015). This substrate was employed in
Chapter 2 (substrate B in Fig. 2-1). Another one is the B-glucuronidase-coupled assay that uses
easily synthesized pro-chromogenic substrates. P-glucuronidases do not hydrolyze the
esterified glycosides. Thus, the de-esterification by GEs releases the substrates for [3-
glucuronidase which then produces the chromophore aglycones (Fig. 3-1). However, this
method requires an extra step to synthesize the methyl ester of commercially-available 4-
nitrophenyl or 5-bromo-4-chloro-3-indolyl B-glucuronides, which is achieved by cation-
exchanger-catalyzed esterification with methanol (Franiova et al. 2016). Interestingly, in both
assays, the lack of the 4-O-methyl group in glucuronic acid moiety was shown to reduce the
efficiency of hydrolysis by GEs (Biely 2016); in addition, it has been reported that GE activity
of Cip2, CuGE, PcGE1, PcGE2, and ScGE is much higher when the substrate contains a methyl
group at the O4 position (Fig. 0-7) (Duranova et al. 2009a; d’Errico et al. 2015). Although this
feature is generally accepted, the reason remains unknown.

Glucuronoxylans are the primary components of hemicellulose in the plant cell wall
with the backbone polymer of B-(1,4)-linked xylose. Most of the glucuronoxylans have single
4-O-methyl-p-glucuronic acid residue attached at the position 2 of xylose (Fig. 3-2; Sarossy et
al. 2012; Rogowski et al. 2014). A large proportion of this 4-O-methyl-p-glucuronic acid is
linked to lignin alcohols. Therefore the natural ester linkage between hemicellulose and lignin
involves the ester of 4-O-methyl glucuronic acid. Hence, the preference of GEs toward the
substrates containing the 4-O-methyl group is logical.

In this Chapter, I aimed to elucidate the preference of GE for the substrate containing
4-0-methyl group. The identification of amino acid residue(s) contributing to this characteristic
would help not only understand the catalytic mechanism but also provide additional
information in a search for novel GEs, since it is hypothesized that other putative GEs would
show high identity in these residue(s). In addition, the data could be applied to develop a better
GE assay using a suitable substrate, the commercialization of which may greatly facilitate the

studies of GEs.
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3.2. Results
3.2.1. Structural modeling and sequence analysis

It has been reported that GE activity of Cip2, CuGE, PcGE1, PcGE2 and ScGE is much
higher when the substrate contains a methyl group at the 04 position (Fig. 0-7) (Duranova et
al. 2009a; d’Errico et al. 2015). The initial GE assay revealed that two fungal GEs characterized
in this study, NcGE and AfGE, also exhibited this feature (Table 3-1). In this Chapter, AfGE
was chosen as a template to analyze the mechanism of the preference for 4-O-methyl group of
the substrate, since AfGE showed high activity and thermostability, displaying its potential for
industrial application in the degradation of plant biomass.

To elucidate the structural basis whereby GEs prefer the 4-O-methylated substrates,
molecular modeling of AfGE was performed using SwissDock (Grosdidier et al. 2011). The
crystal structure of SfGE2 S213A mutant docked with methyl 4-O-methyl-B-D-
glucopyranuronate was used as the template (PDB code 4G4J; Charavgi et al. 2013). In this
modeled structure, Arg206, Lys209, and Leu304 residues were located nearby the 4-O-methyl
group with the distance about 4.7, 3.41, and 5.0 A. Therefore, Lys209 was the nearest and
predicted to have an interaction with the O4 of the methoxy moiety of the substrate (Fig. 3-3).
Moreover, by using PDBePISA to calculate the interfacing residues, the Lys209 displayed the
lowest solvation energy effect (A'G) of about -0.23 kcal/mol, suggesting the presence of the
highest possible interaction between Lys209 and the O4-linked methyl group. It should be
noted that this Lys is strongly conserved in all the fungal GEs and included in the consensus
sequence VIGCSRXGKGA, identified in Chapter 1, containing the nucleophile Ser (Huynh
and Arioka 2016). Thus it is hypothesized that this conserved Lys is involved in the recognition
of 4-O-methyl group of the substrate. To examine this hypothesis, Lys209 was mutated to 4
different amino acid residues: alanine (shorter side chain - mutant A), glutamic acid (opposite
charge - mutant E), glutamine (without charge - mutant Q), and arginine (similar charge -

mutant R) (Fig. 3-4).

3.2.2. AfGE used as a model to study the substrate preference

In Chapter 1, AfGE was produced in the A. oryzae expression system. However, it
usually takes at least one month to get the correct transformant strain. In contrast, the procedure
is much quicker for P. pastoris (about a week). In addition, the production level of NcGE
expressed in P. pastoris was comparable to or better than that of AfGE expressed in 4. oryzae

since the band of NcGE in CBB-stained gel was stronger than that of AfGE (Figs. 1-3 and 1-9;
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the sample volume of culture supernatants was loaded). Taking these into consideration, the
wild-type (WT) and mutated AfGEs were cloned and expressed in P. pastoris using pPICZaA
vector. To remove an intron present at the N-terminal region of the AfGE sequence, two exon
fragments were linked together by fusion PCR (Fig. 3-5). Then the sequence encoding the
mature AfGE was introduced into pPICZaA. The WT AfGE was produced in the culture
supernatant as bands of around 44 kDa (similar to AfGE expressed in 4. oryzae) and the enzyme
activity was confirmed by GE assay with the substrate A (data not shown). As expected, the
production peaked at day 2 and the amount seemed higher than that expressed in 4. oryzae

(please compare Figs. 1-9 and 3-6).

3.2.3. Identification of the role of conserved Lys (Lys209) in AfGE

The WT and mutated AfGEs were produced in P. pastoris as shown in Fig. 3-7. The
proteins were purified by Ni-NTA affinity chromatography, and the activities of imidazole-
eluted fractions were tested using the synthetic substrates C and D which differ only in the
modification at the O4 position (Fig. 3-8). As shown in Table 3-1, WT AfGE clearly showed a
higher affinity (Kin) and turnover rate (kcar) toward the substrate D than the substrate C, resulting
in 2.5-times higher catalytic efficiency (kca/Km). This result indicates that, like other fungal
GEs, AfGE prefers the substrate that contains a methyl group at the O4 position; a similar result
was also obtained for NcGE. In contrast, the 4/GE mutants A, E, and Q did not show significant
difference in the kinetic parameters toward these substrates, demonstrating that Lys209 is
essential for the recognition of O4-methyl group. Interestingly, the mutant R, which is
considered a conservative substitution, displayed the preference for the substrate D over the
substrate C. Collectively, the results obtained in this study demonstrate that Lys209 plays an

important role in the recognition of O4-methyl group in the glucopyranose ring of the substrate.
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3.3. Discussion

The previous studies have confirmed the potential of P pastoris as a host for the
expression of fungal GEs such as StGE (Topakas et al. 2010), PaGE1 (Katsimpouras et al.
2014), NcGE (Huynh and Arioka 2016), AaGE1, PcGE1, and WcGE!1 (Hiittner et al. 2017).
Encouraged by these results, I chose P. pastoris for the expression of WT and mutated 4fGEs
to investigate their enzymatic properties. It should be noted that the specific activities of WT
AfGE produced in A. oryzae and P. pastoris displayed no significant difference (data not
shown), although it seems that the latter was less glycosylated (please compare Figs. 1-9, 2-3,
3-6, and 3-7).

Many GEs such as Cip2, CuGE, PcGE1, PcGE2, and ScGE have been shown to prefer
the substrates containing 4-O-methyl group (Duranova et al. 2009a; d’Errico et al. 2015). It is
of note that the natural ester linkage between the glucuronic acid group of hemicellulose and
lignin known so far contains the 4-O-methyl substituent in the glucuronic acid residue
(Duranova et al. 2009b; Biely et al. 2015; Baath et al. 2016), which could explain why GEs
display low catalytic efficiency toward the substrates without this methyl group (d’Errico et al.
2015; Biely 2016; Hiittner et al. 2017). In this study, [ have demonstrated that conserved Lys209
in AfGE plays an important role in the recognition of the 4-O-methyl group of the substrate. In
the molecular modeling analysis, Lys209 was found to be positioned in a close proximity to
the 4-O-methyl group. Since this Lys is strongly conserved not only in the characterized GEs
but also in most GE-like proteins including those of prokaryotic origins (De Santi et al. 2016;
Agger et al. 2017), its role was analyzed by site-directed mutagenesis. By changing Lys209 to
other amino acids with a shorter side chain (Ala), an opposite charge (Glu), or without a charge
(GIn), the preference for the substrate containing the 4-O-methyl group was largely lost; these
three mutants displayed similar kca/Km values to both the substrates C and D. These results are
consistent with what was observed in the crystal structure of StGE2 bound to the substrate
analogue (Charavgi et al. 2013); in this work, the g-amino group of Lys217 (corresponding to
Lys209 in AfGE) was shown to be involved in the van der Waals interaction with the 4-O-
methyl group of the substrate analogue. In fact, this 4-O-methyl group forms a total of thirteen
van der Waals interactions with the enzyme (7 for C4a and 6 for O4 atom) and is proposed to
enhance binding of the substrate to the enzyme, providing a theoretical support for the
preference of GEs toward the substrates containing this 4-O-methyl group.

It should be noted, however, that the kcat/Km values of mutants were far lower than that

of WT, mainly due to the decrease in kcat values, suggesting that the Lys209 residue plays an
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additional role in the catalysis besides the recognition of 4-O-methyl group. Another point to
be discussed is the result of Arg mutant. In this mutant, the preference for the substrate D was
essentially preserved, albeit at decreased kcar values. This suggests that the charge-mediated
interaction might play a role in the recognition of 4-O-methyl group. However, additional
studies are needed to clarify this feature. An alternative explanation is that, since Arg contains
the bulkier side chain compared to Ala, Glu, and Gln, it might have provided van der Waals
interactions that mimic Lys.

In addition to the conserved Lys residue, the structural analysis of S*GE2 has suggested
that Glu236 in the catalytic triad is also involved in the van der Waals interaction between the
4-0-methyl group of the substrate and the catalytic pocket of the enzyme (Charavgi et al. 2013).
In agreement, the modeling study proposed that the SGXGG sequence following Glu228
(corresponding to Glu236 in StGE2) forms a concave surface which could create a consistent
cavity to keep the 4-O-methyl group of the substrate (Fig. 3-9). This was further supported by
the interface analysis by PDBePISA suggesting an interaction between this sequence and 4-O-
methyl group. It should be noted that the SGXGG sequence is also conserved in all the
characterized fungal GEs. Thus the combined effects of Lys209 and SGXGG sequence could
help maintain the ester of 4-O-methyl-D-glucuronic acid in the correct catalytic position. The
inability of GEs to cleave the methyl esters of D-galacturonic acid (Duranova et al. 2009a;
Wong et al. 2012) that contains the 4-hydroxy moiety in the axial position further corroborates
the importance of configuration at C4.

Until now, most of the studies of GEs have been conducted using the synthetic
substrates, among which only 3 are commercially available: benzyl-D-glucuronic acid, allyl-D-
glucuronic acid, and methyl-D-glucuronic acid (Hiittner et al. 2017). However, these three
substrates do not contain the 4-O-methyl group. The preference for this methyl group is a
typical characteristic of GEs, which was shown in this study. Therefore, the synthesis of esters
of 4-O-methyl-D-glucuronic acid and their commercialization are an urgent requirement for the

enzymological and biochemical studies of GEs.
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Fig. 3-1: The schematic diagram of B-glucuronidase-coupled assay of GEs
The cooperation of GE and -glucuronidase releases the chromogenic compounds such as 4-
nitrophenol or 5-bromo-4-chloro-3-hydroxyindol which can be detected by spectrophotometry

or visualization of the blue product, respectively (Franova et al. 2016).
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Figure 3-2: Example of one possible xylan structure
The basic structure of glucuronoxylans in the hemicellulose. 4-O-methyl-p-glucuronic acid is

indicated by the arrow. The acetate group and ferulate group are shown in the upper right and

lower left corners, respectively (Rogowski et al. 2014).
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Figure 3-3: Structural modeling of the catalytic domain of AfGE
The interaction between Lys209 and 4-O-methyl group is indicated by the dashed line.
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Figure 3-4: Lys and other amino acids selected for creating mutated AfGEs
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Lys209 residue containing the positive charge was changed to other amino acids with a shorter

side chain (Ala), an opposite charge (Glu), without a charge (Gln), or positively-charged Arg.

