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“As scientists we have to be prepared to let
go all the fancy theories and hypotheses that
we generate to explain things. In other
words: reset our minds. So, from this angle,
a reset is a proper scientific approach.”

-Detlef Jensen
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ABSTRACT

The need for an economy based on renewable materials has resulted in growing interest in
the use of woody biomass in a wider field of application. However, the chemical complexity
of lignocellulose and the dense structure of wood pose challenges in its processing. The aim
in a materials biorefinery is to extract the individual wood-components in as native and intact
form as possible; and highly specific enzymes could be used for this. In this work,
lignocellulosic enzymes with the potential of selectively decoupling and decomposing wood
polymers were investigated and characterised.

One of the studies was devoted to assessing enzyme accessibility in wood structures and
evaluating the importance of pre-treatment to open up the dense wood structure, in order to
improve enzyme performance. It was shown that the physical contribution during steam
explosion is crucial for enhanced enzymatic hydrolysis of wood. Moreover, the performance
of two endo-mannanases produced by the bacterium Cellvibrio japonicus (CjMan5A and
CjMan26A) were compared on mannan polymers with dissimilar backbone structures and
decorations, including the industrially relevant spruce galactoglucomannan. The enzymes
were shown to be differently affected by the backbone heterogeneity and the presence of
side groups on the substrates, demonstrating the variation in substrate preferences among
mannanases. It was further shown that chemical acetylation of mannans reduced substrate
hydrolysis significantly. Acetylation was therefore suggested as a tool to limit the
biodegradation of mannan-based material.

The major part of the work described in this thesis was dedicated to investigating the role
and function of glucuronoyl esterases (GEs), which are enzymes that hydrolyse the ester
linkages between lignin and hemicelluloses that contribute to the recalcitrance of woody
biomass. Extensive structure-function studies of bacterial GE candidates contributed to our
understanding of the diversity of this relatively unexplored enzyme family. Both similarities
and differences in substrate preferences among the GEs studied revealed enzymes more
promiscuous than their characterised fungal counterparts. GE activity was further assayed
on lignin-carbohydrate complexes isolated from woody biomass, and GE-mediated ester
cleavage was demonstrated with advanced and complementary tools, including size-
exclusion chromatography, *'P NMR and 2D NMR. These findings not only confirm the
suggested biological role of GEs, but also demonstrate the potential of these enzymes in
decoupling lignin from hemicelluloses in industrial settings.

Keywords: materials biorefinery, lignocellulose, woody biomass, carbohydrate esterase
family 15, glucuronoyl esterase, lignin-carbohydrate bonds, mannanase,
galactoglucomannan, polysaccharide acetylation, enzyme accessibility
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1. Introduction

1.1 Forest as a resource

The massive environmental and resource-related challenges facing society necessitate the
transformation from a linear and fossil-based economy into a circular bioeconomy, where
plant biomass (lignocellulose) is used as a resource to replace petroleum and to mitigate
climate change. Lignocellulose has a heterogeneous chemical composition, which makes it
promising as a raw material for complex products of high value, such as biochemicals and
materials in a biorefinery where all its constituents can be used. There are local, national and
global driving forces for improvements in economic and environmental sustainability
(Esselin, 2017). In the Nordic countries, including Sweden, wood constitutes the major
source of plant biomass, and the development of forest products has been identified as
important to ensure economic growth. The wood-based materials biorefinery is therefore
expected to be a keystone in Sweden’s bioeconomy (Esselin, 2017; Persson, 2016). This
thesis presents studies on lignocellulose, with the focus on woody biomass.

1.2 The biorefinery concept

In a biorefinery, plant biomass is converted by integrated processes into materials,
chemicals, fuels, heat and energy carriers. The aims are to upgrade the biomass, to use all of
its components, and to minimise waste using efficient and sustainable processes (Berntsson
etal., 2013). Woody biomass, with its chemical complexity, has a particularly high potential
as a raw material for the production of materials and value-added chemicals. In a materials
biorefinery, the ambition is to keep the polymeric wood components (cellulose,
hemicelluloses and lignin) as intact as possible (Figure 1). Selective and efficient process
steps are of key importance in avoiding complete degradation of the polymers.

A number of high-value products can be derived from the polymeric and oligomeric forms
of the components of wood. Cellulose can be extracted as pulp fibres, or used in textiles, but
it could also be further processed into nanocellulose with suitable properties for composites
(Grishkewich et al., 2017). Lignin is often combusted to produce heat and electricity, but
should be considered as a raw material for the production of materials such as carbon fibres,
adhesives and activated carbon (Norgren & Edlund, 2014). Hemicelluloses have
traditionally been an underutilised wood component, mainly being degraded into
fermentable monosaccharides. However, this class of polysaccharides has considerable
potential in the polymeric form for the production of films, coatings and gels, and in the
oligomeric form as prebiotics and food additives (Ebringerova, 2006; Zhang et al., 2013).
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Figure 1. The wood-based materials biorefinery concept, in which the polymeric and oligomeric wood
components are separated into different streams for further modification and upgrading. Examples of high-
value applications are listed under each wood component.

1.3 Enzymes in a wood-based biorefinery

The density, complex structure and heterogeneous chemistry of woody biomass not only
makes it a promising resource, but also recalcitrant and difficult to process. In order to extract
and separate polymers and oligomers for use as high-value building blocks for various
applications, mild pre-treatment and targeted separation techniques must be developed.
Enzymes could play a key role in these processes.

Benefits of using enzymes

Enzymes are capable of catalysing highly specific reactions under ambient temperatures and
moderate pH values. They are specific, and their capability to act under relatively mild
conditions contributes to sustainable industrial processes without unwanted side reactions.
A range of lignocellulose-degrading fungi and bacteria that produce enzymes necessary to
completely degrade the polymers in woody biomass can be found in nature. Such
microorganisms are promising sources of the specific enzymes that will be required in a
wood-based biorefinery.

Although some enzymes are efficient in nature, several challenges must be overcome when
choosing enzymes and applying them in industrial settings. Firstly, the enzyme must be
compatible with the industrial environment (e.g. temperature, pH, pressure, chemical
conditions) and secondly, it must be possible to produce in high amounts. Furthermore, the
complexity and density of woody biomass cause problems associated with enzyme
accessibility and unproductive binding to lignin, reducing the efficiency of the processes.

Enzymes for different end products

Woody biomass can be degraded, modified and upgraded in different ways depending on
the choice of enzyme or enzymes. This allows for controlled and specific design of the end
products. Different enzymatic approaches are listed in Box 1.
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Box 1. Industrial approaches for enzymatic decomposition, modification and
upgrading of woody biomass

1. Complete decomposition of wood polysaccharides into fermentable
monosaccharides.

2. Partial decomposition of wood polysaccharides into oligosaccharides, to create
oligomeric building blocks for the production of prebiotics and food additives.

3. Separation of lignin and hemicelluloses, to enable the extraction of polymeric
building blocks.

4. Polishing and removal of side chains from branched hemicelluloses to create
uniform polymeric building blocks.

5. Functionalisation of oligosaccharides and polysaccharides.

6. Upgrading of biomass-derived molecules.

Approaches 2 and 3 were the subject of this thesis.

From fundamentals to industrial potential

The forest industry faces several challenges in the transition to material-driven biorefineries.
Research is therefore required on potential high-value products and materials, as well as
energy-efficient processes, including the use of enzymes in these procedures. In this thesis,
three industrially relevant aspects are considered: the accessibility of wood-derived
substrates to enzymes, the way in which hemicelluloses, especially mannan polymers, can
be enzymatically processed, and the possible enzymatic decoupling of lignin from
hemicelluloses. Before enzymes can be used in wood processing, it is necessary to elucidate
where and how they act on biologically and industrially relevant substrates. In this work,
pre-treated wood chips were used for enzyme accessibility studies, and wood-derived lignin-
carbohydrate complexes and galactoglucomannan for studies on enzymatic cleavage.
Assaying enzymes on complex woody biomass is often complicated due to the lack of
appropriate analytical tools. The evaluation and establishment of suitable detection methods
was therefore an important part of this work.

Due to the difficulty in assaying the action of enzymes on lignocellulosic materials, research
is often carried out on simpler model substrates, intended to mimic the native substrates. In
this work, several model substrates were used, including small synthetic monomers and well-
defined, commercially available polymers extracted from other types of plant material than
wood. Highly accurate kinetic parameters can often be measured on these models and
information on substrate structures important for enzyme specificity can be obtained.

Functional enzyme studies in combination with known enzyme structures further make it
possible to elucidate enzyme-substrate interactions on an atomic level. Structure-function
studies on glucuronoyl esterases (GEs) were a major part of this work, and led to new
detailed insight on substrate specificities and the way in which these enzymes bind substrates
in their active site. These types of studies are important in understanding the nature of the
substrates on which the enzyme acts, and to provide information on the diversity between
enzymes targeting the glucuronoyl ester bond. Fundamental research is not only of scientific
interest, but also necessary to identify the enzymes best suited to act on specific
lignocellulosic materials under the prevailing process conditions.
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1.4 Aims and outline

The main objective of the work presented in this thesis was to understand, describe and
discuss the potential of specific enzymes that could be used in a wood-based biorefinery for
the production of value-added polymeric and oligomeric components. In the first part of the
thesis, I summarise the research results and put them in a larger context. The second part of
the thesis consists of scientific papers, addressing the specific aims discussed below.

One of the aims was to investigate how the accessibility of the wood substrate to enzymes
is influenced by biomass pre-treatment (Chapter 4). The impact of the physical
contribution of steam explosion (STEX) was examined by comparing the effects of STEX
and steam treatment (without the explosion step) on the enzymatic hydrolysability of
softwood (Paper I). Fluorescence recovery after photobleaching (FRAP) was then
investigated as a means of evaluating enzyme accessibility in native and pre-treated wood
chips. The results of this study are presented, although they were not conclusive, and the
future potential of FRAP as a detection method for enzyme accessibility is briefly discussed.

The second aim was to evaluate endo-mannanases for selective processing of
galactoglucomannan (GGM), the major hemicellulose in softwood (Chapter 6). The lack
of information on the way in which mannanases from different enzyme families act on
heterogeneous, complex mannan polymers was addressed in the study described in Paper
I1. The action of two mannanases from the bacterium Cellvibrio japonicus were compared
on mannan polymers with dissimilar backbone structures, and with different degrees of
galactosylation and acetylation, in order to expand our knowledge on substrate specificity.
Substrate hydrolysability was quantified and mannooligosaccharide products were detected
using various analytical tools to study the effect of the substrate structure on the enzymatic
performance. Chemically acetylated mannan substrates were included in the study to obtain
deeper insight into the influence of acetylation on degradation by mannanases.

The third major aim was to detect and understand the enzymatic decoupling of lignin
and hemicelluloses (Chapter 7). This part of the work provided results from research on
GEs (Papers 111, IV, V). The ability of a GE to cleave native lignin-carbohydrate (LC) ester
linkages was evaluated by using complementary detection tools (Paper III). This study was
conducted to demonstrate GE activity on wood-derived material, which had previously only
been confirmed on synthetic substrates. Unpublished results from trials using additional
analytical approaches for the detection of GE-mediated LC ester hydrolysis are included and
discussed in the end of Chapter 7.

A substantial part of Chapter 7 describes the detailed characteristics of several novel GEs.
The small number of GEs previously studied, and the limited information available on
bacterial enzymes motivated the study reported in Paper IV, where ten putative and distantly
related GEs of bacterial origin were investigated. Biochemical characterisation on model
substrates and structure-function studies were conducted to expand our knowledge
concerning the diversity and similarities between these bacterial GE candidates. Gene
expression analysis and studies on synergistic actions with other lignocellulolytic enzymes
in saccharification processes were included to investigate the biological function of these
enzymes. Paper V describes the detailed biochemical and structural characterisation of a
GE from the bacterium Teredinibacter turnerae. In an attempt to gain a more detailed
understanding of enzyme-substrate specificity, the interaction of this GE to a variety of LC-
mimicking compounds was investigated through genetic mutation and inhibition studies.
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In the studies described in this thesis, enzymes were evaluated on native biomass, extracted
wood polymers and synthetic model substrates, using a range of detection methods.
Identifying and developing suitable and complementary analytical tools was crucial, and
constituted a substantial part of the work. Chapter 5 is therefore dedicated to the methods
that were used for the detection of enzyme activity, including the advantages and limitations
of the different approaches.






2. Lignocellulose

Lignocellulose is the collective name of the polymeric, main carbon-based constituents of
plant cell walls: cellulose, hemicelluloses and lignin. Chemical components useful for
industrial production can be obtained by breaking these polymers into their constituent
building blocks (Sanderson, 2011). A variety of industrially relevant lignocellulose sources
are available in large quantities, or as waste products, e.g. trees (hard- and softwood species)
and grasses (e.g. rice, corn, wheat straw, sugar cane). The lignocellulose content and
proportions differ substantially, both quantitatively and qualitatively, depending on the
source (Pauly & Keegstra, 2008). During the course of this work, various types of
lignocellulosic material were used to evaluate the enzymes, but since the overall objective
of this thesis is to describe enzymes for a wood-based biorefinery, this chapter focuses on
the chemistry of wood. According to Fengel & Wegener, “Wood is not merely a chemical
substance, an anatomical tissue, or a material — it is a combination of all three...” (Fengel
& Wegener, 1989), which means that chemistry, composition and ultra-structure must be
discussed in relation to each other.

2.1 From tree to wood cell

Wood is classified as softwood or hardwood, which refer to gymnosperms (coniferous trees)
and angiosperms (deciduous trees), respectively. Typical hardwood species in the northern
hemisphere are beech, birch and poplar, while spruce, pine and fir are common softwood
species. Wood is composed of longitudinally and radially ordered cells (often called fibres)
of different types and sizes. Most of the cells are tube-shaped with a hollow void (lumen)
providing water transport. Softwood has a simpler structure than hardwood, with a lower
number of cell types and more uniform cells (Fengel & Wegener, 1989).

All cells have a thick cell wall organised in layers, which are “glued” to each other via the
lignin-rich middle lamella region. The outermost layer is the primary cell wall (P) followed
by the three layers of the secondary cell wall (S1, S2 and S3), where S3 surrounds the lumen.
All layers differ in their chemical composition, thickness and cellulose microfibril
orientation (Daniel, 2009). The S2 layer is by far the thickest, accounting for 80 % of the
cell wall, and is therefore chemically most important in an industrial context. It consists
mainly of cellulose, followed by hemicelluloses and lignin with the micro-fibrils oriented at
a slight vertical angle (Figure 2) (Gibson, 2012). The ultra-structure of the different cell wall
layers is described in detail in Chapter 4, in relation to enzyme accessibility in wood
structures (Paper I).
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20-40 um  0.1-5 um

Figure 2. The hierarchical structure and scales of wood showing the stem, wood cells, the cell wall layers and
the arrangement of lignin and hemicelluloses around the organised cellulose microfibrils. (Figure courtesy of
Nishimura et al., 2018.)

2.2 Chemical composition of wood

Lignocellulosic plant biomass, including wood, consists of three main polymers: cellulose
(40-50 %), hemicelluloses (20-40 %) and lignin (20-30 %) (Figure 3) (Sjostrom, 1993).
Minor components include pectins (mainly in the primary cell wall), proteins, lipids and
inorganic components such as minerals (usually referred to as ash). The chemical
composition differs both qualitatively and quantitatively, depending on the type of wood and
the sample within a wood species, (Pauly & Keegstra, 2008).

. Lignin

6 Hardwood A Softwood
a
.Cellulose

|:| Hemicelluloses

g Xylan
Mannans

Figure 3. The chemical composition of hardwood (beech) and softwood (spruce) according to Fengel &
Wegener, (1989). Wood consists mainly of cellulose, followed by hemicelluloses and lignin. The major
difference between hardwood and softwood is the hemicellulose composition, predominantly represented by
xylan in hardwood species and by mannans in softwood species.

Cellulose

The major component of wood is cellulose. Cellulose is a linear homopolysaccharide made
up of chains of B-1,4-linked glucose units (Figure 4). Every second glucose unit in the
cellulose chain is rotated 180°, and the disaccharide cellobiose is thus the smallest repeating
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unit. The degree of polymerisation (DP) is high, between 5000 and 15 000 repeating units,
depending on the source and extraction method employed. Cellulose polymers are aligned
in a parallel manner, and held together with hydrogen bonds in so-called microfibrils. The
microfibrils consist of highly ordered and crystalline regions and amorphous regions that are
less organised. The microfibrils are bundled into fibrils that form the cellulose fibres
(Henriksson & Lennholm, 2009; Sjostrom, 1993).
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Figure 4. Chemical structure of cellulose, made up of B-1,4-D-glucan. Since every second glucose unit is
rotated 180°, cellobiose is the smallest repeating unit.

Hemicelluloses

Hemicelluloses are a group of branched polysaccharides with large variation in chemical
composition and abundancy among different plant species and cell types. They are
heteropolymers with backbones of different monosaccharide units, named after the major
sugar component. Hemicelluloses are embedded around the cellulose fibrils, providing
contact between them, which contributes to the strength of the cell wall. They are also, to
some extent, covalently linked to lignin (Scheller & Ulvskov, 2010). The two major
hemicelluloses in woody biomass are different variants of xylans and mannans, found in the
secondary cell wall layers (Table 1). Smaller amounts of other types of hemicelluloses,
including glucans, galactans and arabinans, are found in certain wood species. Xyloglucan
is the major hemicellulose in all primary cell walls, but is still only a minor component of
the wood tissue due to the considerably thicker secondary wall (Fengel & Wegener, 1989;
Telemann, 2009).

Table 1. The major wood hemicelluloses and their chemical composition (Sjostrom, 1993)

Hemicellulose type Wood type  Amount %*  Units Molar ratio Linkages

Galactoglucomannan Softwood 5-8 Man 3 p-1,4
Glc 1 B-1,4
Gal 1 o-1,6
O-Acetyl 1

(Galacto)glucomannan Softwood 10-15 Man 4 B-1,4
Glc 1 B-1,4
Gal 0.1 o-1,6
O-Acetyl 1

Arabinoglucuronoxylan Softwood 7-15 Xyl 10 p-1,4
4-0O-MeGIcA 2 o-1,2
Ara 1.3 o-1,3

Glucomannan Hardwood 2-5 Man 1.5 p-1,4
Glc 1 B-1,4
O-Acetyl 1

Glucuronoxylan Hardwood 15-35 Xyl 10 p-1,4
4-0O-MeGIcA 1 o-1,2
O-Acetyl 7

*By dry weight

Xylan is the major hemicellulose in hardwood (15-35 %, w/w), present as O-acetyl-(4-O-
methylglucurono)-xylan with reported DP between 100 and 200. Xylan consists of a main
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2.2 Chemical composition of wood

chain of B-1,4-D-xylan, substituted by 4-O-methylglucuronic acid (4-O-MeGIcA) groups, on
average, at every 10" xylose unit. The xylose residues are partly O-acetylated at the C2
and/or the C3 positions, with approximately seven acetyl groups per ten xylose residues.
Softwood xylan represents only 5-10 % of the dry weight, and is present as
arabinoglucuronoxylan. It has a larger number of 4-O-MeGIcA decorations than hardwood,
regularly distributed (every 5-6 xylose residues), and additionally contains arabinosyl side
groups (every 8-9 xylose residues). Unlike hardwood xylan, no acetyl groups are present
(Figure 5A). Softwood xylan is slightly shorter than xylan from hardwood, with DP values
typically reported to be between 70 and 130 (Fengel & Wegener, 1989; Sjostrém, 1993;
Telemann, 2009). Xylan is also a major cell wall polysaccharide in many grasses and annual
plants, where it is found in different chemical and structural variants. The cell walls of corn
cob, for example, are rich in heteroxylan, contributing approx. 30 % to the dry weight (Da
Silva et al., 2015). Ball-milled corn cob was used in this work as a substrate to investigate
the boosting effect of glucuronoyl esterases on xylanases and cellulases (Paper 1V).

