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Abstract 

Within the intricate microbiological realm, exopolysaccharides (EPS) emerge as a significant 
class of high molecular weight polysaccharides, serving pivotal roles in bacterial survival, 
virulence, communication, and defense against environmental adversities. The versatile 
nature of bacterial EPS extends beyond mere biological functions, reaching into 
medications, cosmetics, functional food, and sustainable industries.  

Although EPS is a vital and much-exploited class of polysaccharide, their biosynthesis 
remain less explored or understood. This thesis delves into the exploration of enzymes 
integral to EPS synthesis, focusing specifically on the characterization of putative 
membrane-bound enzymes from the so-called glycosyltransferase family 2 (GT2). The initial 
investigations of the research are centered on (1,3;1,4)-β-D-glucans, polymers with mixed 
linkage backbones that are widely distributed across various biological systems. Despite 
their prevalence, collective understanding of the biosynthesis of these polymers in the 
bacterial domain, particularly in gram-positive strains, remains limited. Through extensive 
research, distinct genes encoding (1,3;1,4)-β-D-glucan synthases were identified in two 
gram-positive bacteria: Romboutsia ilealis  and Clostridium ventriculi. A gain-of-function 
approach was employed and provided conclusive evidence of the synthase activity of these 
identified genes. Subsequently, the thesis shifts focus to Chitinophaga pinensis, a gram-
negative bacterium with roles in maintaining ecosystem balance through its proficiency in 
carbohydrate breakdown and recycling. The exploration led to the discovery of an 
uncommon GT2 β-glucan synthase with activity in curdlan synthesis. Several unusual 
features of the C. pinensis enzyme highlight the extensive diversity and nuances within the 
GT2 polysaccharide synthase family, particularly the fact that such catalysts sometimes have 
close connections with carbohydrate-degrading enzymes. Characterization of these putative 
GT2 proteins was verified by a variety of techniques, including gene expression in E. coli and 
yeast host systems, enzyme-coupled oligosaccharide profiling, and in vitro radiometric 
activity assays. To advance the investigation, bioinformatics tools such as protein alignment, 
phylogenetic analysis, and model structure analysis were employed. 
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Sammanfattning 

Inom det komplexa mikrobiologiska området framträder exopolysackarider (EPS) som en 
betydande klass av högmolekylära polysackarider. De spelar centrala roller inom bakteriers 
överlevnad, virulens, kommunikation och försvar mot miljömässiga motgångar. Den mångsidiga 
naturen hos bakteriell EPS sträcker sig bortom enbart biologiska funktioner och når in i 
läkemedel, kosmetika, funktionell mat och hållbara industrier. 

Även om EPS är en vital och ofta utnyttjad klass av polysackarider, är deras biosyntes mindre 
utforskad eller förstådd. Denna avhandling fördjupar sig i utforskningen utav enzymer som är 
centrala för EPS-syntes, med särskilt fokus på karaktäriseringen av tänkta membranbundna 
enzymer från den så kallade glykosyltransferasfamiljen 2 (GT2). De inledande undersökningarna 
av forskningen kretsar kring (1,3;1,4)-β-D-glukaner, polymerer med blandade länkryggar som är 
allmänt fördelade över olika biologiska system. Trots deras förekomst är den kollektiva 
förståelsen för biosyntesen av dessa polymerer inom bakteriedomänen, särskilt i gram-positiva 
stammar, begränsad. Genom omfattande forskning identifierades specifika gener som kodar för 
(1,3;1,4)-β-D-glukansyntaser i två gram-positiva bakterier: Romboutsia ilealis och Clostridium 
ventriculi. Ett tillvägagångssätt för att öka funktionen användes och gav definitiva bevis för 
syntasaktiviteten hos dessa identifierade gener. Avhandlingen skiftar därefter fokus till 
Chitinophaga pinensis, en gram-negativ bakterie som spelar en roll i att upprätthålla 
ekosystembalansen genom sin skicklighet i nedbrytning och återvinning av kolhydrater. 
Utforskningen ledde till upptäckten av ett ovanlig GT2 β-glukansyntas med aktivitet inom 
curdlan-syntes. Flera ovanliga egenskaper hos C. pinensis-enzymet framhäver den omfattande 
mångfalden och nyanserna inom GT2 polysackaridsyntasfamiljen, särskilt det faktum att sådana 
katalysatorer ibland har nära kopplingar med kolhydratnedbrytande enzymer. Karaktärisering 
av dessa tänkta GT2-proteiner verifierades med hjälp av en mängd olika tekniker, inklusive 
genuttryck i E. coli och jästvärdssystem, enzymkopplad oligosackaridprofilering och in vitro 
radiometriska aktivitetsanalyser. För att fördjupa undersökningen användes 
bioinformatikverktyg såsom proteinjustering, fylogenetisk analys och modellstrukturanalys. 
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1 Introduction 