(Source: https://en.wikipedia.org/wiki/Amino_acid).
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Figure 3-5: Scheme for removing the intron in the AfGE gene
SP, signal peptide. F1, R1, F2, and R2 are the primers for amplifying the exons which shown

in the materials and methods.
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Figure 3-6: Expression of AfGE in the culture supernatant using P. pastoris as a host

(A) CBB staining and (B) Western blot analyses of the culture supernatants of WT AfGE
produced in P. pastoris. AfGE tagged with c-Myc and hexahistidine tags at the C-terminus was
expressed in P. pastoris by using pPICZalA vector. Lanes 1-5 indicate the samples from day 1-

5, respectively. For SDS-PAGE, 20 pl of culture supernatant from each day were loaded.
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(A) CBB staining and (B) Western blot analysis of the enzymes after purification. WT and
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Figure 3-7: Purification of WT and mutant AfGEs
mutant AfGEs tagged with c-Myc and hexahistidine tags at the C-terminus were expressed in
P, pastoris by using pPICZa. vector. S, culture supernatant; Ni, enzyme sample after Ni?*-NTA

column chromatography. The proteins were obtained after methanol induction for two days and

20 pl of culture supernatant from each sample was loaded into the SDS-PAGE gel.
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Substrate C Ho.

Substrate D HO.

Figure 3-8: Substrates used for the analysis of the role of Lys209

Substrate C, benzyl methyl a-D-glucopyranosiduronate and substrate D, benzyl methyl 4-O-
methyl-a-D-glucopyranosiduronate. The position of O4 in the glucopyranose ring of the
substrate is circled by the dotted line. The arrows indicate where GEs cleave the substrates.

The aromatic groups used for HPLC detection are boxed.
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Table 3-1: Kinetic properties of WT and mutated AfGEs

Substrate C Substrate D Prefere

60

Km kcat kcat/Km Km k::at kcat/Km 4-C A
[mM] [s']  [mM7s] | [mM] [s']  [mM7s] 12
38 427 1.12 237 66.4 28 Yes This study
404 0.75 0.018 40.9 0.84 0.02 No This study
71.4 0.86 0.012 65 0.78 0.012 No This study
68.7 1.34 0.019 733 1.51 0.02 No This study
38.7 0.39 0.01 36.9 1.94 0.05 Yes This study
37.3 7.0 0.18 343 31 0.9 Yes This study
80.0 48.0 0.60 46 129 28 Yes (Errico etal. 2015)
51.0 64.0 1.20 3.7 118 32 Yes (Errico et al. 2015)
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Figure 3-9: The interaction between the catalytic domain of 4fGE and the 4-O-methyl
group

The cavity formed by the sequence SGXGG (circled by the dashed line) might be involved in
the van der Waals interaction between GE and 4-O-methyl group. The catalytic Ser residue

stands in front of the ester linkage (arrow) to be cleaved.
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4.1. Introduction

From the first discovery in S. commune, GEs have been expected to play an important
role in decreasing the recalcitrance of lignocellulose (Spanikova and Biely 2006).
Consequently, this effect can facilitate the biomass saccharification, and thus greatly improve
the efficiency of plant biomass utilization. However, these suggestions were based on the GE
assay with the synthetic substrates. Recently, GE activity against the natural substrate was
examined for the first time using LCCs from free ball-milled woods of birch and spruce. The
evidence for the hydrolysis of the natural ester linkage was provided by three observations
(Baath et al. 2016). First, the results of size exclusion chromatography indicated the shift
toward lower values in the average molar mass of LCCs after pretreatment with GE. This
suggested the expulsion of lignin components from LCCs by GE. Second, the concentration of
carboxylic acid content increased in the *'P NMR spectroscopy due to the cleavage of the target
ester linkage which generated the glucuronic acid group. Finally, further NMR analysis
confirmed that the de-acetylation did not occur in the GE reaction, thus the formation of
carboxyl group mostly came from the GE activity.

Until now, there are few reports about the biological actions of GEs. In 2016, d’ Errico
et al. showed an enhanced degradation of lignocellulosic biomass by adding the purified Cip2
or CuGE to the commercial cellulase mixtures such as Ultraflo® and Cellic® CTec from
Novozymes (d’Errico et al. 2016). The other indirect proofs were presented by the heterologous
expression of PcGE1 in Arabidopsis or Populus (Tsai et al. 2012; Gandla et al. 2015). The
alteration of cell walls of these plants was attributed to the deduction of the ester linkage
between hemicellulose and lignin. Consequently, the amount of xylan extracted and its

saccharification were improved in these transgenic plants.

4.1.1. Hardwood and softwood

Generally, wood is separated into two groups: hardwood and softwood. These terms are based
on the taxonomical difference of the plants and do not reflect the actual hardness measured in
the wood samples. Hardwood is the wood from angiosperms which produces the mature seeds
within an enclosure; in other words, a fruiting plant. The leaves of the hardwood trees are often
broad and are replaced once per year. Birches, maples, oaks, and fruit trees are the typical
examples of hardwood group. Softwood, on the other hand, is often referred as gymnosperms
based on the unenclosed condition of their seeds. Softwoods trees have the needle-sharp leaves
which means that they do not lose their leaves at the end of the growing season as the evergreen

plant such as firs, pines, and spruces (Table 4-1) (Monlau et al. 2013). The important difference
62



Chapter 4. The physiological functions of fungal glucuronoyl esterases

between hardwoods and softwoods is their cellular structure (Fig. 4-1). The vessel elements to
transport the water thoroughly the body only appear in hardwoods. By using the microscope,
it has been shown that the vessel elements present as the pores with various sizes and numbers
depending on the difference in the part or species of plants. In contrast, water is delivered by
the longitudinal tracheids system in softwoods, and thus the pore structures do not exist (Bond

and Hamner 2002).

4.1.2. Molecular structures of hardwood and softwood

Wood is mainly constructed by three components: cellulose, hemicellulose, and lignin,
which is known as the lignocellulose matrix. In hardwood, the amount of cellulose,
hemicellulose, and lignin is normally 40-50%, 15-35%, and 17-25%, respectively, whereas
softwood contains 40-50% of cellulose, 20-30% of hemicellulose, and 25-35% of lignin
(Bodirlau et al. 2007; Wahab et al. 2013). The cellulose structure is quite similar in both types
of woods. However, there are some differences in the hemicellulose and lignin formation.
Hardwood xylans contain less 4-O-methyl glucuronic acid groups with the ratio about one per
ten xylose and have a small amount of arabinose (Fig. 4-2). In softwood xylans, the arabinose
side groups often attach along with the 4-O-methyl glucuronic acid groups which appear after

every six xylose unit (Fig. 4-3) (Holtzapple 2003).

4.1.3. Objective

The recent studies have elucidated the activity of GEs against the natural substrate, and
thus GEs can help improve the sugar recovery when combined with the commercial cellulase
mixture (d’Errico et al. 2016). It is noteworthy that some commercial cellulase preparations
such as Cartazyme HS 10 (Sandoz, Holzkirchen, Germany), Celluclast® 1.5L (Novo Nordisk,
Bagsvaerd, Denmark), Depol™ (AB Enzymes, Darmstadt, Germany), and Ultraflo™ L
(Novozymes, Bagsvaerd, Denmark) display the trace amount of GE activity (Frafiova et al.
2016). Hence, it would be of interest to further clarify the role of GEs in the degradation of
lignocellulosic biomass, especially hardwood and softwood (Biely 2016). However, as far as [
know, there has been no study that presented the evidence that GEs contributed to the
degradation of lignocellulose in the living (micro) organism. For these reasons, in this Chapter,
I intended to demonstrate the physiological function(s) of NcGE in its native host, the

filamentous fungus N. crassa.
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4.2. Results
4.2.1. N. crassa strains

To elucidate the role of NcGE in N. crassa grown in the lignocellulosic biomass, two
N. crassa strains were obtained from the Fungal Genetics Stock Center (FGSC). The wild-type
(WT) N. crassa (FGSC 9717) has the mus-51::bar his-3 mat A genotype. The other one is the
NcGE-knockout (KO) strain (FGSC 21356) in which the gene encoding NcGE (NCU09445.2)
is replaced by the hygromycin-resistant gene as the selectable marker (Colot et al. 2006).

4.2.2. Phenotypic analysis

At first, some basic phenotypes of two N. crassa strains were examined such as the
growth rate of mycelia, the production of conidia, and the morphology of hyphae. The growth
rate of two trains in the Vogel’s minimal medium (VM) containing sucrose as the carbon source
was similar during 4 days of incubation (Fig. 4-4). The generation of pigment and conidiation
were clearly seen at day 3. The numbers of conidia obtained from both strains were similar
(Fig. 4-5). Student’s #-test showed no statistical difference between the two samples. In
addition, the appearance of basal hyphae under the microscope was quite similar (Fig. 4-6).
These results indicate that there is no significant difference between WT and KO strains when
they are grown in the sucrose-VM medium, and the deletion of NcGE gene generally does not
affect the development of the KO strain. Both strains were used in the next step to further study

the role of NcGE.

4.2.3. Preparation of LCCs extract

GEs are expected to facilitate the biomass degradation by breaking down the stubborn
ester linkage between hemicellulose and lignin. To analyze this hypothesis, the raw materials
containing this linkage were prepared from wood powders. In this study, the LCCs were
extracted from the wood powders of Cedar (softwood) and Pasania (hardwood). Briefly, the
thermal treatment by autoclaving was used to extract the LCCs from the wood powder
(particles size < 100 um) as suggested (Ko et al. 2015; Baath et al. 2016). During the treatment,
the wood powders are shattered into smaller particles by high temperature and pressure, and
thus some small particles are suspended into the upper layer containing water (Fig. 4-7). This
suspension fraction was collected and used as the sole carbon source for culturing N. crassa.

The particles in the LCCs extract could be observed under the microscope (Fig. 4-8).

64



Chapter 4. The physiological functions of fungal glucuronoyl esterases

4.2.4. The role of NcGE in N. crassa grown in LCCs extract from wood
To elucidate the biological function of NcGE, WT and KO strains were cultured in the
VM media containing LLCs extract as the sole carbon source (Fig. 4-9) under five different
conditions as shown below:
*  WT: WT strain was cultured in the LCCs-VM medium (10 ml) for 7 days.
* KO: KO strain was cultured in the LCCs-VM medium (10 ml) for 7 days.
* KO GE: KO strain was cultured in the LCCs-VM medium (10 ml) with the daily
addition of purified NcGE (0.8 pg) for 7 days.
* KO GE-inactive: KO strain was cultured in the LCCs-VM medium (10 ml) with the
daily addition of heat-denatured (boiled for 10 min) NcGE (0.8 pg) for 7 days.
* KO GE-pretreat: The LCCs-VM medium (10 ml) had been pre-treated by the daily
addition of the purified NcGE (0.8 pg) for 5 days at first. Then this pre-treated medium
was used to grow KO strain for 7 days. Purified NcGE was not added during the culture.