Mannans from wood consist of a heteropolymer backbone of -1,4-linked mannose and
glucose moieties, and are therefore correctly referred to as glucomannans (Fengel &
Wegener, 1989). Glucomannans are the principal hemicelluloses in softwood, present as
galactoglucomannans, containing B-1,6-linked D-galactosyl side groups (Figure 5B).
Softwood galactoglucomannans are divided into a galactose-rich fraction and a fraction low
in galactose, with Gal:Glc:Man molar ratios of 1:1:3.5 and 0.1:1:3.5, respectively.
Hardwood glucomannan makes up only 2-5 % (w/w) of the cell wall. The Glc:Man ratio
varies within 1:1-2, and no galactose units are present. The lack of galactosyl side groups
makes hardwood glucomannan less water soluble than softwood galactoglucomannan. O-
acetylation of the C2 and/or C3 positions of the mannose residues are seen in both wood
types, with a degree of substitutions between 0.17 and 0.36, and DP values between 50 and
100 (Sjostrom, 1993; Telemann, 2009). Spruce-derived galactoglucomannan was used in
this work and subjected to enzymatic hydrolysis to study the substrate specificity of endo-
mannanases (Paper II).
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Figure 5. Chemical structures of the major hemicelluloses in softwood: arabinoglucuronoxylan (A) and
galactoglucomannan (B). Arabinoglucuronoxylan is made up of -1,4-D-xylan, decorated with arabinosyl and
4-O-MeGIcA moieties. Galactoglucomannan consists of a backbone of -1,4-linked mannose and glucose
units, decorated with galactosyl moieties. The mannose units can additionally be O-acetylated at the C2 and/or
C3 positions.
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Pectins

Pectins are a class of heterogeneous branched polysaccharides, not classified as
hemicelluloses. They consist predominantly of a backbone of a-1,4-linked galacturonic acid
(GalA) units, sometimes intermixed with rhamnose residues. The galacturonans are partly
methylated at the C6 position and O-acetylated at the C2 and/or C3 positions. The high
content of carboxylic groups contributes to their charged nature. The pectin structure can be
more complex, being composed of several different types of monosaccharides and linkages,
and their complete structure has still not been fully elucidated (Telemann, 2009). Pectins are
common in many plant species, including fruits and vegetables, but constitute only a minor
component (approx. 5 %) of wood tissue, found predominantly in the thin primary cell wall
and the middle lamella (Voragen et al., 2009).

Lignin

Lignin is the most abundant source of aromatics in nature and makes up approximately one
third of the plant cell wall. In contrast to the long polysaccharide chains, the structure of
lignin can be described as a three-dimensional network, with randomly distributed
monomers covalently connected by carbon-carbon bonds (Figure 6A). There are many types
of bond, but the most important is the B-O-4 ether bond. The main monomers are three types
of monolignols, methoxylated to various degrees: p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol (Figure 6B). The relative amounts of these monolignols depend on the source
of the lignin. Softwood lignin consists almost exclusively of coniferyl alcohol (95 %), while
hardwood lignin contains a mixture of coniferyl (25-50 %) and sinapyl alcohol (46-75 %).
p-coumaryl alcohol is only present at small amounts in woody biomass, but is relatively
abundant in grass lignin. It has been suggested that lignin contributes to cell wall stiffness,
serving as a glue between cell walls, offering protection against microbial degradation and
providing water resistance to the cell wall (Duval & Lawoko, 2014; Henriksson, 2009).
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Figure 6. The aromatic, three-dimensional structure of lignin, with randomly distributed monolignols
covalently connected by carbon-carbon bonds (A), and the major monolignols: p-coumaryl alcohol (red),
coniferyl alcohol (blue) and sinapyl alcohol (green) (B). Coniferyl alcohol is the predominant building block
in softwood, whereas hardwood lignin consists of both coniferyl and sinapyl alcohol. p-coumaryl alcohol is
mainly found in grass lignin.
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2.3 Linkages between lignin and carbohydrates

2.3 Linkages between lignin and carbohydrates

Lignin is connected to hemicelluloses via covalent bonds, forming so-called lignin-
carbohydrate complexes (LCCs). The LC bonds are estimated to be few, but contribute to
the recalcitrance of plant biomass. This might be crucial for the cell wall structure, but
complicates delignification and depolymerisation in industrial wood processing
(Henriksson, 2017). The presence of LC linkages was suggested already in the 19" century
by Erdmann, due to his difficulties in separating lignin (which he called drupose) from
carbohydrates (Erdmann, 1866). The term LCC was first introduced by Bjorkman, who
developed a method for isolating milled wood lignin in the 1950s (Bjorkman, 1957).

Numerous investigations have been conducted to elucidate the structure and nature of LCCs
in plant cell walls, and several indirect observations have been made of their presence, based
on the solubility properties of wood polymers, isolation of LCCs, degradation methods, and
analysis with size-exclusion chromatography and 1D nuclear magnetic resonance (NMR)
spectroscopy (Brunow & Lundquist, 2010; Henriksson, 2017; Koshijima & Watanabe,
2003). However, the presence of LC bonds has been debated over the years due to the lack
of direct evidence. The development of different 2D NMR techniques, able to detect LC
linkages directly, and advances in LCC enrichment through improved extraction methods
have, therefore, been key in proving their existence (Balakshin et al., 2011; Balakshin et al.,
2007; Giummarella et al., 2016; Nishimura et al., 2018; Yuan et al., 2011).

Three types of LC bonds have been proposed: ester bonds to the glucuronic acid (GIcA)
moieties of xylan (Figure 7A), ether bonds to arabinose and xylose residues in xylan (Figure
7B) and phenyl glycoside bonds to the reducing end of glucomannan (Figure 7C) (Brunow
& Lundquist, 2010; Fengel & Wegener, 1989; Henriksson, 2017; Koshijima & Watanabe,
2003).
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Figure 7. Fragments of LCCs with the carbohydrate fraction linked to lignin by the three suggested LC linkages
(indicated in red): LC ester- (A), LC ether- (B) and LC phenyl glycoside (C) bonds. (Figure courtesy of Nicola
Giummarella.)

LC ester bonds

In the current work, a major research effort was devoted to investigating the enzymatic
hydrolysis of LC ester bonds (Paper III). Ester bonds are linked to 4-O-MeGIcA moieties
on xylan (Figure 8), but might also be present on GalA residues in pectin (Wang et al., 2013).
For a long time, it was believed that LC ester bonds were present as benzyl esters, linked to
the a-carbon of the uronic acid. This suggestion was based on the results of indirect detection
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methods, such as derivatisation and 1D NMR (Fengel & Wegener, 1989; Koshijima &
Watanabe, 2003; Watanabe, 1995; Xie et al., 2000). In more recent studies, 2D NMR
spectroscopy has been applied, allowing for direct detection of the chemical structures in
lignocellulosic materials. In the majority of these studies, a-linked LC esters have not been
identified, but instead y-linked LC esters (Balakshin et al., 2011; Balakshin et al., 2007;
Giummarella & Lawoko, 2016, 2017; Yuan et al., 2011). A large part of the research
community is now convinced that the y-form is the major one. However, there is still some
scepticism as the y-ester signals are heavily overlapped by signals from other types of y-
esters and y-acetylated lignin structures in the NMR spectra (Nishimura et al., 2018).

Based on studies using synthetic model substrates, it has been proposed that LC esters are
formed by nucleophilic attack of the a-carbon of the uronic acid, followed by acyl migration
to the more stable y-form (Evtuguin et al., 2005; Li & Helm, 1995). Direct detection and
knowledge on LC ester formation indicate that the y-ester is the biologically relevant type.
However, both ester forms have been detected in a study on a synthetic LCC material
(Giummarella, 2018). Furthermore, signals assigned to benzyl esters were clearly observed
in 2D NMR spectra from LCCs extracted from Japanese beech in the present work
(presented in Sections 5.7 and 7.8).

In my opinion, these observations, and the fact that enzymes are able to act on a-linked
model substrates (discussed in Section 7.5) provide sufficient evidence for the existence of
benzyl esters in lignocellulose. LC esters may exist in both the benzyl and y-form, but the
presence and ratio of the two types of ester may depend on the biomass source and
processing steps/conditions (ball milling, solvent extraction, high temperature, etc.). More
knowledge is required on LC ester formation, together with the development of non-
destructive extraction procedures and analysis methods before we can fully understand the
nature of the LC ester bond.
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Figure 8. Structure of LC esters, either a-linked (benzyl ester) (A) or y-linked (B) to the lignin alcohol. Direct
detection suggests the y-ester is more abundant, but the presence and the ratio of the two types of ester may
depend on the biomass source and the kind of processing.
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3. Carbohydrate-active enzymes

Enzymes that act on lignocellulose are classified as carbohydrate-active enzymes
(CAZymes). CAZymes are grouped into enzyme families, based on similarities in amino
acid sequence, protein fold and mode of action, in the carbohydrate-active enzymes database
(CAZy) (www.cazy.org; (Lombard et al., 2014)). The families are grouped into five different
enzyme classes (glycoside hydrolases (GHs), glycosyl transferases, polysaccharide lyases,
carbohydrate esterases (CEs), auxiliary activities (AAs)) and a class of non-catalytic
carbohydrate-binding modules (CBMs). GHs are additionally divided into clans, i.e., groups
of families, that share a structural fold and catalytic machinery. Biochemically characterised
enzymes are identified by an enzyme commission (EC) number, based on the chemical
reaction they catalyse. Enzymes from different CAZy families that have the same activity
will therefore share EC numbers, and enzymes with more than one activity will have multiple
EC numbers (Lombard et al., 2014). In the present work, enzyme activities belonging to
GHs and CEs were investigated, and the CAZy classification system is used when describing
the enzymes.

3.1 Glycoside hydrolases

GHs are the most important carbohydrate-degrading enzymes in nature, and represent the
majority of all entries in CAZy. To date, over 150 GH families have been identified
(www.cazy.org; January 2019), some of which only containing a single activity (e.g. GHI1,
containing xylanases only), whereas other families are very broad with several different
specificities (e.g. GHS, comprising over 10 activities) (Lombard et al., 2014). GHs catalyse
the hydrolysis of glycosidic bonds via acid catalysis, normally between two sugar molecules,
which involves a proton donor and a nucleophile (Davies & Henrissat, 1995).

GHs that act on oligosaccharides and polysaccharides can be grouped into exo- and endo-
types, based on how they cleave their substrate (Naumoff, 2011). Endo-acting GHs cleave
internal linkages and produce oligosaccharides, whereas exo-acting GHs target the reducing
or the non-reducing end of the substrate backbone and side chains, which results in
monosaccharide or shorter oligosaccharide products (Davies & Henrissat, 1995). Endo-
acting GHs recognise and accommodate a portion of the polymeric substrate in their active
site in order to facilitate hydrolysis. Binding of the substrate is assisted by a subsite system
in the cleft-like active site, where each subsite binds to specific sugar units in the
polysaccharide chain. The subsites are comprised of one or several amino acid residues and
the interactions with the polysaccharide are important for substrate recognition, catalytic
action, product release and processivity (Zhang et al., 2015). They are labelled from the non-
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3.2 Carbohydrate esterases

reducing end starting with -n, going to +n closest to the reducing end. Hydrolysis occurs
between -1 and +1 (Figure 9) (Davies et al., 1997). The subsites of endo-acting mannanases
are further described in Chapter 6 and Paper II in relation to the hydrolysis of mannan
polymers.

Non-reducing end Point of cleavage Reducing end
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Figure 9. Schematic of the nomenclature used for the sugar-binding subsites in endo-acting GHs. The arrow
indicates the glycosidic bond that is susceptible to enzymatic hydrolysis.

3.2 Carbohydrate esterases

CEs catalyse the hydrolysis of ester bonds of N- or O-acylations linked to carbohydrates,
where the sugar moiety plays the role of either the alcohol (e.g. acetylated mannan) or of the
acid in the form of uronic acids. CEs are currently classified into 15 families (www.cazy.org;
January 2019), including activities such as acetyl esterases, feruloyl esterases, pectin acetyl
esterases, pectin methyl esterases and GEs (Biely, 2012; Nakamura et al., 2017). The most
common catalytic mechanism involves a serine-histidine-aspartate/glutamate catalytic triad,
analogous to classical serine hydrolases (further described in Section 7.6). Enzymes with
catalytic dyads, where catalysis is mediated by serine and histidine residues only, have also
been reported (Biely, 2012). CEs are important for lignocellulose degradation through the
hydrolysis and removal of ester side groups from the polysaccharides that hamper the action
of GHs. In this way, CEs can boost and facilitate the action of GHs (discussed in Paper II).
CEs are also useful for decoupling lignin from the carbohydrate fractions, through GE-
mediated hydrolysis of covalent ester linkages (Papers III, IV, V and Chapter 7).

3.3 Lignocellulolytic enzymes

Cellulolytic enzymes

It is generally accepted that three types of GH activity are involved in the hydrolysis of
cellulose; exo-1,4-B-glucanases (cellobiohydrolases), endo-1,4-B-glucanases and [-
glucosidases. Cellobiohydrolases attack the reducing or the non-reducing ends, producing
cellobiose units, while 1,4-B-glucanases primarily reduce the DP of the polymer by randomly
cleaving internal bonds in the amorphous and less ordered parts of the cellulose chain. -
glucosidases convert the cellobiose and cello-oligosaccharides produced into glucose. In
addition to these activities, enzymes that break glycosidic bonds in the crystalline and highly
ordered cellulose by oxidation (Lytic polysaccharide monooxygenases, classified as AAs),
and aiding proteins such as swollenins and expansins have been reported to be important for
efficient cellulose degradation (Horn et al., 2012; Van Dyk & Pletschke, 2012).
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Hemicellulolytic enzymes

A large number of enzyme activities are required to efficiently hydrolyse the heterogeneous
hemicelluloses into monosaccharides, including a range of GHs and CEs. For mannan
polymers, the core enzymes involved in hydrolysis are endo-1,4-B-mannanases (Paper 11,
further described in Section 6.3), producing shorter oligosaccharides, and exo-acting -
mannosidases that convert shorter oligosaccharides into mannose. The corresponding
enzyme activity for xylan degradation are endo-1,4-f-xylanases and exo-1,4-B-xylosidases,
respectively. Not only depolymerising enzymes that act on the backbone are involved, but
also enzymes that remove substituents. Depending on the type of substituents and decoration
linked to the backbone, various additional enzymes are required, such as o-L-
arabinofuranosidases, o-glucuronidases, a-galactosidases and acetyl esterases (Van Dyk &
Pletschke, 2012). Linkages connecting hemicelluloses to the lignin polymer must also be
considered in association with hemicellulose degradation (or decoupling), where GEs play
a key role (Papers III, IV, V and Chapter 7).

Ligninolytic enzymes

Ligninolytic enzymes are included in the CAZy database despite the fact that they do not act
directly on carbohydrate structures. The close association between lignin and
polysaccharides in the plant cell wall makes the cooperation of these enzymes with classical
polysaccharide depolymerases important, and they are therefore classified as AAs. Examples
of lignin-depolymerising enzymes are laccases, manganese peroxidases and lignin
peroxidases. They all catalyse oxidation or reduction reactions and, therefore, normally carry
metal ions necessary for their function (Teeri & Henriksson, 2009).

Carbohydrate-binding modules

CBMs are non-catalytic proteins that bind to different types of carbohydrate structures. They
are normally found within a longer protein sequence, together with catalytic GH modules,
but in rare cases can be found on their own. Their primary functions are to position the
catalytic modules close to the substrate and prolong the enzyme-substrate interaction,
thereby enhancing the catalytic efficiency. CBMs are grouped into several families in CAZy
based on amino acid similarity, and a large variety of folds and substrate specificity have
been identified, e.g. affinity for cellulose, xylan, mannan and B-glucan (Guillen et al., 2010).
Some CBMs are very specific, whereas others are more promiscuous and have evolved to
recognise more than one type of monosaccharide or glycosidic bond (Armenta et al., 2017).
CBMs that target insoluble polysaccharides can also play a significant role in non-specific
adsorption to lignin, leading to an undesired reduction in enzyme activity during hydrolysis
(Varnai et al., 2013).

3.4 Discovery and characterisation of lignocellulolytic enzymes

Fungi and bacteria that degrade plant biomass efficiently are excellent sources of CAZymes.
Proteomic, transcriptomic and biochemical studies of these microorganisms are therefore
common in the search for novel lignocellulolytic enzymes. Bioinformatic analyses are also
important, as genomic or metagenomic information is useful in identifying sequence
similarities to other CAZymes. Enzyme sequences are listed and classified in protein
databases (e.g. CAZy and the Protein Data Bank (PDB)), however, the majority of these
entries have not been characterised. These databases are therefore good starting points in the
search for appropriate enzymes to express and investigate (Lombard et al., 2014). The GEs
described in this thesis (Papers IV, V) were selected from uncharacterised sequences in the
CE family 15 in CAZy.
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Biochemical assays are performed on relevant substrates to investigate the actual function
of an expressed enzyme (as further described in Chapter 5). Assays can be run for quick
screening purposes to identify an enzyme, or for detailed characterisation to quantify enzyme
activity and determine enzyme-substrate interactions. The catalytic potential is the essential
feature of enzymes and, therefore, the quantification of an enzyme is expressed in terms of
its activity rather than the mass of protein. Detection of substrate consumption or product
formation is used to obtain a quantitative estimate of enzyme performance and substrate
preferences, and kinetic constants such as ke (substrate turnover number) and Ky (substrate
concentration required for half-maximal velocity) can be calculated (Bisswanger, 2014).
Functional studies are often combined with structural determinations. Elucidating the three-
dimensional structure of an enzyme in combination with knowledge on its activity gives
more detailed information on its ability to accommodate substrates and confirms its catalytic
mechanism. Structure-function studies of GEs constituted a major part of this work (Papers
IV, V).

18



4. Enzyme accessibility in wood structures

CAZymes are able to depolymerise complex carbohydrate structures, but in order to function
they must be able to reach their target substrate. One challenge associated with woody
biomass is the dense and chemically complex ultra-structure, which hampers accessibility.
Different forms of biomass pre-treatment prior to enzymatic hydrolysis are therefore crucial
to open up the wood structure and increase the surface area, thereby facilitating contact
between the enzymes and the chemical linkages on which they act. There is thus a need to
develop analytical methods that can detect enzyme mobility and attachment to different parts
of the cell walls in order to evaluate how the physico-chemical effects of pre-treatment
contribute to enzyme performance and substrate accessibility. In this chapter, the results
obtained concerning the effect of steam explosion (STEX) pre-treatment in enhancing the
enzymatic hydrolysis of wood substrates (Paper I) are presented, and the potential of using
FRAP as a direct method of evaluating enzyme accessibility in the same substrates is
discussed.

4.1 The complex ultra-structure of wood

The ultra-structure of wood refers to the organisation of polymers in the different cell wall
layers, and is the hierarchic level between the molecular (chemical composition) and the cell
wall level (Figure 2). The cellulose microfibrils have different arrangements depending on
the layer in the plant cell wall (Figure 10). In the thin primary layer (P), they are randomly
aligned in a matrix of hemicelluloses, pectins and glycoproteins. In the three secondary
layers (S1, S2 and S3) the microfibrils are ordered in a highly aligned manner, at different
angles depending on the layer. S2 is structurally the most important layer due to its thickness
(1-5 pm), and the almost vertical orientation of its microfibrils contributes to its strength.
The microfibrils can be further aggregated into lamellar macro-fibrils that afford support and
rigidity to the wood cell. The hemicelluloses are amorphous and oriented along the cellulose,
while lignin surrounds the cellulose and the hemicelluloses (Figure 10).