1.1 Bacterial polysaccharide 

Polysaccharides, diverse bacterial polymers with wide-ranging commercial uses, are 
categorized into intracellular and extracellular polysaccharides based on their synthesis 
location. Intracellular polysaccharides, such as glycogen, are synthesized and stored within 
bacterial cells, primarily serving as energy reserves. Conversely, extracellular 
polysaccharides are further divided into two key groups: structural polysaccharides that 
form cell wall constituents, and polysaccharides that are either covalently bound to the cell 
surface or secreted into the environment. The former includes lipopolysaccharides, teichoic 
acids, and peptidoglycans, while the latter consists of capsular polysaccharides (CPS) that 
associate with the cell surface and exopolysaccharides (EPS) that are secreted into the 
extracellular milieu [1] (Figure 1).  

 
Figure 1. Composition of bacterial polysaccharides in gram-negative and gram-positive bacteria. 

Intracellular polysaccharides are synthesized and stored within bacterial cells, 
primarily functioning as energy storage units. The most commonly known example of this 
category is glycogen. Bacteria accumulate glycogen during periods of nutrient abundance, 
and can then be utilized for energy during periods of starvation or environmental stress [2]. 
These polysaccharides not only provide an internal energy reserve but also play a role in 
bacterial survival [3] and virulence [4,5]. As glycogen metabolism is essential for some 
pathogenic bacteria, the enzymes involved in its synthesis and degradation have been 
considered as potential targets for antibacterial drug development [6]. 
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Structural polysaccharides, primarily comprising peptidoglycans and 
lipopolysaccharides in gram-negative bacteria or teichoic acids  in gram-positive bacteria, 
form critical constituents of the bacterial cell wall (Figure 1). These elements provide 
structural integrity, enabling bacteria to withstand different environmental conditions and 
pressures [7]. lipopolysaccharides, found in gram-negative bacteria, play a vital role in 
maintaining cell structure and are pivotal in interactions with the host immune system, 
contributing to bacterial virulence [8]. Both wall teichoic acid and lipoteichoic acid, 
predominantly found in gram-positive bacteria, aid in maintaining cell shape, resisting 
mechanical stress, and binding to host cells [9–12]. Peptidoglycans, integral components of 
the bacterial cell wall in both gram-negative and gram-positive bacteria, provide rigidity to 
the bacterial cell [13], safeguarding it from osmotic lysis [14]. Research on these structural 
polysaccharides has not only enhanced our understanding of bacterial physiology but has 
also opened avenues for the development of novel antibiotics targeting these structural 
components [7]. 

Capsular polysaccharides (CPS) are high-molecular weight polysaccharides that are 
covalently attached to the bacterial cell surface. They contribute significantly to the 
pathogenicity of bacteria as they act as a barrier against host immune responses, enabling a 
bacterium to evade phagocytosis [15]. A significant application of CPSs is in the production 
of vaccines [16]; The study of CPSs also aids in bacterial strain typing and identifying novel 
targets for antimicrobial therapy [17–19]. 

Exopolysaccharides (EPS) are a type of polysaccharide synthesized by bacteria and 
secreted into the surrounding environment or created outside the cell by enzymes anchored 
in the cell wall. They play critical roles in bacterial biofilm formation, adhesion to surfaces, 
and protection against environmental stressors [20]. One of the most notable EPS is 
xanthan, which is commercially used as a thickening agent in food and cosmetic industries 
due to its rheological properties [21]. Dextran is another example, recognized for its 
applications in medicine due to its antithrombotic and anti-inflammatory properties [22]. 
Alginate is widely exploited in biotechnology and medical applications for its gel-forming 
ability and biocompatibility [23]. Cellulose, similar to its plant counterpart, contributes to 
the structural integrity of the bacterial biofilm and has potential for various industrial 
applications [24]. Hyaluronic acid, primarily produced by Streptococcus species, has found 
extensive use in the cosmetics and pharmaceutical industries due to its hydrating and 
viscoelastic properties [25]. Lastly, colanic acid is crucial in bacterial stress responses and 
has been explored for its potential use in food and pharmaceutical applications [26]. 
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1.1.1 Exopolysaccharide (EPS)  

EPS, based on their chemical composition, can be classified into two main categories: 
homopolysaccharides and heteropolysaccharides (Figure 2). Homopolysaccharides are 
characterized by the presence of a single type of monosaccharide unit. In contrast, 
heteropolysaccharides consist of repeating units that can range in size from disaccharides to 
heptasaccharides [27]. This classification provides insights into the diversity of bacterial 
EPS, with each class having unique structural properties and biological roles. 

