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Abstract

Polysaccharides are everywhere. Many have structural or energy-storage roles, such as the
well-known plant polysaccharides cellulose and starch. This thesis focuses on the less studied
a-1,3-glucans, which can be found in fungal cell walls and bacterial biofilms fulfilling
various functional roles. In fungal cell walls, a-1,3-glucans are known to function as a storage
polysaccharide in some species, and as virulence factor in others. In dental plaque, a-1,3-
glucans build up the protective structure and provide adhesion to the tooth, contributing to the
characteristic stickiness and resilience of biofilms. Because of their structural importance and
involvement in pathogenicity, there is interest in the degradation of a-1,3-glucan. The aim of
my thesis studies was to increase the knowledge concerning which enzymes can degrade
a-1,3-glucan (mutan) and mixed-linkage a-1,3/a-1,6-glucan (alternan) and how these

enzymes function.

I have explored the two carbohydrate-active enzyme families currently known to contain
a-1,3-glucanase activity: glycoside hydrolase families (GH) 71 and 87. Two GH71 enzymes
from the fungus Aspergillus nidulans were studied. Through structural determination coupled
with biochemical characterization we elucidated the mechanisms and catalytic amino acids
for these enzymes. I also studied a GH87 enzyme from Flavobacterium johnsoniae and
discovered that one of its appended domains is a novel carbohydrate-binding module. By
binding both mutan and alternan, its presence significantly improves the activity of the

enzyme compared to the lone catalytic domain.

I also discovered new sources of mutan- and alternan-degrading enzymes via screening of
environmental soil samples to identify microorganisms able to grow on these polymers. Six
Streptomyces isolates were chosen for further study, which led to the description of two new
species, Streptomyces castrisilvae and Streptomyces glycanivorans. In addition, analysis of
the secretome of two of the isolates during growth on mutan and alternan showed that both
strains employed several GH87 enzymes, all with different domain architecture, for the
degradation of both polysaccharides. Growth on alternan also induced the expression of a
gene cluster whose proteins’ concerted actions were shown to facilitate alternan and dextran

(a-1,6-glucan) utilization.

Overall, my work contributes to the understanding of carbohydrate-active enzymes and

carbohydrate-binding modules targeting microbial a-1,3-glucans.
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Chapter 1: Introduction

Carbohydrates represent one of the most structurally diverse classes of biomolecules, owing
to the numerous ways in which monosaccharides can be assembled into di-, oligo-, and
polysaccharides (1). Fulfilling important roles in all living organisms, carbohydrates can
function as storage molecules, such as starch in plants and glycogen in animals, act as key
structural components, such as cellulose in plants and chitin in fungi and insects, and also
mediate processes such as cell-to-cell recognition and signalling (2). While many abundant
polysaccharides have been extensively studied, others have received much less attention
despite their biological significance. One such group is the a-1,3-glucans, polysaccharides
composed of glucose units linked by a-1,3-glycosidic bonds, which can be found in fungal
cell walls and dental plaque biofilms where they contribute to structural integrity, energy

storage, and, in some cases, pathogenicity (3, 4).

The synthesis, modification and degradation of polysaccharides are carried out by
carbohydrate-active enzymes (cazymes). Reflecting the complexity of carbohydrates, there is
a vast diversity within this group of enzymes, that act on different kinds, parts and bonds of
carbohydrates. However, similar to studies on a-1,3-glucans themselves, enzymes targeting

them remain poorly understood with only a few representatives biochemically characterized.

1.1 Aim of this thesis

The overall aim of this thesis was to expand current knowledge of enzymes and proteins that
target microbial a-1,3-glucans. To address this overarching goal, two complementary research
strategies were employed: a targeted investigation building upon existing knowledge of
a-1,3-glucan-active enzymes, and an exploratory, activity-driven approach to identify

previously uncharacterized enzymes exhibiting a-1,3-glucanase activity.

For the first strategy, the two glycoside hydrolase families (GH) known to contain a-1,3-
glucanase activity, GH71 and GH87, were explored. Both families were at the time of study
underexplored, with only a few characterized members, and there was no structural
information for any enzymes from GH71. In addition to catalytic domains, many
carbohydrate-active enzymes contain carbohydrate-binding modules (CBMs) targeting the
same substrate and an additional objective was therefore to study the occurrence and

functionality of putative binding modules.



Article I focuses on enzymes from GH71, providing the first crystal structure with ligands in
the family. This result, coupled to biochemical characterisation, confirms the catalytic
mechanism and conclusively identifies the catalytic amino acid residues of these types of

enzymes.

Article II describes the characterisation of a GH87 enzyme from the Gram-negative
bacterium Flavobacterium johnsoniae, and especially focuses on a novel carbohydrate-
binding module within this protein which was shown to have affinity for a-1,3-glucan. This
domain belongs to a previously unknown CBM family, and its characterisation provides a
foundation for the studies of other proteins in the same family as well as a functional

characterization of specific module studied.

For the second, exploratory approach, I searched for a-1,3-glucanase activity in nature.
Article III focused on the isolation, screening and characterization of a-1,3-glucan-degrading

bacteria, to provide insight into the carbohydrate metabolism of selected species.

In Article IV, proteomics was employed to study two of the isolated organisms’ protein
production during their growth on a-1,3-glucan and alternan (mixed-linkage a-1,3/a-1,6-
glucan). Several proteins involved in carbohydrate degradation were identified, including
proteins encoded by a gene cluster that was only present in the samples from cultivations on
alternan. The proteins of this cluster were studied in detail, establishing the cluster as a Gram-

positive polysaccharide utilization locus associated with alternan degradation.

In this thesis, I first provide a background concerning microbial a-1,3-glucans (chapter 2) and
carbohydrate-active enzymes (chapter 3). I then present my research findings together with
relevant background of the field (chapter 4) and discuss future outlooks and applications in

the field (chapter 5).



Chapter 2: Microbial polysaccharides

Carbohydrates are of fundamental importance to microbial life. They serve as energy sources
that can be acquired from external substrates (e.g. starch) through targeted degradation and
uptake, as well as intracellular storage compounds (e.g. microbial glycogen) that support
survival under fluctuating environmental conditions. In addition, carbohydrates constitute
essential structural components for microorganisms, both as polysaccharides building up the
cell wall, but also, for some organisms, as extracellular polymers contributing to the adhesive
and protective properties of biofilms. A type of polysaccharide that can play all these roles, in
different contexts, is a-1,3-glucan, which is principally known to be present in the biofilm
dental plaque and fungal cell walls. In the following sections, I describe these structures and

the known roles of a-1,3-glucan and related polysaccharides in these.

2.1 The biofilm dental plaque
Dental plaque in oral diseases

Oral diseases are estimated to affect 3.5 billion people in the world, with 90 % of the world’s
adult population being affected by gingivitis (reversible gum inflammation), 50 % by
periodontitis (severe gum inflammation that can lead to tooth loss), and over a third of the
world’s population is living with untreated dental caries (tooth decay) (5-7). The fundamental
cause of many oral diseases, including caries, gingivitis, and periodontitis, is untreated dental
plaque (5, 6). Dental plaque is a biofilm infection and is, like most biofilms, difficult and
costly to treat because of its resilient nature. The teeth are non-shedding surfaces, i.e. there is
no removal of their outer surface and thereby the biofilm with time. The biofilm consists of
bacteria, exopolysaccharides, extracellular DNA, and proteins, creating a sticky structure that
is difficult to remove (8). Small amounts of dental plaque may not be detrimental to oral
health, but if the biofilm accumulates it causes irritation and inflammation, i.e. gingivitis (6).
Gingivitis is the first stage of periodontitis, and while not everyone affected by gingivitis may
develop periodontitis, periodontitis is always preceded by gingivitis. The development of
periodontitis is dependent on several risk factors, such as genetic predisposition, nutrition,
stress, and, most importantly, dental plaque (5). The severity of gingivitis is directly
correlated with the amount and maturity of the dental plaque, making plaque removal the

strategy for reduction of gingivitis and prevention of periodontitis (5).



While periodontitis is mainly caused by dental plaque on and under the gingival margin,
dental plaque both under and over the gingival margin (sub- and supragingival plaque) can
lead to caries (9). In the case of caries, bacteria such as Streptococci and Lactobacilli ferment
sugars for the production of ATP with lactic acid as a byproduct. This leads to localized acidic

microenvironments within the plaque that ultimately demineralize the enamel of the teeth (4,

9).
Structure of dental plaque

The biofilm structure is essential for many functions in dental plaque. It promotes adhesion to
the teeth, enables signalling and nutrient sharing between the organisms in the microbial
community, and blocks diffusion of buffering saliva creating protected microenvironments
(10). The biofilm consists of various microorganisms embedded in the extracellular matrix
consisting of proteins, DNA, and polysaccharides, all of which fulfil important roles in the

plaque (Fig 2.1).

Bacteria
e @ ) o (e.g. S. mutans)
8 )

@ Proteins

~ Mutan
Alternan

Dextrans

— ™ and fructans

Caries
. Tooth ™ eDNA
formation el

Figure 2.1. Schematic illustration of dental plaque. The biofilm consists of a complex mixture of
bacteria, proteins, extracellular DNA and polysaccharides, together creating an adhesive and

protective structure.

Dental plaque is not an infection in the sense that a foreign pathogen invades a tissue; rather,
the biofilm formation is caused by a change in the microbial community composition (9). The
healthy oral cavity contains a multitude of commensal bacteria and fungi, which are

important to oral health in several ways. Some commensal bacteria act directly antagonistic



against pathogens, by producing antimicrobial compounds, such as hydrogen peroxide that
can counter the lowering of the pH associated with acidogenic bacteria, and additionally,
simply the presence of commensal bacteria inhibits the colonization by pathogens by
reducing available binding surfaces (6, 11, 12). In the transition between a healthy oral
microbiome and dental plaque, the microbial community goes from being diverse to being
dominated by acidogenic (acid-producing) and aciduric (acidic-tolerating or preferring), and
often anaerobic bacteria. Critical to this shift is the intake of dietary sugars, which leads both
to the synthesis of exopolysaccharides, which provides a structure for bacteria to colonize and
the establishment of anaerobic microenvironments, and to fermentation, which causes
acidification and further selection of aciduric bacteria. Especially correlated with caries is

Streptococcus mutans, other Streptococci and Lactobacilli (9).

In the extracellular matrix, extracellular DNA is believed to be important for the initial
formation of the plaque, having a role in adhesion between bacteria and the enamel, but its
exact role is not elucidated (13). Proteins in the extracellular matrix fulfil various roles,
including providing adhesion between cells, enamel and polysaccharides, and the acquisition

of nutrients and matrix turnover by degradative enzymes (8, 14).