The entanglement and tight connection between the wood polymers makes processing of
woody biomass demanding (Bréndstrom, 2001). The ultra-structure also reduces the
accessibility of the substrate, and thus the performance of specific enzymes. Furthermore,
structural factors such as cellulose crystallinity, DP and lignin distribution/chemistry
(contributing to unproductive enzyme binding) are frequently associated with limited
enzyme efficiency (see Box 2, Figure 10) (Chandra et al., 2009; Nakagame et al., 2010).
Some of these factors have been considered more influential for biomass recalcitrance than
others, but contradictory trends have been reported. The relationship between various
substrate characteristics and recalcitrance is clearly non-linear and since the alteration of one
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substrate characteristics most likely influences other substrate properties, it can be
complicated to separate the individual effects (Foston & Ragauskas, 2012).
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Box 2. Factors described to influence the
accessibility and efficiency of enzymes in
woody biomass.
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Figure 10. The wood cell wall layers and the middle lamella (ML) showing the cellulose microfibrils in
different orientations depending on the layer. In the thick S2 layer, cellulose is vertically aligned, and embedded
in a matrix of lignin (red) and hemicelluloses (green). Factors described to influence the enzymatic
hydrolysability of woody biomass are listed in Box 2.

4.2 Pre-treatment to open up the wood structure

Native wood is recalcitrant to enzymatic degradation, and various pre-treatment strategies
can be applied to open up the wood structure in order to increase the surface area of the
polymers accessible to the enzymes. Pre-treatment is often classified into chemical and
physical methods, where physical disruption of the biomass is normally achieved by
grinding or milling processes. The breakdown into smaller particles increases the overall
surface area, but does not result in the removal of lignin or hemicelluloses (Chandra et al.,
2007).

Chemical pre-treatment often involves the hydrolysis of hemicelluloses and/or the
redistribution of lignin, which exposes the polysaccharides. The uncovered cellulose fibrils
and the partial solubilisation of hemicelluloses allow for the cellulolytic and hemicellulolytic
enzymes to reach their respective targets more easily. The removal of lignin leads to a
reduction in unproductive binding of enzymes, however, chemical pre-treatment can also
lead to depolymerisation and repolymerisation (condensation) of lignin. Condensed lignin
tends to be more hydrophobic, and has been observed to increase the level of unproductively
bound enzyme (Nakagame et al., 2010).

Chemical pre-treatment is commonly performed by applying acid or alkaline reagents to the
biomass. One problem associated with this approach is the formation of lignocellulose-
derived by-products such as weak acids, phenolic compounds and furan derivatives, which
can inhibit the enzymes (Jonsson & Martin, 2016). Liquid hot water pre-treatment is, in this
sense, a milder method that contributes to chemical modification without the need of
chemicals and with reduced formation of inhibitors. Drawbacks of hot water pre-treatment
are the high demands for water and energy, which make the process costly (Zhuang et al.,
2016). STEX i1s another alternative that combines physical and chemical disruption of the
biomass. The formation of inhibitors is low, and the energy demand is significantly lower

20



4. Enzyme accessibility in wood structures

than in liquid hot water pre-treatment (Alvira et al., 2010). STEX was used as pre-treatment
for spruce wood chips in the study presented in Paper I.

4.3 STEX pre-treatment

STEX is the most widely used physico-chemical pre-treatment for woody biomass, resulting
in ultra-structural, polymeric and chemical modifications. The biomass, in the form of wood
chips, is initially fed into a vessel and treated with steam under high pressure (steam
treatment). This is followed by a sudden release of pressure (explosion) (Figure 11A). The
high temperature and the presence of water promote the autohydrolysis of acetyl groups
present in the hemicelluloses, resulting in partial solubilisation of the hemicelluloses, while
the pressure drop leads to explosive decompression and mechanical separation of the wood
fibres. Other chemical modifications that have been reported are the condensation of lignin
and an increase in the crystallinity of the cellulose in the residual material (Nakagame et al.,
2010). The effect of the steam treatment is dependent on temperature (T [°C]) and residence
time (t [min]). Changing these process parameters allows the level of pre-treatment severity,
R, to be changed (Eq. 1) so as to avoid undesirable chemical reactions (Alvira et al., 2010;
Jacquet et al., 2015).

Log (R) = Log t*exp ((T — 100)/14.75) (Eq. 1)

A high value of R indicates severe process conditions, i.e. high temperatures and/or long
residence time. A low value of severity has been defined as Log (R) < 3, whereas Log (R) >
4 is considered as high severity (Wu et al., 1999). High severity conditions result in a
material with the highest cellulose hydrolysability, but low severity is to preferable for the
recovery of the hemicellulosic and cellulosic components.

STEX pre-treatment in a materials biorefinery

Hemicelluloses, especially galactoglucomannan, are easily degraded and solubilised during
acidic hydrolysis reactions during steam treatment. This has previously been considered
problematic in terms of inhibitory degradation products (such as furfural and hydroxymethyl
furfural). In a materials biorefinery, the destruction of intramolecular structures is an
additional problem, since the aim is to keep the individual wood polymers as intact as
possible. It is therefore necessary to develop and adapt STEX pre-treatment to avoid
complete degradation of the hemicelluloses, but still improve the accessibility of the
substrate to specific enzymes.

STEX at lower temperatures and shorter residence times has been reported to be efficient in
terms of enhanced enzyme performance, albeit with reduced hydrolysis of the
hemicelluloses (Jedvert, Wang, et al., 2012). Combining STEX with the reducing agent
NaBH4 has been described as an approach to further limit the degradation of
galactoglucomannan (Jedvert, Saltberg, et al., 2012). Reduced breakdown of
oligosaccharides through limited acid hydrolysis of hemicelluloses has also been observed,
when buffers where introduced into STEX reactions (Michalak et al., 2018). Moreover,
milder pre-treatment strategies should be combined with efficient recovery of partially
hydrolysed hemicelluloses, in order to minimise the loss of raw material.
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4.4 Contribution of STEX to enhanced hydrolysability

STEX has been used as pre-treatment for a variety of lignocellulosic materials, and the
effects of varying the factors contributing to the severity of the process (e.g. residence time,
pressure, temperature, moisture content, sample size) have been extensively investigated
(Jacquet et al., 2015). Several studies have shown how the chemical effect of steam treatment
alone leads to changes in the levels of enzymatic hydrolysis and unproductive binding
(Pielhop et al., 2016).

Auxenfans and co-workers investigated both structural and chemical modifications of
diverse biomass sources resulting from steam treatment. They suggested that the
redistribution of lignin and the removal of hemicelluloses was important for improved
cellulolytic enzyme performance, while changes in cellulose crystallinity and lignin
composition were considered to have less impact on the enzyme-catalysed hydrolysis
(Auxenfans et al., 2017). Other studies have focused on how changes in the lignin chemistry
contribute to changes in unproductive enzyme binding (Nakagame et al., 2011; Nakagame
et al., 2010).

Despite many studies on the effect of steam treatment, the importance of the explosion step
for the biochemical conversion has been less well explored. It has even been reported that
enhanced substrate hydrolysability is predominantly the result of the steam treatment step,
and not due to the physical disruption resulting from explosive decompression (Duff &
Murray, 1996).

The importance of physical disruption for enzyme performance

The aim of the present study (Paper I) was to identify the contributions from the chemical
and physical components of STEX on enzyme performance, by differentiating between the
steam treatment and the explosion step. The individual contributions of the STEX process
were studied by applying a cellulolytic enzyme cocktail to differently treated wood chips of
Norway spruce (Picea abies).

Three cases were compared: (1) untreated wood chips, (2) steam-treated wood chips and (3)
STEX-treated wood chips (Figure 11B-D). The STEX-treated wood was saturated with
steam in the reaction vessel, followed by a rapid pressure drop to atmospheric pressure.
Steam treatment, on the other hand, was performed with a slow pressure release, to avoid
the expansion of vapour in the wood. The steam-treated wood chips were additionally held
in a wire cage, to prevent them from colliding against each other, and the wall of the reaction
vessel (Figure 11A). The STEX-treated wood chips were both chemically and physically
modified and this material provided information on the contribution of the physical
disruption.
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Figure 11. Simplified illustration of the STEX equipment used for steam treatment or STEX-treatment of
wood chips (Paper I) (A). Wood samples and X-ray tomography images of the internal structures of intact
wood (native or steam-treated) (B) or STEX-treated and structurally deformed wood with the formation of
microcracks in the cell walls (C-D). (Figures courtesy of Muhammad Muzamal.)

The glucose released by enzymatic hydrolysis was analysed and compared with the initial
amount of glucose present in the woody biomass. The results showed a very low glucose
yield from the hydrolysis of native wood. Steam treatment led to a twofold increase in the
glucose released and STEX led to an additional twofold increase (Figure 12). The enhanced
glucose yield from STEX-treated wood illustrates the importance of explosive
decompression for enzymatic cellulose digestibility. The effect of explosion has been
reported to be the result of the reduced particle size of the biomass. However, explosion also
contributed to the formation of microcracks in the cell walls and the structural deformation
of cells (identified by X-ray tomography, Paper I) (Figure 11C-D).

Shortly after Paper I was published, additional studies on the contribution of explosive
decompression became available (Pielhop et al., 2016; Seidel et al., 2017). They also
confirmed the importance of the explosion step for enhanced hydrolysis of spruce, and
reported similar results for hardwood and other plant species. It is thus clear that STEX
contributes to enhanced enzyme performance, probably through improved enzyme
accessibility, but the effects of structural and chemical changes in enzyme accessibility have
not yet been directly assessed.
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Figure 12. Enzymatically catalysed glucose release after 30-h (white) and 72-h (black) incubation with native,
steam-treated or STEX-treated wood chips. The twofold increase in glucose release from STEX-treated wood
compared to steam-treated wood demonstrates the importance of the explosive decompression for enhanced
enzyme performance.

4.5 Evaluating enzyme accessibility

It is essential to understand the mechanisms that control the accessibility of different
substrates to enzymes in order to evaluate the activity of the enzymes and to facilitate the
design of biomass pre-treatment. Detection methods that are capable of measuring and
quantifying the diffusion and binding of enzymes in lignocellulose directly are therefore
highly desirable. Imaging and spectral fluorescence analysis are highly sensitive, non-
invasive methods that have the potential to provide such information.

Fluorescent recovery after photobleaching

FRAP is a technique used for studying dynamic processes in biological cells and materials.
A confocal microscope is used to direct a high-power laser beam into a region of interest
(ROI), resulting in the irreversible bleaching of fluorescent molecules (probes). The
surrounding fluorescent molecules can thereafter freely diffuse into the ROI and the
fluorescence recovery is recorded until it reaches a plateau (Figure 13). The fraction of
probes that can move between the non-bleached area and the bleached ROI is called the
mobile fraction, while the fraction that cannot is called the immobile fraction. The diffusion
constant (D) of the mobile fraction can be calculated from the half-life and the radius of the
bleached ROI. The value of D provides information on the mobility of the probe molecules
(Paés, 2014). The probes may be either fluorophores themselves, dyed molecules or
molecules coupled to a fluorophore. One commonly used probe for FRAP is green
fluorescent protein (GFP), a non-catalytic protein that exhibits bright green fluorescence
when exposed to light in the blue to ultraviolet range (Lorén et al., 2015). FRAP has been
used successfully as a tool for determining the diffusion and interaction/binding of proteins,
lipids and other molecules in living cells (Lorén et al., 2015). Based on earlier applications,
FRAP was considered promising for studying enzymes in complex lignocellulosic materials.
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Figure 13. The principle of FRAP showing the top view and the side view of the bleached material (in this
work, slices of wood) with the ROI/bleached molecules coloured in black, as well as the FRAP recovery curve
of the mean intensity over time: initial fluorescence intensity (A), photobleaching by a high-intensity laser
pulse (B), the intensity within the ROI is monitored as the bleached molecules diffuse out and others diffuse
in (C), and the intensity recovery is reaching a plateau (D).

FRAP for assessing enzyme mobility

FRAP has in recent years become established as a technique for studying enzyme mobility.
One group has evaluated the diffusion of xylanases in different xylan substrates. By
comparing a wild-type xylanase, inactive xylanase mutants and xylanases with modified
CBMs, the authors reported on the importance of both catalytically active enzymes
(substrate hydrolysis) and binding affinity (substrate targeting) for enzyme mobility
(Cuyvers et al., 2011). The reversibility of cellulase binding in microcrystalline cellulose has
been investigated in another study (Moran-Mirabal et al., 2011). Lignocellulosic model
assemblies (containing feruloylated arabinoxylans and cellulose nanocrystals) have also
been designed and used in FRAP studies to measure the binding properties of CBMs (Paés,
2017; Paés et al., 2015). The first studies measuring the mobility of molecular probes in
native lignocellulose have recently been published (Herbaut et al., 2018; Pags et al., 2017).
However, no FRAP studies in which enzymes and plant biomass are combined have yet been
reported.

Accessibility of wood structures with a fluorescent CBM

In the present work, FRAP was evaluated as a potential method to detect changes in enzyme
accessibility in spruce wood resulting from STEX. A GFP-linked CBM with an affinity for
mannan (CBM27) was selected as the probe to investigate diffusion and binding in wood
structures. GFP is in the same size range (27 kDa) as many CAZymes, and therefore
appropriate as an enzyme model. GFP-CBM27 and GFP (used as the control) were applied
to thin slices (200-300 pm) of native and STEX-treated spruce wood. It was hypothesised
that the binding of CBM27 would be reduced in STEX-treated wood as the mannan polymers
are partly degraded. The aim was to answer following questions:

1. Is the diffusion of GFP-CBM27 affected by STEX?

2. Is the distribution (i.e., in the lumen, on cell walls) of GFP-CBM27 changed by
STEX?

3. Is the diffusion of GFP-CBM27 affected by changes in binding to the cell wall?
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In preliminary tests (unpublished data), it was confirmed that GFP-CBM?27 was detected (in
the uM range) by confocal laser scanning microscopy and FRAP. As expected, the diffusion
of GFP-CBM27 in native wood was significantly reduced compared to that in free solution
(water). Also, binding of GFP-CBM27 to the surface of the inner cell walls of native spruce
was clearly seen (Figure 14A), whereas GFP without the binding module was mostly seen
in the lumen (Figure 14B). However, applying both probes to STEX-treated spruce samples
gave rise to puzzling results. The distribution of GFP-CBM27 (Figure 14C) appeared to be
identical to that of untreated wood, with most of the probes bound to the cell walls.
Surprisingly, GFP was observed on the cell walls of the STEX-treated spruce, similar to the
case with GFP-CBM27 (Figure 14D), but was not seen in the lumen.

The value of D was slightly lower for GFP-CBM27, and almost twofold lower for GFP, in
STEX-treated wood than in native wood, probably as a result of increased irreversible and
unproductive binding to the cell walls. No clear differences were observed concerning the
diffusion and distribution of CBM27 before and after STEX treatment, but the mobility of
both probes was indeed affected by the unproductive binding to the cell walls of the STEX-
treated samples. Steam treatment has been reported to increase the hydrophobicity of lignin,

which could be one explanation of the increased unproductive binding of both probes
(Nakagame et al., 2011).

Figure 14. Distribution of GFP-CBM27 and GFP in wood samples detected by confocal laser scanning
microscopy. GFP-CBM27 in native spruce (present on cell walls) (A), GFP in native spruce (mainly present
in the lumen) (B), GFP-CBM27 in STEX-treated spruce (present on cell walls) (C), and GFP in STEX-treated
spruce (present on cell walls) (D).

Despite the ambiguity of the results obtained from these preliminary tests with FRAP, this
technique should be further investigated as a tool for analysing enzyme accessibility in wood
structures. However, it might be crucial to reconsider the choice of probe and/or material.
Both binding and hydrolysis have been reported to be important mechanisms for the mobility
of CAZymes in lignocellulose (Cuyvers et al., 2011), and it may therefore be necessary to
use catalytically active enzymes as probes in future FRAP studies. Enzymatic hydrolysis,
which actively removes the hydrolysed substrate from the active site of the enzyme, could
possibly result in a reduction in unproductive binding. It is also important to bear in mind
that lignin autofluorescence and the heterogeneity of the wood material may influence the
results provided by FRAP. Investigating enzymes with simpler and more well-defined
substrates could therefore be useful as control experiments.
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Detailed characterisation of enzyme activity is key to understanding the action of enzymes
in different contexts. Depending on the substrate (e.g. simple synthetic substrates or complex
biomass) and the aim of the study (quantitative or qualitative detection of enzyme activity),
various detection methods are suitable. It is also important to use complementary analytical
tools to confirm enzyme activity, especially if precise methods are lacking. This chapter
briefly presents the analytical methods that were used to assay enzyme activity in this work,
with emphasis on their applications, advantages and limitations.

5.1 Substrates

The enzymes used in this work were assayed on a range of substrates, including simple
monomeric molecules, well-defined polysaccharides, extracted LCCs and complex plant
biomass. The substrates were of different sizes, origin and chemical complexity, and gave
information on various levels of detail regarding substrate specificity and enzyme activity.
In the context of lignocellulosic enzymes, the chemical linkages present in the cell wall of
plants are referred to as native substrates. However, many of these linkages cannot be
quantified in the intact biomass, and thus various methods of isolation and fractionation will
have to be applied. These processes might lead to modification of the chemical composition
and the physical, supramolecular structure, and the resulting substrates will therefore not be
completely “native”. Bearing this in mind, all wood-derived materials are defined here as
native substrates (e.g. isolated LCCs (Paper III) and galactoglucomannan extracted from
spruce (Paper II)).

A model is a simple representation of a more complex system, and the same applies to model
substrates. The model substrates used in these studies represent simpler or more accessible
versions of wood-derived materials. They are small, well-defined chemical compounds that
share key structures with the native substrate, e.g. GE model substrates and 4-nitrophenyl
acetate (pNP-Ac) (Papers IV, V). However, in the work on mannanases (Paper II),
polymeric mannans from konjac and locust bean gum served as model substrates. These
polymers are extracted from plants, but have similar structural features to the target substrate
spruce galactoglucomannan, and are commercially available and well-characterised. Ball-
milled corn cob biomass was used as a model to woody biomass to investigate the auxiliary
action of GEs on hemicellulase hydrolysis, due to its high content of xylan (Paper IV).
Detailed information on all the substrates used in the studies reported in Papers II-V is given
in Chapters 6 and 7.
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5.2 Spectrophotometric assays

Spectrophotometric assays are commonly used to study enzyme kinetics by measuring the
amount of light (in the UV/visible region) absorbed or scattered during a reaction. These
assays are suitable when studying small, simple substrates that do not generate high levels
of background absorbance, and can often be run continuously. The time dependency allows
the reaction velocity to be determined, which is essential when evaluating the enzyme
activity (Bisswanger, 2014). The restriction to simpler (often synthetic) substrates is a
disadvantage, especially when the biologically relevant and native substrate is far more
complex, as is the case with lignocellulose. The measurement of enzymatic parameters using
model substrates therefore only provides an indication of the activity on the native substrate.

Reducing-sugar assay

Most of the spectrophotometric assays used to determine GH activities are based on the
measurement of the amount of reducing sugars (free carbonyl groups (C=0)), upon
oxidation of the aldehyde functional groups present in monosaccharides and
oligosaccharides (new aldehyde groups are formed when glycosidic bonds in
polysaccharides and oligosaccharides are enzymatically hydrolysed). There are several
different methods based on similar principles, but the 3, 5-dinitrosalicylic acid (DNSa) assay
is one of the most commonly used. The alkaline DNSa reagent involves the oxidation of free
aldehyde groups, and DNSa is simultaneously reduced to 3-amino-5-nitrosalicylic acid,
which is visualised by the colour transition from yellow to brown upon heating (absorption
in the visible region) (Figure 15) (Miller, 1959). The darker the colour, the higher the
concentration of reducing sugars, which indicates a high level of GH activity.