 
Figure 2. Selected polysaccharide structure of homopolysaccharide and heteropolysaccharide. 

Homopolysaccharides are often linear chains, with examples including cellulose, 
dextran and curdlan. Cellulose, primarily composed of glucose units, is crucial in providing 
structural integrity to bacterial biofilms [24], while dextran, another glucose polymer, finds 
wide usage in medical applications, particularly as a plasma volume extender [22]. Curdlan, 
a linear β-1,3-glucan, is another notable homopolysaccharide that forms a heat-stable and 
water-insoluble gel, and has found use in the food industry as a texturizing agent [28]. 
Despite their simplicity in terms of composition, homopolysaccharides are incredibly 
diverse in their physical properties and biological functions, which can be attributed to 
differences in their chain lengths, degrees of branching, and linkage types. 

On the other hand, heteropolysaccharides offer even greater diversity due to the multiple 
types of monosaccharides involved and the potential for varied linkages and branching 
patterns. For instance, hyaluronic acid, a heteropolysaccharide primarily produced by 
Streptococcus species, is a disaccharide repeat of D-glucuronic acid and N-acetyl-D-
glucosamine, extensively used in the cosmetics and pharmaceutical industries due to its 
hydrating and viscoelastic properties [29]. Another heteropolysaccharide, alginate, 
composed of mannuronic and guluronic acids, is recognized for its gel-forming ability and 
biocompatibility, finding numerous applications in biotechnology and medicine [23]. Pel, a 
crucial heteropolysaccharide found in Pseudomonas aeruginosa biofilms, is composed of 
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partially acetylated 1,4-linked N-acetylglucosamine and N-acetylgalactosamine residues, 
and serves as a potential target for antimicrobial interventions due to its role in host-
pathogen interactions [30]. The diverse composition of heteropolysaccharides provides 
them with a broader range of functionalities and makes them pivotal in many biological and 
industrial applications. 

1.1.2 Biosynthesis of exopolysaccharide (EPS)  

Bacterial EPS are synthesized via different biosynthesis pathways, in which many genes 
involved are usually arranged in clusters within the bacterial genome [1]. A comprehensive 
understanding of these biosynthetic processes, along with their genetic regulation, is 
essential to customize the production of these versatile biopolymers.  

The intracellular synthesis of homopolysaccharides and heteropolysaccharides is a complex 
process. It begins with the intracellular assembly of sugar nucleotide precursors, nucleotide 
diphosphate/monophosphate sugars (NDP-/NMP-sugar) [31], which can be assembled into 
highly complex carbohydrate structures by specific enzymes known as glycosyltransferases 
(GTs). GTs can function independently or as part of a complex, multi-step biosynthesis 
pipeline. Some GTs are even involved in membrane translocation of their polymeric 
products, while others cooperate with dedicated transporters to assist in EPS secretion [32]. 

Currently, three primary mechanisms for EPS intracellular biosynthesis are recognized in 
bacteria: the Wzx-/Wzy-dependent pathway, the ATP-binding cassette (ABC) transporter-
dependent pathway, and the synthase-dependent pathway. While some GTs are capable of 
translocating their polymeric products during the catalytic process, others rely on 
transporter proteins to secrete EPS. Each of these methods showcases the core biological 
principles governing the assembly and secretion of EPS [33] (Figure 3). 

 

Figure 3. Three mechanisms of EPS intracellular biosynthesis. Reproduced from Poli et al. 2018 
[33] with permission.  



  | 5 

In the Wzx-/Wzy-dependent pathway, the biosynthesis of bacterial polysaccharides 
initiates with the assembly of repeating units. These repeating units are attached to an 
undecaprenol diphosphate anchor (Und-P), which is located at the inner membrane. The 
assembly process involves several GTs, which play a critical role in constructing complex 
carbohydrate structures. Following assembly, the repeating units are translocated across the 
cytoplasmic membrane through the action of a Wzx protein, often referred to as a flippase. 
Once across the membrane, the Wzy protein takes over to polymerize these individual units 
in the periplasmic space [34–36]. This polymerization is the next crucial step before the 
units are exported to the cell surface. The export process depends on additional proteins 
associated with the polysaccharide co-polymerase (PCP) family and the outer membrane 
polysaccharide export (OPX; formerly known as OMA) families [34,35,37]. Polysaccharides 
produced via the Wzx/Wzy pathway are typically heteropolymers. An example of a 
heteropolymer produced by this pathway is xanthan [38,39]. The essentiality of Wzx and 
Wzy proteins in this pathway is underscored by the fact that the genes coding for these 
proteins, the flippase and the polymerase, are included within the bacterial extracellular 
polysaccharide operons. 