4.2.4.1. Culturing N. crassa in LCCs extract from Cedar wood

Cells were grown in the medium containing LCCs from Cedar wood, and the
concentration of reducing sugars in the culture supernatant from each day was measured. The
amount of reducing sugars liberated in the culture supernatant due to the degradation of plant
biomass by endogenous enzymes was used as a hallmark of cell growth (Rao et al. 1985;
Hildebrand et al. 2015). When the cells are grown in the wood extract medium, they release
endogenous cellulases/hemicellulases to hydrolyze the lignocellulose and produce reducing
sugars. The increase in sugar concentration would stimulate the cells to grow, which in return
contributes to the lignocellulose degradation by secretion of more enzyme. If the amount of
possibly hydrolyzable substrate is limited, the sugar concentration would stop rising and
gradually decrease through the consumption by cells in the later stage of the culture. Hence, in
my experiments, a small amount of conidia (10° conidia/10 ml culture medium) was added to
the medium to prevent the quickly reaching carbon limitation. The result is shown in Fig. 4-
10. A noticeable difference was displayed after 3 days of culture. The highest amount of
reducing sugars was released in the case of KO GE (KO strain added with pure NcGE). KO
GE-pretreat (KO strain grown in GE-pre-treated medium) and WT also released a higher
amount of reducing sugars than the KO strain without the addition of NcGE or with the addition
of denatured NcGE. These results suggest that NcGE contributed to the degradation of Cedar

wood and enhanced the amount of reducing sugars released in the culture medium.

65



Chapter 4. The physiological functions of fungal glucuronoyl esterases

4.2.4.2. Culturing N. crassa in LCCs extract from Pasania wood

When the Pasania wood extract was used as the sole carbon source in the medium, the
similar result was obtained as shown in Fig. 4-11. The conditions in which NcGE was present
(WT, KO GE, and KO GE-pretreat) exhibited the higher amount of reducing sugars in the
medium than the conditions in which NcGE was absent or inactivated (KO and KO GE-
inactive). Again, NcGE was suggested to play an important role in the deconstruction of

lignocellulose.

4.2.4.3. Culturing N. crassa in the medium containing CMC or Avicel as the sole carbon
source

It is suggested that GEs work only on the substrate carrying the particular ester linkage
and therefore cannot affect the state of the substrates such as carboxymethyl cellulose (CMC)
and Avicel, both of which are the polymers of glucose, that lack the target ester linkage. I then
checked the effect of NcGE on these two simple substrates.

As expected, there was no difference in the production of reducing sugars among the
three culture conditions (WT, KO, and KO GE) when the cells were grown in the CMC or
Avicel medium. The highest amount of reducing sugars was obtained after 2 days of incubation
in CMC-VM medium (Fig. 4-12). In contrast, it took 6 days to reach the highest concentration
of reducing sugars in the Avicel-VM medium (Fig. 4-13). Moreover, the amount of reducing
sugars released was much higher in CMC-VM than in Avicel-VM (16 mM vs 0.8 mM),
indicating that CMC was much more easily degraded by the fungus than Avicel.

4.2.4.4. Reverse transcription — PCR (RT-PCR) analysis

The expression of NcGE and some other key enzymes for cellulose hydrolysis was
examined. Normally, for efficient cellulose hydrolysis, the cooperation of three main enzymes,
i.e. endoglucanase, cellobiohydrolase, and B-glucosidase, is required (Chandel et al. 2012). In
this experiment, the expression of three major cellulases which are highly expressed in the
biomass degradation of N. crassa, CBH-1 (cellobiohydrolase), GH 5-1 (endoglucanase), and
GH 3-4 (B-glucosidase) was examined in the WT and KO strains (Figs. 4-14, 15, 16, and 17).
Three selected cellulases are the common enzymes used in the transcriptomic analysis due to
their high expression level when the cells were grown in CMC, Avicel, or straw (Phillips et al.
2011; Znameroski et al. 2012; Wang et al. 2015).

The same amounts of total RNA were used for the RT-PCR reaction, which was

confirmed by the similar level of the product of the control gene - actin. In order to utilize wood
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powder, CMC, and Avicel, the enzymes involved the hydrolysis of cellulose are needed to be
secreted into the culture medium. In agreement, the gene expression of GE and other cellulases
was higher in the VM medium containing wood powder, CMC, and Avicel than in the sucrose-
VM medium. This result agrees well with the observation in the previous studies which
indicated the increase in NcGE and cellulase gene expression by CMC, Avicel, and straw (Benz
et al. 2014; Wang et al. 2015). Naturally, the expression of NcGE was only detected in WT. The
expression of cellulase genes was quite similar between the WT and KO strains when they were
cultured in the medium containing the same sole carbon source. These results suggest that the
release of a larger amount of reducing sugars by the WT strain than the KO strain was mostly

due to the effect of NcGE itself, not by the enhanced expression of cellulases.

4.2.4.5. GE activity in the culture supernatant of V. crassa

The GE activities in the culture supernatant were also examined using the substrate D.
The supernatants of WT grown in CMC or Avicel showed some trace activity when reacted
with the substrate overnight while those of the KO strain did not (data not shown). However,
GE activity of the WT strain was not detected when grown in both wood extract media. A recent
study has suggested that the VM medium is the nitrogen-deficient medium which may reduce
the protein production and promote the secreted protease activity (Havlik et al. 2017). The
authors recommended that the supplementation of complex nitrogen sources such as yeast
extract and tryptone from casein could overcome this issue. Therefore, WT and KO strains
were grown for 5 days in the Cedar and Pasania wood extract-VM media with the addition of
yeast extract and tryptone (complex medium). Interestingly, some trace GE activities
(corresponding to around 4.4 and 3.8 ng of purified NcGE per ml culture medium, respectively)
were detected from the culture supernatant of the WT strains after incubating overnight at 30°C.
Together with the identification of gene expression by RT-PCR, I could conclude that the
endogenous NcGE was expressed and exhibited the real GE activity when the WT strain was

grown in the medium containing lignocellulose as the sole carbon source.
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4.3. Discussion

The fungus N. crassa has a long history of research as a model organism. Therefore,
many culture processes and molecular tools have been established for N. crassa such as the
data for the transcriptome and proteome analyses in different growth conditions and the library
of gene knockout strains. N. crassa is also one of the filamentous fungi displaying the fast and
robust growth rate. Moreover, this fungus is considered as a non-toxic organism and can be
used in many applications (Havlik et al. 2017). Therefore, N. crassa was chosen to identify the
physiological role of GE in this study.

I could not obtain the data for the exact amount of NcGE released in the wood medium.
However, based on the proteomic analysis of N. crassa grown on the pectin medium, I estimate
that 0.03-0.07 pg/ml of NcGE was released after 5 days of culture (Benz et al. 2014). Hence,
the addition of 0.08 pg/day/ml culture medium of NcGE was much higher than the level of
endogenously-produced NcGE and might have saturated the requirement of NcGE to degrade
the ester linkage in the wood powder-VM medium at the highest efficiency. In agreement, the
KO GE condition produced the highest amount of reducing sugars, which was followed by the
KO-pretreat condition.

When the WT N. crassa was grown in the Cedar and Pasania wood as the sole carbon
source, higher amount of reducing sugars was released than the KO strain (Figs. 4-10 and 11).
The presence of endogenous NcGE only in the WT samples was confirmed by RT-PCR analysis.
The addition of the purified NcGE, but not heat-inactivated enzyme, to the culture of KO strain
stimulates the production of reducing sugars. Thus, both endogenous and exogenously-added
NcGE assisted the performances of endogenous cellulase/hemicellulase. Moreover, when WT
and KO strains were cultured in the same medium, the expression levels of three major cellulase
genes were similar (Figs. 4-14, 15, 16, and 17), suggesting the NcGE contributed mostly to this
enhancement. On the other hand, the presence/absence of NcGE did not affect the reducing
sugar concentration when CMC or Avicel (not containing the target ester linkage) was used
(Figs 4-13 and 13). It should be noted that during the pretreatment (KO GE-pretreat), the NcGE
itself did not increase the amount of reducing sugars. Hence, the effect of GE was considered
as the ability to separate hemicellulose and lignin by removing their ester linkage and thus
support the actions of other carbohydrate-acting enzymes.

In this Chapter, in vivo role of GE in the degradation of wood extracts was demonstrated
for the first time. NcGE is suggested to contribute to the enhanced release of reducing sugars
when the fungus was grown on the wood extract medium. It is hypothesized that by cleaving

the ester linkage between hemicellulose and lignin, GEs would reveal the cellulose core inside
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the matrix structure of lignocellulose, and open the space for cellulases, hemicellulases, and
other enzymes for efficient hydrolysis of the biomass (Fig. 4-18). In turn, the actions of
cellulases/hemicellulases might remove the layer of cellulose and hemicellulose outside and
reveal more ester linkages buried inside. Thus the combined effect of NcGE and the wood-

decaying enzymes in N. crassa would have resulted in the efficient degradation of

lignocellulosic biomass in vivo.
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Table 4-1: Comparison between hardwood and softwood (Jasuja et al. 2017).

Hard wood Softwood

Structure The vessel elements or pores | The water was conducted by
help to deliver water in the | tracheids system which is not
wood. considered as pores

Use High-quality or long last | A wide range of applications
furnitures such as deck and | (take ~ 80% of timber
flooring products) such as windows,

doors, and fiberboard.

Density Higher than softwood Lower than hardwood

Cost Generally higher Generally lower

Growth Slower growth rate. Higher growth rate

Shedding of leaves Normally, in the autumn and | Evergreen
winter.

Fire-resistant Higher Slower

Examples

Aspen, balsa, beech, cherry,

maple, oak, teak, and walnut.

Cedar, cypress, juniper, pine,

redwood, spruce, and yew.

70




Chapter 4. The physiological functions of fungal glucuronoyl esterases

S

(Larvl

CETCETE——

288 nm iaaBR i e 48 SE T

[

vl il ! . ) ﬂ 'i "] | T “‘)
Figure 4-1: The images of hardwood and softwood un

der sanning electron microscope
The upper image displays the various pores in hardwood (Oak); the lower image presents the

tracheid matrix in softwood (Jasuja et al. 2017).
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Xylp, xylopyranose; GlcpA, glucuronic acid; Araf’, arabinofuranose (Di Donato et al. 2015).
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Figure 4-2: Structure of glucuronoxylan in hardwood

Xylp, xylopyranose; GlcpA, glucuronic acid; Araf’, arabinofuranose (Di Donato et al. 2015).
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Figure 4-3: Structure of arabinoglucuronoxylan in softwood (Di Donato et al. 2015).
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Day1 Day2 Day3 Day4

Figure 4-4: The growth of WT and KO strains in the sucrose-VM medium
WT and NcGE KO strains of N. crassa (1X10° conidia in 5 ul) were spotted onto the center

of the plate and grown in the sucrose-VM plates at 30°C.
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Figure 4-5: The numbers of conidia from WT and KO strains grown in the sucrose-VM
plates for 4 days
Data presented the mean of at least three independent experiments with error bars indicating

SD. *, p <0.05; **, p <0.01 (z-test).
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Figure 4-6: The hyphae of WT and KO strains under the microscope

Scale bar presents 10 um.
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Figure 4-7: Preparation of the LCCs extract from Cedar and Pasania wood
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Figure 4-9: N. crassa WT strain grown in the wood extract medium for 4 days.

75



Chapter 4. The physiological functions of fungal glucuronoyl esterases

0.45 *k %

1

=
[
o

*

*

&

0 1 2 3 4 5 6 7
Day

sWT mKO mKOGE mKO GE-inactive m KO GE-pretreat

=
[N

Recduceing sugar concentration (mh)
L] f=]

= o o P

Y n (%] (4]

=2
=1
o]

[=]

Figure 4-10: The release of reducing sugars in the liquid medium containing Cedar wood

as the sole carbon source.

Data presented the mean of at least three independent experiments with error bars indicating

SD. *, p <0.05; **, p <0.01 (z-test).

76



0.35

03

bt
[
&

0.2

015

0.

iy

Reducing sugar concentration (mh)

=
=1
o

Chapter 4. The physiological functions of fungal glucuronoyl esterases

*k ‘ | |
0 1 2 3 4 5 ] 7
Day

*

o

*%k k%

*%&

o

sWT mKO =mKO GE ®KO GE-inactive mKQO GE-pretreat

Figure 4-11: The release of reducing sugars in the liquid medium containing Pasania wood

as the sole carbon source.