The perhaps most characteristic proteins of dental plaque, however, are the transglycosylases
that synthesize the extracellular polysaccharides that make up around 10-20 % of the dental
plaque dry weight (15). The transglycosylases, often referred to as glucosyltransferases
(GTFs) and fructosyltransferases (FTFs), produce glucans and fructans from sucrose. It
should be noted that these enzymes are in fact not bona fide glycosyltransferases which
utilize sugar phosphates as glycosyl donors, but instead glycoside hydrolases with
transglycosylase activity. Fructans are soluble and mostly contribute to virulence of the
plaque by being a nutrient source for the bacteria, though it may also contribute to adhesion
between bacteria and the polysaccharides (16). In contrast, the glucans can be both soluble
and insoluble depending on the linkages and branching of the polysaccharide. The variations
of the polysaccharides are a result of varying GTFs and environmental conditions. S. mutans
alone produces at least three different GTFs (GtfB, GtfC, GtfD) which form distinct
polysaccharides, and the related species Streptococcus salivarius at least four (GtfJ, GtfK,
GtfL, GttM) (15, 17-19). The solubility of the resulting polysaccharides seems to be mostly
dependent on the proportion of a-1,3- and a-1,6-linkages, where a-1,6-linkages are associated
with higher solubility. The composition of the polysaccharides is further complicated by the
fact that some GTFs prefer to append the polysaccharide being synthesized to other oligo- or

5



polysaccharides, such as starch hydrolysates, dextran, or fructan, which leads to a complex
mixture of linkages and monosaccharide building blocks in the resulting matrix. Because of
this, the nomenclature regarding these polysaccharides sometimes gets confusing, and they
are sometimes broadly referred to as mutans, dextrans or a-glucans (18, 20, 21). In my work I
refer to the mostly linear a-1,3-linked polysaccharide, produced by the GtfB enzyme from S.
mutans and GtfJ enzyme from S. salivarius as a-1,3-glucan or mutan (Fig. 2.2 A). The
polysaccharide consisting of alternating a-1,3-/a-1,6-linked glucose units, such as the one
produced from the GtfL enzyme from S. salivarius, I refer to as alternan (Fig. 2.2 B). Lastly, I
refer to the a-1,6-linked glucan produced by GtfD from S. mutans as dextran.

OH
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Figure 2.2 Chemical structure of (A) a-1,3-glucan and (B) alternan (mixed-linkage a-1,3/1,6-glucan).

In dental plaque, soluble polysaccharides such as dextran have been shown to have more of a
storage molecule role (15), while the insoluble polysaccharides are considered more
structurally important for the establishment and growth of the biofilm (22). Degradation of
these insoluble polysaccharides is therefore a promising strategy for disruption or dispersion

of the biofilm (23).



2.2 Fungal cell walls

Another biological structure of high importance that includes a-1,3-glucans are fungal cell
walls. Fungal cell walls are highly complex structures, essential for the viability and growth
of fungi (24, 25). The walls have some similarity to plant cell walls, and they consist mainly
of polysaccharides and proteins that attach to the cell membrane through connections to
intermembrane proteins. The cell wall needs to provide both strength and elasticity,
protecting the cell from outer threats and outward directed turgor pressure but at the same
time allowing for sensing and uptake of nutrients. It is the cell wall that defines the shapes of
fungi, giving rise to the multitude of micro- and macroscopic shapes they can take, such as
hyphae, conidia, spores, unicellar yeasts and multicellular fruiting bodies. The composition of
the fungal cell wall varies between species and is highly dynamic, generally employing over
a thousand of genes for its assembly and regulation (25). The composition may change in
response to environmental factors such as humidity, pressure, nutrient access and other
perturbations (24). In Aspegillus fumigatus, this adaptability was showcased in a study
showing that mutant strains, devoid of either a-1,3-glucan, chitin, galactomannan or
galactosaminogalactan, compensated for the lack of one polysaccharide through the

production of another, though the morphology was affected to various degrees (26).

Despite the high variability of fungal cell walls, some foundational characteristics are more or
less conserved and are exemplified in Fig. 2.3 by a depiction of the cell wall of 4. fumigatus.
Most fungi have an inner region of the cell wall whose framework is composed of chitin (-
1,4-linked N-actylglucosamine) and -1,3-glucan. Chitin forms antiparallel chains making up
rigid fibrils that provides a strong but inelastic foundation. The chitin fibrils are covalently
cross-linked together with B-1,3-glucan triple helices, that include -1,6-branches which
introduce more flexibility (24, 25). Together, chitin and B-glucan create a scaffold around the
cell to which proteins and other polysaccharides may bind (24). The outer part of cell wall is
more variable, both between species and during adaptations to the environment (24, 27). It
can provide properties such as hydrophobicity and adhesion (24). The outer part of the cell
wall is connected to the inner part through bonds between the B-glucan and the decorating
polysaccharides, (e.g. mannan, galactosaminoglycan, a-1,3-glucan) or through proteins
embedded in inner cell wall that are heavily glycosylated, and the glycosylation, usually

mannan or galactomannan, making up the outer layer (25).
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Figure 2.3. Fungal cell wall composition of A. fumigatus. The inner region of the cell wall consists

of chitin, B-glucan and a-1,3-glucan, while the outer region is more mobile, containing additional

decorating polysaccharides and proteins. Figure from (28) under the CC BY 4.0 licence.

a-1,3-glucan in fungal cell walls

Although not present in all fungi, a-1,3-glucan polysaccharides fulfil various important roles
across both pathogenic and non-pathogenic fungi (3). In several Aspergilli species, a-1,3-
glucan has been shown to function as a hyphal aggregation factor, where cells grow dispersed
instead of as entangled hyphal pellets in a-1,3-glucan-deficient strains (3). An example of
how the cell wall composition may change due to nutrient availability is the presence of
a-1,3-glucan in Aspergillus nidulans. It has been shown that the polysaccharide functions as a
storage molecule, that accumulates during growth and can be consumed again during carbon
starvation (29). In the pathogen A. fumigatus, a-1,3-glucan is present throughout the cell wall,
seemingly an important, but not essential, part of the structure (26). It also contributes to A.
Sfumigatus’s virulence, although the exact mechanisms are not entirely elucidated, it has been
shown that strains without a-1,3-glucan are less virulent compared to the wildtype (30).

Similarly, links between the presence of a-1,3-glucan and virulence can be drawn in species



such as Blastomyces dermatitidis and Paracoccidioides brasiliensis, but the reasons are

unclear (31, 32).

In some pathogens, a-1,3-glucan has an indirect role in virulence. In Histoplasma capsulatum
and the plant pathogen Magnaporthe grisea, a-1,3-glucan masks the cell wall -1,3-glucan
from being recognized by the host immune system (33, 34). Another example is
Cryptococcus neoformans which can cause severe infections, primarily in
immunocompromised individuals, usually starting in the lungs but can spread to cause fatal
meningoencephalitis (brain tissue inflammation) (35). Key to C. neoformans’s virulence and
survival within the host is its polysaccharide capsule, consisting of glucuronoxylomannan.
This capsule is attached to the cell wall a-1,3-glucan, and if the gene synthesizing a-1,3-
glucan is disrupted, the cells can no longer maintain the capsule even though they continue to

produce the capsule components (36).

Consequently, it is clear that a-1,3-glucan represent an integral part in the cell walls of certain
fungi, with importance both for physiological functions and for host interactions of

pathogens.
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Chapter 3: Carbohydrate-active enzymes

In the same way as carbohydrates are found everywhere, so are enzymes that break them
down, build them up, or modify them. Because of the complexity and variations in
carbohydrates, with a multitude of monosaccharide types that can be combined and linked in
various ways (37, 38), the number of enzymes targeting them is vast (1, 39, 40).
Carbohydrate-active enzymes (cazymes) are present and fulfil important roles in animals
(including humans); for example, there are digestive enzymes (e.g. amylases, lactases),
enzymes involved in the synthesis and degradation of the energy storage molecule glycogen,
and enzymes responsible for glycosylation of proteins. Animals however encode a limited set
of degradative cazymes compared to microorganisms, which are regarded as the main
decomposers of biomass in nature, whether it is from plants, animals, fungi or other microbes
(41). Because of the vast diversity of microorganisms existing in different environments, a
multitude of strategies for carbohydrate utilization has evolved (42, 43). An extensive
repertoire of enzymes can for instance be found in our gut microbiome, where bacteria
symbiotically degrade carbohydrates that would otherwise be indigestible by us alone i.e.

dietary fibre (44).

There are many ways of classifying enzymes and probably the most generally applicable is
based on their activity, as is done in the Enzyme Commission (EC) number classification
system (45). While the EC system is broadly useful it does not encompass all information
needed for deeper analysis of enzymes. For example, enzymes may act on multiple
substrates, which many cazymes do, and this complicates assignment of their “correct”
designation. Since the enzymes are sorted by activity there are many cases where enzymes
with very different sequences and structures catalyse the same reaction but with different
mechanisms, and these are still categorized together (46, 47). To gather information
specifically about cazymes, the carbohydrate-active enzymes database (CAZy,
www.cazy.org) was created in 1998, and is kept up to date through active curation and regular

updates (48, 39).
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3.1 The CAZy classification

In CAZy, cazymes are classified and organized based on sequence similarity. The enzymes on
CAZy can be involved in the synthesis, modification, and breakdown of complex

carbohydrates and are grouped into five major classes:

- Glycoside hydrolases: Catalyse hydrolytic cleavage of glycosidic bonds. There are
currently 194 GH families described, some of which contain multiple subfamilies.

- Glycosyltransferases: Catalyse the formation of glycosidic linkages utilizing sugar
phosphates as glycosyl donors. There are currently 139 glycosyltransferase families
described.

- Polysaccharide lyases: Catalyse cleavage of uronic acid-containing polysaccharides
through a B-elimination mechanism. There are currently 44 polysaccharide lyase
families described, some of which contain subfamilies.

- Carbohydrate esterases: Catalyse deacylation of ester-substituted saccharides. There
are currently 21 carbohydrate esterase families described.

- Auxiliary Activities (AAs): The AA class contains both enzymes that act directly on
carbohydrates and those that act indirectly, i.e. have activities that assist in the
catalytic activities of other cazymes, for example by degrading lignin- or lignin-
derived compounds. Currently this class contain 18 families, including lytic

polysaccharide monooxygenases (LPMOs) and ligninolytic enzymes (49).