The ABC transporter-dependent pathway is typically employed in CPS biosynthesis. 
Their assembly process is comparable to that of the Wzx/Wzy-dependent EPS, which is 
carried out by GTs on the cytoplasmic side of the inner membrane, leading to the formation 
of either homopolymers, when a singular GT-containing operon is implicated, or 
heteropolymers, when multiple GTs partake in the assembly process [40]. The transport of 
these polysaccharides across the inner membrane and their subsequent translocation to the 
cell surface, however, differs from the Wzx/Wzy pathway. The export is accomplished by a 
tripartite efflux pump-like complex comprising of ABC transporters that cross the inner 
membrane, as well as periplasmatic proteins from the PCP and OPX families [34]. The CPS 
produced via this pathway all possess a conserved glycolipid at the reducing terminus, 
composed of phosphatidylglycerol and a poly-2-keto-3-deoxyoctulosonic acid (Kdo) linker 
[40,41]. This feature distinguishes the ABC dependent pathway from the Wzx/Wzy pathway.  

The synthase-dependent pathway is an essential mechanism in bacterial EPS 
biosynthesis. This process is facilitated by inner-membrane synthase proteins, the activity 
of which is commonly post-translationally regulated by an inner-membrane c-di-GMP 
receptor [42]. After synthesis, in the case of gram-negative bacteria, EPS is exported across 
the outer membrane by a TRP-containing protein and an integral outer-membrane β-barrel 
[43,44]. This mechanism is distinguished by its ability to independently secrete complete 
polymer strands across membranes and the cell wall, without relying on a flippase for 
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translocating repeat units. Interestingly, the dual roles of polymerization and translocation 
are undertaken by a single synthase protein, which mostly belongs to glycosyltransferase 2 
enzyme family (GT2) [32]. Examples of biopolymers produced via this mechanism include 
cellulose, hyaluronan, alginate, chitin, and poly-β-1,6-N-acetylglucosamine (PNAG). Non-
GT2-family glycosyltransferases also exist, such as Pel. In the case of cellulose, Pel and 
PNAG, for instance, the synthase protein is a single subunit of an envelope-spanning 
multiprotein complex (Figure 4). This streamlined process is usually applied to the 
assembly of homopolymers, requiring just one type of sugar precursor, as seen in curdlan 
and bacterial cellulose biosynthesis. An interesting divergence is noted in the biosynthesis 
of hyaluronic acid (HA), which, while leveraging the synthase-dependent pathway, uses two 
different precursors—glucuronic acid and GlcNAc. Furthermore, HA synthesis 
demonstrates significant protein-level similarities with other synthase-dependent pathways, 
despite this deviation [45,46]. 
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Figure 4. Schematic representation of the cellulose, Pel and poly-β-1,6-N-acetylglucosamine 
(PNAG) EPS secretion systems in gram-negative (top) and gram-positive bacteria (bottom) with 
representative genetic loci shown below each model. Reproduced from Whitfield et al. 2021 [47] with 
permission.  
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1.1.3 Exopolysaccharide in bacterial biofilm formation 

Bacterial biofilms represent communities of bacteria that form when bacterial cells adhere 
to surfaces or other cells, shielded within a robust extracellular polymeric matrix [48]. The 
life cycle of a biofilm encompasses three principal phases: initial attachment, maturation 
into a three-dimensional structure, and eventual detachment, in response to a common 
second messenger cyclic di-guanosine monophosphate (c-di-GMP) (Figure 5) [42,49]. As 
the biofilm develops, it encapsulates bacterial cells within its expanding extracellular 
polymeric substance matrix. In time, certain environmental triggers can prompt individual 
cells or clusters to break away from the mature biofilm, paving the way for further spread 
and colonization in the host [50]. 

 
Figure 5. a. Diagram of the biofilm formation in response to c-di-GMP. The EPS in this figure 
refers to extracellular polymeric substances. b. Chemical structure of c-di-GMP. Reproduced 
from Poulin et al. 2021 [42] with permission. 

EPSs are the hinges that supports the architecture and integrity of biofilms [42]. As a major 
fraction of the extracellular matrix, polysaccharides, either linear or branched, can achieve 
significant molecular weights, reaching up to 2 × 106 daltons. Electron microscopy reveals 
these polysaccharides as delicate strands attached to bacterial surfaces, weaving intricate 
networks [51]. Techniques like fluorescence-labeled lectin staining and antibody-specific 
carbohydrate detection, coupled with biochemical analysis, have spotlighted the prevalence 
of matrix polysaccharides in diverse biofilms, from natural environments to human-
associated infections [52]. 