Data presented the mean of at least three independent experiments with error bars indicating

SD. *, p <0.05; **, p <0.01 (#test).
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Figure 4-12: The release of reducing sugars in the liquid medium containing CMC as the
sole carbon source

Data presented the mean of at least three independent experiments with error bars indicating

SD. *, p <0.05; **, p <0.01 (#test).
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Figure 4-13: The release of reducing sugars in the liquid medium containing Avicel as the
sole carbon source
Data presented the mean of at least three independent experiments with error bars indicating

SD. *, p <0.05; **, p <0.01 (z-test).
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Figure 4-14: RT-PCR analysis of WT and KO strains grown in the VM medium

containing sucrose or cedar wood

1, WT strain was cultured in the sucrose-VM medium; 2, KO strain was cultured in the sucrose-

VM medium; 3, WT strain was cultured in the cedar-VM medium; 4, KO strain was cultured

in the cedar-VM medium
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Figure 4-15: RT-PCR analysis of WT and KO strains grown in the VM medium

containing sucrose or pasania wood

1, WT strain was cultured in the sucrose-VM medium; 2, KO strain was cultured in the sucrose-

VM medium; 3, WT strain was cultured in the pasania-VM medium; 4, KO strain was cultured

in the pasania-VM medium
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Figure 4-16: RT-PCR analysis of WT and KO strains grown in the VM medium
containing sucrose or CMC

1, WT strain was cultured in the sucrose-VM medium; 2, KO strain was cultured in the sucrose-
VM medium; 3, WT strain was cultured in the CMC-VM medium; 4, KO strain was cultured
in the CMC-VM medium
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Figure 4-17: RT-PCR analysis of WT and KO strains grown in the VM medium
containing sucrose or Avicel

1, WT strain was cultured in the sucrose-VM medium; 2, KO strain was cultured in the sucrose-
VM medium; 3, WT strain was cultured in the Avicel-VM medium; 4, KO strain was cultured

in the Avicel-VM medium
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Figure 4-18: The suggested role of NcGE in the lignocellulose degradation (Chaucheyras-
Durand et al. 2012).
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5.1. The importance of studying glucuronoyl esterases

The world’s major energy source, fossil fuel, is depleting which lead to the search for
new alternative and renewable energy sources. Biofuels, especially bioethanol, have already
used in many fields in the society. For example, it was blended into gasoline and petroleum as
the transportation fuels in Brazil, US, and many countries. Lignocellulose, the most abundant
organic material on earth, is expected to further improve the usage of biofuels. Therefore, many
cellulases and hemicellulases have been searched for to establish a better system for enzymatic
saccharification of lignocellulose. However, the production cost of cellulosic ethanol still does
not satisfy the demand of commercial application. The ester linkage between hemicellulose
and lignin in the matrix structure of lignocellulose is considered as one of the major obstacles
for its enzymatic degradation. Hence, the unique ability of GEs to cleave this ester linkage has
attracted more and more attention, as evidenced by the recent increase in the publication of
GEs. A project “Optimized esterase biocatalysts for cost-effective industrial production”
granted by the European Union (EU) (OPTIBIOCAT, www.optibiocat.eu) also shows a great
interest in the CE15 family enzymes (Dilokpimol et al. 2017).

GEs have been classified to the novel CE15 family with only 10 members having been
characterized. Although there are significant interests in this enzyme group, the number of
studies dedicated to new GEs remains limited and therefore more investigation is needed. In
2017, at least two attempts of genome mining of GEs were performed not only to find new
putative GEs but also to provide the overview about the structure and diversity in the sequence
of the CE15-like proteins. These results indicated that a large number of GE sequences were
mistakenly classified into other enzyme groups such as acetyl xylan esterases or sialidases due
the lack of available information about GE sequence (Agger et al. 2017). In fact, AfGE was
also classified as an acetyl xylan esterase at first. Moreover, the newly established Carboxylic
Ester Hydrolases (CEH) database by Iowa State University (CASTLE - Carboxylic Ester
Hydrolases, http://castle.cbe.iastate.edu/) currently puts GEs and acetyl xylan esterase in the
same group, CEHS8. Therefore, the identification of consensus sequences containing the
catalytic triad as well as the role of conserved Lys209 in 4fGE may provide more evidence for
selecting new putative GEs, especially in the kingdom Fungi. The alignment of some newly
identified GEs from both ascomycota and basidiomycota further confirmed this idea (Fig. 5-1).
WcGE1 from Wolfiporia cocos (Hiittner et al. 2017) was characterized, while other GEs such
as AiGE1 (from Ascobolus immerses), BAGE1 (from Botryosphaeria dothidea), HsGE1 (from
Hypholoma sublateritium), PirGE1 (from Piromyces sp. E2), and ShGE1 (from Stereum

hirsutum) were expressed in P. pastoris and the GE activities were only determined in the
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culture supernatants. Three consensus sequences containing the catalytic triad
(VTGCSRXGKGA, HC, and PQESG) are found in these GEs, except for PirGE1 in which Arg
is replaced by Tyr and SAGE1 in which Pro is replaced by Ala. It is of note that Piromyces
belongs to the phylum Chytridiomycota which is diverged in the beginning of the fungal
lineages (Fig. 5-2). This suggests that GEs may have appeared early in evolution.

5.2. Future prospect

The cooperation of NcGE and the cellulase/hemicellulase system to improve the lignocellulose
degradation was suggested in this study. However, more research are needed to further clarify
their physiological roles and the cooperation between GEs and other enzymes, especially the
wood-decaying enzyme. Transcriptional profiling of GE and carbohydrate-active enzymes in
N. crassa grown in different carbon sources may provide more information about the
cooperation between them in biomass degradation. NcGE showed the ability to enhance the
release of reducing sugars from the wood extracts of both Cedar (softwood) and Pasania
(hardwood). Three wood powders from beech wood (hardwood), mulberry (hardwood), and
red pine (softwood) are available in our laboratory, thus they could be good candidates in the
subsequent studies. Besides that, the addition of NcGE in the KO GE condition resulted in the
release of higher amount of reducing sugars compared to WT condition. Since the amount of
NcGE added to the culture was estimated to be much higher than that produced endogenously,
overexpression of NcGE might also provide a similar effect. This would prompt researchers to
examine the effect of heterologously-expressing GEs in other wood-decaying organisms to
enhance their ability to hydrolyze plant cell walls. Another viewpoint is that the separation of
hemicellulose and lignin by GEs could facilitate the actions of lignin-modifying enzymes. Thus,
the identification of cooperation between GE and other wood-decaying enzymes would help
improve the enzymatic pretreatment of lignocellulose instead of using the extreme conditions

such as alkaline treatment.
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Figure 5-1. Amino acid sequence alignment of AfGE, NcGE, and other newly identified
GEs

The amino acid sequence alignment of AfGE, NcGE, the Ascomycota GEs (4iGE1 and BdGE1),
and the Basidiomycota GEs (HsGE1, ShGE1, and WcGE1) is shown. The residues forming the

catalytic triad Ser-His-Glu are marked by the arrows.
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Figure 5-2. The phylogeny of the kingdom Fungi

(Source: https://genome.jgi.doe.gov/programs/fungi/index.jsf)
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1. Strains and growth media

Escherichia coli DH5a. was cultured in LB medium (1% peptone, 0.5% yeast extract,
and 0.5% NaCl) containing the proper selection marker such as zeocin (40 pg/ml) or ampicillin
(100 pg/ml) for pPICZa vector, and ampicillin (100 pg/ml) for pUNA vector.

Pichia pastoris KM71H strain (his4 aox1::ARG4) was used to express NcGE. For
methanol induction of P. pastoris, YPG medium containing 1% yeast extract, 2% peptone, 1%
glycerol, and zeocin (100 png/ml) was used, whereas glycerol and zeocin were omitted in YP
medium.

A. oryzae niaD300 strain (niaD’), derived from A. oryzae RIB40 strain (ATCC42149),
was chosen for the expression of AfGE. Conidia or mycelia of 4. oryzae transformants were
collected by growing the cells on the PDA agar medium (Potato Dextrose Agar; Nissui
Pharmaceutical, Tokyo, Japan). To induce AfGE production, DPY medium containing 2%
dextrin, 1% polypeptone, 0.5% yeast extract, 0.5% KH>PO4, and 0.05% MgSO4 was used.

2. Construction of expression plasmids
2.1. Construction of NcGE-pPICZa vector

The gene encoding NcGE (NCU09445.7) without the signal peptide was amplified from
the genomic DNA of N. crassa strain FGSC987 by polymerase chain reaction using
PrimeSTAR DNA polymerase (Takara, Japan). Two PCR primers used to amplify the putative
mature  region (amino acids 21-395) were designed as follows: 5’-
AAGCAGAATTCGCCCCTGCTTCTCAAATCT-3" (EcoR 1 site is underlined) and 5°-
GCTCTAGATACGACAAAGCCGGCACATC-3’ (Xba 1 site is underlined). The PCR cycle
includes denaturation (98°C, 10 sec), annealing (55°C, 10 sec), and extension (72°C, 2 min).
The amplified fragment was digested with the restriction enzymes and then gel-purified to be
cloned into pPICZaA vector. After verification of the nucleotide sequence, this recombinant

plasmid pPICZaA/NcGE was used in the subsequent studies.

2.2. Construction of AfGE-pUNA vector

Vector pUNA containing the dextrin-inducible amyB promoter and amyB terminator
was used for the transformation of 4. oryzae niaD300 strain. The target gene was inserted at
the Smal site of pUNA located at the downstream of the amyB promoter. First, the DNA
fragment encoding Myc-His tag containing the stop codon was amplified by PCR from the

86



Materials and Methods

vector pPICZa (Thermo Fisher Scientific, Yokohama, Japan) using PrimeSTAR DNA
polymerase (Takara Bio, Shiga, Japan) and the primers (Table S1). Second, the Afu6g14390
gene encoding AfGE without the stop codon was obtained by PCR from the genomic DNA of
the A. fumigatus Af293 strain (kindly provided by Dr. D. Hagiwara, Chiba University, Japan)
using the reverse primer containing 18 bases complementary to the 5’ sequence of Myc-His tag
fragment. Then, a Myc-His tag was added to the C-terminal end of AfGE by the fusion PCR.
The AfGE-Myc-His fragment was amplified by two primers containing the overlapping
sequences (19 bases) flanking the Smal site of the pUNA vector which was constructed using
MultiSite Gateway™ Technology (Mabashi et al. 2006). The recombinant vector pUNA-AfGE-
Myc-His tag was generated by a novel cloning technique named Seamless Ligation Cloning

Extract (SLiCE) (Motohashi 2015). The ligated plasmids were verified by sequencing.

3. Transformation of the expression plasmid
3.1. Transformation of P. pastoris
3.1.1. Preparation of P. patoris competent cells

KMT71H P. pastoris strain was grown in 10 ml YPD medium at 30°C, 150 rpm/min for
24 hours. Then, 200 and 400 pl of the pre-culture solution were added to 200 ml YPD medium
in 500 ml flask and culture at 30°C, 150 rpm/min until Aeoo of the culture achieved to 1.3-1.5
(it took around 13-15 hours). Next, the culture medium was divided into 4 falcon tube (50 ml).
The cells were harvested by centrifuging at 1700 x g for 7 min at room temperature. The cell
pellet was washed two times with 40 ml MiliQ, and then two times with 10 ml sorbitol 1 M.
After that, the cell was suspended in 0.5 ml sorbitol 1 M and ready for transformation at this

time.

3.1.2. Electrotransformation of P. patoris

The plasmid pPICZoA/NcGE was linearized with Bg/ II and transformed to P. pastoris
by electroporation according to the instruction manual of EasySelect Pichia expression kit
(Invitrogen). Transformation of P. pastoris KM71 strain was performed by electroporator as
the suggestion of the standard protocol (Invitrogen 2010). Briefly, 5 ul of the linearized plasmid
containing 2.5-5 ug of DNA was mixed with 50 ul of competent cells and keep on ice for 5
min. Then, the cell suspension with plasmid was loaded into the iced-cuvette (Bio-Rad, catalog
N0.165-2086) and pulsed at the Pichia mode as suggested in the user’s manual of Bio-Rad.
After that, 1 ml of the sorbitol 1 M was added and incubated at 30°C for 1h with vigorous
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shaking. After incubation, the cell suspension was centrifuged at 1700 x g for 5 min at room
temperature. 800-900 ul sorbitol solution (upper layer) was removed and the pellet was spread
on YPDZS (containing 100 pg/ml zeocin) agar medium. The transformants could be obtained
after 3 or 4 days. Colony PCR using KOD FX Neo (Toyobo, Japan) was applied to screen the

correct transformants. Positive clones were kept frozen in 25% glycerol at -80°C.