An advantage of sequence-based classification is that it is possible to classify proteins that
have not yet been biochemically characterized. In a sequence-related family of proteins it also
follows that the structures are conserved, providing a basis for structural determination and
analysis (47). While many CAZy families are polyspecific, i.e. contain enzymes with varying
substrate specificity, the mechanism and catalytic residues are (with few exceptions)
conserved and thus predictable (1, 47). Similar families of GHs are also grouped into clans
which have similar folds and catalytic amino acids, and therefore operate by the same
mechanisms (1). Despite the significant advances in sequencing technologies and the
resulting explosion in the amount of available data, CAZy and its classification and
documentation of cazymes remain the foundation of the field, owing to the strength of its

predictive framework, biological relevance, and rigorous curation and updating (1, 39).

The enzymes studied in this thesis are almost exclusively GH enzymes, and therefore, this

class is described in further detail below.
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3.2 Glycoside hydrolases

GH enzymes catalyse the hydrolysis of the glycosidic linkage in glycosides, such as those
found in oligo- and polysaccharides. GH enzymes can be either endo- or exo-acting, i.e.
cleave the substrate at an internal or terminal linkage of the saccharide chain, respectively
(Fig. 3.1 A). Which mode of action an enzyme has is largely dependent on its active site
topology. An endo-acting enzyme needs to have an open groove or cleft allowing for the
(semi-)random binding of the internal part of a saccharide chain (50). Conversely, exo-acting
enzymes that specifically target the polymer end often have pocket-like active sites. In many
cazymes, one or more substrate-binding sites can be identified, and these are commonly
referred to as subsites. These are numbered according to their position relative to the
glycosidic bond that is cleaved. Subsites are designated with negative numbers toward the
non-reducing end of the substrate and positive numbers toward the reducing end, with bond

cleavage occurring between the —1 and +1 subsites (51) (Fig. 3.1 B).

A Endo

Exo TN Exo

Cleavage site

OO ®
2 1 "+ +2 +

-3 v+ 3

Figure 3.1. Schematic illustration of endo- and exo-activity (A), and subsite designation (B).
Exo-acting enzymes cleave the substrate from the end of the substrate and endo-acting enzymes
cleave internal parts of the substrate. Subsites are counted from the cleavage site, with negative
numbers designating the sites towards the non-reducing end and positive numbers towards the

reducing end. Conventionally, the non-reducing end is depicted to the right.
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The two most common mechanisms by which GH enzymes act are denoted inverting (Fig.

3.2 A) and retaining (Fig. 3.2 B), which refers to whether or not the anomeric configuration is
the same or not after cleavage (52). Although a CAZy family often contains multiple
substrate specificities, it has been shown that the mechanism within a family is almost always
conserved (39), apart from a few exceptions such as GH97, which contains both inverting and
retaining enzymes (53). There are, however, many variations of these mechanisms as well as

fundamentally different ones utilized by GH members (54).

Inverting GH enzymes typically use a one-step single-displacement mechanism where two
amino acids, normally glutamic or aspartic acids, function as a general acid and a general
base. The amino acids are typically located around 10 A apart, providing enough space for a

water molecule to participate in the reaction (50).

Retaining enzymes instead use a two-step double displacement mechanism. The reaction
involves two amino acids, again usually glutamic or aspartic acids, which acts as an acid/base
and a nucleophile, respectively. These residues are closer together, typically around 5.5 A
apart, which prevents water from coming between the amino acids and the substrate until the
second step when the water molecule hydrolyses the covalent adduct (glycosyl-enzyme)
intermediate, releasing it from the enzyme (52). Some retaining GH enzymes can have
transglycosylase activity; in those cases a glycoside is acting as an acceptor instead of the
water in the second step, forming a bond with the covalent adduct (55). An example of a
family with transglycosylase activity is GH70, which includes enzymes able to synthesize
different kinds of glucans, including a-1,3-glucan, alternan and dextran, with sucrose as a

donor (56).
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Figure 3.2. Mechanisms of glycoside hydrolases. (A) Mechanism of an inverting a-glycosidase.

The general base makes a nucleophilic attack on the water molecule which in turn hydrolyses the

glycosidic bond, inverting the anomeric configuration. (B) Mechanism of a retaining a-glycosidase.

The nucleophile attacks the anomeric centre creating a covalent adduct glycosyl enzyme intermediate

and a deprotonated acid/base. In the second step the deprotonated carboxyl acts as a base and

assists a water molecule in the hydrolysis of the intermediate, creating the hydrolysed product with a

net retention of the anomeric configuration. Figure adapted from figures on the Cazypedia page on

Glycoside hydrolases under an open access licence (57). Accessed 2026-01-07.
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3.3 Carbohydrate-binding modules

The CAZy database also contains a class of non-catalytic proteins called carbohydrate-
binding modules (CBMs), of which there are currently 107 families. CBMs are discrete
protein domains that are appended to cazymes and facilitate binding of the protein to a
saccharide. There are frequently several CBMs in a protein, and these may belong to the same
or different families. Usually, the CBM domain binds to the target substrate of the connected
cazyme, but there are also cases when CBMs have been shown to bind other targets which
are typically assumed to be in the vicinity to the catalytic domain’s substrate, for example
other polysaccharides in plant cell walls than those targeted by the connected catalytic
domain (58). Some CBMs are closely related to lectins, which also promote carbohydrate
binding but are not appended to catalytic modules. However, since the CAZy classification is
sequence based, lectins may be classified into a CBM family. As with cazymes, CBMs are
classified into families based on their sequence similarity, resulting in similar structures
within the family. CBM domains has so far been shown to fall into seven different fold
families, the most common being the B-sandwich and the others being B-trefoil, cysteine

knot, OB fold, hevein fold, hevein-like fold and unique folds (59).

CBMs can be classified into three types based on what kind of binding site towards the target
they possess (60, 61) (Fig. 3.3). Type A CBM domains bind planar polysaccharide surfaces,
such as the crystalline planes of cellulose and chitin, through aromatic amino acids oriented
in a planar configuration allowing hydrophobic and CH-r interactions with the substrate.
Type B CBMs have a binding cleft, that allows for binding along and around the glycan chain
in an endo-like manner. Type C CBMs instead form shorter binding pockets, binding the end
of the glycan in an exo-like manner. Type B and type C CBMs are structurally very similar,

and different members of the same CBM family may be classified as either binding type.

Type C Type B
@ yp Type A yp

A

Figure 3.3. Schematic depiction of different types of CBMs. Type A binds planar, crystalline

surfaces, type B internal portions of the glycan, and type C saccharide ends.
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Chapter 4: Strategies for discovery of novel

functionality

There are several strategies that can be employed in order to expand the knowledge about a
target enzymatic activity. In this thesis, I divide different strategies into two broad categories:
building upon what is already known about such enzymes, or looking for a function and

trying to associate it with an enzyme (62).

The first category of strategies could for example utilize the sequence or structure of a
characterized enzyme with the desired activity, or a closely related one, and explore the
diversity among similar but slightly different enzymes (63). It could also include engineering
strategies, such as directed evolution or rational design, where a characterized enzyme would

be the starting point subjected to changes to improve or alter its functionality (64).

The second category of strategies often involves some kind of screening to find an activity,
followed by identification of the enzyme associated with it. This can result in the discovery of
both completely new kinds of enzymes and members of previously known families.

Screening could be both culture-dependent, relying on the growth of an organism and its
enzyme production, or culture-independent, exploring metagenomes or metaproteomes of a

complex sample directly (42, 62, 65).

There is relatively little known about a-1,3-glucanases. There are two enzyme families where
a-1,3-glucanase activity have been found, GH71 and GH87, but both families are relatively
unexplored. At the start of my PhD, there was just a handful of characterized enzymes in each
family, and their mechanisms were not entirely elucidated. There are also cases of a-1,3-
glucanases purified from species which do not encode any genes for GH71 or GH87
enzymes, such as Pseudomonas species (66, 67), indicating that there are so far undiscovered
enzyme families with a-1,3-glucanase activity, or enzyme families to which this activity has

not previously been associated.

In my work, I employ two different strategies, exploring the known enzyme families and
looking the activity of interest in nature and trying to identify the cause behind such an
observation. In this chapter, I present an overview of the foundation of knowledge already
existing for each approach and my contributions to the field based on the work presented in

my articles.
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4.1 Exploring diversity within known families

4.1.1 GH71

The first enzyme for which a-1,3-glucanase activity was found, and linked to a specific
protein, was isolated from Trichoderma viride in 1969 (68). The secretion of this protein was
induced by the presence of a-1,3-glucan extracted from Aspergillus niger, and the enzyme
was shown to be active on oligo- and polysaccharides containing a-1,3-linkages. Since the
amino acid sequence of this enzyme was not known, it was not until 2000 that GH71 was
established based on the recombinantly produced enzymes originating from 7richoderma
harzianum and Penicillium purpurogenum (69). Earlier studies focused on how the GH71
enzymes affected the fungi’s physiology, and these showed that a-1,3-glucan can function as
an energy storage molecule in A. nidulans that gets degraded by a-1,3-glucanase activity
during carbon starvation (29). In Trichoderma fungivores, such as 7. harzianum and

T’ asperellum, the enzyme was instead shown to target other fungi’s cell walls as part of their
mycoparasitic lifestyle (70, 71). In yeasts, GH71 enzymes have been shown to have a
different role, where the a-1,3-glucanases are active on the encoding organism’s own cell
wall, and such activity were shown to be necessary for complete cell separation during cell

division (72, 73).

Analysis of the phylogenetic diversity of GH71 enzymes, as is shown on CAZy (39) and
Article I, revealed their presence in fungi and bacteria in about equal amounts, and even
occasional members were found in plantae and rotifers (Fig. 4.1). Despite being known for a
long time, surprisingly few enzyme members of the family have been characterized to date.
Most characterized enzymes have been from filamentous fungi such as Trichoderma,
Talaromyces and Aspergillus genera, a few from yeasts belonging to Schizosaccaromyces
genera (32, 73) and one from the dimorphic fungus Paracoccidioides brasiliensis (32), but as

of yet none from bacteria.
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Figure 4.1. Phylogenetic tree of GH71. (Article | (74)). Characterized members are marked with

name or GenBank identifiers. The enzymes from A. nidulans are marked in bold and the enzymes

studied in Article | with yellow circles. Examples of other species encoding multiple GH71 genes

have colored Genbank IDs, Cryptococcus neoformans var. grubii H99 (red), Penicillium digitatum
PdWO03 (blue), and Aspergillus flavus NRRL3357 (green).
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Structure and mechanism of GH71 enzymes — results related to Article I

At the start of my PhD there was no published structure of any GH71 enzyme, limiting
mechanistic insights. The project was initiated by the solving of the first crystal structure of a
GH71 enzyme by Dr. Scott Mazurkewich in our group, and at the start of my PhD studies I
joined him in the biochemical characterization of two enzymes from A. nidulans, AnGH71B
and AnGH71C, in order to couple the structural and biochemical data to gain insights in the

mechanism of the enzymes.