While some EPSs, like cellulose from bacterial species like Komagataeibacter xylinus 
(previously named Gluconacetobacter xylinus) and Agrobacterium tumefaciens, are 
homopolysaccharides, the majority are heteropolysaccharides comprising a mix of neutral 
and charged sugar residues. These can be modified with organic or inorganic groups, 

� �
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significantly altering their properties. Examples like alginate, xanthan, and colanic acid tend 
to be polyanionic due to uronic acids in their composition [53,54]. On the other hand, there 
are polycationic EPSs, such as the intercellular adhesin found in pathogens including 
Staphylococcus aureus and Staphylococcus epidermidis [55]. Additionally, the diversity in 
these compounds can even be observed within a single species, as is the case with various 
Streptococcus thermophilus strains that each produce distinct heteropolysaccharides [56]. 

Over the past decade, significant insights have been gleaned about the role of c-di-GMP in 
activating synthase enzymes essential for the biosynthesis of biofilm EPS polysaccharides, 
namely cellulose, alginate, Pel, and PNAG [42]. Although each polysaccharide biosynthesis 
pathway utilizes c-di-GMP, their receptors and activation mechanisms differ. In-depth 
studies on the Cereibacter sphaeroides and the E. coli cellulose synthase complex have 
highlighted the complexities of c-di-GMP activation for cellulose biogenesis, suggesting 
cellulose biosynthesis might have two potential binding domains for c-di-GMP, specifically 
the PilZ and GIL domains [57–59]. Intriguingly, while the exact mechanisms remain elusive, 
structural investigations indicate that c-di-GMP may induce conformational alterations in 
glycosyltransferases that have the PilZ domain [58,60]. 

Unquestionably, the binding of c-di-GMP is pivotal for biofilm formation in various 
pathogens [61]. A deeper understanding of EPS' critical role in biofilm formation highlights 
the potential for new therapeutic strategies targeting biofilm creation, laying the 
groundwork for the development of anti-biofilm agents.  
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1.2 Cellulose 

Cellulose is a linear homopolysaccharide comprised of glucose monomers connected via β-
1,4-glycosidic linkages. The glucan chain's repeating unit is cellobiose, due to the 180° 
rotation of each glucose residue compared to its neighboring units. This arrangement 
contributes to the molecule's high tensile strength and its insolubility in water (Figure 6) 
[62]. 

 

Figure 6. Hierarchical structure of cellulose. Reproduced from Höfte et al. 2007 [62] with 
permission. 

In nature, cellulose never exists as a singular chain; rather, multiple glucan chains gather to 
form paracrystalline microfibrils. Upon cellulose synthesis, glucose chains are formed and 
transported through localized membrane terminal complexes (TCs) [62,63]. These TCs 
exhibit a rich diversity in terms of their structural configuration, which influences the 
morphology of the resultant cellulose microfibrils across different organisms (Figure 7) 
[62,64]. These microfibrils, in turn, provide structural support and rigidity to different 
organisms, enabling them to maintain their posture and resist external mechanical 
pressures. Within the macrostructure of cellulose, free hydroxyl groups engage in numerous 
intra- and intermolecular hydrogen bonds, leading to the formation of various crystalline 
structures [62], which influence the physical properties of the material, such as its degree of 
crystallinity, mechanical strength, and thermal stability [65]. 
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Figure 7. a. Freeze fracture replicas of hexagonal rosettes or terminal complexes (TCs), which 
are responsible for cellulose microfibril biogenesis in higher plants. b. Schematic representation 
of TCs, showcasing the relationships between the organization of the cellulose synthase TCs and 
the shape and size of the microfibrils. Reproduced from Höfte et al. 2007 [62] with permission.   

While vascular plants are the primary producers of cellulose, contributing significantly to 
the Earth's biomass, it is fascinating to note that this molecule is also synthesized by a broad 
range of other organisms. Algae, for instance, rely on cellulose as a structural component 
[66]. Moreover, several bacteria have evolved the ability to produce cellulose. Among these, 
genera like Rhizobium, specifically R. leguminosarum, and others such as Azotobacter, 
Agrobacterium, and Salmonella are notable [67–69]. In particular, the gram-negative 
bacterium K. xylinus stands out as a significant producer of bacterial cellulose for its ability 
to yield commercially significant amounts of cellulose [70].  

Cellulose's abundance and biocompatibility make it a highly sought after material in various 
industrial applications, from the production of paper and textiles [71] to its use in bioethanol 
production and as a raw material in the chemical industry [72]. Additionally, its 
biodegradability positions it as an environmentally friendly alternative to many synthetic 
polymers currently in use [73]. 