The DNSa method is quick and simple and allows for reactions with wood-derived substrates
and native lignocellulose, but its relatively low sensitivity makes it necessary to regularly
include blanks and standards. Overestimation of the activity due to polysaccharide
degradation when heating the sample together with the alkaline DNSa reagent is also a
problem. Furthermore, the assay cross-reacts with proteins (Gusakov et al., 2011). Detection
of reducing sugars is therefore appropriate for qualitative measurements, but less suitable
for quantitative purposes. The DNSa method was used to compare mannanase hydrolysis of
mannan polymers (Paper II), to estimate the rate of enzymatic hydrolysis and the extent of
saccharification (Table 2).
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3, 5-dinitrosalicylic acid (DNSa) 3-amino-5-nitrosalicylic acid

Figure 15. When the alkaline DNSa solution reacts with reducing sugars it is converted into 3-amino-5-
nitrosalicylic acid. This is visualised by the change in colour from yellow to orange/brown upon heating, and
the absorbance is detected at 595 nm.
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Chromogenic substrate-based assays

It is necessary to use well-defined substrates for the screening of specific enzyme activities
and to investigate substrate specificities. Chromogenic, 4-nitrophenol (pNP)-linked
substrates are convenient models for many CAZymes, and are commercially available. The
enzymatically catalysed pNP product, which is yellow in colour, absorbs at around 405-410
nm, and the detected intensity is proportional to the enzyme activity. Chromogenic substrates
are suitable for rapid assays, but are small artificial compounds. Other drawbacks are the
pH-dependence of the chromogenic properties of pNP (colour formation is only possible
under alkaline conditions), and the fact that pNP-linked substrates might not be available for
screening the desired activity. pNP-Ac (Figure 16) was used to screen for acetyl esterase
activity among bacterial GEs to investigate enzyme promiscuity (Papers IV, V) (Table 2).

/
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Figure 16. The structure of pNP-Ac, the substrate used for screening of acetyl esterase activity (Papers IV,
V). The arrow indicates the site of enzymatic hydrolysis. Yellow colour formation only occurs upon enzymatic
cleavage if the reaction conditions are sufficiently alkaline to convert the pNP product into its ionic form.

Coupled enzyme assays

When the action of an enzyme cannot be detected on its own, it is common to combine it
with one or more secondary enzymes to generate a measurable product. The co-factor
NADH is frequently used in these types of coupled spectrophotometric enzyme assays, since
it absorbs UV light when reduced, but not in its oxidised form. In this work, GE activity was
assayed in a coupled mode together with uronate dehydrogenase (UDH) on commercially
available ester substrates of uronic acids (GlcA or GalA). The assay is based on esterase-
catalysed uronic acid formation, followed by UDH-mediated oxidation to D-glucarate or D-
galactarate in the presence of NAD", with the simultaneous formation of reduced NADH
(Figure 17). NADH absorbs UV light at 340 nm, and the increase in absorbance is
proportional to the GE activity (Sunner et al., 2015).

The GE assay as described by Sunner et al. (2015) was further developed for operation in
continuous mode (Paper IV). It was used for screening of putative GEs and to quantify GE
activity on four different model substrates (Papers IV, V) (Table 2). The assay is sensitive
and rapid, and provides information on how small changes in the model substrates affect the
activity and specificity of the enzymes. However, the substrates must be simple, soluble,
stable (to avoid spontaneous hydrolysis) and not generate high background absorbance
levels. It was not possible to use complex or biologically relevant substrates in this assay.
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Figure 17. Overview of the reaction in the coupled GE assay using benzyl glucuronoate (BnzGlcA) as substrate
(A). The GE-catalysed hydrolysis of the benzyl ester allows UDH to form glucaric acid, with the simultaneous
formation of NADH. The increase in absorbance upon NADH formation is detected at 340 nm. The absorbance
is monitored over time, with increasing concentrations of BnzGlcA at a fixed enzyme concentration (B).
Plotting the reaction rate of GE-catalysed hydrolysis as a function of BnzGIcA concentration (obtained from
linear regression of the functions in B), allows the kinetic parameters (Ky and kcar) to be estimated using the
Michaelis-Menten equation (C).

5.3 Thin-layer chromatography

Thin-layer chromatography (TLC) is a qualitative chromatographic method, in which a
mobile phase (the reaction mixture) flows through a stationary phase (typically a coating of
silica gel), carrying the components of the mixture with it. Different components in the
mobile phase travel at different rates and can be visualised as spots by staining or UV light
(Spangenberg et al., 2010). TLC was used to detect GE activity coupled with a GH115 a-
glucuronidase on extracted LCC fractions (Table 2) (unpublished results from the
collaboration with Professor Master’s group at Toronto University). The 4-O-glucuronic
acid produced was visualised with aniline-diphenylamine-phosphoric acid stain (Figure 18).
(The results are further discussed in Chapter 7.) TLC is useful as a qualitative detection
method, but is not suitable for quantitative or kinetic measurements. Moreover, standards
are required to identify the products formed. The advantage of TLC in this work, was the
rapid confirmation of GE activity on native LCC material with an easily detectable product.
TLC also served as a complement to more advanced and quantitative analyses.
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Figure 18. Qualitative TLC analysis of the 4-O-MeGIcA released (indicated by the grey box). Untreated LCCs
(without 4-O-MeGlcA) (A) are compared to LCCs incubated with a GE and an a-glucuronidase (B), where the
band corresponding to the 4-O-MeGlcA standard (C) is visible.

5.4 Size-exclusion chromatography

The molecular weight distribution of reaction products can be investigated by size-exclusion
chromatography (SEC). SEC separates molecules by size as they pass through a porous
matrix in a column, and the size distribution can be monitored by refractive index (RI) or
UV detectors. Small molecules flow slowly through the column, since they penetrate deep
into the pores of the matrix material, whereas larger molecules that are unable to enter the
pores pass through the column faster. This means, the smaller the molecule, the longer the
retention time. In the work described in Paper III, SEC equipped with an RI detector was
used to qualitatively confirm the separation of lignin from carbohydrate fractions upon GE
treatment (Figure 19). SEC was also used to confirm mannan polymer degradation and the
production of mannooligosaccharides by two endo-mannanases (Paper II) (Table 2). SEC
is an appropriate tool for detecting enzyme action that results in larger degradation products,
distributed over a wide molecular weight range. It is not possible to obtain detailed
information on substrate specificity, but SEC is a useful tool to confirm enzyme activity, and
is a complement to other detection methods. A limitation of the technique is that the
standards required (often linear pullulan polymers) do not mirror the polydispersity of
lignocellulosic materials (Baumberger et al., 2007).
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Figure 19. RI detector response from SEC analysis of spruce LCC, before (solid line) and after (dotted line)
GE hydrolysis. The peak shifts towards lower molecular weight (Mw) (higher elution volume), which indicates
the release of lignin from carbohydrates as a result of GE action. The table gives the molecular weight of the
LCC fraction before and after GE treatment.
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5.5 Anion-exchange chromatography

High-performance anion-exchange chromatography with pulsed amperometric detection
(HPAEC-PAD) is a highly sensitive method for qualitative and quantitative carbohydrate
analysis. Analysis is performed under strongly alkaline conditions, where carbohydrates are
deprotonated, followed by interaction with the anionic column (Cataldi et al., 2000).
HPAEC-PAD analyses were performed for the quantification of enzymatically released
monosaccharides from native and STEX-treated wood chips (Paper I), and from GE-
supplemented hemicellulose reactions with corn cob biomass (Paper 1V). HPAEC-PAD
was also used to obtain qualitative product profiles of mannanase-hydrolysed mannan
polymers, and to quantify selected mannooligosaccharide products (Paper II) (Table 2).
HPAEC-PAD is a useful tool to verify and quantify enzyme activity on complex polymers
and biomass material, but known standards must be included to obtain qualitative and
quantitative information about the products formed. The availability of standards is therefore
often a limiting factor (as further discussed in Paper II).

5.6 Mass spectrometry

Mass spectrometers convert analyte molecules to a charged state, with subsequent analysis
of the 1ons and fragment ions that are produced during the ionisation process. There are three
key stages in mass spectrometry (MS): ionisation, acceleration/deflection and detection. In
the first stage, molecules are vaporised and converted into ions. The subsequent acceleration
and deflection sort the ionised analytes according to mass. The detection of the analytes is
thus based on the mass-to-charge ratio (m/z), visualised in a mass spectrum with signals for
each m/z. MS is commonly used to analyse carbohydrates, and ionic species can be obtained
from the liquid or solid state. Several technologies are available for both ionisation and ion
analysis, resulting in many different types of mass spectrometer (Bauer, 2012). It is also
common to combine MS as a detector in chromatographic analyses, e.g. liquid
chromatography, to exploit the benefit of MS, being more sensitive and specific than other
chromatographic detectors (Pitt, 2009).

There are many advantages of using MS to investigate enzyme action on complex
carbohydrates, for example the possibility of obtaining detailed information on enzymatic
cleavage patterns in terms of fragment size, linkages and branching. Already fragmented
ions can go through a second round of MS (MS?), to elucidate additional structural features
of enzyme substrates/products (e.g. the position of acetyl groups). Quantification of
oligosaccharides by MS 1is, however, difficult, as ionisation efficiencies can differ
significantly. For absolute quantification, internal standards and pure model standards of the
analytes are required. Electrospray ionisation-MS (ESI-MS) was applied to study the
acetylation pattern of enzymatically produced mannooligosaccharides (Paper II). The 4-O-
MeGIcA released after the hydrolysis of LCCs by a GE and a GH115 a-glucuronidase was
analysed and quantified using liquid chromatography combined with ESI-MS (unpublished
data, described in Chapter 7) (Table 2).

5.7 Nuclear magnetic resonance spectroscopy

NMR spectroscopy is a technique that detects chemical structures by observing local
magnetic fields around atomic nuclei (nuclei with an odd atomic number). The spins of these
nuclei are randomly oriented, but when placed in an external magnetic field, the spins will
align parallel or antiparallel to the field. If the nuclei are subjected to electromagnetic
radiation of the correct frequency, the nuclei aligned with the external field will absorb
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energy and “spin-flip” to align themselves against the field. When the spin returns (relaxes),
radio waves are emitted. However, as the magnetic properties of a nucleus depend on its
chemical environment, the emitted radio wave frequency of a chemically bound nucleus will
be shifted compared to that of a free nucleus. This so-called “chemical shift” is used to
identify the chemical composition of a molecule, and is expressed as the ratio of the shifted
frequency to a reference frequency of the same nucleus. NMR spectra are commonly shown
as the absorption of radio waves as a function of chemical shift in parts per million, and each
chemical structure will have a unique NMR spectrum (James, 1998).

Different NMR methods are commonly used for structural determination of LCCs, and are
promising in detecting key structures in heterogeneous complex materials (Ralph &
Landucci, 2010). However, a drawback of NMR s its relatively low sensitivity, which limits
the detection of less abundant lignocellulosic structures such as LC bonds. Extraction
procedures are therefore often required to enrich the LC bonds in the sample, and sometimes
derivatisation is necessary. In the work described in this thesis, *!phosphorus NMR
spectroscopy (*'P NMR) and heteronuclear single quantum coherence spectroscopy (HSQC)
were used to study GE-mediated cleavage of LC ester bonds (Paper III and unpublished
data presented in Chapter 7).

3Ip NMR

3P NMR is useful in determining the overall distribution of functional groups in a
lignin/LCC sample. This 1D NMR technique allows for the detection of OH groups attached
to aliphatic, phenolic and carboxylic moieties (COOH), after derivatisation with a
phosphitylation reagent (Argyropoulos, 2010) (Figure 20). The ability to quantify COOH is
particularly interesting when studying the enzymatic hydrolysis of LC esters (formation of
new GlcA-ended groups). However, it is not possible to determine which structures these
esters are attached to with *'P NMR, or whether they are of a [benzyl]- or y-type.
Complementary analyses must be included to confirm, for example, that acetyl-linked esters
do not contribute to the COOH signals in the spectrum. 3'P NMR was used to measure the
increase in carboxylic acid content in LCCs as a result of GE hydrolysis (Paper III) (Table
2).
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Figure 20. Derivatisation products after phosphitylation of LCCs (after GE-mediated ester cleavage) (A), and
schematic representation of peaks assigned to aliphatic, phenolic and carboxylic (COOH) OH groups in a *'P
NMR spectrum (B).
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5.7 Nuclear magnetic resonance spectroscopy

HSQC

The development of different types of correlating 2D NMR techniques, e.g. HSQC, has been
important for the analysis of LCC structures. HSQC correlates chemical shifts of directly
bound nuclei of different types (normally 'H and !*C), where the chemical shift of the carbon
lies in one dimension (F1) and the chemical shift of its attached proton in the other dimension
(F2). Correlating NMR techniques make it possible to decode structural details and linkages
of LCCs. Moreover, the 2D-dimensionality of the method reduces the number of overlapping
signals from the LCC structure from one type of nucleus ('H) by correlating it with separated
signals from the other nucleus ('*C), resulting in better resolution than in 1D NMR (Ralph
& Landucci, 2010).

2D NMR could, in theory, provide structural information on LC ester bonds that cannot be
obtained with 3'P NMR. However, the signal assigned to the y-ester is still heavily
overlapped by other lignocellulosic structures in the analysed samples, and the detection of
benzyl esters has seldom been reported (Balakshin et al., 2011; Balakshin et al., 2007;
Giummarella & Lawoko, 2016; Yuan et al., 2011). LCC-extraction procedures and/or the
sensitivity of the analysis will have to be improved in order for 2D NMR to be feasible in
assaying GE activity. HSQC was applied in the study described in Paper III to verify the
3P NMR results, by demonstrating that the increase in COOH content was not the result of
acetyl esterase activity. Attempts were also made to apply HSQC for the detection of GE
hydrolysis of LC esters extracted from Japanese beech (Fagus crenata) (unpublished data
from the collaboration with Professor Watanabe’s group at Kyoto University, presented in
Section 7.8) (Table 2). HSQC spectra obtained from this LCC sample surprisingly displayed
a clear signal identified as the benzyl ester (Figure 21).
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Figure 21. HSQC spectrum of LCCs isolated from Japanese beech (F1='C chemical shift, F2="H chemical
shift). The red ellipses indicate the signals assigned to LC ester bonds of a [benzyl]- and y-type. The signal
from the y-ester is heavily overlapped by other lignin-carbohydrate structures. (Figure courtesy of Hiroshi
Nishimura.)
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5. Detecting lignocellulosic enzyme activity

Table 2. Methods used to assay enzymatic activity in the present work

Method Substrate Purpose Reported in:
Reducing-sugar Mannan polymers Obtaining  time  courses for PaperlIl
assay mannanase hydrolysis
Chromogenic assay ~ pNP-Ac Screening for acetyl esterase activity Papers [V, V
of GEs
Coupled assay Esters of uronic acids Screening and quantification of GE Papers IV, V
activity
TLC LCCs Detection of GE-catalysed release of Chapter 7
4-O-MeGlIcA
SEC Mannan Detection of decrease in molecular Papers II/ ITI
polymers/LCCs weight upon mannanase/GE
hydrolysis
HPAEC-PAD Wood chips Quantification of enzymatically Paperl
released monosaccharides from wood
chips
Mannan polymers Detection and quantification of Paper II
enzymatically produced
mannooligosaccharides
Corn cob biomass Quantification of the increase in PaperIV
monosaccharide release upon GE
action
ESI-MS Mannan polymers Detection of acetylation patterns of Paper II
mannanase-hydrolysed
oligosaccharides
LCCs Quantification ~ of  GE-catalysed Chapter 7
release of 4-O-MeGlIcA
3IP NMR LCCs Detection of LC ester cleavage upon Paper 111
GE treatment
HSQC LCCs Detection of LC ester cleavage upon Chapter 7
GE treatment/
Check for acetyl esterase activity ofa Paper III

GE
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6. Enzymes for selective mannan processing

Upgrading woody biomass includes the valorisation of hemicelluloses, which are today often
completely or partially degraded in industrial processes, in favour of the extraction of
cellulose fibres. Process alternatives in which hemicelluloses are utilised must be further
developed, and enzymes that specifically modify or decompose hemicelluloses into valuable
building blocks could serve as important tools in this context. To evaluate the potential of
hemicellulolytic enzymes, it is necessary to understand how these enzymes act on complex
heterogeneous polysaccharides of industrial relevance. The major hemicellulose in softwood
is galactoglucomannan (GGM), making up almost 20 % of the dry weight (Sjostrom, 1993),
and attention was therefore directed to studies of endo-mannanases for the selective
degradation of GGM (Paper II). This chapter presents and discusses the results regarding
the way in which the chemical structure of spruce GGM, including backbone heterogeneity,
galactosylation and acetylation, influences mannanase action.

6.1 Mannan polymers

Softwood galactoglucomannan

Mannans exist in all plant cell walls at various amounts, and they are structurally and
chemically diverse. Softwood GGM consists of a backbone of 3-1,4-linked mannose (Man)
and glucose (Glc) units decorated with a-1,6-linked galactose (Gal) moieties, believed to be
exclusively bound to the mannose units. Softwood GGM is usually divided into Gal-rich and
a Gal-poor types, with Man:Glc:Gal ratios of 3:1:1 and 4:1:0.1, respectively (SjOstrom,
1993). The mannose units are partly O-acetylated at C2 and C3 at a degree of 0.2-0.3 (Figure
22A), but these ratios can vary significantly depending on source and extraction method
(Capek et al., 2002; Hannuksela & Herve du Penhoat, 2004; Willfor et al., 2008; Xu et al.,
2010). In the study reported in Paper II, hot-water-extracted GGM from spruce wood
(SpGGM), with a low degree of substitution by acetylation (DSac) of 0.13, was used as
substrate.

Mannans as model substrates

Mannan polymers are found not only in plant cell walls, but can also serve as storage
polysaccharides, e.g. in the tubers of konjac and locust bean seeds. Konjac glucomannan
(KGM) and locust bean gum galactomannan (LBG) are commercially available, well-
defined mannans, and therefore commonly used as substrates for evaluating endo-
mannanase activity (Malgas et al., 2015). KGM and LBG were used as complementary
model substrates in this work (Paper II). They both share structural features with SpGGM;
KGM having a heterogeneous glucomannan backbone and LBG containing galactose
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6.1 Mannan polymers

decorations (Figure 22B-C). KGM contains a low number of mannose/glucose decorations
on the backbone, and in this work was regarded as a linear polysaccharide compared to the
highly substituted LBG and SpGGM. LBG lacks acetylation, but KGM has a DSac of 0.1
(Dey, 1978; Kato & Matsuda, 1969), similar to the DSac of the extracted SpGGM (DSac
0.13) (Table 3).
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Figure 22. Chemical structures of mannan polymers. Spruce O-acetyl-galactoglucomannan (A), konjac
glucomannan (B), and locust bean gum galactomannan (C). C2 and C3 are potential acetylation sites in native
SpGGM and KGM (indicated in red). The average ratios of mannose (green), glucose (blue) and galactose
(yellow), and the values of DSac are given for each mannan polymer. KGM and LBG were subjected to further
chemical acetylation, making C6 also a possible acetylation site.