3.2. Transformation of A. oryzae
3.2.1. Preparation of A. oryzae protoplast

Transformation of A. oryzae was performed as described previously (Uchima et al.
2011). Conidia of A. oryzae niaD300 host strain (niaD-) were inoculated into 100 ml DPY liquid
medium and grown at 120-150 rpm, 30°C for 18-20 h. The TF solution | was filtered through
0.45 pum sterilizing filter and kept in the L-shape tube. The mycelia were collected using
Miracloth (Calbiochem, CA, USA) and washed with sterile distilled water. Then, the mycelia
were incubated in 10 ml TF solution above at 30°C, 50 rpm for 3 h. Next, the protoplasts in the
supernatant were collected by Miracloth (the remaining mycelia were disposed together with
the Miracloth. 10 ml TF solution 1l were added to the protoplasts solution and centrifuged at
4°C, 2,000 rpm for 8 min. The protoplasts were re-suspended in TF solution Il with a dropper.
The amount of the protoplasts were counted by hemocytometer and adjust to the concentration

around 5x107 protoplasts/ml.

3.2.2. Transformation of A. oryzae

200 pl of the protoplasts (above) was transferred into falcon tube (15 ml), gently mixed
with 1-5 pg plasmid DNA and kept into the ice for 30 min. TF solution III was added to the
DNA-protoplast mixture in three consecutive steps (250, 250, and 850 pl). Each time, the
mixture needed to suspend carefully and then incubated at room temperature for 20 min. It was
followed by adding 5 ml of TF solution Il and centrifuged at 4°C, 2000 rpm for 6 min. Finally,
the treated protoplasts were resuspended in 500 pl of TF solution II. At this point, it was mixed
with 5 ml top agar (CD medium containing 1.2 M sorbitol and 0.8% agar) and spread on the
agar plate containing the same medium as above. The transformant could be seen after 3-5
days. Transformants were transferred to a new selective medium twice for generation of the
homokaryotic strains. Colony PCR using KOD FX Neo (Toyobo, Tokyo, Japan) was applied
to confirm the correct transformants. These strains were then stored in 25% glycerol at -80°C

for a long-term storage.
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4. The heterologous expression of target protein
4.1. P. pastoris expression system

The P. pastoris transformant was pre-cultured in 10 ml YPG medium containing zeocin
at 30°C for 24 h with strong shaking. Then the cells were transferred to the main culture
containing 190 ml YPG medium in 500 ml flask and grown for another 24 h with shaking at
150 rpm. The cells were harvested by centrifugation (1,500 g, 5 min) and re-suspended in 40
ml YP medium for methanol induction. The medium was supplemented daily with 0.75% (v/v)
methanol and the culture was continued for 4 days at 26°C. The supernatant was collected to

analyze the protein expression by SDS-PAGE and Western blotting

4.2. A. oryzae expression system
4.2.1. Collection of conidia of A. oryzae

The A. oryzae strains grown in PDA plates in 5 days to fully produce conidia. 10 ml of
sterile 0.01% Tween 80 was poured into the plate. The dropper was used to mix and collect the
Tween 80 solution together with conidia. This suspension was filtrated using Miracloth and
then centrifuged at 3,500 rpm for 5 min. The supernatant was discarded to wash with 5 ml of
Tween 80, and centrifuge again. The supernatant was removed and 1 ml of sterile distilled
water (DW) was added to become the suspension “A”). Hemocytometer was used to measure
the conidia concentration in suspension “A”.

For the calculation, 10 pl of diluted suspension “A” was put on the hemocytometer.
The suspension “A” could be diluted if there are too many conidia. The number of conidia
inside of 16 squares (X) was counted and applied to the next formula for calculating the
concentration of conidia: X + 4 x 62,500. For making a glycerol stock, 500 ul of the conidial

solution “A” was mixed with 500 pl of sterile 80% glycerol, and stored at -80°C.

4.2.2. Culturing A. oryzae for protein expression

AfGE was expressed under the control of a strong promoter of a-amylase (amyB). To
induce AfGE production, the conidia of 4. oryzae transformants were grown in 5 X DPY liquid
medium (pH 8.0) with an approximate number of 1 X 107 conidia per 100 ml. After incubation

at 30°C for 1-5 days at 150 rpm, the culture supernatant was collected by filtrating with
Miracloth for further analysis.
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5. Purification of the fungal GEs
5.1. Ni**-NTA affinity chromatography
5.1.1. Purification of NcGE

A sufficient amount of Ni**-nitriloacetic acid (NTA) agarose was added to the column
for binding of the secreted NcGE protein in the supernatant. Purification of NcGE was
performed based on the instruction of QIAGEN manual. The contaminant proteins were
removed by washing the column with 50 mM Tris-HCI buffer (pH 8), 200 mM NacCl containing
0 or 10 mM imidazole. The target protein was eluted with the same buffer containing 100 mM
imidazole. To elute NcGE, one ml of elution buffer was used in the first fraction, and 0.5 ml
each of elution buffer was applied in the subsequent three fractions to obtain all NcGE enzyme.

Then, the elution fractions were dialyzed to keep at 10 mM Tris-HCI bufter (pH 7).

5.1.2. Purification of AfGE

Firstly, the supernatant of 4. oryzae transformant was applied to Ni>*-NTA affinity
chromatography. The purification of AfGE was performed with HisTrap FF column (1 ml)
based on the instruction of the manufacturer (GE Healthcare Japan, Tokyo, Japan). Sodium
phosphate buffer (20 mM, pH 8) was used as the binding buffer. Contaminant proteins were
washed with this buffer containing 0 and 10 mM imidazole. The target protein was eluted with
the same buffer containing 100 mM imidazole. After that, the elution fractions were kept at 10

mM Tris-HCI bufter (pH 7) by dialysis.

5.2. Ion exchange chromatography
5.2.1. Purification of NcGE using cation exchange column

To achieve higher purity, NcGE partially purified by Ni**-NTA chromatography was
applied to AKTA chromatography system (GE Healthcare) with PrimerView 5.0 program.
Enzyme purification was carried out using HiTrap SP XL column (1 ml) with a flow rate of 1
ml/min at room temperature. The starting buffer was 10 mM Tris-HCI, pH 7, while the elution
buffer contained 1 M NaCl. A linear gradient of 0% to 100% elution buffer was applied to
collect the target protein. Purified NcGE was kept in 10 mM Tris-HCI (pH 7) containing 20%

glycerol for storage.

5.2.2. Purification of AfGE using anion exchange column
To achieve higher purity, the affinity-purified AfGE was applied to AKTA purifier

chromatography system (GE Healthcare Japan, Tokyo, Japan) at room temperature.
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Purification of AfGE was performed by HiTrap Q FF anion-exchange column (1 ml) and
preserved in starting buffer (10 mM Tris-HCI, pH 7). Purification was carried out using a linear
gradient of NaCl (from 0 to 1 M) at a flow rate of 1 ml/min. The protein concentration was
determined by the Bradford assay (Bio-Rad, Hercules, CA, USA) using the bovine serum
albumin as the standard (Wako, Tokyo, Japan).

6. Substrates for glucuronoyl esterase assay

In order to check the enzyme activity, the synthetic substrate 3-(4-methoxyphenyl)
propyl methyl 4-O-methyl-a-D-glucopyranosiduronate (substrate A) that mimics the ester
linkage between lignin and hemicellulose was used (Spanikova et al. 2007; Sasagawa et al.
2011). In addition, three other substrates, commercially available benzyl D-glucuronate
(substrate B; Carbosynth, Berkshire, UK) (Sunner et al. 2015), benzyl methyl o-D-
glucopyranosiduronate ~ (substrate  C), and benzyl methyl 4-O-methyl-a-D-
glucopyranosiduronate (substrate D) were also used. The latter two substrates were used to
examine the preference of AfGE for 4-O-methyl glucuronoyl esters and synthesized by the
collaborators (Ms. Nozomi Ishii and Dr. Ichiro Matsuo at Gunma University) as described
below following the method reported by d’Errico et al. with slight modifications (d’Errico et
al. 2015). The structures were confirmed by 'H NMR spectroscopy and MALDI-TOF MS
analysis. These four substrates contain the aromatic UV-absorbing chromophore which is
suitable to detect GE activity by high-performance liquid chromatography (HPLC).

For the synthesis of substrate C, a mixture of methyl a-D-glucopyranoside (1.0 g, 5.2
mmol), NaBr (25 mg, 0.24 mmol), and NaClO (200 mg, 2.69 mmol) in H,O (4 ml) was added
1 M NaOH (1 ml) and TEMPO (2.5 mg, 0.02 mmol). The reaction mixture was stirred for 8 h
and the product was purified by silica gel column chromatography (CHCls/methanol = 50/1 ~
1/2) to afford methyl a-D-glucuronic acid (0.7 g, 60%). The glucuronic acid derivative (100
mg, 0.48 mmol) and K>CO3 (49 mg, 0.36 mmol) in dry N,N-dimethylformamide (DMF; 500
pl) were stirred at 0°C for 30 min, then added benzyl bromide (86 ul, 0.71 mmol). The reaction
mixture was stirred at room temperature for 8 h. The product was purified by silica gel column
chromatography (CHCls/methanol = 10/1 ~ 2/1) to afford the compound C (31 mg, 22%)).

'H NMR (400 MHz, CDCl3): § 7.36-7.26 (m, 5H, Ar), 5.24 (s, 2H), 4.80 (d, 1H, J = 3.6 Hz),
4.14 (d, 1H, J=9.6 Hz), 3.76 (m, 2H), 3.58 (m, 1H), 3.41 (s, 3H); MS (MALDI-TOF) Calcd
for C14H13s07Na [M+Na]": 321.10, found: 321.26.

For the synthesis of substrate D, to a stirred solution of methyl 4-O-methyl o-D-
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glucopyranoside (33 mg, 0.16 mmol), NaBr (11 mg, 0.10 mmol), NaClO (175 mg, 1.06 mmol)
in H>O (1.5 ml) was added 1 M NaOH (300 ul) and TEMPO (2.7 mg, 0.02 mmol). The mixture
was stirred for 42 h. The product was purified by silica gel column chromatography
(CHCls/methanol = 50/1 ~ 2/1) to afford methyl 4-O-methyl a-D-glucuronic acid (21 mg,
59%). The glucuronic acid derivative (21 mg, 0.09 mmol) was dissolved in dry DMF (350 pl).
The mixture was added K>COs (40 mg, 0.29 mmol) and benzyl bromide (23 pl, 0.19 mmol) at
0°C and then stirred at room temperature for 3 h. The reaction mixture was diluted with CHCl3
and washed with brine, dried (Na>SO4), and evaporated in vacuo. The residue was purified by
silica gel column chromatography (hexane/ethyl acetate = 1/1 ~ 1/3) to afford the compound 2
(D) (8.4 mg, 28%).

'"H NMR (400 MHz, CDCl3): § 7.41-7.32 (m, 5H, Ar), 5.26 (s, 2H), 4.81 (d, 1H, J = 4.0 Hz),
4.11 (d, 1H, J=10.0 Hz), 3.78 (t, 1H, J = 9.6 Hz), 3.59 (m, 1H), 3.45 (s, 3H), 3.37 (t, 1H, J =
9.4 Hz), 3.37 (s, 3H); MS (MALDI-TOF) Calcd for CisH2007Na [M+Na]": 335.11, found:
335.45.