��

��
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1.2.1 Cellulose biosynthesis 

The intricate machinery that facilitates cellulose synthesis across kingdoms reveals the 
fundamental significance of this biopolymer. Although various organisms employ different 
cellular assemblies, a shared protein complex governing cellulose synthesis is universally 
observed, signifying its evolutionary significance. 

Cellulose is synthesized by the membrane-anchored cellulose synthase complexes previously 
known as TCs [62]. These assemblies exhibit noticeable compositional differences across 
kingdoms. However, a consistent feature among them is the presence of a conserved 
catalytic subunit. In prokaryotes, this unit is known as BcsA (bacterial cellulose synthase 
subunit A), while in eukaryotes, it is termed CesA (cellulose synthase subunit A) [74]. As a 
member of GTs, cellulose synthase processively constructs a linear β-1,4-glucan from UDP-
activated glucose (UDP-Glc) in the cytosol. At the same time, this enzyme moves the newly 
synthesized polysaccharide across the cell membrane through a channel within its 
transmembrane domain. [75]. 

In gram-negative bacteria, cellulose synthesis involves a complex protein assembly 
consisting of at least three integral subunits: BcsA, BcsB, and BcsC (Figure 4) [69]. 
Residing within the inner membrane, the GT domain in BcsA plays a crucial role as the active 
catalyst and is characterized by a distinctive motif comprising three variably spaced Asp 
(D,D,D, marking the DDG, DxD, and TED motifs). Following these Asp is a pentapeptide 
sequence, QxxRW, which intriguingly is a common feature observed among all putatively 
processive GTs [76,77]. This group includes not only cellulose synthases but also those 
responsible for synthesizing other biopolymers like hyaluronan, chitin, and alginate. In 
contrast, BcsB operates within the periplasmic space and is anchored to the inner membrane 
via a single, carboxy-terminal transmembrane helix [57,75]. In certain bacteria, BcsA and 
BcsB are fused into a single polypeptide, highlighting BcsB's pivotal role in cellulose 
synthesis [78,79]. While BcsC is not required for cellulose synthesis in vitro, it is essential in 
vivo, where it is hypothesized to form an 18-stranded β-barrel in the outer membrane 
[80,81]. Additional non-essential periplasmic subunits, such as BcsZ (a cellulase), have been 
identified, which may play a role in inhibiting biofilm formation by downregulating cellulose 
biosynthesis [82,83]. 

Genetically, these key structural genes required for cellulose biosynthesis are typically 
organized into an operon on the chromosome, such as the Bcs operon in E. coli and the Acs 
operon in K. xylinus. Despite the variability in the gene order among bacteria involved in 
cellulose production compared to those involved in other EPS production, the fundamental 
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protein components involved in their biosynthesis and export appear conserved among 
many polysaccharide secretion systems, including PNAG and alginate (Figure 8) [69,84]. 

 

Figure 8 Synthase-dependent EPS loci in gram-negative bacteria. Reproduced from Whitney et 
al. 2013 [84] with permission. 

The resolved crystal structures of cellulose synthase from Cereibacter sphaeroides have 
shed light on the architecture of cellulose synthase [57]. This synthase comprises the 
catalytic BcsA and a periplasmic carbohydrate-binding protein BcsB subunit, collectively 
known as the BcsA–B complex (Figure 9). BcsA, characterized by its eight transmembrane 
(TM) helices, establishes a channel for cellulose conduction across the membrane. This is 
complemented by three amphipathic interface helices (IF) which situate parallel to the 
cytosolic water–lipid boundary of the membrane. Nestled between BcsA's TM4 and TM5, 
the catalytic GT domain exhibits a typical glycosyltransferase A fold (GT-A). Within this 
domain, the conserved motif of D,D,D (found in the DDG, DxD, and TED motifs mentioned 
above) is followed by a QxxRW pentapeptide. Insights from the crystal structure illuminate 
the roles of this conserved signature: the initial aspartic acid in DDG collaborates with 
AKAGN and FxVTxK motifs to coordinate the substrate's uracil moiety, while the second ‘D’ 
in the DxD motif secures a Mg²+ or Mn²+ ion essential for catalysis. The final 'D' in TED acts 
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as the catalytic base, given its close location to the glucan's non-reducing end. Furthermore, 
the QxxRW motif, coupled with an FFCGS sequence, creates the binding site for the terminal 
disaccharide of the acceptor glucan. This motif, located in IF2, marks the cytoplasmic 
entryway to the glucan channel. Specific residues within this motif are instrumental, 
especially the W residue which engages in van der Waals interactions with the second-to-
last glucose molecule of the acceptor glucan [57].  