Chemical acetylation of mannans

KGM and LBG have both served as substrates for chemical acetylation to study the changes
in gelation behaviour and microbial degradability of mannan polymers (Bi et al., 2016;
Huang et al., 2002). In the present work, KGM and LBG were acetylated to different degrees
with the purpose of investigating the enzymatic hydrolysability of artificially and highly
acetylated mannan polymers in relation to natively acetylated SpGGM and KGM (Paper
IT). Naturally acetylated mannan substrates have acetyl groups at the C2 and C3 positions,
but chemical acetylation allows the C6 position to also be acetylated. Two levels of
acetylation were investigated. The resulting mannans are denoted KGMa/LBGa for DSac
0.7-0.8 and KGMg/LBGg for the higher DSac (~2) (Table 3). The solubility of KGM and
LBG decreased upon increased chemical acetylation, and the chemically added acetyl groups
were only present in the insoluble fractions. The hydrophobicity of the mannan substrates
was suggested to be an effect of the unevenly distributed chemically introduced acetyl
moieties on the KGM and LBG.
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6. Enzymes for selective mannan processing

Table 3. DSac and solubility of native and chemically acetylated mannan substrates (Paper II)

Substrate Total fraction Soluble fraction Insoluble fraction MW (kDa)
DSac” Mass %" DSac® Mass %" DSacF

KGM 0.09 84 NM* 16 NM 1000

KGMa 0.7 48 0.1 52 1.8

KGMs 2.1 15 NM 85 NM

LBG 0 66 NM 34 NM 1000

LBGa 0.8 41 0.1 59 1.5

LBGs 1.9 13 NM 85 NM

SpGGM 0.13 NM NM NM NM 30

A Quantified by HPLC: four individual measurements with standard deviations < 10 %.
B.D Gravimetrically measured: triplicate measurements with standard deviations < 10 %.
CE Quantified by HPLC: triplicate measurements with standard deviations < 17 %.
*Not measured

6.2 Mannanolytic enzymes

Multiple enzyme activities are required for the complete degradation of the heterogeneous
and highly decorated SpGGM. These include endo-acting B-mannanases, exo-acting -
mannosidases, endo-acting B-glucanases, exo-acting B-glucosidases, debranching (exo-
acting) a-galactosidases and acetyl esterases; activities that can be found in several GH and
CE families (Figure 23) (Srivastava & Kapoor, 2017; Van Zyl et al., 2010). Synergistic
behaviour has been reported between debranching a-galactosidases and main-chain-cleaving
B-mannanases (Malgas et al., 2015; Wang et al., 2010). Synergism between J-mannanases
is also likely, despite the fact that they share the ability to cleave glycosidic bonds between
mannose units, due to large variations in substrate specificity (as observed for
endoglucanases) (Van Dyk & Pletschke, 2012).

Q/ o-galactosidase Q -mannanase Q

+0—0-0-0-0-0 000"

Ac T _rAc

acetyl esterase
B-glucanase

o0 000

[-mannosidase [-glucosidase

Figure 23. Schematic illustration of O-acetylated SpGGM (mannose=green, glucose=blue, galactose=yellow,
acetyl groups=Ac) and the enzymes involved in the complete degradation of the polysaccharide, and the
oligosaccharides released. Arrows indicate the possible sites of enzymatic attack.

6.3 B-Mannanases

Classification and function

B-Mannanases (hereafter referred to as mannanases) are the major backbone-cleaving
enzymes that randomly hydrolyse mannans and heteromannans of DP > 3 (Figure 23),
producing smaller oligosaccharide fragments (mainly mannobiose and mannotriose)
(Dhawan & Kaur, 2007). Mannanases are omnipresent in a wide range of microorganisms
isolated from different habitats, and have been classified into families GH5, GH26, GH113
and GH134 in CAZy (www.cazy.org; (Lombard et al., 2014)), where GH5 and GH26
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6.3 B-Mannanases

comprise the majority of all characterised mannanases. Although mannanases from different
families are diverse in terms of their protein sequence, they are similar in their three-
dimensional arrangement, sharing the (p/a)s-barrel fold, and are grouped in clan GH-A
(Dhawan & Kaur, 2007).

Both bacterial and eukaryotic mannanases have been classified as GHS, whereas GH26
mannanases are predominantly of bacterial origin (Dhawan & Kaur, 2007; Srivastava &
Kapoor, 2017). Some organisms produce multiple mannanases belonging to both GHS and
GH26, such as the fungus Podospora anserina (Couturier et al., 2013) and the bacteria
Bacillus licheniformis (Ethier et al., 1998; Songsiriritthigul et al., 2010) and Cellvibrio
japonicus (Hogg et al., 2003; Hogg et al., 2001). The functional differences between
mannanases encoded by the same species are often ambiguous. However, different functions
and biological roles have been suggested for five mannanases encoded by C. japonicus
(CjMan5A-C and CjMan26A&B) based on studies on oligosaccharides and well-defined
polymers. The actions of CjMan5A and CjMan26A were further studied in this work, and
evaluated in detail for the first time, employing polymeric and decorated mannan substrates
(Paper II).

Structure and modularity

Structural determination of mannanases from both GHS and GH26 has revealed solvent-
exposed active sites, with two strictly conserved glutamate residues serving as acid/base and
nucleophilic catalytic residues (Gilbert et al., 2008; Van Zyl et al., 2010). The open cleft-
shaped active site comprises at least four subsites that bind to specific sugars in the
polysaccharide, close to the site of the cleavage. The number of subsites and the substrate
specificity of the subsites have been reported to vary between the mannanases investigated
(Srivastava & Kapoor, 2017). An example is BsMan26A (from Bacillus subtilis), which has
a strong preference for mannose residues in subsite -2, whereas BaMan5A (from Bacillus
agaradhaerens) can accommodate either glucose or mannose in this subsite (Tailford et al.,
2009). The same behaviour has been reported for CjMan26A and CjMan5A; CjiMan26A
having a higher preference for mannose at subsite -2 than CjMan5A. The binding of
BsMan26A and CjMan26A to mannose is facilitated by polar interactions between the active
site and the axial OH-group of C2, not present in their GHS counterparts (Hogg et al., 2003).
GHS mannanases have therefore been suggested to be more promiscuous with regard to the
backbone composition of mannan polymers (Table 4).

Mannanases can be modular, commonly with a catalytic module linked to one or several
CBMs with affinity for the mannan backbone (e.g. CBM23, 27 and 35) or cellulose (e.g.
CBM1) (Dhawan & Kaur, 2007; Gilbert et al., 2008; Von Freiesleben et al., 2018). A few
mannanases are further fused to other catalytic modules (e.g. cellulase or xyloglucanase).
Many mannanases in both GHS and GH26 harbour only one individual catalytic module,
and it is in general difficult to observe any patterns in modularity amongst mannanases
(Gilbert et al., 2008).

Functional differences of mannanases

Variations in active site architecture and modularity have led to the suggestion of functional
differences between GHS and GH26 mannanases, but a larger number of mannanases from
different species will have to be studied to identify and ascertain the suggested functions.
Regarding the mannanases encoded by C. japonicus, all the GHS enzymes are modular with
CBMs. Additionally, they are secreted and display active sites with six or more subsites,
allowing longer substrates to bind. These features suggest that they act on polymeric
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6. Enzymes for selective mannan processing

mannan. CjMan26A&B, on the other hand, lack CBMs, are membrane bound and have
fewer subsites. They have therefore been proposed to favour soluble mannooligomeric
substrates (Table 4) (Hogg et al., 2003). The actions of CjMan5A and CjMan26A have been
investigated through studies on mannooligosaccharides and commercially available mannan
polymers (Hogg et al., 2003; Hogg et al., 2001). However, in order to explain their real
different biological roles, they will have to be evaluated on complex and biologically
relevant mannan polymers, i.e., substrates that are of industrial interest.

6.4 Mannanase action on complex mannan polymers

The performance of CjMan5A and CjMan26A was evaluated on the biologically and
industrially relevant SpGGM (Paper II). Detailed characterisation was also carried out on
KGM and LBG, used as complementary model substrates to SpGGM. Mannanase reactions
were performed with SpGGM, KGM or LBG, and the results were analysed using various
complementary methods. Reducing-sugar measurements provided reaction rate profiles
(discussed in detail in Paper II), while SEC and HPAEC-PAD allowed for the detection of
both longer and shorter oligosaccharides produced by the enzymes. SEC analysis confirmed
that both (CjManSA and C(jMan26A hydrolysed the mannan polymers into
mannooligosaccharides with DP < 10. HPAEC-PAD was used to detect smaller hydrolysis
products, and quantification of these products was possible using standards for mannose
(M1), mannobiose (M2), mannotriose (M3) and mannotetraose (M4). The limited
availability of standards and problems associated with co-elution prevented the
quantification of longer and heterogeneous oligosaccharide products.

Mannanase cleavage pattern of SpGGM

The product profiles provided by HPAEC-PAD differed significantly, not only between the
two enzymes, but also between the substrates. Several unidentified product peaks were
unique to the individual mannan polymers, in agreement with their different chemical
structures (Figure 24A, C, E). The levels of M1-M4 released (the products for which
standards were available) also varied between the enzymes and mannan polymers (Figure
24B, D, F). SpGGM was mainly hydrolysed to M3 and M4 by CjMan5A, while CjMan26A
produced large amounts of M1 and M2, similar to the cases for KGM and LBG (Table 4).

The hydrolysis profiles and product quantification for Sp GGM, KGM and LBG showed
common features, as expected, due to the structural similarities of these substrates. However,
some differences were also observed. CjMan26A-mediated hydrolysis of SpGGM and LBG
resulted in a significant increase of produced M2 compared to the hydrolysis of KGM. The
ability of CjMan26A to produce higher levels of M2 from SpGGM and LBG is likely to be
an effect of the higher content of mannose in the backbone compared to KGM, which favours
the affinity of CjMan26A to the substrate. C/Man26A generated a substantial amount of M3
and M4 from SpGGM, which was not observed for either KGM or LBG. The reason for this
is not clear, but could be a combination of glucose in the backbone, branching galactosyl
moieties and acetyl groups positioned in such a manner that the ability of the enzyme to
produce smaller oligosaccharides is hindered.

The cleavage patterns of CjManSA differed only marginally between SpGGM and
KGM/LBG, showing the release of M3>M4>M2>M1, in decreasing concentrations. This is
in agreement with CjMan5SA having a low specificity to the backbone composition. The
proposed functional differences between the enzymes, i.e., CjMan26A being able to
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6.5 The influence of acetylation on mannanase activity

hydrolyse shorter oligosaccharides, and CjManSA able to accommodate either mannose or
glucose in its active site, were supported by the results from all product profiles reported in
Paper II. When applying both mannanases together on KGM/LBG, the peaks identified as
M3 and M4 disappeared, while the M1 and M2 peaks increased (unpublished data). This
demonstrated the ability of CjMan26A to act on shorter oligosaccharides (produced by
CjMan5A), as reported previously (Table 4). Most importantly, these results clearly
demonstrate that mannanase action is highly substrate dependent, and underline the necessity
of evaluating these enzymes on a range of different mannan polymers in order to understand
their modes of action.
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Figure 24. Oligosaccharide product profiles obtained from mannanase-catalysed reactions using HPAEC-PAD
(left panel), and quantification of M1-M4 oligosaccharides (right panel) after 24-h reactions. The reactions
were performed with either GiMan5A (black) or CjMan26A (red) on KGM (A, B), LBG (C, D) or SpGGM
(E, F). The quantification data show that CjMan26A produces mainly M1 and M2, whereas CjMan5A produces
mainly M3 and M4, from all the mannan polymers investigated. The product profiles show differences in both
quantified and unidentified products between the substrates and the two enzymes.

6.5 The influence of acetylation on mannanase activity

SpGGM is decorated with galactose moieties and acetyl groups. The effect of these main
chain decorations on the action of different mannanases have been reported briefly
(Tenkanen et al., 1997; Tenkanen et al., 1995; Von Freiesleben et al., 2016; Von Freiesleben
et al., 2018), but it is still not known in detail how the acetylation of mannan polymers
influences mannanase hydrolysis. Reactions with CjMan5A and CjMan26A on the naturally
acetylated substrates SpGGM and KGM enabled the comparison of mannanase hydrolysis
on branched and linear mannan polymers with similar DSac (~0.1) (Paper II). Oligomeric
mass profiles (obtained using ESI-MS) provided information on enzymatically produced
hexooligosaccharides in terms of length and the number of acetyl groups linked to each
oligosaccharide.
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6. Enzymes for selective mannan processing

The resulting SpGGM spectra showed that CjMan26A was able to produce acetylated
disaccharides and diacetylated trisaccharides, suggesting it was more tolerant to acetyl
groups than CjMan5A, which was only capable of producing monoacetylated
oligosaccharides (Figure 25, Table 4). The product profiles for KGM, on the other hand,
showed that CjManSA was capable of producing smaller acetylated mannooligosaccharides
to a higher extent than CjMan26A, whereas no diacetylated products were observed with
either of the enzymes. These results are ambiguous, but indicate that the low DSac (~0.1)
probably did not affect either of the enzymes significantly. Structural factors, such as the
heterogeneity of the backbone or the presence of galactosyl side groups, probably have a
greater influence on the substrate specificity and enzyme action.

The insignificant effect of acetylation on mannanase action was confirmed by studying the
potential boosting effect of an acetyl esterase from Clostridium thermocellum (CtAxe2A) on
CjMan5SA or CjMan26A action. In agreement with the ESI-MS results, a low degree of
acetylation seemed to be a negligible obstacle for both CjMan5A and CjMan26A, especially
in the presence of galactose moieties. Only a minor initial increase in activity was observed
for CjMan5A on linear KGM when supplemented with CtAxe2A (Figure 5 in Paper II).

The boosting effect of an acetyl esterase on enzymatic SpGGM hydrolysis has been reported
previously (Tenkanen et al., 1995), indicating that acetyl groups can affect the
hydrolysability of decorated mannan polymers with higher DSac (~0.3) than the substrates
used in the present work. The effect of acetyl groups on mannanase hydrolysis has also been
demonstrated recently by Von Freiesleben et al. (2018). Ten fungal mannanases were
applied to acetylated and deacetylated SpGGM, and a higher initial rate was observed for
several of the mannanases on the deacetylated SpGGM than with acetylated SpGGM. Some
of the enzymes were, however, not affected by the degree of acetylation, which indicates
diverse substrate preferences amongst mannanases.
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Figure 25. Oligomeric mass profiling of SpGGM (A) and KGM (B) after 24-h hydrolysis with either CjMan5A
(black) or CjMan26A (red) (adapted from Figure 4, Paper II). H denotes the number of hexoses in the
oligosaccharide products and Ac the number of acetylations. CjMan26A was able to produce acetylated
disaccharides and diacetylated trisaccharides from SpGGM, in contrast to CjMan5A, which only produced
monoacetylated oligosaccharides. The product profiles of KGM, on the other hand, showed that C/Man5A was
capable of producing a larger number of smaller acetylated mannooligosaccharides than CjMan26A. No
diacetylated products were observed for either of the enzymes on KGM.
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6.6 Mannanases in a wood-based biorefinery

Chemically acetylated mannans and the effect on hydrolysability

In order to study the effect of higher DSac on mannanase performance, acetylated mannan
polymers were chemically prepared using commercially available KGM and LBG polymers
(as described in Section 6.1). Chemical acetylation indeed resulted in reduced substrate
hydrolysability compared to the native polymers (with both CjMan5A and CjMan26A),
measured with the reducing-sugar assay (Paper II). Acetylated KGMa, with DSac (~0.7),
showed a 20 % reduction in hydrolysability compared with native KGM, and the highly
acetylated KGMg, with DSac (~2.1), could not be hydrolysed (within the detection limit of
the assay). The reduction in hydrolysability was even more evident for the decorated LBG
substrate, which clearly shows how acetylation, especially combined with galactosyl
substitution, prevents the enzymes from acting on the polymers. The low substrate
hydrolysability of the chemically acetylated KGM and LBG is likely to be an effect of the
previously mentioned reduced solubility. It is also possible that the introduction of acetyl
groups at the C6 position of the sugars, not acetylated in native mannans, may affect the
ability of the enzymes to act. These results clearly show that chemical acetylation is an
effective means of limiting biodegradation, but it changes the solubility of the mannans.

6.6 Mannanases in a wood-based biorefinery

SpGGM can be hydrolysed into fermentable sugars, but has great potential in oligomeric
form in high-value applications such as prebiotics and food additives. Specific mannanases
have the potential to perform partial and controlled hydrolysis to a desired DP, but also to
alter the solubility and viscosity of mannan polymers. The two mannanases studied in this
work (Paper II) produced a range of oligosaccharides from the softwood-derived SpGGM
(from 1-10 hexose units). CjMan5A generated high amounts of M3 and M4, and could
therefore be a suitable candidate for the production of platform molecules. CiMan26A, on
the other hand, produced a large proportion of monosaccharides and disaccharides, already
during the first few minutes of the reaction, and might be better suited for the production of
fermentable sugars or for boosting the activity of other lignocellulolytic enzymes (Table 4).

The mannanases studied here may not be optimal for the valorisation of SpGGM, but it is
important to use authentic lignocellulosic substrates rather than simplified and well-defined
model substrates in order to identify mannanases appropriate for specific industrial
applications, as demonstrated here. Continued characterisation of mannanases on wood-
derived polymers is important in the search for enzymes with substrate specificities suitable
for use in the processing of woody biomass to desired end products.

Table 4. General substrate preferences of CjMan5A and C/Man26A together with the main products generated
by the hydrolysis of SpGGM (Paper II)

General substrate preferences CjManSA CjMan26A References
Backbone unit Man/Glc Man Hogg et al., 2003
DP! >4 >2 Hogg et al., 2003
Products from SpGGM CjManSA CjMan26A

Main mannooligosaccharides? M3/M4 M2 Paper 11
Monoacetylated hexooligosaccharides® H3/H4 H2/H3/H4 Paper 11
Diacetylated hexooligosaccharides® - H3/H4 Paper 11

! Required for kcat/Ky > 10° min™'M ™!
2 Products for which standards were available, quantified with HPAEC-PAD
3 With DP < 5, detected with ESI-MS
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7. Enzymatic decoupling of lignin and
hemicelluloses

The covalent linkages between lignin and hemicelluloses constitute a significant obstacle for
efficient processing of woody biomass and the extraction of wood polymers. Glucuronoyl
esterases (GEs), enzymes that specifically cleave lignin-carbohydrate (LC) ester linkages
(Figure 26), could therefore serve as important tools to either extract polymeric
hemicelluloses, or facilitate hydrolysis by other lignocellulosic enzymes. In order to evaluate
the biotechnological potential of GEs, it is necessary to understand their function on the
molecular level, as well as how they work in the plant cell wall. Research on this relatively
novel type of enzymes also requires fundamental insight on sequence diversity, structure-
function relationships and substrate specificity. Investigating the diversity and function of
GEs, to spread light on their biological role, was the major part of this work (Papers 111, IV,
V), as discussed in this chapter.
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Figure 26. GE-mediated LC ester cleavage (represented by a benzyl ester) resulting in the separation of lignin
from glucuronoxylan.

7.1 Discovery of GEs

The first glucuronoyl esterase was discovered during a stereochemical study of a GH67 a-
glucuronidase from Aspergillus tubingensis. The a-glucuronidase released 4-O-MeGIcA
from fragments of beechwood-derived glucuronoxylan, but was unable to act on
corresponding methyl-esterified glucuronoxylan. This demonstrated the necessity of a free
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carboxylic group on GlcA for the activity of the a-glucuronidase (Biely et al., 2000).
Liberation of 4-O-MeGlIcA from the ester-linked substrate was, however, observed after
incubation with a crude extract from the wood-rotting fungus Schizophyllum commune. This
suggested that S. commune produces an enzyme capable of hydrolysing methyl esters of
glucuronic acids. This hypothesis was proven true, and implied the discovery of the first GE,
ScGE!1 (Spanikova & Biely, 2006). ScGE1 was purified and found to be active on a range
of synthetic substrates of ester-linked glucuronic acids, thus the name glucuronoyl esterase.