Curiously, the genome of A. nidulans encodes five different GH71 enzymes from across the
phylogenetic tree. While we aimed to produce all of these, we only managed to produce two
in soluble form, despite employing multiple expression strategies using chaperone strains in
E. coli and Pichia pastoris as a fungal expression host. The enzymes characterized in our
study, AnGH71B and 4AnGH71C, have previously been shown to prevent the accumulation of
a-1,3-glucan when overexpressed, and thus been deemed functional a-1,3-glucanases (75).
Conversely, a knockout strain of AnGH71C was shown to have an increased amount of a-1,3-
glucan, supporting the notion that AnGH71C has significant a-1,3-glucanase activity (76).
Based on sugar release analyses from the tested substrates, our study confirmed that both
enzymes were active a-1,3-glucanases without detectable activity on any of the other tested
substrates, including the similar polysaccharides alternan, dextran and starch. Surprisingly,
we found that their activity was limited to oligosaccharides and the soluble portions of the

mainly insoluble a-1,3-glucan.

The structure of AnGH71C (Fig. 4.2) clearly showed the substrate binding cleft adopting a
conformation which perfectly accommodates the zigzag-like structure of a-1,3-glucan. In this
cleft, seven sugar-binding subsites could be identified (-4 to +3) and the possibility of three
additional subsites (+4 to +6) were suggested by a bound nigerotriose ligand, although the
lack of enzyme-substrate interactions at the latter sites makes the conclusion uncertain. Based
on the structure and conservation in other GH71 enzymes, as well as GH99 enzymes which
share similar overall structure, Asp265 and Glu268 were identified as likely catalytic
residues. To confirm the identity of the catalytic residues, we substituted them individually
with alanine which reduced the activity 200-15,000 fold compared to the wild type (Table 3,
Article I), supporting this hypothesis.
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Figure 4.2. Structure of AnGH71C with ligands (PDB: 9FNH). (A) surface. (B) zoom in on substrate
binding cleft. (C) Active site with a nigerose ligand with the reducing end hydroxyl in a-configuration,
mimicking the enzyme-substrate interaction, with a water molecule positioned between the anomeric
carbon and Asp265. (D) Active site with a nigerose ligand with the reducing end hydroxyl in 8-

configuration, positioned as after a cleavage with inverting mechanism. Adapted from Fig. 4, Article I.
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A previous study showed an inverting mechanism for a GH71 enzyme from 7. harzianum
using NMR (77). Our structure and corresponding analysis of AnGH71C indicated the same
mechanism for this protein. In different chains of the structure, ligands where the reducing
end of the ligand is in both a- and B-configurations were found. When the reducing end of the
ligand is in a-configuration, as it would be internally in a longer substrate, a water molecule
is present between Asp265 and the anomeric carbon (Fig. 4.2), while when the ligand end is
in B-configuration this position is occupied by the C1 hydroxyl group, as it would be in an
inverted product. To verify the mechanism, we studied the product accumulation over time
using 1D 'H NMR. Using nigerotetraose, the products for both enzymes were nigerotriose
and glucose. Initial build-up of the f-anomer of nigerotriose, followed by a build-up of the a-
anomer over time, indicates the product is the B-anomer which gets converted to the o-
anomer over time due to mutarotation. That the initial products were mainly -nigerotriose
and a mix of a- and B-glucose indicates that the enzymes cleave the substrate with three

glucose units in the negative subsites.

To investigate the mode of action of the enzymes, i.e. whether the enzymes act in an endo- or
exo-fashion, we studied the product profiles using different oligosaccharides as substrates,
and the same oligosaccharides where the reducing end had been reduced to the corresponding
alditols using borohydride. The minimal substrate for both enzymes was nigerotetraose, but
with some trace activity on nigerotriose. However, AnGH71B showed decreasing specific
activity with higher degree of polymerisation (between nigerotetraose - nigerohexaose), while
the opposite was true for AnGH71C. The product profiles were also different, AnGH71B
produced glucose, nigerotriose and a smaller amount of nigerose regardless of substrate while
AnGH71C produced varying amounts of glucose, nigerose, nigerotriose and nigerotetraose
(Fig. 2, Article I). When using the reduced nigerohexaose as a substrate, AnGH71B only
produced the reduced form of nigerose, but not of glucose or nigerotriose, indicating
subsequent cleavage from the reducing end, i.e. exo-activity. On the other hand, AnGH71C
produced both reduced nigerose and nigerotriose, indicating a random internal cleavage, 1.e.

endo-activity (Fig. 4.3).
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Figure 4.3. Proposed cleavage reactions of AnGH71B (A) and AnGH71C (B). AnGH71B cleaves
the substrate from the reducing end, subsequently releasing glucose. AnGH71C cleaves the
substrate internally releasing a mixture of products. Both enzymes require at least three glucose units

at the non-reducing end to be recognised in the negative subsites. Figure adapted from Article I.

Another potential mode of action the enzymes could have is endo-processive, i.e. cleaving the
substrate internally and then continuing its activity from that point. This kind of activity was
suggested for the GH71 enzyme MutAp from 7. harzianum (77) and could be the one used by
AnGH71C as well, though this is difficult to determine with substrates with as short chain
length as the ones used in our study. Conversely, AnGH71B is unlikely to be endo-processive
since we don’t see any reduced nigerotriose among the products, indicating the enzyme

doesn’t cleave the substrate at a random internal position.

During the review of our article, another crystal structure of another GH71 enzyme was
published, this one from S. pombe (78). This study suggested two amino acids corresponding

to the two investigated in our study, and one additional aspartate on the opposite side of the
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substrate binding cleft (Asp69 in §YFH) as important for a-1,3-glucanase activity based on
substitution studies. However, the ligands in their structure were between the +2 and +7 sites,
and not published on PDB, making conclusions around the mechanism difficult. Judging
from our structures with ligands, the corresponding Asp does not seem involved in catalytic

activity due to its distance from the cleaved glycosidic bond.

GH71 enzymes are variably found to be exo- or endo-acting (70, 71, 77, 79, 80), including
the subjects of our study, AnGH71B and AnGH71C. This difference is likely due to subtle
changes in the active cleft, AnGH71B has an extended loop close to the active cleft compared
to AnGH71C, possibly blocking random access to internal parts of the oligosaccharide chain.
A difference in activity also motivates the purpose for organisms to have multiple copies of

GH71 enzymes, presumably having complementary biological roles.
Summary and outlook of section

Despite having first been identified decades ago, there is still much to learn about GH71
enzymes. Our work in Article I provided answers to several knowledge gaps regarding this
family, solving the first protein structure with ligands and elucidating the mechanism.
However, some interesting questions remain. AnGH71B and AnGH71C surprisingly seemed
only to be active on soluble parts of a-1,3-glucan. It is difficult to determine whether the
same was true in previous studies of these specific enzymes, since they were studied either
through knockouts in 4. nidulans or on polysaccharides extracted from fungi which likely
contains both soluble and insoluble fractions (75, 76, 81). Since other GH71 enzymes have
been reported to be active on insoluble substrates (69, 70, 82) there is likely a diversity within
the family regarding this ability. Overall, GH71 seems to contain a lot of variability among its
members, having both endo- and exo-activities. Because many fungi encode several GH71
enzymes, such differences can likely be attributed to varying biological roles. Future studies

may show if the functional variations can be derived from structural differences.
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4.1.2 GH8&7

As for GH71, only a few members from GH87 have been characterized to date. However, at
the start of my PhD, several crystal structures had recently been solved, further advancing our
understanding of these types of enzymes. GH87 enzymes are exclusively present in bacteria.
Of the few characterised enzymes from this family, most come from the genus Paenibacillus
(83, 84) but also Streptomyces (85), Niallia (86), and Flavobacterium (87). All of the
characterized enzymes have been shown to be a-1,3-glucanases, except for Myd from
Streptomyces sp. J-13-3 which was shown to be a mycodextranase, cleaving the a-1,4-

linkages in nigeran (0-1,3/a-1,4-glucan) but not pure a-1,3- or a-1,4-glucan (88).

Three structures of GH87 enzymes have been solved (85, 86), including one with multiple
ligands (89). The catalytic domain, i.e. what is recognised as belonging to GH87, consists of
an N-terminal B-sandwich fold module, somewhat similar to domains from CBM6 and
CBM35, and a B-helix fold module which contains the active site cleft. Many aromatic
residues contribute to sugar binding in the active cleft, forming 8 subsites from -4 to +4. The
subsites occupied in the structure in Fig. 4.4 are -3, -2, +3, and +4. The role of the N-terminal
B-sandwich domain is not entirely clear. Compared to CBM35 domains, it has an extended
loop which contributes to the side of the active cleft (89), and may contribute to binding of

the substrate.

The combination of structural investigation, conservation within the family, comparisons with
enzyme families that have a similar fold (GH28 and GH49), and substitution studies have
elucidated the catalytic residues as three aspartates in the centre of the enzyme (Asp1045,
Aspl1068 and Asp1069 in the structure of Agl-FH1from Paenibacillus glycanilyticus FHI11,
PDB: 6KON), with Asp1068 acting as the general acid and either Asp1045 or Asp1069 acting
as general base in the inverting mechanism (89). To the best of my knowledge, all
characterized GH87 enzymes have been reported to be endo-active (21, 39, 84, 85, 89, 90).
However, in the similar families GH28 and GH49, which, as mentioned, have similar folds
and conserved catalytic residues, both endo- and exo-acting enzymes have been described
(39). It should be noted however that the active clefts in GH87 enzymes have significant
structural differences compared to GH28 and GH49 enzymes (89), and so the comparison

might not be completely applicable.
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Figure 4.4. Crystal structure of the GH87 enzyme CatAgl-FH1 from P. glycanilyticus (PDB:
6KON) (89). (A) Protein surface with the catalytic residues marked in purple and nigerose ligands
shown as yellow sticks. (B) Cartoon of the protein coloured in a rainbow spectrum from the N-
terminus (blue) to the C-terminus (red), with nigerose ligands shown as yellow sticks and the catalytic

aspartate residues in purple. Aromatic residues contributing to binding are shown as sticks.
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In my studies, I have demonstrated the a-1,3-glucanase activity of the enzyme FjGH87 from
F johnsoniae on both a-1,3-glucan and alternan (Article II), indicating that the enzyme can
accommodate a-1,6-linkages to some degree even if they are not cleaved. FJGH87 was
clearly active on insoluble a-1,3-glucan and could cleave nigerotetraose as the minimal

substrate, indicating similar activity to previously characterized GH87 enzymes (87, 90).
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4.1.4 Carbohydrate-binding modules targeting a-1,3-glucan