 

 

Figure 9. Depiction of Cereibacter sphaeroides BcsA and BcsB (PDB 4P00). The intracellular 
GT domain is highlighted in green, while the regulatory C-terminal PilZ domain that binds the 
allosteric activator c-di-GMP is showcased in red. BcsA contributes eight TM helices (colored in 
brown and yellow) to the TM region, whereas BcsB's membrane anchor is represented by a purple 
cylinder. In the periplasmic domain of BcsB, there are two repeating units, each comprising a 
carbohydrate-binding domain (CBD) in blue connected to a flavodoxin-like domain (FD) in gray. 
The glucan being translocated is depicted using cyan and red spheres, and both UDP (at the active 
site) and c-di-GMP (at the PilZ domain) are displayed using element-colored spheres. 
Reproduced from McNamara et al. 2015 [85] with permission. 
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The C-terminal PilZ domain strategically positioned adjacent to BcsA's GT domain contains 
specific motifs, RxxxR and N/DxSxxG, believed to coordinate the bacterial secondary 
messenger c-di-GMP. The PilZ domain is historically associated with bacterial pilus 
components and is well known for its affinity to c-di-GMP [58,60,86]. Detailed studies have 
shown that the presence of c-di-GMP helps to activate the enzyme, enhancing its catalytic 
efficiency [49,58,68,87]. This effect is attributed to the rearrangement of the so-called gating 
loop, which contains the conserved FxVTxK motif within BcsA. In the absence of c-di-GMP, 
this loop blocks BcsA's active site by interacting with the first Arg of the RxxxR motif. 
However, when c-di-GMP binds to the PilZ domain, it takes the place of this interaction with 
the first Arg of RxxxR motif, causing the gating loop to reposition. This action frees up the 
active site for UDP-Glc attachment (Figure 10) [58].  

 

Figure 10. Visualization of the active site entrance volume (depicted in dark blue mesh) without 
c-di-GMP (left) versus with c-di-GMP (right). The UDP from the resting structure (PDB 4HG6) 
and the c-di-GMP from the open BcsA–BcsB structure are represented as spheres. Reproduced 
from Morgan et al. 2014 [58] with permission. 

The overall mechanism of cellulose synthase, and its counterparts within the GT2 
polysaccharide synthase family, functions by facilitating the transfer of a glycosyl moiety 
from a nucleotide-activated sugar to an extending polysaccharide chain [85]. This intricate 
process follows an SN2-like substitution mechanism. Specifically, the acceptor polymer’s C4-
hydroxyl group, a nucleophile, facilitated by the Asp residue within the TED motif, attacks 
the C1 carbon of the donor glucose. The reaction is facilitated by simultaneous deprotonation 
of the nucleophile and the stabilization of the substrate through the involvement of divalent 
metal cations, often Mg²+ or Mn²+. As a result, the polymer chain lengthens, and a 
nucleoside diphosphate departs, marking a transition of the donor sugar's configuration 
from α to β [85]. A hallmark of processive GTs is their ability to ensure continuous addition 
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to the polymer. Following each addition, the polymer is strategically translocated to position 
the newly added sugar unit optimally for the ensuing reaction. This translocation process is 
intrinsically linked with the transmembrane channels formed by these enzymes. Notably, all 
recognized processive GTs form transmembrane channels, and the polymer's movement 
into these channels between catalytic actions leads to secretion. Beyond the channel, an 
induced kink in the glucan chain emerges at the BcsA–BcsB interface. This, combined with 
the interaction of the chain with BcsB’s CBDs and its aggregation with other glucan chains, 
further drives the unidirectional movement of the polymer, ensuring a seamless synthesis 
process [57,58,85,88]. 
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1.3 Curdlan (1,3-β-D-glucan) 

Curdlan is a EPS formed exclusively from glucose monomers linked by β-1,3 glycosidic 
bonds. This distinct polysaccharide was first found being synthesized by the bacterium 
Alcaligenes faecalis var myxogenes 10C3, which was discovered in soil [89]. Unlike other β-
1,3 glucans like Pachyman and yeast β-glucan that feature branching, curdlan stands out due 
to its unbranched, linear structure. Curdlan is observed in gram-negative bacteria of the 
rhizobiaceae family, including strains like Agrobacterium and Rhizobium [90–92], as well 
as in gram-positive bacteria such as Cellulomonas falvigena and certain Bacillus species 
[93,94]. 

In terms of its molecular weight, curdlan varies between 5.3 × 104 and 2.0 × 106 Daltons [95]. 
Once processed, it takes on the form of a tasteless, odorless, and colorless powder, which is 
insoluble in both water and alcohol but can dissolve in alkali [96,97]. One remarkable feature 
of curdlan is its ability to produce thermo-reversible and thermo-irreversible gels in aqueous 
solutions based on different temperature conditions [98]. Its unique physicochemical and 
rheological attributes have rendered curdlan a valuable asset in both the food and non-food 
industries in recent years [28]. 