Shortly after the discovery of ScGE1, the homologous sequence was found in the cip2 gene
of Trichoderma reesei. Cip2 had been described as a gene encoding for a protein with
unknown function, but was overexpressed in 7. reesei under the induction of cellulolytic and
hemicellulolytic enzymes (Foreman et al., 2003). The gene also contained a sequence coding
for a cellulose-binding domain (CBM1), which strengthened the theory of its involvement
in the degradation of plant biomass. The expression and characterisation of the catalytic Cip2
domain indeed confirmed it to be a GE (7rGE) (Li et al., 2007). TrGE was the second GE
characterised and the first to be structurally solved (Pokkuluri et al., 2011). Homologous
sequences have subsequently been found in both fungal and bacterial genomes, which have
led to the creation of the carbohydrate esterase family 15 (CE15) in CAZy.

To date, 12 years after their discovery, 28 GEs of bacterial and fungal origin have been
reported and characterised (Table 5). The first years of GE research were devoted solely to
fungal enzymes, whereas bacterial GEs have only recently started to be explored. This work
contributed by the characterisation of 11 bacterial GEs, i.e., more than a third of all
characterised GEs and the vast majority of all reported bacterial GEs (Papers IV, V).

Table 5. All characterised GEs, starting with the first reported and listed in chronological order

GE Organism Origin Characterisation® References
ScGE Schizophyllum commune Fungal® Model compounds Spanikova & Biely,
Polymeric substrate 2006
Spanikova et al., 2007
Wong et al., 2012
Duranova et al., 2009
Biely et al., 2015
D’Errico etal., 2015
D’Errico et al., 2016
TrGE Trichoderma reesei Fungal® Model compounds Lietal., 2007
(Cip2) (Hypocrea jecorina) Structure (PDB: 3pic) Duranova et al., 2009
Polymeric substrate Pokkuluri et al., 2011
Activity on biomass Biely et al., 2015
D’Errico et al., 2016
PcGE1 Phanerochaete Fungal® Model compounds Duranova et al., 2009
chrysosporium Hiittner et al., 2017
PcGE2 Phanerochaete Fungal® Model compounds Duranova et al., 2009
chrysosporium
StGE1 Sporotrichum thermophile Fungal® Model compounds Vafiadi et al., 2009
(Myceliophthora
thermophila)
StGE2 Sporotrichum thermophile Fungal® Model compounds Topakas et al., 2010
(Myceliophthora Structure (PDB: Charavgi et al., 2013

thermophila)
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PcaGE

PaGE1

CesA
CuGE

AaGE1
NcGE

MZ0003

WceGE1
AfGE
CsGE
PeGE
OtCE15A

OfCE15B
OfCE15C
OfCE15D
SICE15A

SICE15B
SICE15C
SuCE15A

SuCE15B
SuCE15C

TtCE15A

Phanerochaete carnosa

Podospora anserina

Ruminococcus flavefaciens
Cerrena unicolor
Acremonium alcalophilum
Neurospora crassa

Uncultured marine
bacterium

Wolfiporia cocos
Aspergillus fumigatus

Ceriporiopsis subvermispora

Pleurotus eryngii
Opitutus terrae

Opitutus terrae
Opitutus terrae
Opitutus terrae
Spirosoma linguale

Spirosoma linguale
Spirosoma linguale

Solibacter usitatus

Solibacter usitatus
Solibacter usitatus

Teredinibacter turnerae

Fungal®

Fungal®

Bacterial
Fungal®

Fungal®
Fungal®

Bacterial

Fungal®
Fungal®
Fungal®
Fungal®
Bacterial

Bacterial
Bacterial
Bacterial
Bacterial

Bacterial
Bacterial

Bacterial

Bacterial
Bacterial

Bacterial

Overexpressed in
plants

Model compounds

Polymeric substrate
Model compounds
Activity on biomass

Model compounds
Activity on LCCs
Model compounds

Model compounds
Structure (PDB:
6¢ehn)

Model compounds
Model compounds
Model compounds
Model compounds
Model compounds
Structure (PDB:
6grw, 6gs0)

Model compounds
Model compounds
Model compounds
Model compounds
Activity on biomass
Model compounds
Model compounds
Model compounds
Activity on biomass
Model compounds
Model compounds
Structure (PDB:
6gu8, 6gry)
Activity on biomass
Model compounds
Structure (PDB:
6hsw)

Tsai et al., 2012
Latha Gandla et al.,
2014

Katsimpouras et al.,
2014

Sunner et al., 2015
Biely et al., 2015
D’Errico etal., 2015
D’Errico et al., 2016
Mosbech et al., 2018
Paper I1I (2016)
Hiittner et al., 2017
Huynh & Arioka, 2016
Huynh et al., 2018
De Santi et al., 2016
De Santi et al., 2017

Hiittner et al., 2017
Huynh et al., 2018
Linetal., 2018
Lin et al., 2018
Paper IV (2018)

Paper IV (2018)
Paper IV (2018)
Paper IV (2018)
Paper IV (2018)

Paper IV (2018)
Paper IV (2018)
Paper IV (2018)

Paper IV (2018)
Paper IV (2018)

Paper V (2019)

*Including: biochemical characterisation/activity on model compounds, polymeric substrate, LCCs or biomass,
overexpression in plants and structural determination.

A Ascomycete

B Basidiomycete
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7.2 Phylogeny

All GEs characterised to date belong to the CE family 15 (CE15) in CAZy. CE15 enzymes
conform to the a/B-hydrolase fold and often share conserved catalytic residues in the active
site. They have distinctly different sequences and folds compared to enzymes in the other
CE families, with acetyl, feruloyl and pectin methyl esterase activities, and so far, all
characterised members have shown GE activity (Duranova, Spanikova, et al., 2009). The
family consists of bacterial and fungal members, with the exception of a CE15 sequence
from the archaeon Halorhabdus utahensis (Anderson et al., 2009). Agger et al. (2017)
recently proposed that plants have CE15-like proteins, due to the similar o/p-hydrolase fold,
but further investigations will be needed to determine whether they are actual esterases or
proteases (Agger et al., 2017).

The phylogeny of CE15 has been reported in a few articles. Several of these studies have
shown that CE15 enzymes are widespread, but not necessarily present in fungal genomes,
which indicates that they are not crucial for all fungi (De Santi et al., 2016; Dilokpimol et
al., 2018; Duranova, Hirsch, et al., 2009; Hiittner, Klaubauf, et al., 2017; Lin et al., 2018;
Monrad et al., 2018). In a recent phylogenetic study by Monrad et al. (2018), fungal CE15
sequences clustered into two clades. A larger and more diverse clade, with exclusively
bacterial targets (and the archaeal enzyme) was also identified, as well as a few small clades
containing a mixture of bacterial and fungal sequences. The close relation between bacterial
and fungal sequences in the mixed clades has been suggested to be the result of horizontal
gene transfer (Monrad et al., 2018).

The sequence diversity of CE15 was further investigated in the present work (Paper 1V).
All CE15 sequences available in CAZy at that time (July 2018: 239 entries, in Jan. 2019:
265 entries) were aligned, and a phylogenetic tree was constructed. This phylogenetic tree
displayed two clear fungal clades, in agreement with previous reports (Figure 27). The
fungal GEs characterised were present in the major clade, distant in sequence from many of
the bacterial targets. The bacterial CE15 sequences, which constitute the majority of all
CEL1S5 entries in CAZy, grouped into several distinct clades across the tree, with as low as 15
% sequence identity. Two previously reported bacterial GEs (Biely et al., 2015; De Santi et
al., 2016) were found in the middle section of the tree, but the major part was unmapped.
The large sequence divergence between the bacterial CE15 members and their fungal
counterparts raised questions on potential broader substrate specificities and novel activities
among the bacterial targets.

The likeliness of functional diversity within CE15 applies not only to enzymes from different
sources. Several microorganisms encode multiple CE15 enzymes (1-4 genes in a single
genome; (Lombard et al., 2014)), which indicates differences in the biological function of
CE15 enzymes within these organisms. The fact that multiple and non-redundant genes from
a range of CAZy families are present in the genomes of microorganisms, could also be
related to the highly complex and diverse structure of lignocellulose. The 11 bacterial CE15
enzymes described in this thesis originate from four bacteria with multiple CE15 genes:
Opitutus terrae, Spirosoma linguale, Solibacter usitatus (Paper 1V) and Teredinibacter
turnerae (Paper V). The enzymes are spread across the phylogenetic tree, and the sequence
identities were as low as 25 % (Figure 27).
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Figure 27. Phylogenetic tree including the CE15 catalytic domains found in CAZy. Clades shaded in blue
represent fungal CE15 members. Stars indicate structurally determined enzymes. The bacterial enzymes
characterised (Papers IV, V) are labelled with their protein names and colour coded: green (O.ferrae), magenta
(S. linguale), blue (S. usitatus) and turquoise (7. turnerae). These CE15 members were further grouped into
several clades, labelled 1-6. The two previously characterised bacterial GEs (MZ0003 and CesA) are found in
the middle of the tree. All characterised fungal GEs are located in the larger fungal clade (including the
structurally determined StGE2 and Cip2). (Figure courtesy of Johan Larsbrink.)

7.3 Chemical properties and modularity

The GEs characterised to date have shown pH optima in the acidic to slightly alkali pH range
(pH 5-8.5), and temperature optima between 35 and 60 °C. The typical molecular weight of
the catalytic domain of GEs is 40-50 kDa (Monrad et al., 2018). Several CE15 enzymes are
multi-modular, linked to CBMs or to enzymes with other functionalities. All CBM-
containing GEs characterised to date possess CBM1 (probably cellulose binding) at the N-
terminus. CE15 sequences that are connected to CE3 or CE6 acetyl xylan esterases and
various xylanases have been reported for a few bacterial species, such as the shipworm gut
bacterium 7. turnerae (Yang et al., 2009) and the anaerobe Ruminococcus flavefaciens 17
(Aurilia et al., 2000). CE15 sequences from Bacteroides species can be found as part of
predicted polysaccharide utilisation loci (PULSs) in the PUL data base (PULDB) (Terrapon
et al., 2018). Some of these PULs contain xylanases, but more interestingly, activities for
the degradation of rhamnogalacturonan are common, which indicates that CE15 enzymes
might be involved in the hydrolysis of ester linkages present in pectin.

7.4 Assaying GE activity

GE research has been hampered by the lack of relevant substrates and appropriate analytical
methods. However, some chromatographic and spectrophotometric assays are suitable for
the detection of GE activity on different ester-linked substrates. TLC has been used to study
GE activity qualitatively, while high-performance liquid chromatography (HPLC) has been
used for quantitative activity assessments on simple alkyl and aryl alkyl esters of GIcA
(Monrad et al., 2018). Four spectrophotometric enzyme-coupled assays have been described,
which have facilitated high-throughput screening of GEs ((Franova et al., 2016; Sunner et
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al., 2015), Paper 1V). The robust, coupled assay established by Sunner et al. (2015) was
improved and developed for operation in continuous mode in the present work (Paper 1V,
described in Chapter 5). The continuous monitoring of reactions allowed for rapid screening
and collection of kinetic data. The assay has the advantage of being compatible with
commercially available esters of GIcA, but with the limitation that the coupling enzyme
(UDH) 1s only able to detect the B-anomer of GE-generated GlcA. The two assays described
by Franova et al. (2016) allow for the detection of both a- and B-anomers, but require
substrate synthesis and in neither case has operation in continuous mode been reported.

Assays for the detection of GE activity on complex and native ester substrates are less well
developed, but various NMR techniques have been regarded as promising (as described in
Chapter 5). 1D NMR has been used to monitor the disappearance of methyl ester protons
from esterified glucuronoxylan upon GE treatment (Biely et al., 2015). In the present work,
3P NMR complemented with SEC, was used to demonstrate GE-catalysed cleavage of LC
esters extracted from spruce and birch (Paper III). HSQC was also used to detect GE
hydrolysis of benzyl esters in LCCs isolated from Japanese beech (unpublished data,
described in Section 7.8).

Commercial and synthetic model substrates

Model substrates relevant for assaying GE activity are based on GlcA compounds esterified
with alcohols of different complexity. Benzyl-, allyl-, and methyl-substituted GIcA esters
(BnzGlcA, AllylGlcA and MeGlIcA; Figure 28A-C) are commercially available, and have
been used as model substrates in several studies, including the present work (Papers IV, V).
BnzGIcA is regarded as the most relevant among the commercially available substrates, due
to its aromatic alcohol moiety, representing the lignin portion of LC esters. The commercial
substrates are simple o/B-anomer mixtures of GIcA (o-linked) and they lack the 4-O-
methylation present in native LC esters. The lack of substituent at the anomeric position
makes it possible for these substrates to undergo isomerisation, which has complicated TLC
and HPLC analysis by appearing as multiple spots/peaks. GE activity with BnzGIcA,
AllylGIcA, MeGIcA and also MeGalA (Figure 28D) was, however, successfully
demonstrated with the continuous coupled spectrophotometric assay (Papers IV, V).
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Figure 28. Commercially available model substrates used for assaying GE activity: BnzGIcA (A), AllylGlcA
(B) and MeGlcA (C). MeGalA (D) was included as a substrate to investigate the substrate promiscuity among
the putative GEs. The configuration of the C4 hydroxyl moiety is oriented differently in MeGalA (indicated in
blue). Red indicates the alcohol portion of the substrates.
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Chemical synthesis allows the use of more appropriate GE substrates, but often with the
drawback of several laborious synthesis steps. Chemically synthesised substrates have been
relevant in GE research through the addition of more complex aromatic alcohol moieties
(Nylander et al., 2016), the presence of 4-O-methylation (Spanikova et al., 2007) and by y-
linked esters (D’Errico et al., 2016; D’Errico et al., 2015) (Figure 29). However, problems
associated with substrate instability and limited solubility have been reported, and these
substrates have not been widely applied.

Plant biomass-derived substrates

The most relevant substrates for GE research are native LC esters present in plant biomass.
However, the estimated low abundance of LC ester bonds prevents their detection, and
enrichment through LCC isolation is required. Chemical degradation of the labile LC esters
has been reported to be problematic in many solvent-based extraction procedures (Balakshin
et al., 2014), but in later years milder fractionation protocols have been developed for various
types of plant material, including woody biomass (Giummarella et al., 2016). For enzymatic
reactions, it is important that the isolated LCC material is soluble in salt buffers as well as
in the solvent used in the subsequent analysis. In the present work (Paper III), water-soluble
LCCs from spruce and birch were isolated using the mild and universal protocol developed
by Giummarella et al. (2016). Fractionation was performed at near-neutral pH and low
temperature (80 °C) with the aim of preserving the native LCC structure. The chemical
composition of these LCC fractions is presented in Table 6.

Table 6. Mass balance and chemical composition of spruce and birch LCCs used as GE substrates (Paper III)

LCC Mass Lignin content Sugar content (%)* 4-0-MeGlcA
fraction balance (% of fraction)
(% of wood) Dioxane 96 % Total** Ara Gal Glc Xyl Man (% on
soluble xylan)
Spruce 10 1 15 34 55 165 173 573 35
Birch 10 4 13 1.7 3.1 123 753 7.6 1

* According to HPAEC-PAD
**(btained after acetobromination

Obviously, an isolated LCC fraction is only part of the whole LCC present in native
lignocellulose. Intact LCCs would therefore be the most natural substrate to use. However,
no methods have been reported that are sensitive enough for the detection of GE action on
non-isolated LCCs. Ball-milled plant biomass has been used for indirect measurements of
GE activity in boosting assays, where endo-xylanases or lignocellulolytic enzyme cocktails
were supplemented with GEs, and increased saccharification was observed (Paper 1V;
(D’Errico et al., 2016; Mosbech et al., 2018)).

7.5 Biochemical characterisation and substrate specificity

GE activity has been reported on alkyl and aryl alkyl esters of D-glucuronic acid in a handful
of studies. The following factors (structurally significant in native LCCs) have been
discussed in relation to substrate specificity: the length of the anomeric carbohydrate
substitution on the GIcA, the alcohol portion of the ester, 4-O-methylation of the GIcA and
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the type of ester linkage (a [benzyl] or y) (Figure 29) (D’Errico et al., 2016; D’Errico et al.,
2015; Huynh et al., 2018; Monrad et al., 2018).
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Figure 29. Esters of GlcA used as GE substrates. Ester of GlcA with highlighted key structures discussed in
relation to substrate specificity, with Ri (red): the alcohol (“lignin”) portion (either a- or y-linked), Rz (blue):
the anomeric carbohydrate substitution (“xylan”) and R3 (green): the position of 4-O-methylation (A).
Examples of synthesised esters of GIcA that have been used as GE model substrates, demonstrating different
types of alcohol portions, carbohydrate portions and ester linkages, as well as 4-O-methylation (B-D) (D’Errico
etal., 2015, Nylander et al., 2016, Spanikova et al., 2007).

Fungal GEs

In the early years of GE research, activity was assayed on a variety of simple methyl esters
of GIcA (Duranové, Hirsch, etal., 2009; Li et al., 2007; épénikové & Biely, 2006; épénikové
et al., 2007; Topakas et al., 2010; Vafiadi et al., 2009; Wong et al., 2012). Based on the
results of these studies, it was suggested that GIcA recognition was critical for GE activity,
demonstrated by the lack of activity on GalA esters (Duranové, Hirsch, et al., 2009; Wong
et al., 2012).

The importance of the character of the alcohol portion has been studied by assaying fungal
GEs on GIcA substrates esterified with bulky aromatic alcohols (to mimic the nature of
native LC esters). Increased affinity of GEs to substrates with larger alcohol portions has
been reported in several cases (D’Errico et al., 2015; Hiittner, Klaubauf, et al., 2017;
Nylander et al., 2016). 4-O-methylation has been reported as another important structural
feature for increased substrate specificity (D’Errico et al., 2015; Duranova, Hirsch, et al.,
2009; Huynh et al., 2018; épénikové et al., 2007), while the length of the xylan portion
linked to the anomeric position of the GIcA seems to be less important for fungal GE activity
(Biely et al., 2015; Spanikova et al., 2007). Only limited kinetic information is available
when y-linked esters are used as GE substrates, and it has still not been confirmed whether
the type of ester linkage is important for GE activity (D’Errico et al., 2015; Huynh & Arioka,
2016; Huynh et al., 2018). One case of feruloyl esterase side activity has been described for
CuGE from Cerrena unicolor (Mosbech et al., 2018), but fungal GEs with other side
activities have not been reported.
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The reported kinetic parameters for fungal GEs on a range of model substrate vary: K=0.25-
80 mM and k.=0.2-285 s’'; the highest catalytic efficiencies being observed on 4-O-
methylated esters of GlcA (Monrad et al., 2018). The trends in substrate specificity should,
however, be interpreted with caution, due to the lack of studies using directly comparable
model substrates and experimental setups. A handful of GEs have been assayed on the
substrate BnzGlIcA, allowing for kinetic comparison between candidates. The kinetic
parameters for fungal GEs on BnzGIcA are summarised in Table 7, together with values
obtained for bacterial GEs in this work (Papers IV, V). The characterised fungal GEs in
general show low values of k../Ky on BnzGlcA, which might indicate that these enzymes
are more efficient on larger LCC fractions found in nature, but is also likely to be an effect
of the lack of 4-O-methylation in BnzGIcA.

Table 7. Kinetic parameters for selected bacterial and fungal GEs on BnzGlcA, listed in order of increasing
catalytic efficiency (kca’Kum). The bacterial GEs (indicated by an asterisk) in general have higher kc./Ky values
than their fungal counterparts, and many of them also have exceptionally low K values.