7. Glucuronoyl esterase assays

Because of the self-degradation of the substrate under high alkaline condition
(Spanikova and Biely 2006; Li et al. 2007), enzyme reaction was conducted in 100 mM sodium
phosphate buffer, pH 5.5 at 30°C. The reaction was stopped at an appropriate time 5-30 min by
adding glacial acetic acid (1:5 (v/v)). One unit of GE activity was defined as the amount of the
enzyme required to release 1 pmol of alcohol product per min at 30°C. The de-esterified
products were analyzed by HPLC system (Hitachi High-Tech Science, Tokyo, Japan) at room
temperature. The mixture components were separated by using the reverse-phase column
(SSC-2300, Senshu Scientific, Tokyo, Japan) with the mobile phase solvent acetonitrile:water
(2:1 (v/v) for substrate A, 5:4 (v/v) for substrate B and C, and 3:1 (v/v) for substrate D) at a

flow rate of 1 ml/min.

8. Enzymatic characterization
8.1. Effects of pH and temperature

The optimum pH was analyzed over the pH range 3.0-9.0 using 0.1 M citrate-phosphate
buffer (pH 3.0-7.0) and 0.1 M Tris-HCI buffer (pH 7.0-9.0) at 30°C. The pH stability was
evaluated by pre-incubating the enzyme with these buffers at 30°C for 30 min and then

checking the residual activity in citrate-phosphate buffer at pH 5.0. The optimum temperature
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was determined by performing the assay at various temperatures from 30°C to 70°C in 0.1 M
citrate-phosphate bufter (pH 5.0). For the thermostability, the remaining activity was detected
after incubation at different temperatures (30°C-70°C) for 30 min at pH 5.0.

8.2. Effects of metal ions and other reagents

Purified AfGE was pre-incubated at 30°C for 10 min in the presence of metal ions (1
mM each of Mg?, Mn?*, Ca?', Fe*', Fe’", Cu*’, Zn**, AI**, Ni’, Li*) or reagents (10 mM
glycerol, Tween 80, acetic anhydride, ascorbic acid, dimethyl sulfoxide, dithiothreitol, 2-
mercaptoethanol, SDS, urea; 0.5-1 mM phenylmethylsulfonyl fluoride (PMSF); 5-10 mM
ethylenediaminetetraacetic acid (EDTA)). Next, the residual GE activity was measured; the
control enzyme activity without cations/reagents was taken as 100%. The experiments were

done in triplicates and the statistical analysis was performed using Student’s 7 test.

8.3. Kinetic parameter analysis

Kinetic parameters were determined by the Lineweaver-Burk plot analysis using
different concentrations of substrate A (0.2 to 10 mM) or substrate B, C, and D (1 to 20 mM).
To quantify the enzyme activity, the amount of the reaction product was measured by the
standard curve drawn using their corresponding commercial compound 3-(4-methoxyphenyl)-
I-propanol (Sigma, MO, USA) and benzyl alcohol (Nacalai, Kyoto, Japan). All experiments

were repeated three times.

9. Homology analysis

The amino acid sequences of GEs were collected from NCBI database and aligned by
ClustalX program (Larkin et al., 2007). Evolutional analyses were conducted by MEGA6
(Tamura et al., 2013) using the Neighbor-Joining method. The bootstrap consensus tree was
inferred from 1000 replicates. Branches corresponding to partitions reproduced in less than
50% bootstrap replicates were collapsed. The data were computed using the partial deletion
and p-distance algorithm with out-group sequences including two different acetyl xylan
esterases (AXEs) from H. jecorina (CAA93247.1; CE family 5) and Aspergillus niger
(CAA01634.1; CE family 1), and one ferulic acid esterase (FAE) from N. crassa (CAC05587.1;
CE family 1).

10. Site-directed mutagenesis

Wild-type and mutant AfGEs were produced using the methylotrophic yeast Pichia
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pastoris KM71H strain as a host. The DNA fragment coding for the WT AfGE without the
sequence for the signal peptide and an intron was obtained as follows. To remove the only one
intron of AfGE, the DNA sequences carrying the first and second exons (without the stop
codon) were amplified by PrimeSTAR PCR at first. In case of the first exon, the forward primer
starts after the end of signal peptide sequence and the reverse primer contains 19 bases
complementary to 5’ sequence of the second exon. Then, two exon fragments were linked by
fusion PCR using the primers (A and B) containing the homologous sequence (18 bases) with
two ends of the pPICZa vector (cut with EcoRI and Xbal). In the next step, this mature WT-
AfGE sequence was used as a template to create the mutated AfGEs by PCR-driven overlap
extension. This method requires two internal primers containing desired mutations in the
middle of primers (9 bases on either side) and hybridizing to the region to be altered (Table
S1). These nested primers of two flanking primers A and B (above) and two internal primers
were used in the first round of PCR to create two fragments containing the mutated internal
codon inside the overlapping sequence region. In the second round of PCR, these DNA
products were mixed with two primers A and B to amplify the full-length product that contains
the desired mutation. Next, the recombinant plasmids pPICZo-(WT and mutated) AfGE were
generated by SLiCE protocol (Motohashi 2015). After that, the plasmid harboring the WT and
desired mutations were transformed into P. pastoris KM71H (Thermo Fisher Scientific,
Yokohama, Japan) and expressed under methanol induction as instructed by Invitrogen’s user
manual. The WT and mutated AfGEs were purified for testing their activities by Nickel column

as described above.

11. Molecular modeling

The 3D structure of AfGE was constructed using SWISS-MODEL via ExPASy web
server. Visualization and analysis of structural models were performed by Chimera software.
Protein-ligand accessible surface areas were calculated using PDBePISA server

(http://www.ebi.ac.uk/pdbe/pisa/).

12. SDS-PAGE and gel electrophoresis analysis
The protein samples were kept in 1 x loading buffer (mixed from 5 x buffer solution).
Then, the mixture was boiled for 103 min to denature protein completely. The electrophoresis

was done using 12% polyacrylamide gels.
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12.1. Coomassie Brilliant Blue (CBB) staining
The gel after electrophoresis was washed twice with DW in 10 min. Then it was stained
with CBB solution overnight. After that, the gel was put into 10% (v/v) acetic acid to wash the

remaining CBB inside the gel.

12.2. Western blot analysis

Western blot analysis of the culture supernatants was done as follows. Proteins were
fractioned by SDS-PAGE (12% acrylamide) as mentioned above, which were then transferred
to membrane Immobilon-P membranes (0.45 um; Merck Millipore, Tokyo, Japan). Anti-c-Myc
mouse monoclonal antibody and peroxidase-labeled anti-mouse IgG antibody was used as the
primary and secondary antibodies, respectively. Western Lightning Plus system (PerkinElmer,
Waltham, MA, USA) was used to detect c-Myc-tagged fusion proteins. The target protein bands

were visualized through luminescent image analyzer (LAS-4000 mini; Fujifilm, Tokyo, Japan).

12.3. Endoglycosidase H (Endo H) treatments

The process was done according to the manufacturer’s guideline (New England
Biolabs). The sample containing around 1-20 pg glycoprotein was mixed with the denaturing
buffer and DW to make 10 pl reaction volume. This mixture was boiled for 10 min. The final
20 ul deglycosylation sample was made by adding 2 ul of 10 x G5 reaction buffer, DW, and 1-
5 ul Endo H. The solution was incubated at 37 °C for 1 hour. SDS-PAGE could be applied to

analyze the protein sample after treatment

13. Protein assay

Bradford assay was used to determine the protein concentration using the standard
reagent of Bio-Rad. The reagent was diluted 5 times before use and bovine serum albumin
(Takara, Japan) was prepared to make the standard with different concentration (0.2, 0.4, 0.6,
and 0.8 mg/ml of BSA). 20 pl of protein sample was incubated with 1 ml Bio-Rad protein assay
solution and measured the absorbance at 595 nm (Ases). The reaction mixture was kept at room

temperature for 5 min before checking with spectrophotometers.

14. Reducing sugar assay
The tetrazolium blue reagent (0.1 % tetrazolium blue in 0.05 M NaOH) was used to
identify the amount of reducing sugar in the medium. 10 pl sample was added to 1 ml

tetrazolium blue reagent. The mixture was boiled for 10 min and cool down at room
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temperature. The reducing sugar was measured at Asso. A standard curve from the series of
glucose concentration (0.1, 0.2, 0.4, 0.7, 1 mM) was made to calculate the reducing sugar

concentration of the samples.

15. SLiCE protocol
15.1. Preparation of SLiCE solution (from E. coli DHSa. extract)

The DHS5a strain was pre-cultured in 10 ml LB, incubate at 37°C, overnight (14-16h).
Then, the main-culture was set up by transferring 1 ml pre-culture to 50 ml 2xYT in 500 ml
flask and incubate at 37°C, 150 rpm until ODeoo reaches a value of 2-3 (about 6-7 h). The cells
were harvest by centrifugation at 5,000g for 10min at 4°C and washed with 50ml ice-cold
sterilized Milli-Q. The wet cells were gently resuspended in 1.2 ml 3% (w/v) Triton X-100 in
Tris-HCI (pH 8.0) and kept at room temperature for 10 min. After that, the solution was
centrifuged at 20,000g for 2 min at 4°C. The supernatant was collected and kept on ice, then
added 1 volume of ice-cold 80% (v/v) glycerol. Aliquot 40ul of each SLiCE extract into the
0.2mL-PCR tubes. Snap-freeze in a bath of liquid nitrogen and maintain this stock solution at
-80°C. For short-term storage, SLiCE extract can be stored at -20°C for 3 months without

significant loss of activity.

15.2. Standard protocol for SLiCE reaction

The principle of SLiCE is similar to In-Fusion cloning but the overlap sequence is about
19 base pairs (bp) instead of 15 bp. If the vector was cut by the restriction enzyme producing
sticky end, the sequence of restriction sited is not counted for the overlap sequence. The vector
DNA (about 50 ng) was mixed with the insert DNA at the ratio vector: insert (in concentration)
around 1:3. Then 1 ul of 10 X SLiCE buffer, 1 pul SLiCE extract and DW was added to become
10 pl solution. The mixture was incubated at 37°C for 15-20 min. After that, all 10 pl was used

to transform to 100 pl competent E. coli

16. Culturing N. crassa
16.1. Preparing the wood extract medium

To prepare 100 ml of the medium, 2 g of wood powder was transferred to 100 ml flask,
added with 40 ml of DW, and autoclaved at 121°C for 15 min. Then, all of the sample was
move to the 50 ml conical tube and centrifuged at 3,000 rpm for 3 min. The supernatant was
collected as the wood extract. The pellet was added with 40 ml of DW, vortexed, and
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centrifuged to obtain a total of 80 ml wood extract. This wood extract was supplied with 2 ml
of Vogel’s salt and DW to fill up to 100 ml.

16.2. Culturing N. crassa
The conidia of N. crassa were collected as described in the A. ozyzae section. After
counting the number of conidia, they were added to the medium with an approximate number

of 1X10° conidia per 10 ml. The conidia were cultured in 10 ml of the wood extract medium

as described above in 50 ml conical tube at 30°C, 135 rpm for 7 days. Each day 100 ul of
culture supernatant was collected to be analyzed afterwards. When N. crassa was grown in
CMC or Avicel, 2% of the designated substrate was put into the medium instead of 2% of
sucrose in the standard Vogel’s medium.

For culturing in the KO GE condition, the purified NcGE (0.8 ng) was added to the
culture (10 ml) daily. For KO GE-inactive condition, the similar process was done with the
heat-inactivated NcGE which shows no GE activity. The heat-inactivated NcGE was made by
boilinig the purified NcGE for 10 min. For KO GE-pretreat condition, at first the same amount
(0.8 ng) of purified NcGE was added daily to the culture medium (10 ml) and incubated for 5
days at 30°C. Then the pretreated medium was used to culture the fungus; the purified NeGE

was not added to culture medium after inoculation.

16.3. Preparation of the purified NcGE

The purified NcGE was obtained from the P. pastoris transformant (Chapter 1). The
expression of NcGE was induced by methanol in 40 ml YP medium for 2 days. Then, the culture
medium was collected and centrifuged at 5,000 rpm for 5 min. The clear supernatant was
loaded to the Ni-NTA-agarose column and NcGE was eluted with 2 ml of 50 mM Tris-HCI
buffer (pH 8), 200 mM NaCl containing 100 mM imidazole. The eluted sample was dialyzed
in 1 litter of 10 mM Tris-HCI buffer (pH 7) for overnight. The dialyzed samples were aliquoted
(30 pl) into each of the 0.2ml-PCR tube and stored in -20°C.