CBM24

The only CBM family listed in CAZy where mutan or a-1,3-glucan-binding ability has been
demonstrated is CBM24. Though CBM24 domains have been shown to bind a-1,3-glucan in
two separate proteins—GH?71 enzymes from Trichoderma harzianum and Talaromyces
purpureogenus (previously known as Penicillium purpurogenum)—the family has not been
studied in greater detail. Therefore there is no information about important binding residues
or the biological role(s) of such domains (69). CBM24 is only present in eukaryotic
organisms and these CBMs have mostly been found appended to GH71 domains (39).
CBM24 domains are very small, often seemingly containing a long linker between them and
the catalytic domains. So far, these domains have only been detected in proteins from
filamentous fungi and not in any yeast GH71 proteins (73). Despite potential interesting
applications for a-1,3-glucan-binding proteins, and how knowledge about them could
increase the understanding of connected a-1,3-glucanases, they have only been studied in a
single publication to my knowledge (69). This article led to the establishment of both CBM24
and GH71, and while other studies have mentioned and theorized around their presence, no
further experimental studies have been conducted. Therefore, our current understanding of

these protein domains is far from complete.
Other CBM-like domains connected to a-1,3-glucanases

Suyotha et al. (91) characterized a GH87 enzyme from Niallia circulans Agl-KA, and its
appended domains, and found that three of them individually promoted weak binding to
a-1,3-glucan. When these domains were joined together, it further increased the binding
efficiency which enabled the creation of a new construct together with a fluorescent protein
which could be used for efficient visualisation of fungal cell walls. The binding domains were
two discoidin domain-containing proteins, called DS1 and DS2, and a CBM6 domain,
referred to as CB6. Other members of CBM6 have been shown to bind very different
carbohydrates, including hemicelluloses, B-glucans and agarose (92), and indeed CB6, as
well as DS1 and DS2 bound weakly to xylan in addition to a-1,3-glucan (91). Though
specific binding residues in CB6 have not been studied for their role in binding a-1,3-glucan,
important residues in CBM6 have been studied for other domains. CBM6 is known to be a
family of high binding variability and, as is the case with CBMs in general, slight changes in
important residues can significantly alter the binding specificity (92). DS1 and DS2 are fairly
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similar to each other (41 % sequence identity), and though they have not been categorized in
a designated family, similar protein domains appear together with other GH87 domains from
both Paenibacillus and Streptomyces (83, 89, 93), including the GH87 enzymes detected in
our proteomic study, for which the binding domains are classified as CBM32 (see section
4.2.2 and Article IV). A GH87 enzyme from P. glycanilyticus, Agl-FH1 had a similar domain
architecture as Agl-KA, but the domain between the discoidin domains was identified as a
CBM35 domain and not as a CBM6 domain (89). CBM35 is a family containing variable
binding specificities, including to a-glucans such as a-1,4- and a-1,6-linked oligosaccharides

(94-96).

It is interesting to note that CBM6 and CBM35 are distantly related (97), and together with
CBM32 they all have a B-sandwich fold. All three families display highly variable substrate
specificities due to the binding sites originating from variable loop regions of the proteins,
and they can be found appended to many different kinds of catalytic domains (98, 99, 94,
100). It would be interesting to investigate whether any similarities across the families could

be found among those domains that bind a-1,3-glucan.
Discovery of CBMXXX - results related to Article 11

During my investigation of the GH87 enzyme from F. johnsoniae, FjGH87, the
characterization of a very similar enzyme, Agl-EK14 from Flavobacterium sp. EK14, was
published by Takahashi et al. (87). This enzyme was verified to be an active a-1,3-glucanase,
like FfGH87. However, in my studies I had discovered that the full-length, multi-modular
enzyme seemed to work better than the isolated catalytic domain (see Article II, Fig 2).
Interestingly, none of the additional domains belonged to a known CBM family. The domain
architecture of FjGHS87 (Fig. 4.5) was identical to that of Agl-EK 14, but only the full-length
Agl-EK14 protein had been studied (87). We hypothesized that one of the additional domains
were responsible for increasing the efficiency of the enzyme by facilitating substrate binding

and decided to test this hypothesis by characterizing its potential as binding domain.
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Figure 4.5. Domain architecture of FjGH87. (A) Schematic representation of the domain
architecture and the constructs created. The different domains are S: signal peptide, GH87: the
catalytic GH87 domain, Ig: Immunoglobulin-like domains, CBM: the putative binding domain, SD: C-
terminal sorting domain. The constructs are: FULL: the full-length protein without signal peptide and
sorting domain, CAT: the catalytic GH87 domain, CBMXXX: the putative binding domain. (B)
AlphaFold model with the angles of the linker regions between the domains adjusted for clear

visualization. Figure from Article II.

To investigate the function of the putative binding domain, it was cloned and produced
separately. Binding to insoluble polysaccharides was assessed through pulldown assays, i.e.
where the protein was incubated with insoluble polysaccharides, the mixture centrifuged to
pellet polysaccharides and bound proteins, and potential decrease in protein concentration in
the supernatant visualized through SDS-PAGE. This assay (Fig. 4.6) showed binding to a-
1,3-glucan, alternan and potentially weakly to nigeran but not any of the other tested

polysaccharides.
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Figure 4.6. (A) Pulldown assay of FjCBMXXXgHs7. 1: molecular weight ladder, 2: a-1,3-glucan, 3:
alternan, 4: nigeran, 5: starch, 6: cellulose, 7: wheat arabinoxylan , 8: chitin, 9: yeast 3-glucan, 10:

negative control. (B) Composition and linkages of the tested polysaccharides. Figure from Article II.

Having confirmed that the domain indeed facilitated binding, we investigated its sequence
and (predicted) structure more carefully. Currently this domain is referred to as
FjCBMXXXgng7 where “XXX” is a placeholder for the family number that will be assigned
by CAZy upon acceptance for publication of the article. To investigate the prevalence of this
type of domain in other proteins, I performed a BLAST search against the ClusteredNR
database (101). The analysis showed that homologs to FJCBMXXXgns7 do not fall into any
other CBM families but seem to form their own group of sequences. To visualize the
diversity of this putative family, the top 250 hits from the BLAST search were used to
construct a phylogenetic tree, with colour-coding of the phyla of the encoding species and
with the domain architecture of the full-length protein added as an additional layer outside the
tree (Fig. 4.7 A). CBMXXX domains were found to be present exclusively in bacteria, many
in Bacteroidota as the query, but also in Pseudomonadota, Bacillota, Actinomycetota, and
Myxococcota, with a few occurrences in other bacterial phyla. By studying the full-length
proteins in which CBMXXX domains occur, I learned that they are mainly associated with
GHS87, GH13, GH16 and GH99 domains, and that they can be present both at the N- and C-
terminal sides of the catalytic domain (Fig. 4.7 B). The co-occurrence of CBMXXX domains
with this wide distribution of catalytic domains indicates a variety of possible binding

abilities.
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Figure 4.7. (A) Phylogenetic tree of the aligned 250 top hits of a BLAST search with FiCBMXXXaHs7
as query. The coloured branches indicate the phylum association. The domain architecture is
displayed outside the tree. For a larger version of the figure, see Fig. 5 Article Il. (B) Selection of
different domain architectures including CBMXXX domains. CBMXXX domains (red octagons marked
with X) occur in proteins together with various catalytic domains or alone, and can be present on both

the N- and C-terminal parts of the proteins.

35



To gain insights into the binding mechanisms of CBMXXX domains, we wanted to study its
structure as well. Attempts to crystallize the protein were unfortunately unsuccessful and so
an AlphaFold model was instead generated. The domain was shown to have a B-trefoil fold

(Fig. 4.8) characterized by the three symmetric repeats of four B-strands (102).

Figure 4.8. AlphaFold model of FjCBMXXXgHs7 With the putative binding residues showed as
sticks. (A) The leaflets are color-coded based on their subdomain designation. (B) The individual

leaflets are aligned to each other, with putative binding residues labelled.

This type of fold has so far been found in CBM13, CBM42 and CBM92 in CAZy (103-105).
While CBMXXX is structurally similar, especially to CBM13 and CBM42, its sequence
differs significantly and the positioning of the binding residues is not conserved among the
families. Since carbohydrate-binding by CBM domains is most commonly facilitated, at least
in part, by aromatic amino acids, we searched for exposed aromatic amino acids that
potentially could facilitate binding. Since B-trefoils have a threefold symmetry, with the

subdomains often denoted as a-, B- and y-leaflets, there is potential for three binding sites,
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one each in these regions (105). We identified three putative binding sites, comprising two
and three tryptophans, and two tyrosines, respectively, forming shallow pockets. However,
the tyrosine-containing binding site was not at the corresponding position as the other sites
and was shown to be non-functional. The tryptophan-containing binding sites were located
around the small a-helix of the B- and y-leaflets, but curiously one of the tryptophan residues
originated from the next leaflet (Fig. 4.9). In the case of the y-binding site this means the
binding residues originate from the beginning and end of the protein, unlike in the other -

trefoil families where the binding residues for each site tends to be localized together.

Figure 4.9. Structures and schematic representation of CBM families with B-trefoil fold. Top

row: from left to right, AlphaFold model of FjCBMXXXgHs7, crystal structures of representatives from
CBM13 (PDB: 1KNM), CBM42 (PDB: 9NXI) and CBM92 (PDB: 7ZON). The domain structure is
coloured after corresponding leaflet: a-leaflet (N-terminal): orange, B-leaflet: green, y-leaflet (C-
terminal): cyan. Binding residues are shown as sticks. Bottom row: Schematic representation of the
same proteins, using the same colour codes. Placements of binding residues are marked with circles,

coloured depending on site affiliation.

To verify the function of the putative binding residues, I substituted them with alanine and
assessed the binding of the resulting protein variants compared to the wild-type protein, again
using pulldown assays. Substitution of the residues in either site abolished binding to both
a-1,3-glucan and alternan, confirming that we had correctly identified the binding sites, and
in addition showing that both of them were necessary to facilitate binding to the

polysaccharides.
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We also studied the binding towards oligosaccharides using isothermal titration calorimetry
(ITC), which revealed binding to nigero- (a-1,3-linkages), malto- (a-1,4-linkages) and
isomaltooligosaccharides (a-1,6-linkages) but not to glucose. When studying the binding site
variants, the ITC experiments showed that the substitutions of the binding residues in the
[-site abolished or significantly reduced the binding to all oligosaccharides. In contrast,
substitutions in the y-site had no significant impact on the binding towards the
oligosaccharides. This is somewhat contradicting the results from the pulldown assays, where
the substitutions in either binding site abolished the detectable binding to the polysaccharides.
We theorize that this discrepancy indicates that while the -site binds more strongly to
oligosaccharides, the y-site still facilitates binding, and that the combination of both is needed
to bind strongly enough to the polysaccharides for it to be detected in pulldown assays. It is
also possible that the regions between the binding sites could have important contributions to
the binding of longer oligosaccharides and polysaccharides. This could potentially also
explain the varying length preference seen with the differently linked oligosaccharides, in

case such regions could accommodate different saccharide linkages varyingly well.