Enzyme Ky (mM) Keat (s) kea/Ku (s'"mM™) Reference
SICE15C* 7.6 0.74 0.097 Paper IV

PcGEL1 2.9 0.37 0.13 Hiittner et al., 2017
NcGE 35 8.4 0.24 Huynh et al., 2018
AaGEl 1.7 0.79 0.46 Hiittner et al., 2017
PaGEl 12 7.8 0.64 Sunner et al., 2015
AfGE 16 24 1.5 Huynh et al., 2018
SICE15A* 6.0 11 1.9 Paper IV
SICE15B* 0.62 1.6 2.6 Paper IV
OtCE15A* 4.2 19 4.6 Paper IV
OtCE15D* 0.61 6.2 11 Paper IV
OtCE15C* 0.45 5.2 12 Paper IV
SuCE15A* 0.42 9.3 22 Paper IV
SuCE15C* 2.6 58 23 Paper IV
TtCEI5A* 3.5 130 38 Paper V

*Bacterial GE

Bacterial GEs

Two bacterial CE15 enzymes had been studied previously to this work, CesA from R.
flavefaciens and MZ0003, isolated from a marine Arctic metagenome (Biely et al., 2015; De
Santi et al., 2016). Both of them have been characterised as GEs, but with reported acetyl
esterase activity, not observed for any fungal GEs. The broader substrate specificity of CesA
was suggested to be an effect of its multimodular nature, with a C-terminal domain with GE
activity (Biely et al., 2015) and an N-terminal domain with acetyl xylan esterase activity
(Aurilia et al., 2000). The single domain MZ0003, has been shown to be more active on
pNP-acetate than on esters of GIcA. However, the GE activity was only assessed
qualitatively and more detailed kinetic data would be required to draw any conclusions on
the substrate specificity of MZ0003 (De Santi et al., 2016). In the work described in this
thesis, eleven novel bacterial GEs were biochemically characterised (Papers IV, V), which
contributed significantly to our knowledge on GEs from this kingdom and to the diversity
of GEs across CE15.

Novel and diverse substrate specificities of GEs across CE15

So far, GE activity is the only enzyme activity that has been found in CE15. However, this
has been based on biased sampling of closely related CE15 members of almost exclusively
fungal origin. The purpose of the investigations reported in Papers IV and V, was to gain
knowledge on CE15 by characterising bacterial enzymes distributed throughout the family.
The studies were initiated with the assumption of discovering broad substrate specificities
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and possible new activities among the candidates. Eleven CE15 enzymes encoded by four
bacteria (OtCE15A-D, SICE15A-C, SuCE15A-C (Paper IV) and 7TtCE15A (Paper V)) were
selected for cloning and expression, and were assayed on the substrates BnzGIcA,
AllylGIcA, MeGlcA and MeGalA. Assays were also performed with pNP-Ac, to test for
acetyl esterase activity reported for previously characterised bacterial GEs.

The eleven enzymes studied were all confirmed to be GEs, and several of them exhibited
extremely high catalytic efficiencies on the model substrates. A few of them demonstrated
strict substrate preferences, whereas others were found to be more promiscuous. However,
only trace amounts of acetyl esterase activity were observed, confirming their specificity
towards substrates of uronic acids. The kinetic parameters for the GEs encoded by O. ferrae,
S. linguale and S. usitatus are presented in Table 1 and Table S2, in Paper IV, illustrating
the diversity in substrate affinity and turnover rate of GEs within one genome.

It was clearly shown that GEs belonging to similar/closely related clades in the phylogenetic
tree (Figure 27) shared substrate preferences (e.g. a preference for benzyl substituents, able
to hydrolyse MeGalA; Table 8). Five of the enzymes (OtCE15C & D, SuCEI15A & C and
TtCE15A) showed exceptionally high catalytic efficiencies on BnzGlcA (10-40 s'mM1),
1.e., 10-100 times higher than for fungal GEs assayed on the same model substrate (Tables
7 & 8). Fungal GEs with k../Kuy values in this range have only been reported for 4-O-
methylated substrates (D’Errico et al., 2016; D’Errico et al., 2015; Duranova, Hirsch, et al.,
2009; Wong et al., 2012). A large proportion of the bacterial enzymes were also highly active
on allyl- and methyl-substituted GIcA substrates (especially SuCE15C), and did not
discriminate between the type of ester substitution (benzyl, allyl or methyl) (Table 8).

The benzyl moiety has been described to be crucial for fungal GEs, but a broad range of Ki
values has been reported (~2-80 mM). The bacterial GEs exhibited much lower and a more
narrow distribution of Kjs values on BnzGIcA (down to 0.4-0.6 mM). These low K values
suggest that 4-O-methylation might be less crucial for the substrate specificity of these GEs.
This observation is interesting in relation to the glucuronoxylan composition in different
plant sources. In xylan from poplar (Populus), all the GlcA substituents are 4-O-methylated,
in contrast to Arabidopsis xylan, where only 60-70 % of the GlcA substituents are 4-O-
methylated (Urbanowicz et al., 2012; Yuan et al., 2014). GEs with different preferences for
4-O-methylation might therefore be of biological relevance for the hydrolysis of LC esters
from different plant sources with different characteristics.

Some of the investigated bacterial GEs were only active on esters of GIcA, as expected, but
several of them were highly efficient on MeGalA (Table 8). This substrate promiscuity, not
reported for fungal GEs, indicates that the configuration of the C4 hydroxyl moiety is of
minor importance for some GEs. Significant diversity was observed among the bacterial
GEs in terms of substrate specificity, but characterisation on complex and complementary
model substrates is required to give a more complete picture of their individual substrate
preferences and possible functional differences.
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Table 8. Catalytic efficiencies of characterised bacterial GEs on esters of GIcA and GalA (Papers IV, V). The
shading indicates the level of efficiency, from dark green (highest) to dark orange (no activity). GEs from
clades 3 and 5 are indicated by an asterisk, and exhibited exceptionally low K values on BnzGIcA (< ImM).

Enzyme Clade BnzGlcA AllylGlcA MeGlcA MeGalA
OrCE15B 1 s s + +
OtCE15A 2

SICE15A 2

OtCE15C* 3
SuCE15A* 3

SICE15C 4 ++

SuCE15B 4 )

TtCEI5A 4

OrCE15D* 5

SICE15B* 5

SuCE15C 6

7.6 Structural determination

To date, two fungal GEs and four bacterial GEs have been structurally solved using X-ray
crystallography. The fungal GEs are: 7GE (Cip2) from T. reesei (Hypocrea jecorina) (PDB:
3pic) (Pokkuluri et al., 2011) and StGE2 from Thermothelomyces thermophila (previously
Sporotrichum thermophile) (PDB: 4gdg, 4g4i1 and 4g4j) (Charavgi et al., 2013), and the
bacterial GEs are MZ0003 (PDB: 6¢ehn; cloned from a marine metagenome) (De Santi et al.,
2017), OtCE15A (PDB: 6grw and 6gs0), SuCE15C (PDB: 6gry and 6gu8) and TtCE15A
(PDB: 6hsw). The last three bacterial enzymes were crystallised and their structures
determined as part of a fruitful collaboration with Dr Scott Mazurkewich and Professor Leila
Lo Leggio (Papers IV, V), thus doubling the number of solved GE structures.

Overall structures

All structurally determined GEs share the o/p-hydrolase fold, consisting of a three-layer oo
sandwich with the active site, comprising the catalytic triad, present in a solvent-exposed
cleft. The solved bacterial structures differ significantly from the two fungal ones, namely,
in the insertion of 3-4 regions (Regl-3 and RegN). Regl-3 are present in all bacterial
structures (Papers IV, V; (De Santi et al., 2017)), whereas RegN was found only in the
structure of Tt*CE15A (Paper V) (Figure 30A-B).

The flat surface exposed catalytic site of the fungal GEs (77GE and StGE2), suggests the
ability of these enzymes to act on large and/or relatively intact LCC polymers (Figure 30C).
The substrate pocket of the bacterial GEs is deeper, due to the presence of Reg2, which
might indicate that smaller fragmented LC esters are the preferred substrates. Regl and Reg3
have analogous shapes and high sequence similarity in all the bacterial GEs structurally
determined so far, but Reg2 contains a much longer helix in 7/CE15A and forms an even
deeper active site pocket. The side of Reg2 facing the pocket contains several hydrophobic
residues, potentially involved in the interaction with lignin. The other side, facing the
solvent, has a more hydrophilic character. RegN, present in TtfCE15A, is located opposite
Reg2 and contributes to additional deepening of the pocket (Figure 30A-B). RegN consists
of several hydrophilic residues with the suggested potential to participate in the interaction
with carbohydrate structures.
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7.6 Structural determination

The two fungal structures exhibit three disulphide bridges close to the catalytic site, which
contribute to the rigidity of the architecture. No disulphide bridges were found in the
bacterial structures, which has been interpreted as the explanation of their flexibility and
broader substrate specificity (De Santi et al., 2017). However, multiple sequence alignments
indicated that disulphide bridges were present in several bacterial CE15 enzymes, e.g. in
TtCE15B and TtCE15C (encoded by the same species as TtCE15A) (Paper V), suggesting
that some bacterial CE15 enzymes might be more similar to their fungal counterparts in
terms of structure and also substrate specificity. Future structural GE determinations may
elucidate these structural elements, providing a better understanding of the differences and
similarities between fungal and bacterial GEs.

Figure 30. Overall structure (A) and space-filling representation (B) of 7tCE15A (Paper V). Inserted regions
relative to the fungal GEs (N, 1, 2 and 3) are coloured in orange, magenta, cyan and green. The space-filling
representation of StGE2 (C) displays the flat surface exposed catalytic site compared to T*CE15A. The 4-O-
methyl glucuronoate substrate, shown as green sticks, was generated from structural alignment with the co-
crystallised structure of StGE2 (PDB: 4g4j). The overall structures of OtCE15A and SuCE15C are similar to
that of 7tCE15B, but lack region N (Figure 2 in Paper IV). (Figures courtesy of Scott Mazurkewich.)

Active sites

All the solved structures confirm that GEs are serine-type hydrolases, with the conserved
nucleophilic serine in a novel consensus sequence: G-X-S-R-X-G-K, compared to the
classical G-X-S-X-G serine motif commonly found in carboxyl esterases (Bornscheuer,
2002). The basic active site residue histidine is also highly conserved in all GE structures.
Based on studies of fungal GEs, it has previously been believed that a glutamate (in this
work called the canonical glutamate) was conserved, probably acting as the acidic regulator
of the basic character of the histidine (Figure 31). However, the position of the glutamate in
MZ0003 is occupied by a cysteine, and the acidic residue of the triad has been confirmed by
mutagenesis to be an aspartate (a position occupied by isoleucine in both fungal GEs) (De
Santi et al., 2017).
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Figure 31. Schematic illustration of the catalytic triad in serine-type hydrolases. In GEs, the acid residue is
represented by aspartate or glutamate, the base by histidine, and the nucleophilic attack is performed by a
serine. The so-called “oxyanion hole” of the ester was found to be stabilised by an arginine from the ligand
complex of StGE2.

The active sites of the bacterial structures solved within this work (Papers IV, V) have some
similarities, but also differ from each other, and from previously solved structures (Figure
32). The canonical glutamate was observed present in both OfCE15A and SuCE15C (Paper
IV), but not in 7tCE15A. Instead, a glutamate was found in the same position as the aspartate
in MZ0003, confirmed by mutagenesis to be catalytically involved (Paper V). Interestingly,
it was observed that, in addition to their canonical glutamate residues, OtCE15A and
SuCE15C contained aspartate residues in the equivalent position to the 7fCE15A glutamate.
However, it has not yet been determined whether the aspartate or the canonical glutamate of
these GEs is involved in the catalytic triad.
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Figure 32. Catalytic residues in selected structurally determined GEs: TtCE15A (Paper V) (A), OtCE15A
(Paper 1IV) (B), MZ0003 (C) and StGE2 (D). A methyl ester of 4-O-methyl glucuronoate is generated from
structural alignment with the ligand complex of StGE2 (PDB: 4g4j). The acidic residues are indicated by black
arrows. (Figures courtesy of Scott Mazurkewich.)

The only structure of a CE15 enzyme that comprises a ligand in its active site is represented
by the S213A variant of StGE2 in a complex with a methyl ester of 4-O-methyl glucuronoate
(PDB: 4g4j) (Figure 33A) (Charavgi et al.,, 2013). Several hydrogen bonds, from the
substrate analogue to the active-site residues, were found in the complex, and the catalytic
triad is positioned in an orientation described as “ready for nucleophilic attack”. The 4-O-
methoxy group exhibits several van der Waals interactions with residues in the active site in
StGE2, suggesting the importance of 4-O-methylation in substrate recognition.
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7.6 Structural determination

There are variations in the active site residues between all GEs, but it is interesting to bring
up important residues in the StGE2 ligand complex that are conserved across the solved
structures (Figure 33A-B). These include an arginine positioned next to the catalytic serine
in the consensus sequence, suggested to stabilise the so-called oxyanion hole during
hydrolysis (Figure 31), and a lysine that is hydrogen bonded with the 3-OH and the 4-O-
methoxy oxygen. In addition to the lysine, a closely positioned hydrophobic patch has been
suggested to be important for the correct positioning of the 4-O-methoxy moiety. These
hydrophobic residues are conserved in all the fungal GEs characterised to date and were also
observed in TtCE15A (Paper V). The equivalent space in OtCE15A and SuCE15C was
occupied by smaller residues and the non-canonical aspartate. It was suggested in Paper IV
that the acidic aspartate could facilitate binding to non-methylated substrates, which
strengthens the hypothesis that 4-O-methylation may not be relevant for these GEs.

The structures of OtCE15A and SuCE15C revealed a phenylalanine (Phe141 and Phel3S5,
respectively) within the pocket formed by Reg2 (Figure 2 in Paper IV). This residue was
shown to be conserved in MZ0003 (Phel17), but not in the fungal GE structures. However,
the orientation of the co-crystallised ester substrate in the StGE2 ligand complex suggested
a potential binding interaction with the phenylalanine in the bacterial GEs and an aromatic
lignin substituent. To investigate the potential lignin-binding role of the phenylalanine
residue and to look for other putative lignin- and carbohydrate-binding sites, docking
simulations were performed with OfCE15A and SuCE15C with a benzyl ester of 4-O-
methyl-glucuronoxylotriose (Figure 33C) (Paper IV).

The simulations indeed confirmed stacking of the aromatic benzyl moiety on top of the
Phel41 and Phel35 in the two enzymes. The carbohydrate portion of the substrate analogue
(xylotriose) was more variable in its binding poses, but consistently stacked against a
tryptophan residue (Trp358 in OtCE15A and Trp348 in SuCE15C). The tryptophan is
conserved across both fungal and bacterial GE structures, and has also been reported to
participate in hydrogen bonding to the glucuronoate moiety in the StGE2 ligand complex
(Charavgi et al., 2013). The docking results therefore suggested important interactions with
LC esters by two key residues in the bacterial GEs, the “lignin-stacking” phenylalanine and
the “glucuronoxylan-binding” tryptophan.

Figure 33. The active site of StGE2, co-crystallised with a methyl ester of 4-O-methyl glucuronoate (Charavgi
et al., 2013) (A), compared with the active site of TtCE15A (Paper V) (B). Residues belonging to the catalytic
triad are labelled in red, the “glucuronoxylan-binding” tryptophan in blue, the “lignin-binding” phenylalanine
in green, and selected conserved residues that bind to the glucuronate moiety in black. Docking simulation of
OrCEI15A (Paper 1V) with a benzyl ester of 4-O-methyl-glucuronoxylotriose (C) demonstrated the stacking
of the benzyl moiety against a phenylalanine and the xylotriose portion against a tryptophan, residues that are
conserved in all the solved bacterial GE structures. (Figures courtesy of Scott Mazurkewich.)
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7. Enzymatic decoupling of lignin and hemicelluloses

Investigation of key residues for substrate interaction

The docking study described above (Paper IV), raised questions and suggested hypotheses
on key interactions between enzyme residues and the substrate. The characterisation of the
novel GE from 7. turnerae (TtCE15A) was initiated at that time. Its structure revealed the
presence of the conserved phenylalanine and tryptophan residues (Phel74 and Trp376),
similar to OtCE15A and SuCE15C, observed to interact with the aromatics and
carbohydrates in the docking study. 7tCE15A was therefore subjected to mutagenesis to
investigate the potential involvement of Phel74 and Trp376 in substrate interaction (Paper
V).

Four enzyme variants were created, by substituting “the lignin-stacking” Phel74 or “the
glucuronoxylan-binding” Trp376 with alanine or aspartate. The wild-type enzyme and the
mutated variants were compared in terms of their activity on model substrates and the
inhibition of their action on BnzGIlcA by aromatic and carbohydrate compounds. All
mutations resulted in 7tCE15A being catalytically impaired, indicating the importance of
Phel74 and Trp376 for the catalytic function of the enzyme. Inhibition studies on the wild-
type enzyme, revealed the interaction of 7#/CE15A with various aromatic compounds and a
GlcA-appended xylotriose (XUXXR), drastically reducing the GE activity. Moreover,
comparison of the wild-type enzyme and the mutated W376A variant showed that the
presence of Trp376 was required for inhibition by XUXXR (Table 2 and Figure 4D in Paper
V). Xylotriose alone inhibited neither the mutated or the wild-type version of 7tCE15A, and
GlcA was therefore suggested to be crucial for carbohydrate recognition by Trp376.

The results of inhibition studies with aromatic compounds and Phel74 variants of the
enzyme were ambiguous, and the involvement of the phenylalanine in binding to these
aromatic structures could not be elucidated (Table 2 and Figure 4A-C in Paper V). The
mutated Phel74 variants were catalytically inhibited by several of the aromatic compounds
(similar to, or even more than the wild-type enzyme), possibly due to interactions between
other active site residues and, for example, methoxy groups present in some of the aromatic
compounds. This work did not provide a complete answer regarding the key residues
involved in carbohydrate and lignin recognition, but constitutes a first and important step
towards revealing detailed enzyme-substrate interactions. Further mutational studies are
required to investigate the key residues in GEs, and as more enzyme structures become
available, new target residues suitable for examination will be exposed.

7.7 The biological role of GEs

Since the discovery of GEs, researchers have strived to elucidate the biological role of these
enzymes. Understanding their function and diversity in nature would provide fundamental
insight into this class of enzymes.

GE:s from diverse habitats

The function and the enzymatic mode of action during biomass degradation is likely to be
related to the environments in which GE-encoding organisms are found. Bacterial CE15
genes, for example, are encoded by organisms found in diverse habitats (soil, forests,
farmland, marine environments, the gastrointestinal tract of animals, etc.), which suggests a
considerable variation in biological function and substrate specificity. A phylogenetic study
including over 1000 CE15 gene sequences has shown that CE15 genes often originate from
coprophilic fungal species (Agger et al., 2017). The ecological habitat of coprophilic fungi
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7.7 The biological role of GEs

is the droppings of herbivores, containing biomass already highly processed in the gut of the
animal. The GE-mediated release of 4-O-MeGIcA to increase the yield of carbohydrates
from lignin may therefore be important in these species. Coprophilic fungi could serve as
attractive sources of GEs, to decouple intertwined parts of lignocellulosic material. CE15
sequences are also frequently found in white-rot fungi and some brown-rot fungi. Brown-
rot species produce relatively few glucuronoxylan-degrading enzymes and are poor lignin
degraders. Their inability to degrade lignin and hemicellulose to the same extent as other
fungal species suggests a different mode of action of the GEs from these fungi. Additionally,
brown-rot fungi often attack conifers, and they may, therefore, be interesting in the discovery
of GEs active on LC esters from softwood (Agger et al., 2017; Singh & Singh, 2014).

Factors regulating the production of GEs

The fact that several organisms (both fungal and bacterial) encode multiple, non-redundant
CE15 enzymes raises questions: firstly, biological differences across CE15 and secondly,
different roles within one organism. Upregulation of CE15 genes has been observed in
microorganisms when grown on lignocellulosic material (including softwood and
hardwood) (Couturier et al., 2015; Hiittner, Nguyen, et al., 2017), but a detailed
understanding of the factors that regulate the transcription of these genes is still lacking. An
initial transcriptomic study was performed in the present work, including three CE15
enzymes originating from S. linguale. S. linguale was grown on glucose, xylose, corn cob
xylan and ball-milled corn cob biomass, and the expression levels of sicel5a-c were
quantified (Paper IV).