16.4. Statistical analysis
The experiments were essentially done in triplicates and the statistical analysis was

performed using Student’s ¢ test.
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17. Preparation of total RNA

The mycelia in the culture medium were collected Miracloth and wash three times with
the same volume of distilled water. The sample was kept at room temperature for 10 min to
briefly dry. 100 mg mycelia were frozen in liquid nitrogen and crushed by the multi-bead
shocker machine (Yasui Kikai, Japan). 1 ml ISO-GEN (Nippon Gene, Toyama, Japan) was
added and transfer to a new 1.5 ml tube. From this step, the equipment needs to ensure RNase-
free. Then 200 ul of chloroform was added to the ISO-GEN solution, stir with a vortex for 15
sec, and keep at room temperature for 2-3 min. The solution was centrifuged at 15,000 rpm for
15 min at 4°C. The upper layer was carefully collected and then mixed with 500 pl 2-propanol.
The sample was left at room temperature for 7 min before centrifuged at 15,000 rpm for 10
min at 4°C. The supernatant was discarded and 1 ml 70% ethanol was added to the pellet. The
sample was centrifuged at 7,500 rpm for 5 min at 4°C. The supernatant was removed and kept
at the room temperature with the opened cap to dry the remaining ethanol. Finally, the pellet
was dissolved in around 50-100 of diethylpyrocarbonate (DEPC)-treated water. The
concentration of RNA was measured at A2eo and the samples with the ratio of A2eo:Azg0 higher
than 1.8 are chosen for analysis in next step. The concentration of RNA (YY) was calculated as
follows: Y (ug/ml) = Absorbance at Azeo (Unit of single-stranded RNA) x 40 ug/ml x 50 (the

dilution value in this experiment)

17.1. DNase treatment

The following process is based on the user’s manual of PrimeSript™ RT reagent Kit
(Takara, Shiga, Japan). Around 1 pg of total RNA was mixed with 2 pul of 5 x gDNA Eraser
buffer, 1 pul of gDNA Eraser, and RNase free dH20 to become total 10 pl. The solution was

incubated at 42°C for 2 min or room temperature for at least 5 min.

17.2. RT-PCR analysis

After that, 4ul of 5 x PrimeScript buffer 2, 1ul of PrimeScript RT Enzyme Mix 1, 1pul
of RT Primer Mix, and RNase free dH20 were added to 10 ul DNase treatment solution above
to total 20 pl. The reverse transcription was performed with 1 cycle of 37°C for 15 min, 85°C
for 5 sec, and the sample was kept at 4°C. For amplification the cDNA after reverse

transcription, rTaq polymerase was used.
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18. Polymerase Chain Reaction (PCR)
18.1. KOD FX Neo (Toyobo)

2 x KOD FX Neo buffer 10 pl
2 mM dNTPs 4 ul

10 uM Primer F 0.4 ul
10 uM Primer R 0.4 ul
KOD FX Neo DNA polymerase 0.4 ul
TE 2 ul

DW 2.8 ul
Total 20 pl

For colony PCR, a small amount of mycelia taken by the bamboo stick was firstly
stirred in 100 pl TE. Then 2 pl this mixture was added to PCR solution.
Procedure:

1. 94°C, 2 min (initialization)

2. 98°C, 10 s (denaturation)

3. Tm°C, 30 s (annealing)

4. 68°C, 1 kb/30 s (elongation)

5. 16°C (final hold)

(The process from step 2 to 4 was repeated 30-35 times)

18.2. PrimeSTAR DNA polymerase (Takara)

5 x PrimeSTAR buffer 10 pl

2.5 mM dNTPs 4 ul

10 uM Primer F 1pl

10 uM Primer R 1pl

Template 1 pl (< 200 ng)

PrimeSTAR DNA polymerase 0.3 ul

DW 32.7 ul

Total 50 pl
Procedure:

1. 94°C, 2 min (initialization)
2.98°C, 10 s (denaturation)
3. Tm°C, 30 s (annealing)
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4. 68°C, 1 kb/30 s (elongation)
5. 16°C (final hold)
(The process from step 2 to 4 was repeated 30-35 times)

18.3. rTag DNA polymerase (Takara)

Materials and Methods

Composition For colony PCR | For RT-PCR
10 x rTaq buffer 2 ul 2 ul

2.5 mM dNTPs 2 ul 2 ul

10 uM Primer F 2 ul 1l

10 uM Primer R 2 ul 1l
Template * 1ul
PrimeSTAR DNA polymerase 0.1ul 0.1pl

DW 11.9 pl 12.9 pl
Total 20 pl 20 ul

*:in colony PCR, a small amount of mycelia taken by the bamboo stick was stirred in

PCR solution.
Procedure:

1. 94°C, 5 min (initialization)

2. 98°C, 30 s (denaturation)

3. Tm°C, 30 s (annealing)

4.72°C, 1 kb/min (elongation)

5. 72°C, 5 min (final elongation)

6. 16°C (final hold)

(The process from step 2 to 4 was repeated 30-40 times)

19. Primers list

19.1. Cloning the NcGE gene

Primer name

Sequence (5'to 3")

NcGE F

NcGE R (non-stop)

AAGCAGAATTCGCCCCTGCTTCTCAAATCT
GCTCTAGATACGACAAAGCCGGCACATC

Underlined: EcoRI site and Xbal site, respectively.
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19.2. Cloning the AfGE gene

Primer name Sequence (5'to 3")

AfGE F GAATTCGAGCTCGGTACCCATGTTCCTTTACCCTGTCCT
AfGE R (non-stop) TGAGTTTTTGTTCTAGAAAAGTCAAATTGGGAACTTGCC
Myc-His F TTTCTAGAACAAAAACTCAT

Myc-His R CGAGCTACTACAGATCCCCTCAATGATGATGATGATGAT

AfGE exonl pPICF  A44AGAGAGGCTGAAGCTGAATTCGCCACCTGCCCGAGTCT
AfGE exonl pPICR  GGGCAGGTGGCAGCCAGTGCTCCACTGGAGATAAGGGA
AfGE exon2 pPICF CACTGGCTGCCACCTGC

AfGE exon2 pPICR  GAGATGAGTTTTTGTTCTAGACCAGTCAAATTGGGAACTTGCC
AfGE-pl K209A F CGGAACGGCGCTGGCGCATTA

AfGE-pl K209A R TAATGCGCCAGCGCCGTTCCG

AfGE-pl K209E F CGGAACGGCGAGGGCGCATTA

AfGE-pl K209E R TAATGCGCCCTCGCCGTTCCG

AfGE-pl K209Q F CGGAACGGCCAAGGCGCATTA

AfGE-pl K209Q R TAATGCGCCTTGGCCGTTCCG

AfGE-pl K209R F CGGAACGGCAGAGGCGCATTA

AfGE-pl K209R R TAATGCGCCICTGCCGTTCCG

Italic: overlapping sequence
Bold: a part of Smal in pUNA vector
Underline: mutated sequence

19.3. RT-PCR analysis

Primer name Sequence (5'to 3")

NcGE RT F GCCCCTGCTTCTCAAATCT
NcGE RT F GTACTGCTGGAGGATCTTG
Nc Actinl F TGATCTTACCGACTACCT
Nc Actinl R CAGAGCTTCTCCTTGATG

NCUO07340 cbh-1 F  ATCTGGGAAGCGAACAAAG
NCU07340 cbh-1 R TAGCGGTCGTCGGAATAG
NCU00762 gh5-1 F GAGTTCACATTCCCTGACA
NCU00762 gh5-1 R CGAAGCCAACACGGAAGA
NCU04952 gh3-4F  GACGCAGCCTATTCTCAG
NCU04952 gh3-4 R CTTATTCCAGCCGACTCC
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List of recipes
A. Medium

Czapex Dox medium (selective media for A. oryzae)

0.3% NaNOs, 0.2% KCI, 0.1% KH2PO4, 0.05% MgSO4.7H20, 0.002% of 2%
FeS04.7H20, and 2% glucose. Adjust to pH 5.5.
—> Top agar is the selective media containing 1.2 M sorbitol and 0.8% agar.

5 x DPY liquid medium (for protein expression of A. oryzae)
- Solution A (pH 8.0)

o 10% dextrin

e 5% polypeptone
- Solution B (pH 8.0)

e 2.5% yeast extract

e 0.5% K2HPO4

e 0.05% MgS04.7H20

Autoclave solution A and B separately. Mix after the solutions cool down.

DPY liquid medium (for growth of A. oryzae)
2% dextrin, 1% polypeptone, 0.5% yeast extract, 0.5% KH2PO4, and 0.05% MgSOs,
7H-0, Adjust to pH 5.5.

Luria Bertani (LB - growth of E. coli)
1% bacto peptone, 0.5% NaCl, 1.5% agar, Ampicillin 100 pg/ml (if required). Add 10

ml of LB into L-shape tube and sterilize.

Potato Dextrose Agar (PDA, growth of fungi in general)
PDA was made according to the instructions given by the manufacturer (Nissui

Pharmaceuticals; 39 g/l).

VM medium (for culturing N. crassa)
2 ml of 50 x Vogel’s salt, 2% sucrose, 98 ml H,O, 100 pug/ml L-histidine (if required).
Add hygromycin (300 pg/ml) after the solution cools down (if required). For complex media,

add 0.5% yeast extract and 0.5% tryptone (from casein).
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50 x Vogel’s salt (per 2 litter)

253.6 g sodium citrate.2H-0, 500 g KH2PO4, 200 g NH4NOs3 (omit if using for selecting
media), 20 g MgS04.7H>0, 10 g CaClz, 10 ml biotin solution, and 10 ml trace element.
Biotin solution

5 mg biotin in 100 ml 50% ethanol (v/v). Filter sterilize and keep at 4°C
Trace element

5 g citric acid, 5 g ZnS04.7H20, 1 g Fe(NH4)2S04.6H20, 0.25 g CuS04.5H20, 0.05 g
MnS0O4.H,0, 0.05 g H3BO3, 0.05 g NaM004.2H20, and H2O up to 100 ml. Filter sterilize and
keep at 4°C.

YPDS (recovery medium for P. pastoris)

1% yeast extract, 2% peptone, 2% glucose, 1 M sorbitol

YPDS agar medium (growth of P. pastoris host strain)

1% yeast extract, 2% peptone, 2% glucose, 1 M sorbitol, 2% agar

YPDS + zeocin (selective medium for P. pastoris)
1% yeast extract, 2% peptone, 2% glucose, 100 pug/ml zeocin. Add zeocin after the

solution cools down.

YPDS + zeocin (selective medium for P. pastoris)
1% yeast extract, 2% peptone, 2% dextrose, 1 M sorbitol, 2% agar, 100 pg/ml zeocin.
Add zeocin after the solution cools down and plate. Keep plates in dark by covering with

aluminum foil at 4°C. Use plates within two weeks.