Looking further into other members of CBMXXX, we found that the placement of putative
binding residues is generally conserved, but that it is variable which sites have a complete set
of putative binding residues, and which aromatic residues comprise them (see Fig. 6, Article
IT). Based on the variability of the catalytic domains to which CBMXXX domains are
appended, we expect different substrate specificities within the family. However,
investigating the binding ability of FJCBMXXXgh13, which is connected to a GH13 catalytic
domain and a maltooligosaccharide-binding CBM26, we found only weak binding to
maltopentaose. Whether other CBMXXX domains promote binding to other polysaccharides
than a-1,3-glucan, and whether there are any discernible differences in those binding sites,

remains to be determined.

38



Summary and outlook of section

Few protein domains that bind a-1,3-glucan have been characterized in detail. In Article II
we characterize the founding member of a new CBM family having a B-trefoil fold with such
binding ability. B-trefoils are especially interesting as binding domains because of their
symmetry that often facilitates multivalent binding, offering the potential of three binding
sites. Despite being broadly recognised as lectins, only three CBM families with the B-trefoil
fold have previously been reported. However, there are likely many more protein domains
that could form new CBM families, either from unstudied sequences or from sequences that
have previously been characterized as lectins. While the B-sheets are generally conserved in
B-trefoils because of their importance to the structure, the connecting loops and turns offer a
high variability in terms of sequence length and composition, providing functional diversity

(102), which indeed can be seen across these four -trefoil CBM families.

It is interesting to note that all described CBM domains connected to GH87 catalytic domains
seem to belong to CBM families that have high variability in binding specificity, as for the
B-sandwich domains from CBM6, CBM32 and CBM35, and, presumably, for CBMXXX (98,
102). This suggests that small sequence differences can alter the binding specificity in
different protein folds and shows how difficult it can be to predict a CBM domain’s binding
ability solely based on the placement in a certain family. However, the binding ability of a
CBM domain does not necessarily correspond to the activity of the catalytic domain but
could also target an associated glycan that may be present in the same context, for example
other parts of the fungal cell walls in the case of a-1,3-glucan. Thus, while a hint towards the
binding specificity can often be given from the connected catalytic domain, it is important

that such binding is verified.
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4.2 Exploring nature

Since a-1,3-glucans do not accumulate in nature, we can assume that somehow these
polysaccharides are being degraded. Microorganisms likely play the major role in this
degradation, by using a variety of appropriate enzymes. Since not much is known about
a-1,3-glucan degradation, with only a limited number of characterized enzymes from a
narrow species diversity, it is likely that there are unknown enzymes with a-1,3-glucanase
activity remaining to be found. For example, Pseudomonas species have been reported to
produce a-1,3-glucanase but the activity have not been linked to a specific protein (66, 67). A
strategy to find novel enzymes is therefore to search for microorganisms that can metabolize
and thus break down the target polysaccharides. Here, I present my work on first searching
for and identifying such organisms and then investigating their secretomes during growth on

a-1,3-glucans to elucidate degradative enzymes.

4.2.1 Utilizing microorganism metabolism

The prevalence of a-1,3-glucan in nature

The two major known sources of a-1,3-glucan are fungal cell walls and biofilms (106), and
we would therefore expect there to be microorganisms degrading a-1,3-glucan at least in
natural environments where fungi live and are degraded. Microorganisms degrading a-1,3-
glucan could also be present in bacterial biofilms, such as dental plaque. Indeed, a part of the
life cycle of biofilm-residing organisms is active dispersion of the biofilm leading to
colonization of other areas. This dispersion is often mediated in part by enzymes targeting the
biofilm matrix polymers, produced either by the polymer-producing bacteria themselves or
by other species residing in the biofilm (107). S. mutans has been shown to release cells from
the biofilm through the production of the so-called surface-protein-releasing enzyme, a
protease which targets a salivary receptor involved in adhesion of the biofilm to the tooth. S.
mutans also produces dextranase during biofilm development, but this enzyme is believed to

rather be involved in glucan remodelling or nutrient reacquisition (108).

There are thus several interesting environments that could be explored for the isolation of
a-1,3-degrading organisms. In previous studies, successful isolation of such organisms has
been achieved from soil and fermented foods (another source of a-glucan-containing
biofilms) (109, 110). In my studies, I aimed to employ two strategies: the isolation of a-1,3-
degrading organisms from soil and the characterization of an oral bacterium, Prevotella

scopos, which encodes a putative polysaccharide utilization locus (111) that includes a GH87
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enzyme. However, after some initial characterization and trials, the latter project was put on

hold in favour of other projects and thus only the first project is mentioned in this thesis.
Isolation of a-1,3-glucan-degrading organisms from soil — results related to Article III

A convenient characteristic of insoluble polysaccharides such as a-1,3-glucan and alternan is
that while the polysaccharides are insoluble, the degradation products, i.e. oligosaccharides
and monosaccharides, are soluble. By incorporating the insoluble polysaccharides into agar
(or agarose), one can produce semi-opaque cultivation plates. If the microorganisms grown
on the plate can break down the insoluble polysaccharide embedded within the agar, a
clearing zone around the microbial colony should appear (Fig. 4.10). If, however, the
microorganism rather utilizes something else in the plate as the carbon source, such as the

agar, then there might be visible growth but no clearing zone.
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Figure 4.10. Microbial growth on an agar plate containing a-1,3-glucan. Around the colonies a

clearing zone can be seen, indicating degradation of the insoluble (white) polysaccharide.

This strategy was chosen to try to find a-1,3-glucan-degrading microorganisms. Because
a-1,3-glucan is present in many fungal cell walls, I collected samples from parks in
Gothenburg at locations where fungi might have been growing or partially degraded. The
selected samples were soil with woody residues adjacent to a fallen tree with a polypore
fungus (Fig. 4.11, A), the mossy soil beneath a maple tree (B) and the leafy soil under a beech

tree including an unidentified purple mushroom (C).
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Figure 4.11. Sampling spots for the soil samples used for screening of a-1,3-glucan-degrading

organisms. The isolate Mut1 originated from sawdust-like soil collected by a dead tree (A), Mut2 from
the mossy soil beneath a maple tree (B), and Alt1, Alt2, Alt3 and Alt4 were all isolated from the leafy

soil with an unidentified mushroom beneath a beech tree (C).

The collected samples were suspended in water and plated on a-1,3-glucan- or alternan-
containing agar plates. Through repeated streaks on separate plates, and visual verification of
their glucan-degrading ability, several pure isolates were acquired. Of the isolates, twelve
from a-1,3-glucan plates and four from the alternan plates were subjected to colony PCR of
the 16S rRNA region, and the products were sequenced for taxonomic identification. Of the
a-1,3-glucan-isolates, six were Paenibacillus, two Streptomyces and for the rest the
sequencing failed. Of the isolates from alternan, all four were Streptomyces. For further
characterization, I chose the six Streptomyces isolates (Fig. 4.12) that were fully genome-
sequenced. This was in part due to the relatively many a-1,3-glucanases already characterized
from Paenibacillus, and because we were interested in the potential similarities or differences
that could be found within the same genus from the two different isolation conditions. We
gave the isolates names after their isolation polysaccharide, Mutl and Mut2 for isolation on

a-1,3-glucan (also known as mutan), and Alt1-4 for isolation on alternan.
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Figure 4.12. The isolated and sequenced Streptomyces strains, growing on LB agar. Clear
differences can be seen in the morphology of the strains, and although Alt1, Alt2 and Alt4 are the

same species, Alt1 has different pigmentation.

Based on their genome sequences, we performed phylogenetic analyses resulting in the
categorization of the isolates to species level, which was complemented by physiological
experiments. Mutl and Alt3 turned out to be previously undescribed species, and we named
them Streptomyces castrisilvae and Streptomyces glycanivorans, Mut2 was a strain of
Streptomyces laculatispora and Altl, Alt2 and Alt4 were strains of Streptomyces poriferorum.
The name S. castrisilvae, meaning “of castle forest” refers to the name of the park from
which the species was isolated, Slottsskogen (SWE: castle forest). S. glycanivorans, meaning
glycan devouring, was named based on the ability of this species to utilize a wide variety of

glycans as carbon source.

A deeper analysis of the cazymes encoded by the organisms revealed that all isolates encoded
a plethora of copies from multiple families, potentially enabling utilization of various
polysaccharides from plant-, animal- and fungal biomasses (see Table 4, Article III). Their
carbon source utilization was also tested experimentally based on this information, and

growth was verified on many of the tested saccharides (Fig. 4.13 and Fig. 4, Article I1I).

If the selection criteria of being able to utilize a-1,3-glucan or alternan is indeed related to the
organisms’ ability of degrading fungal cell walls, they might be able to degrade chitin and
B-glucan apart from a-1,3-glucan, since these polysaccharides are common constituents of

fungal cell walls as well. Indeed, all isolates encode many enzymes in CAZy families with
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such activities. Of the experimentally tested growth substrates, all isolates except Mutl could
grow on yeast B-glucan, which consists of -1,3-glucan with -1,6 branches. Only Alt3
showed clear degradation of crustacean a-chitin, though structural differences in this type of
chitin compared to that of fungal cell walls may not make the inability to grow indicative of
the capability to growth on fungal chitin (112). One could speculate that the higher salt
requirement of Alt3 indicates a native environment in or around the sea where the utilization
of chitin from crustaceans is advantageous. In contrast to the growth experiments, all isolates
but Alt3 produced N-acetyl-B-glucosaminidase, according to the API ZYM kit, indicating that

these strains may have some chitin- or chitooligosaccharide-related degradative ability.