The results indeed revealed differences in transcription levels for the three genes compared
to growth on glucose. The expression of sicel5a increased twofold when grown on ball-
milled biomass, while slcel5c showed an increased response with all the xylose-containing
carbon sources. The expression of slcel/5b was similar under all growth conditions (Figure
34). The differences in gene regulation in combination with the diverse substrate specificity
of the three SICE15 enzymes support the hypothesis of their various functions (e.g. activity
on LCCs of different size or from specific biomass sources).

The transcription responses of slcel5a and slcel5c led to the hypothesis that SICE15A
(triggered by growth on complex biomass) acts more readily on large intact LCCs, whereas
SICE15C (also triggered by xylose residues) may instead act mainly on smaller LCC
fragments. It is still unclear what upregulates the expression of slcel5b. This gene might be
constitutively expressed, but experiments on other types of carbon sources could possibly
provide more information on the function of SICE15B. Extensive transcriptomic studies and
the investigation of a larger number of CEl5-encoding organisms could provide
comprehensive information on the biology behind the expression of various GEs.
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Figure 34. Change in CE15 gene expression (slcelSa, slcel5b and sicel5c) in S. linguale cells grown on xylose
(blue), corn cob xylan (yellow), and corn cob biomass (green), normalised to growth on glucose (red). The
RNA polymerase sigma factor rpoD served as reference gene for the quantitative polymerase chain reaction.
Error bars represent the SEM of triplicate measurements.

7.8 GE activity on native lignocellulose

Investigations of sequence diversity, gene expression and substrate specificities on model
substrates provide indications concerning diverse functions that may reflect differences in
the preferences of GEs for biological substrates. However, the main question of whether
GEs are active on native LC esters can only be answered by demonstrating their activity on
LCCs in plant biomass. A large part of the present work was, therefore, focused on the
detection of GE-catalysed LC ester hydrolysis (Papers III, IV).

Indications of GE activity

A few indirect methods have been used to verify the activity of GEs on plant biomass. One
approach has been to study the overexpression of the fungal GE PcaGE from Phanerochaete
carnosa in plants (Arabidopsis and poplar). The results showed altered cell-wall properties
and facilitated separation of lignin from the carbohydrate fractions, explained by reduced
lignin-carbohydrate crosslinking (Latha Gandla et al., 2015; Tsai et al., 2012). Another way
of demonstrating the biological role of GEs has been to confirm the contribution of these
enzymes in plant biomass saccharification. 7#GE (Cip2) from 7. reesei has been reported to
be determinative for the efficient hydrolysis of corn fibre (Lehmann et al., 2016), and when
cellulolytic and hemicellulolytic enzymes were supplemented with GEs in reactions with
plant biomass, an increased release of monosaccharides has been observed (discussed in
detail in Section 7.9) (Paper IV; (D’Errico et al., 2016; Mosbech et al., 2018)). Furthermore,
the release of aldouronic acids from lignin-enriched birch wood by a GE from Cerrena
unicolor, has recently been reported, verifying LC ester cleavage by product release from a
native substrate (Mosbech et al., 2018).

Detection of LC ester cleavage

Direct detection of LC ester cleavage would obviously be the best way to confirm the
proposed biological role of GEs, but it is necessary to use combined approaches and
complementary analytical tools due to the lack of appropriate detection methods.
Furthermore, the enrichment of LCCs is key to overcoming the problems associated with the
low abundancy of LC esters in plant biomass. These strategies were applied in this research
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7.8 GE activity on native lignocellulose

in order to demonstrate GE activity on biologically important LC esters. The combination
of NMR techniques and SEC was successful in demonstrating the cleavage of LC ester bonds
extracted from spruce and birch (Paper III). A recombinantly produced GE from the fungus
Acremonium alcalophilum (AaGE1) was incubated with the LCC material, and the reaction
products analysed. The release of lignin from the carbohydrate fraction was confirmed by
SEC, and the increase in COOH was detected upon GE treatment using >'P NMR (Figure
35). The increase in COOH indeed demonstrated the esterase activity of AaGE1, and HSQC
verified that the increase in COOH was not an effect of acetyl esterase activity.

Recently obtained data also showed that the combined action of bacterial GEs (SuCE15C or
TtCE15A) and a GH115 a-glucuronidase released 4-O-MeGlcA from birch-derived LCCs.
The release of 4-O-MeGIcA was detected and confirmed by TLC and LC-MS (unpublished
work from collaboration with Professor Master’s group at Toronto University). Although it
can be questioned whether this constitutes direct proof, the use of new and combined
detection techniques makes the findings of this research the most reliable evidence of GE
activity on native LC esters to date.

Alipha}ic -OH Aliphatic-OH [Phenolic-OH| CO-OH
[ ) (mmol/grcc)
Spruce LCC 9.18 0.26 0.29
Spruce LCC AaGE1 LCC treated 9.53 0.26 0.61
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Figure 35. 3'P NMR spectra of phosphitylated LCCs from spruce before and after treatment with 4aGE1. The
dotted box (at 136 ppm) indicates the region in which carboxylic-OH (COOH) is identified. The concentrations
of hydroxyl groups before and after enzymatic treatment presented in the table were calculated by
normalisation to the internal standard (N-hydroxy-5-norbornene-2,3-dicar-boximide). The concentration of
COOH increased twofold upon treatment with AaGE1. Similar results were obtained for birch-derived LCCs
(Figure 3B in Paper III).
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Detection of LC ester cleavage by 2D NMR

2D NMR techniques have been regarded as promising methods (and by some, as possible
direct methods) of assaying GE activity on native LC esters. However, the heavily
overlapped y-ester signal has been a problem. The a-linked benzyl ester is located in a less
noisy region, but has only rarely been observed in 2D NMR spectra from LCCs. However,
the research group of Professor Watanabe at Kyoto University has achieved HSQC spectra
with a clear benzyl ester signal when studying LCCs extracted from Japanese beech (Figure
36A). The same LCC fractions were used for reactions with SuCE15C. SuCE15C was
applied to the LCC material at increasing concentrations and incubated for 48 hours, after
which the reactions were analysed with HSQC. The HSQC spectra obtained clearly showed
a signal that could be assigned to the benzyl ester, which decreased with increasing
concentration of SuCE15C (Figure 36B-D). These results clearly show the action of
SuCE15C on native benzyl esters, and the potential of HSQC as a method of detecting GE
activity. However, replicate experiments on LCC materials containing benzyl esters, and
preferably also y-ester (frequently detected with 2D NMR and possibly biologically more
relevant) must be performed to confirm these findings.

A) Untreated LCC  B) 0.2 yM SuCE15C  C) 2.0 yM SuCE15C D) 20 yM SuCE15C
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Figure 36. HSQC spectra from GE-treated LCCs isolated from Japanese beech (48-h incubations). The red
circle indicates the region identified as the benzyl ester. The signal assigned to benzyl esters in native LCCs
(A), can be seen to decrease with increasing concentration of the SuCE15C (B-D). (Figures courtesy of Hiroshi
Nishimura.)

7.9 Biotechnical potential of GEs

The demonstration of the action of GEs on LC esters indicates their industrial potential as
delignifying agents in a wood-based biorefinery. However, the industrial benefit of these
enzymes has been less well-explored. In this work, the potential boosting effect of GEs was
investigated, and improved enzymatic saccharification of biomass was observed when
adding GEs as auxiliary enzymes. The hemicellulolytic cocktail Ultraflo®, rich in xylanases
and cellulases, was used in reactions with ball-milled corn cob (a plant biomass rich in
xylan), with or without the supplementation of GEs (Paper IV). An increase in xylose and
arabinose release was observed in the GE-enhanced reactions (Figure 37), likely due to
enhanced enzymatic access to the xylan polymer after separation from the lignin. However,
the GEs were not only capable of boosting the xylan-acting enzymes, but also acted
synergistically with the cellulolytic enzymes, as evidenced by a significant increase in
glucose yield (Figure 37). This suggests that there is a close relation between chemical
structures and the ultra-structure in lignocellulose, and that changes at one level affects the
other. However, it is not known whether GEs act prior to, in concert with, or after, xylanases
in separating lignin from xylan. Temporally resolved assays, in which the enzymes are added
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7.9 Biotechnical potential of GEs

in different orders and in different combinations could provide the answer to this question.
Using GEs to boost enzymatic saccharification on an industrial scale must be economically
feasible, and the identification of, or engineering to achieve, more efficient GEs might also
be required.

30 q
[ 1 NoGE
5| [ SICE15A 7+
% SUCE15A
< 50 SuCE15C +
D I..
2
£ 15
g
8 10
5_

Ara Xyl Glc
Figure 37. Release of monosaccharides (arabinose, xylose and glucose) after 24-h enzymatic hydrolysis of

ball-milled corn cob using Ultraflo®, without the addition of GE (white), and with the addition of SICE15A
(grey), SuCE15A (dotted), or SuCE15C (hatched). Error bars represent the SEM of triplicate reactions.

The industrial use of GEs as delignifying agents can be questioned due to the labile nature
of LC esters, which are easily hydrolysed during thermo-chemical pre-treatment. However,
replacing traditional forms of pre-treatment with GEs could be beneficial as this would
reduce the demand for energy and chemicals in the processing of woody biomass.
Combining GEs with less severe pre-treatment methods might also be advantageous. Mild
STEX pre-treatment followed by hydrolysis using GEs could be an efficient means of
loosening the dense wood structure and removing lignin, while keeping the hemicelluloses
intact. Pre-treatment at extreme pH values and temperatures further causes lignin
condensation, resulting in lignin with a lower quality. GEs might therefore be useful as an
alternative method of pre-treatment for selective lignin recovery for value-added
applications (Mosbech et al., 2018).

GEs could theoretically be used in combination with other lignocellulolytic enzymes for the
production of specific oligosaccharides and chemicals. One example of this is to combine
the action of GEs and a-glucuronidases, resulting in the release of 4-O-MeGIcA from
lignocellulose. The 4-O-MeGlcA could then be further converted into glucaric acid, which
is regarded as one of the top value-added platform chemicals for a range of applications
(Chen et al., 2018). Another possible use of GEs could be as a bleaching aid in the production
of pulp, by the removal of residual xylans. GEs clearly have industrial potential, but
transforming theoretical ideas into practical applications will require the evaluation of these
enzymes on a wide range of lignocellulosic materials in combination with different kinds of
pre-treatment, and together with other CAZymes.
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8. Conclusions

Lignocellulolytic enzymes are promising tools for the selective decoupling and
deconstruction of woody biomass, but we still lack a detailed understanding of how these
enzymes interact with, and act on, complex lignocellulosic structures, which is required to
exploit their full potential. The scientific research summarised in this thesis has contributed
important knowledge on specific enzymes that could be used in a wood-based biorefinery
for the production of value-added polymeric and oligomeric components.

The importance of both the physical and chemical effects of STEX pre-treatment on
enhanced enzyme hydrolysis of wood chips was demonstrated (Paper I). The structural
changes resulting from the explosion step played a vital role in the improved enzyme
performance, which can be explained by the enhanced accessibility of the substrate to the
enzymes. Furthermore, it was proposed that mild STEX, with a lower chemical impact on
hemicellulose hydrolysis, could be suitable for pre-treatment in a materials biorefinery, in
order to retain more of the polymeric wood structure.

Detailed information on mannanase hydrolysis of the chemically complex and
industrially important SpGGM was obtained (Paper II) using a range of advanced
detection methods including HPAEC-PAD and ESI-MS. These studies revealed significant
differences in the mode of action of two mannanases on SpGGM; CjMan5A generating M3
and M4 as the smallest oligosaccharides, and CjMan26A producing a large amount of M1
and M2. The low DSac of native SpGGM had no or little effect on mannanase hydrolysis,
suggesting that galactose decorations and the composition of the mannan backbone had a
greater impact on the mannanase reaction rate and product formation. However, chemical
acetylation of mannan polymers was shown to significantly hinder enzymatic action, and
was suggested as a means of limiting the biodegradation of hemicellulolytic material.

The studies presented in Papers III, IV and V provided novel information, contributing to
our understanding of GEs and their potential in hydrolysing recalcitrant LC ester
linkages in woody biomass. This work demonstrated, for the first time, GE-catalysed LC
ester cleavage in wood-derived LCC fractions (Paper III), constituting an important
advancement from previous studies on characterisation using small model substrates. The
potential of GEs in facilitating the action of other hydrolytic enzymes by making the
recalcitrant lignocellulose more accessible was also demonstrated (Paper IV). Furthermore,
a fundamental understanding of the relatively unexplored carbohydrate esterase family 15
was achieved. GE diversity and substrate specificity were investigated by the systematic
characterisation of 10 putative GEs across CE15 (Paper IV), which constitutes the most
comprehensive study of GEs to date. Results from complementary methods of analysis:
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biochemical characterisation, structural determination, transcriptomic analysis, mutagenesis
and inhibition studies, demonstrated distinct differences in the structure and catalytic
function of these enzymes. This work also brought bacterial GEs to light and addressed their
high catalytic efficiencies and considerable variation in substrate preferences (e.g. alcohol

portion and uronic acid recognition) compared to previously characterised fungal GEs
(Papers IV, V).
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9. Future perspectives

Several questions remain to be answered before we can fully understand how specific
enzymes decouple and deconstruct the polymers in woody biomass, both in nature and in
industrial settings. In this final chapter, suggestions for future research, essential for
continuing the work presented in this thesis, will be discussed.

Considerable effort should be devoted to developing and evaluating mild pre-treatment
methods that could improve enzymatic performance on wood structures, where the aim is to
upgrade the biomass components. Here, it is important to make woody biomass more
accessible to the enzymes, while avoiding lignin condensation and the decomposition of the
hemicelluloses. The development of methods that are able to detect enzyme interactions in
complex substrates will be of key importance if we are to fully understand the contributions
of the various parameters that influence enzyme accessibility in lignocellulosic structures.
Attempts to use FRAP for this purpose with GFP-CBM probes were not completely
successful, but the technique has been used successfully to study the mobility of dextran
probes in wood structures (Paés et al., 2017). The next step is to adapt FRAP for enzyme
analysis in wood, to obtain insight into the correlation between structural accessibility and
catalytic efficiency. Investigations of the substrate interaction of specific enzymes with
diverse activities will further improve our understanding of how different lignocellulosic
structures and components are affected by pre-treatment.

We are still far from comprehending the mechanisms behind the enzymatic hydrolysis of
heterogeneous and decorated hemicelluloses in woody biomass, and future research will
involve continued work on elucidating how the chemical structure affects the action of
enzymes. This will require research on complex, lignocellulose-derived substrates from
various wood sources. Continued research on mannanases from different families and
microorganisms will be particularly interesting regarding the selective degradation of
softwood GGM. Knowledge on the synergism between mannanases and/or other
mannanolytic enzymes would provide further insight into enzymatic modes of action and
which key structures in the substrate affect the activity of individual enzymes.

Elucidating the influence of native acetylation on enzymatic action is especially relevant in
regard to the development of mild pre-treatment and fractionation methods, leading to
reduced deacetylation of wood hemicelluloses. The findings presented in this thesis showed
that a low DSac had little effect on the enzymatic cleavage pattern of the mannanases
investigated, but complementary studies on SpGGM containing higher DSac are required.
A high degree of acetylation has been reported to have a negative influence on enzymatic
hydrolysis (Von Freiesleben et al., 2018; Tenkanen et al., 1995), but the importance of the
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position of the acetyl group in reducing substrate hydrolysability is still unknown. Tandem
MS (MS?), involving multiple steps of fragmentation, is a promising tool for detecting the
exact positions of acetyl groups on oligosaccharides (Kailemia et al., 2014). The application
of MS? to mannanase-treated SpGGM could provide detailed information on acetylation
patterns, possibly providing novel information on enzyme tolerance to the acetyl position,
and contributing to the elucidation of the exact chemical structure of SpGGM. Determining
the positions of acetyl groups in various hemicelluloses would give further indications of
how plants may use acetylation as a form of protection against microbial degradation in
nature.

The work presented here contributed significantly to knowledge on GEs and the enzymatic
decoupling of lignin from carbohydrates, but the number of GEs characterised is still low
compared to other CAZymes. Future research should continue investigating substrate
specificity, and the characterisation of additional CE15 members may possibly reveal new
enzyme activities. The fact that several bacterial GE candidates exhibited activity on esters
of GalA is noteworthy (Paper IV), and indicates the existence of pectin-active CE15
enzymes. Feruloyl and acetyl esterase activities previously observed in a few GEs (De Santi
et al., 2016; Mosbech et al., 2018) may also be found in a larger number of enzymes.
Assaying CE15 members for these esterase activities would contribute to our knowledge on
substrate promiscuity across the family. Detailed knowledge on important substrate features,
e.g. 4-O-methylation and preferences to a- or y-linked esters is still lacking in order to fully
comprehend the biology and diversity of GEs. The absence of relevant and stable model
substrates has always been problematic, and new efforts in substrate synthesis are therefore
necessary. Knowledge on enzyme-substrate interactions could also be obtained by structural
studies of a larger number of CE15 enzymes and GEs in complex with various ligands.

In order to understand the nature of GEs, it is necessary to use biological substrates. These
include substrates derived from a variety of plant and wood species, in native and pre-treated
form. Non-destructive extraction processes that can isolate LCCs enriched in LC esters, at
sufficient levels for detection, will be important in this context. The development of efficient
mild extraction protocols has already made LCCs more suitable for use as enzyme substrates
(Paper III). However, the detection of LC esters using 2D NMR suffers from overlapping
signals from carbohydrate signals. Polishing the LCC fractions by adding hemicellulases,
e.g. xylanases, could therefore be a promising approach in the extraction procedure.

The detection of LC ester cleavage is dependent on the availability of suitable substrates,
but also requires more sensitive detection methods. The analytical toolbox is continuously
expanding with improved NMR techniques that will provide insight on the molecular level
of woody biomass. Long-range correlated 2D NMR techniques, such as HSQC-total
correlation spectroscopy (TOCSY) and heteronuclear multiple bond correlation
spectroscopy (HMBC), correlating multiple neighbouring atoms, have been reported to be
promising in detecting key structures and linkages in lignocellulosic biomass with higher
accuracy than HSQC (Nishimura et al., 2018). These NMR techniques should be evaluated
for assaying GE activity on native LCCs. As demonstrated in this work, it is essential to
confirm native GE activity by using multiple complementary analytical tools. Methods that
directly detect changes in the lignocellulosic structure upon GE treatment (e.g. NMR and
imaging techniques) should preferably be combined with techniques that analyse
enzymatically released products (e.g. HPAEC-PAD and MS). Improved and more sensitive
analytical methods are also of wider interest for evaluating the activity of other CAZymes
on complex lignocellulosic material.
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Several as yet unidentified enzyme activities have been proposed to exist in nature. In order
to 1dentify these activities, and to develop suitable substrates for screening procedures, it is
necessary to gain a deeper understanding of lignocellulosic structures and potential enzyme
targets. An example related to LCCs, is the LC ether linkage between lignin and xylan, on
which no known enzymes are able to act. Finding hypothetical “LC etherases”, will be an
important future research task, crucial in elucidating the enzymatic machineries of
microorganisms and for the efficient extraction and polishing of the polymers in woody
biomass.

Research on specific lignocellulosic enzymes is highly dependent on the availability of
suitable detection methods and interdisciplinary research involving enzymologists, wood
chemists and organic chemists. The understanding of lignocellulosic structures and the use
of relevant substrates are key in obtaining deeper knowledge on the behaviour of enzymes
in nature, and important in evaluating their suitability in a biorefinery context. Fundamental
knowledge and the industrial potential of enzymes are, after all, closely connected.
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