B. Chemicals and reagents
APS (for SDS-PAGE analysis)
10% wi/v. Dissolve 100 mg in 1 ml water and store at 4°C. Keep it fresh.
EDTA 0.5 M, pH 8.0
Add 18.6 g of EDTA to 80 ml of distilled water and stir vigorously. Adjust the pH to
8.0 by NaOH (the EDTA will not completely dissolve until the pH is adjusted to pH 8.0.
SDS 10%
Dissolve 10 g of SDS in 100 ml distilled water and store at room temperature.
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SDS-PAGE gel
- Separation gel
e 30% acrilamide 10 ml
e 2 x Tris-SDS (pH 8.8) 15 ml
e HO5ml
e 10%APS0.3ml
e TEMED 30 pl
- Stacking gel
e 30% acrylamide 2 ml
e 2 x Tris-SDS (pH 6.8) 6 ml
e HO4ml
e 10% APS 100 ul
e TEMED 10 pl
10 x SLIiCE buffer
500 mM Tris-HCI (pH 7.5), 100 mM MgClz, 10 mM ATP, 10 mM DTT
Skim Milk
Add 5 g of Skim Milk in 100 ml TBS and dissolve by vigorous stirring
SOC (recovery medium for E. coli)
2% tryptone, 0.5% yeast extract, 10 mM NacCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM
MgSOa, 20 mM glucose.
Tetrazolium blue reagent
- Solution A:
e Tetrazolium blue (Wako) 0.2g
e M sodium hydroxide 10 ml
e H>Oupto 100 ml
Heat at 60°C with vigorous stirring
- Solution B:
e Sodium potassium tartrate 28.22 g
e H>Oupto 100 ml
Both solutions were run through 0.2 um filter and then mixed together.
TF solution I (for transformation of A. oryzae)
1% Yatalase (TaKaRa), 0.6 M (NH4)2SO4, 50 mM maleate buffer. Adjust to pH 5.5.

TF solution Il (for transformation of A. oryzae)

104



Materials and Methods

50 mM CacCl,, 35 mM NaCl, 10 mM Tris-HCI, and 1.2 M sorbitol. Adjust to pH 7.5.
TF solution 111 (for transformation of A. oryzae)
60% PEG4000, 50 mM CaClz, 10 mM Tris-HCI. Adjust to pH 7.5.
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Abbreviation list
a.a.
AOX
ATP
BSA
BG

°C
CBB
CBH
cDNA
CMC
Da
DEAE
DEPC
DMSO
DNA
DTT
DW
EDTA
EG
Endo H
FT

GE
HPLC
LCCs
min

ml

mol
MRNA
oD

Appendixes

amino acid

alcohol oxidase promoter
Adenosine triphosphate
bovine serum albumin
B-glucosidase

degree Celsius

coomassie brilliant blue
cellobiohydrolase
complementary cDNA
carboxymethyl cellulose
Dalton

diethylaminoethyl
diethylpyrocarbonate
dimethylsulfoxide
deoxyribonucleic acid
dithiothreitol

distilled water
ethylenediaminetetraacetic acid
endoglucanase
endoglycosidase H
flow-through

gram

unit of gravity

glucuronoyl esterase

High performance liquid chromatography
lignin-carbohydrate complexes
minutes

milliliter

mole

messenger RNA

optical density
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ORF
PAGE
PCR
RNA
RT-PCR
SDS

Tm

Tris

uv

viv

wit

Appendixes

open reading frame

polyacrylamide gel electrophoresis

polymerase chain reaction

ribonucleic acid

reverse transcription-polymerase chain reaction
sodium dodecyl sulfate

melting temperature

tris(hydroxymethyl) aminomethane

ultra violet

volume/volume

weight
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HPLC chromatogram of substrates and their products in GE assay
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(A) substrate A (3-(4-methoxyphenyl) propyl methyl 4-O-methyl-o-D-
glucopyranosiduronate); (B) aromatic product of substrate A after cleaved by GE (3-(4-
methoxyphenyl) propanol); (C) substrate B (benzyl D-glucuronate); substrate C, (D) substrate
C (benzyl methyl a-D-glucopyranosiduronate); (E) substrate D (benzyl methyl 4-O-methyl-a.-

D-glucopyranosiduronate); and (F) aromatic product of substrate B,C, and D after cleaved by

GE (benzyl alcohol).
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Introduction

Plant biomass is a complex mixture of cellulose, hemicellulose, and lignin. Cellulose and
hemicellulose, and even lignin are considered to be the most abundant organic polymers on earth, and
thus they are expected to be highly potential sources for renewable energy. However, these components
are weaved in a complex structure which greatly contributes to the rigidity of plant cell walls, and thus
hampers the enzymatic degradation. One of the intimate covalent linkages is found between the
aromatic alcohol of lignin and the 4-O-methyl-p-glucuronic acid residue of hemicellulose. The enzyme
glucuronoyl esterase (GE) that constitutes a novel family, CE15, of carbohydrate esterases cleaves this
ester linkage and is thus expected to play a key role in the degradation/utilization of lignocellulose. In
this study, I identified, expressed, purified, and characterized two novel GEs from filamentous fungi,
NcGE from Neurospora crassa and AfGE from Aspergillus fumigatus. In the course of characterization,
I found that both GEs display preference for the substrate containing the methyl moiety at the 04
position of glucuronic acid. Although similar behavior was previously reported for other fungal GEs,
and glucuronic acid is commonly modified by the 4-O-methyl group in lignocellulose, the mechanism
of this substrate preference has remained elusive. Herein, molecular modeling and site-directed
mutagenesis analyses demonstrated that Lys209 in AfGE plays an important role in this substrate
preference. Besides, the physiological role of GE was investigated by growing the wild-type and NcGE
deletion strains of N. crassa in the medium containing wood powder extract. The results showed that

GE contributes to the degradation/utilization of lignocellulose in vivo.

Chapter 1. Heterologous expression of NcGE and AfGE
The expression system of the methylotrophic yeast Pichia pastoris was employed to express

NcGE. The culture supernatant of NcGE transformant degraded the ester bond of the synthetic substrates
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that mimic the linkage between hemicellulose and lignin, demonstrating that NcGE is a functional GE.
The alignment of NcGE and other characterized fungal GEs lead to the identification of novel consensus
sequences surrounding the catalytic triad, VTGCSRXGKGA, HC, and PQESG (catalytic residues are
underlined). The positions of six Cys residues were also conserved, which would bring the catalytic
residues close together by forming three disulfide bonds. These features were also found in another
uncharacterized GE, AfGE. Because of the presence of an intron, AfGE was heterologously expressed
using the expression system of Aspergillus oryzae. As expected, AfGE produced in the culture
supernatant exhibited the activity as a typical GE. Together with NcGE, the enzymatic characteristics

of AfGE were analyzed in the subsequent Chapters.

Chapter 2. Purification and characterization of NcGE and AfGE

Since both fungal GEs contain the hexahistidine-tag at the C-terminus, Ni**-NTA affinity
chromatography was performed. Higher purity was achieved by ion exchange chromatography. With
the pure proteins obtained, the enzymatic characteristics were studied. GE is considered as a serine-type
esterase; in agreement, both NcGE and AfGE were strongly inhibited by PMSF. Among other chemicals
tested, Tween 80 was found to significantly enhance the activity of both enzymes. While the optimal
pH for NcGE was neutral, AfGE preferred more acidic condition of pH 5. NcGE behaved as a mesophilic
enzyme, showing the activity and stability at around 30°C. In contrast, AfGE was more thermostable,
maintaining more than 90% and 70% of its maximum activity at 50°C and 60°C, respectively. Regarding
the kinetic parameters, AfGE displayed high kcat values and catalytic efficiencies toward the synthetic
substrates. Since the enzymatic hydrolysis of biomass in industries is most commonly conducted at

around 50°C and pH 5, AfGE fulfilled these requirements and thus expected to be industrially applicable.

Chapter 3. The role of conserved Lys residue in the recognition of 4-O-methyl group in the
substrate

Glucuronoxylan is one of the primary components of hemicellulose in which the backbone
polymer, B-(1,4)-linked xylose (xylan), is attached by glucuronic acid (GlcA) and 4-O-methyl-D-
glucuronic acid (MeGlcA). Generally, around 10-20% of xylose are substituted by MeGlIcA, which is
also esterified to lignin alcohol at a high ratio such that around 30% and 40% are esterified to lignin in
beechwood and birchwood, respectively. In nature, the presence of these lignin-carbohydrate complexes
(LCCs) is considered as the major cause of recalcitrance of lignocellulose. It has been known that the
synthetic esters of MeGlcA are much more preferred by fungal GEs than those of GIcA, and two fungal
GEs characterized in this study also exhibited this feature. However, the reason for this remains
unknown. Aiming to elucidate the molecular basis of this feature, the modeling analysis of 4fGE was
conducted, especially to elucidate the interaction of 4-O-methyl group in the substrate and the active
site of AfGE. The conserved Lys209 was suggested to be involved in the recognition of 4-O-methyl
group due to its proximity. The analysis of model interfaces by PDBePISA also pointed to this
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interaction. Then, site-directed mutagenesis was performed to introduce four different mutations at
Lys209 in AfGE. Wild-type and K209R mutant displayed a clearly higher activity to the substrate D
containing 4-O-methyl substituent than to its counterpart, substrate C, lacking this modification. Other
mutants (K209A, K209E, and K209Q) did not show any difference in the preference between these
substrates. These results indicate that the positive charge of Lys209 could contribute to the interaction

of GEs and the 4-O-methyl group of the substrates.

Glu

Lys209

- /
*/ +— 4-O-methyl group
His

Ester linkage

Modeled structure of AfGE catalytic domain
The catalytic triad Ser-His-Glu which stands in front of the target ester linkage is shown on the left.
The interaction between Lys209 and 4-O-methyl group is indicated by the dashed line.

Chapter 4. Physiological functions of GE

From the first discovery in 2006, GEs have been suggested to facilitate the enzymatic hydrolysis
of plant cell walls; however, this statement has just been confirmed recently. In the degradation of corn
fiber using the commercial cellulase mixture, the amount of released reducing sugar was increased by
adding GEs. Later, the direct evidence of the action of GEs on the breakdown of the ester linkage in
LCCs was demonstrated by using NMR spectroscopy. In this study, for the first time, I attempted to
elucidate the physiological role of GE in its host microorganism. The wild-type (WT) and NcGE
deletion (KO) strains of N. crassa were cultured in the medium containing LCCs extracted from the
wood chips as the sole carbon source in different conditions. The amount of reducing sugars liberated
in the culture supernatant due to the degradation of plant biomass by endogenous enzymes was used as
a hallmark of cell growth. I found that the KO strain produced less amount of reducing sugars compared
to WT. When purified NcGE, but not heat-inactivated enzyme, was added to the culture of KO strain,
the amount of reducing sugars recovered, suggesting that exogenously-added NcGE assisted the actions
of endogenous cellulases/hemicellulases. Similar enhancement of reducing sugar production was
observed when the NcGE-pretreated medium was used to grow the KO strain; it is of note that NcGE
itself did not increase the amount of reducing sugars during the pretreatment. RT-PCR analysis

demonstrated that the transcript of NcGE was only detected in WT, and the expression level of three
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major cellulases CBH-1 (cellobiohydrolase), GH 5.1 (endoglucanase), and GH 3.4 (B-glucosidase) was
similar in WT and KO strains. Thus both endogenous and exogenously-added NcGE contributed to the
enhanced production of reducing sugars. The absence/addition of NcGE did not affect the production
of reducing sugars when the cells were grown in carboxymethyl cellulose or Avicel (crystalline
cellulose), consistent with the lack of target ester linkage of GE in these polysaccharides. Taken together,
it was concluded that the cooperation between GE and other carbohydrate-acting enzymes is necessary

for the efficient degradation of lignocellulosic biomass in vivo.

Conclusion

The increasing demand for finding the renewable energy sources lead to higher interest in the
biomass degradation. Genome mining of microorganisms resulted in the finding of a variety of enzymes
that hydrolyze cellulose and hemicellulose. However, this approach surely has a limitation since the
complete deconstruction of plant biomass requires the cleavage of all the linkages inside lignocellulose.
Therefore, much attention has recently been paid to the roles of GEs. In this study, two fungal GEs,
NcGE and AfGE, were analyzed. Through their characterization, I found that AfGE displays the
properties suited for its biotechnological application, such as its activity/stability at pH 5 and 50°C.
Structure prediction together with site-directed mutagenesis analysis elucidated the role of Lys209 in
the recognition of 4-O-methyl group in the glucopyranose ring of the substrate. Finally, the role of GE
in vivo was demonstrated for the first time by growing WT and NcGE KO strains of N. crassa in the
medium containing lignocellulose. Additional study is surely needed to understand more clearly their
physiological roles and the cooperation between GEs and other wood-decaying enzymes, which would
be an interesting task for improving the efficiency of hydrolysis of lignocellulose and achieving the

ultimate goal---complete degradation of biomass.
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