All the isolated species degraded a-1,3-glucan, but only the ones isolated on alternan could
grow on that polysaccharide as a carbon source. Altl1-4 could also utilize dextran, indicating
their capability for degrading polysaccharides with a-1,6-linkages. All isolates encoded
GHS87 enzymes: Mutl encoded 6 copies, Mut2 encoded 2, and Alt1-4 encoded 4 copies each.
Altl-4, but not Mutl and Mut2, also encoded an enzyme from GH49, which is a family
known to contain dextranase activity (113). Potentially this enzyme could be responsible for

the alternan- and dextran-degrading ability of the strains.
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Figure 4.13. Growth of the isolated strains on various carbon sources. The growth on glucose
(Glc), dextran (Dex), yeast p-glucan (BG), a-1,3-glucan (Mut), alternan (Alt), and shrimp shell chitin
(Chi) are compared to the negative control (-), consisting of minimal media without carbon source but
with the respective strain added, and the blank, in which the carbon source but not bacteria are

added. Adapted from Fig. 4 in Article Ill, which displays additional tested carbon sources (114).
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Summary and outlook of section

Streptomyces are mycelial bacteria with large genomes often encoding a large repertoire of
cazymes (115). They are generally abundant in soil and are known to be involved in many
degradative processes in nature, including the decomposition of lignocellulosic and fungal
biomasses (116). Two GH87 enzymes, one a-1,3-glucanase and one mycodextranase, have
previously been characterized from Streptomyces (85, 88). It is therefore not entirely
surprising that we found members of this genus in our study. However, the metabolism of
a-glucans have not been studied in Streptomyces, and while dextranases have been reported
(117), the mechanisms that facilitate degradation of alternan remain unknown. It is also of
interest to note the difference in degradative capabilities of the stains, especially relating to
alternan and dextran, but also the inability of Mutl to degrade B-glucan while at the same
time being the best a-1,3-glucan degrader. If the target of these enzymes is indeed fungal cell
walls, the lack of B-glucanase activity is surprising, perhaps suggesting a very specific niche
of cell walls the organism can degrade. Overall, the study of polysaccharide utilization in
Streptomyces 1is interesting both in terms of foundational understanding of these multifaceted
microorganisms but also for the potential identification of useful enzymes, which is further

explored in the next section.

4.2.2 Enzyme discovery from isolated microorganisms

Having isolated both a-1,3-glucan- and alternan-degrading species in Article I1I, we wanted
to investigate what enzymes the organisms use to degrade these polysaccharides. A powerful
method to identify proteins produced by an organism under certain conditions is proteomics,
and with regards to polysaccharide-degrading cazymes, the secretome is of particular interest
(118). This is especially true for insoluble substrates, where degradation takes place outside
of the cell, but also for soluble, or semi-soluble substrates, where initial degradation often
occurs outside the cell. For soluble substrates of interest, organisms can be grown in liquid
cultures and the secretome simply collected by separation from the cells by centrifugation at
the point of sample collection. However, for explorations of insoluble polysaccharide
degradation, such conventional methods have some issues. If cells are grown in liquid
cultures with suspended insoluble material and then removed by centrifugation, the
polysaccharides would also end up in the pellet. If there are enzymes with high affinity for

the polysaccharide, potentially mediated by the presence of CBM domains, these proteins
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may be bound to the polysaccharide and removed during sample preparation. Trying to
separate such proteins from the substrate, through for example boiling or adding surfactants,
one instead risks damaging the cells and co-extracting contaminating intracellular proteins
(119). To get around such issues, Bengtsson et al. developed a secretomics sample
preparation method involving cultivation on agar or agarose plates incorporating the carbon
source of choice (119), which was later shown to indeed contain a higher fraction of truly
secreted proteins than in corresponding samples from liquid cultures (120). The method
involves growth of the organism on a double layered plate with a membrane placed in the
middle of the setting agent. The organism is grown and retained to the top of the plate
whereas secreted enzymes can permeate through the membrane and therefore be separated
and collected by flipping the plate upside down to extract samples from underneath the

membrane (Fig. 4.14).

7\

Figure 4.14. Schematic of the secretomics plate method. A double layered agarose plate is
poured with a membrane between the layers. The microorganism is plated on top and after growth,

the plate can be flipped and cell free samples collected from underneath the membrane.

Results related to Article IV

In Article IV we used the above-mentioned plate method to study the secretome of two of the
strains isolated in Article I1L, S. poriferorum Altl and S. glycanivorans Alt3. 1 explored their
secretomes following growth on a-1,3-glucan (mutan) or alternan compared to their growth
on agarose as a control. Several proteins were detected in higher abundance in either or both

of these conditions compared to the control. Furthermore, several of the detected proteins
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were annotated as cazymes (Fig. 4.15). The samples from S. glycanivorans contained more

proteins in general, including proteins in higher abundance in the conditions of interest.

However, many of the detected proteins were predicted to be intracellular, indicating that

some degree of cell lysis had occurred. The detected proteins were quite similar in the two

species, and the most interesting discoveries were the GH87 enzymes detected in both

conditions, but primarily in the a-1,3-glucan-derived samples, and three proteins located in a

putative cluster comprising an extracellular solute-binding protein, a GH49-CBM13 enzyme,

and a AA10 enzyme that was detected only in the alternan samples.

b g

S g ¢

: SignalP g 5 2

Genbank ID  Annotation prediction < 2 <
WLQ46125.1  GH87 SP - .
WLQ46295.1 GH87 SP k .

WLQ46369.1  unk SP b ..
WLQ47235.1 ABC LIPO - ..
WLQ50006.1 GH87 SP E ..

WLQ50647.1 unk
o

WLQ51770.1 ABC

WLQ52174.1  GH87 TAT b

WLQ52582.1  unk TAT k ..
WLQ53817.1 ESBP LIPO - .
WLQ53820.1 GH48+CBM13 SP E .

wLQ53822.1 AA10

ESBP: extracellular solute-binding protein

ABC: ABC-transporter

nk: othetical protein, protein of unknown
RiGHorP : :

enz: predicted unrelated enzymatic function,
e.g. catalase

*Proteips, with _hi,%he abund?nce b&lt obvichus
ntracellular origin where not Included in the
eatmaps, e.g. ribosomal proteins

Genbank ID  Annotation

wWLQ62509.1
WLQ62971.1
WLQ63459.1
WLQ63462.1
WLQE3464.1
WLQ64178.1
WLQ65007.1
WLQ65164.1
WLQB5394.1
WLQB6549.1
WLQB6784.1
WLQ6B6785.1
WLQB6966.1
WLQB7181.1
WLQB7721.1
WLQEB7905.1
WLQ68367.1
WLQ6E8682.1
WLQ68879.1
WLQ68889.1

ABC
GH87
ESBP
GH49+CBM13
AA10
enz
unk
enz
enz
enz
unk
unk
enz
enz
enz
unk
GH87
enz
enz

enz

SignalP

prediction

TATLIPO
SP
LIPO
SP

SP
OTHER
OTHER
OTHER
OTHER
OTHER
OTHER
OTHER
OTHER
OTHER
TAT
OTHER
SP
OTHER
OTHER
OTHER

- Agarose

Mutan
- Alternan

Figure 4.15. Heat maps of protein abundance of proteins that were of significantly higher abundance

in at least one condition compared to the control. From Fig. 1 in Article IV.
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Detected GH87 proteins

Both species encode four copies of GH87 enzymes, denoted by respective species indicator,
Sp or Sg, and a letter based on the order of their locus tags. Compared to the control, all of
these were found in higher abundance in the a-1,3-glucan growth conditions for S.
poriferorum and two of them for S. glycanivorans. In the alternan conditions the difference in
abundance to the control was less pronounced but significantly higher for SpGHS7B,
SpGH87D, SgGH87A and SgGHS87D. Interestingly, the four copies of GH87 enzymes have
different domain architectures, with varying numbers of appended CBM32 domains (Fig.
4.16). While CBM32 domains have not been demonstrated to bind a-1,3-glucan before, such
domains are often present together with GH87 enzymes (90) and they are somewhat similar
(33-60 % sequence identity) to the DS1 and DS2 domains connected to the GH87 enzyme
Agl-KA, which were shown to bind a-1,3-glucan by Suyotha et al (91) (mentioned in section
4.1.4). The catalytic GH87 domains of the proteins also differ in similarity with between 29-
90 % sequence identity to each other. Compared to other characterized GH87 enzymes, the
closest related proteins for most of the proteins in our study is to other Streptomyces proteins.
SpGHS87A is most similar to the mycodextranase Myd (88) and SpGH87C, SpGH87D and
SgGH87A are most similar to the a-1,3-glucanase AglsT from Streptomyces
thermodiastaticus HF 3-3(85). The similarities between these proteins are relatively low
(37-44 %) while, curiously, the similarity between SpGH87B and SgGH87D to MuCl1 from
Paenibacillus sp. KSM-M126 (83) is much higher (~76 %), perhaps indicating different
evolutionary origin of these proteins. The fact that the closest related characterized enzymes
are ones with different activity also indicates varying biological functions for the proteins
detected in our study, and provides a likely rationale for the multiple copies of GH87 enzyme

encoded by S. poriferorum and S. glycanivorans.

SpGHBTA - 1152 AA
SpGH87B & SgGH87D : GH87 1426 AA

SpGHETC 685 AR
SpGH87D & SgGHB7A 790 & 789 AA

Figure 4.16. Domain architecture of GH87 enzymes detected in S. poriferorum and S.
glycanivorans. S — signal peptide, Ig — immunoglobulin-like, CBM32 — carbohydrate-binding family
32 module. Different shading of the Ig-like domains indicates the two different types found in the

proteins.
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Discovery of an alternan-associated gene cluster

Three proteins, with homologs in both species, were found in higher abundance in the
alternan samples compared to both a-1,3-glucan and the agarose control. These were
extracellular solute binding proteins, multimodular GH49-CBM13 proteins and AA10
enzymes. The genes encoding these proteins were also near each other in the genome,
suggesting the possibility of a co-regulated gene cluster. In addition to the proteins detected
in the proteomics experiment, the putative clusters also contained ABC-transporter proteins,

GH13 enzymes, ROK-family proteins and DoxX-family proteins (Fig. 4.17).
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Figure 4.17. Putative gene cluster found in both S. poriferorum and S. glycanivorans. The
encoded proteins that were upregulated during growth on alternan in the proteomics experiment are
marked in blue. The other proteins all lack predicted signal peptides and are predicted to have related

functions.

The combination of these proteins seems likely to constitute Gram-positive polysaccharide
utilization loci (gpPULSs) which in general comprise transcriptional regulators, transporters
and multiple cazymes (121). The ROK protein family consist of transcriptional repressors,
uncharacterized open reading frames and sugar kinases, making the ROK-protein a likely
regulator of the respective locus (122). ESBPs are ligand-binding proteins that deliver
molecules to ABC-transporters for transport across the cell membrane (123). To investigate
the clusters’ function, we studied the ESBP, GH13, GH49, CBM13 and AA10 proteins in
more detail via heterologous production in E. coli. The GH49 enzymes had endo-like activity
on alternan and dextran polysaccharides, as well as on isomaltooligosaccharides with higher
degree of polymerization than five. The degradation products were a range of
oligosaccharides, but with isomaltotriose as the minimal length. The GH13 enzymes were
exo-acting a-1,6-glucosidases degrading the resulting oligosaccharides to glucose but with no
discernible activity on the polysaccharides. The ESBPs showed binding to isomaltose and
even higher affinity to isomaltotriose, indicating their ability to facilitate transport between
the extracellular GH49 enzymes to the intracellular GH13 glucosidases. The CBM13 domain
appended to the SpGH49 domain was shown to bind alternan, further establishing it as a

substrate.
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The function of the AA10 enzymes in the clusters remains unknown. Other characterized
AA10 enzymes have oxidative activity on chitin or cellulose, and while both oxidase and
peroxidase activities were confirmed, verifying the proteins as active LPMO enzymes, their
addition to enzyme reactions did not result in any detectable difference on any of the tested
substrates. An interesting difference between SpLPMO10F and SgLPMO10C to other AA10
enzymes are some key amino acid residues (Fig. S9, Article I'V) that have been shown to be
involved in substrate specificity (124, 125). These create distinct binding surfaces in
SpLPMOI10F and SgLPMO10C, suggesting that the target substrate might be different from
previously characterized enzymes, but the identity of the putative substrate remains to be
determined. One possibility is that the lyophilized alternan used in the experiments has an
altered crystallinity compared to the natural substrate, as is the case with a-1,3-glucan (126),
making the enzymes unable to interact with it in a productive manner. Another hypothesis is
that the enzymes are not involved in polysaccharide degradation but instead are involved in

redox stress mitigation or another activity where they utilize hydrogen peroxide.
Summary and outlook of section

With the exception of amylases degrading starch, enzymes facilitating a-glucan utilisation in
microorganisms have not been extensively studied. Two studies have characterized the
dextran-targeting polysaccharide utilization locus from F. johnsoniae (127, 128). Though
fundamentally different to the gpPULs from S. poriferorum and S. glycanivorans in terms of
included enzymes, an interesting parallel is that this PUL seems to specifically target dextran
with a-1,2-branches. Though we cannot say that the gpPULSs in our study specifically targets
alternan, it is recognised as a substrate and the GH49 enzymes seem to be able to
accommodate some degree of a-1,3-linkages in their active sites and the CBM13 domains are
able to bind it. CBM13 domains have not previously been associated with a-1,3- or a-1,6-
glucans, with the exception of the domain found appended to the GH27 dextranase
characterized in the aforementioned PUL (128). However, that domain was not characterized
itself, nor together with the catalytic domain, so its binding ability remains unstudied. The
binding abilities of CBM13 domains are diverse (129), and whether the affinity for alternan is
recurring is a topic for the future. Another mystery is the activity of the AA10 enzymes. If
they are active on a carbohydrate, and this specificity could be elucidated, perhaps this could

give an indication of the natural target of this type of gpPUL.
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These two species most likely cleave a-1,3-glucan and the a-1,3-linkages in alternan using
one or more of the GH87 enzymes. The varying domain architectures and sequences of the
catalytic domains indicate some variations in the activity of these enzymes. It may be that the
similarity of SpGH87A to mycodextranase is an indication that it prefers or can accommodate
other linkages than a-1,3, enabling the degradation of alternan. Though the interplay between
the GH87 enzymes and the proteins in the gpPUL is not fully resolved, the activities of the
enzymes allow us to construct a model to illustrate the a-glucan utilization in S. poriferorum
and S. glycanivorans. Here, the polysaccharides are cleaved by GH87, GH49 and potentially
AA10 enzymes. The ESBP can bind to resulting isomaltooligosaccharides and facilitate
transport through the ABC-transporter. Inside the cell, the GH13 enzymes can cleave

isomaltooligosaccharides into glucose that would go into the central metabolism (Fig 4.18).
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Figure 4.18. Model of a-glucan utilization in S. poriferorum and S. glycanivorans. Secreted
enzymes cleave the polysaccharides, with GH87 enzymes acting on a-1,3-linkages and GH49
enzymes on a-1,6-linkages. The CBMs appended to the catalytic domains facilitate polysaccharide
binding. The AA10 enzymes presumably either disrupt crystalline structures in the polysaccharides or
mitigate redox stress. The ESBPs bind to oligosaccharides and shuttle them to the ABC-transporter

for import into the cell where GH13 enzymes degrade a-1,6-linked oligosaccharides into glucose.

53



54



Chapter 5: Conclusions

In this thesis I have described my work aiming to expand the knowledge of enzymes and
proteins targeting a-1,3-glucan. Divided into two main strategies, my work encompasses the
exploration of the known CAZy families where a-1,3-glucanase activity have been found,
GH71 and GH87, and an activity-driven exploration of the a-1,3-glucan- and alternan-

degrading capacity of microorganisms.

In Article I, we presented the first crystal structure with ligands of an enzyme from GH71
and coupled it with biochemical studies to identify the catalytic amino acids and the
mechanism of the enzymes. Our work contributed with fundamental structural and
mechanistic insight into a previously understudied enzyme family, which provide a

foundation for future functional studies and engineering efforts.

In Article II, a multimodular enzyme with a GH87 catalytic domain was characterized. This
work led to the identification of a previously unrecognized CBM domain with affinity for
both a-1,3-glucan and alternan. Detailed characterization of this CBM domain revealed two
distinct binding sites and identified the amino acid residues involved in ligand interaction.
These results provide valuable information of this newly discovered CBM family,
establishing a framework for future studies of such domains. Specifically, the study details
the characteristics of the founding member and facilitate its utilization in targeting a-1,3-

glucan.

Article III describes the activity-based screening of soil samples leading to the discovery of
several new Streptomyces strains and species capable of metabolising a-1,3-glucan and/or
alternan. Characterization of these isolates demonstrated that they are highly efficient glycan
degraders, encoding a diverse repertoire of cazymes and exhibiting the ability to grow on a
wide range of carbohydrates and can therefore serve as potential sources for discovery of
novel enzymes. I think that the strategy of specifically searching for a-1,3-glucan- and
alternan-degrading organisms was highly successful, and believe that a similar approach
would be applicable also for other understudied polysaccharides, for example from other

biofilm types.

Building on these findings, Article IV investigated the secretomes of the two isolates S.
poriferorum Altl and S. glycanivorans Alt3 during growth of a-1,3-glucan and alternan. This

analysis identified multiple GH87 enzymes being abundant during growth on these
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polysaccharides, as well as a set of proteins abundant only during growth on alternan. The
genes encoding these proteins were located in a cluster which collectively encoded proteins
with complementary activities, including the degradation alternan and dextran,
oligosaccharide import and intracellular hydrolysis into glucose. Description of such a
utilization system is the first of its kind in Gram-positive bacteria and provides knowledge

how alternan and dextran can be broken down.

Collectively, the work presented in this thesis advances the understanding of a-1,3-glucanases

and o-1,3-glucan-binding proteins, fulfilling the overall aim of the thesis.

5.1 Future perspectives

Progress in the characterization of a-1,3-glucanases has been relatively slow since their initial
discovery. A contributing factor is the lack of commercially available and well-defined a-1,3-
glucan substrates, as the substrates used often originate from different sources, are prepared
using diverse methodologies, and may vary in composition. As a result, it is frequently
difficult to directly compare experimental outcomes across studies and, in some cases, even
to draw clear conclusions regarding enzyme specificity and mode of action. Despite this
limited fundamental understanding, the biological relevance of a-1,3-glucans has driven early
application-focused studies of a-1,3-glucanases, highlighting their potential in targeting both
fungal cell walls and dental plaque. Plants expressing a-1,3-glucanases have shown increased
resistance against fungal pathogens (130, 131) and a-1,3-glucanases have been investigated

as additives in oral healthcare products such as mouthwashes and chewing gums (132, 133).

Similarly to foundational studies, investigations of enzyme performance in complex systems,
such as biofilms and fungal cell walls, are also hampered by difficulties in making
meaningful comparisons and conclusions. For example, in vitro studies of a-1,3-glucanases
targeting biofilms often differ in experimental setups including the biofilm model itself (what
or which organisms are used), the enzymes used (which and at what concentration), or other
conditions affecting biofilm formation and enzyme performance (pH, buffering, addition of
sucrose, experiment timescale, etc.) (134). These limitations underscore the need for broader
comparative studies employing diverse enzymes, both within and between GH71 and GH87,
under standardized conditions or in the same study. Conversely, the use of the same enzymes
on substrates from different sources is also of relevance. Such studies could help identify
highly active enzymes and determine whether particular enzyme types are better suited for

specific applications.
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Although mechanisms are now elucidated and structural data exist for both GH71 and GH87,
they are still very much understudied with much of their diversity unexplored. In GH71,
diverse members of the fungal portion of the phylogenetic tree have been characterized but
the function of the bacterial enzymes in the family remains completely unknown (Fig. 4.1). In
GHB87, only enzymes from a limited number of genera have been studied to date. Of interest
is also the sole characterized mycodextranase in the family (88). Since this enzyme cleaves
a-1,4-linkages of nigeran (alternating a-1,3- and a-1,4-glucan), while all other characterized
members of the family are a-1,3-glucanases, it indicates an underexplored functional
diversity of activities within GH87. Identifying and characterizing additional enzymes across
the phylogenetic tree could provide insight into the amino acid determinants governing
substrate specificity. A strategy for exploration of diversity could be to explore enzymes from
organisms encoding multiple copies of GH87 enzymes, such as the enzymes detected to be
secreted by S. poriferorum and S. glycanivorans in Article IV. It is likely that at least some
of these enzymes fulfil distinct biological roles, but whether this is mediated by differences in

the catalytic domains or by the different appended types of CBMs is an open question.

CBMs binding a-1,3-glucan have been even less studied than catalytic domains cleaving the
same polysaccharide. Domains from the GH87 enzyme Agl-KA have been fused to
fluorescent proteins and utilized for labelling of fungal cell wall and for induced aggregation
a-1,3-glucan, inhibiting fungal biofilm formation (135). However, the individual binding
domains used in these studies only bound weakly to a-1,3-glucan, and stronger binding
therefore required the presence of all three domains. It would be interesting to study how well
FjCBMXXXgns7 compares to these and other binding domains, and if the multivalency could
promote higher affinity. Additionally, the use of a-1,3-glucan-binding CBMs in conjunction
with a-1,3-glucanases could be explored as a strategy to improve enzyme retention and
efficacy in fluctuating environments such as the oral cavity. Beyond a-1,3-glucan binding, the
newly described CBMXXX family is of broader interest. The presence of CBMXXX
domains appended to diverse catalytic domains suggests that the family may encompass a
wider range of binding specificities than to just a-1,3-glucan. The multivalent nature of these
domains, with potential for up to three binding sites, makes them especially attractive

candidates for protein engineering and biotechnological applications.

In conclusion, the knowledge on proteins targeting a-1,3-glucan is still in its infancy, but new
foundational understanding, as partly provided in this thesis, now provides an opportunity for

further research and development. By having a better understanding of enzyme specificity,
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catalytic mode of action, and insights into the significance of protein domain architectures,
more rational experiments can be conducted and conclusions drawn, which can lead to

optimized applications for a real-life context.
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