1.3.1 Curdlan biosynthesis 

The biosynthesis of curdlan is governed by the crdASC gene cluster. The identification of 
this cluster was facilitated by the presence of the curdlan synthase gene, crdS. The genes 
crdA, crdS, and crdC are all crucial for curdlan production, as supported by various mutation 
studies and complementation assays [99–101]. An in-depth nucleotide sequence analysis of 
this area shows that the CrdS protein shares similarities with multiple GT2 enzymes [102], 
suggesting it might operate similarly to cellulose synthase. Though CrdS lacks a C-terminal 
PilZ domain, it might still be regulated by a receptor containing the PilZ domain and binds 
to c-di-GMP. Unlike the CrdS protein, the CrdA and CrdC proteins don't exhibit readily 
recognizable conserved domains [100], suggesting they might play unique roles in the 
biosynthesis process. Moreover, the gel strength and molecular weight of curdlan produced 
by Agrobacterium were found to increase upon the knockout of the β-1,3-glucanase genes 
(exoK and exsH) [103]. Based on the current understanding, a hypothetical model of 
synthesis can be proposed: during synthesis, curdlan, once it reaches the periplasmic space, 
is hydrolyzed by the β-1,3-glucanase ExsH and navigates through the outer membrane using 
a β-barrel mechanism. Throughout this process, the TPR, a tetrapeptide repeat protein, 
safeguards the glycan chain and also regulates the degradation of polysaccharide chains by 
β-1,3-glucanase ExsH [103]. (Figure 11) 
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Figure 11. Scheme of the curdlan biosynthesis system. Reproduced from Yuan et al. 2021 [104] 
with permission. 
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1.4 (1,3;1,4)-β-D-glucan  

(1,3;1,4)-β-D-glucans, unbranched homopolysaccharides characterized by a backbone 
structure of 1,3- and 1,4-linked β-glucopyranosyl residues, have been a subject of 
considerable scientific interest [105,106]. They are sometimes referred to as mixed-linkage 
β-glucan, or MLG. While they are best known for their presence in the cell walls of cereals 
and other grasses belonging to the Poaceae family [106], their distribution is broad and 
extends to other vascular plants, charophycean green algae [107], brown algae [108], fungi 
[109], and the fungal symbiont of lichens, such as Cetraria islandica (where the (1,3;1,4)-β-
D-glucan is known as lichenin or lichenan) [110], as well as the gram-negative bacterium 
Sinorhizobium meliloti [111] and gram-positive bacterium Clostridium ventriculi [112]. 

The structure of these glucans features a backbone with consecutive (1→4) bonds forming 

cellotriosyl and cellotetraosyl units, typically separated by a single (1→3) bond. Consecutive 
(1→3) bonds have not been observed, but some variations are noted in the lengths of the 
cello-oligosaccharide sections. By applying the enzyme lichenase, which hydrolyzes all the 

(1→4) bonds that immediately follow (1→3) bonds on the reducing end side, these glucans  

 

Figure 12. Structures of 1,3-β-D-glucan and (1,3;1,4)-β-D-glucans. Lichenase is an endo-
hydrolase that hydrolyzes the (1,3;1,4)-β-D-glucans into smaller oligomers, such as degree of 
polymerization 2 (DP2), DP3 and DP4 shown above. The blue dash lines represent the enzymatic 
cleavage sites. Oligosaccharide profiles in DPs vary depending on the taxonomic origin of 
(1,3;1,4)-β-D-glucans [113]. 
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can be hydrolyzed to produce the trisaccharide β-Glcp-(1→ 4)-β-Glcp-(1→ 3)-β-Glc 

(abbreviated to G4G3G, DP3) and the tetrasaccharide β-Glcp-(1→4)-β-Glcp-(1→4)-β-Glcp-

(1→3)-β-Glc (G4G4G3G, DP4), structures that are easily separated and quantified. (Figure 

12) 

An interesting attribute of these glucans is the variable molar ratio of these oligosaccharides, 
referred to as the DP3/DP4 ratio, which can differ significantly across different taxa, 
suggesting a variation in the molecular assembly of these glucans [105]. Those with high or 
very low DP3/DP4 ratios, such as lichenin found in lichens, demonstrate a higher degree of 
regularity and align more readily over extended regions, which results in them being 
insoluble. Conversely, (1,3;1,4)-β-D-glucans from cereals and grasses, which exhibit 
intermediate DP3/DP4 ratios, are more irregular and soluble in the matrix phase of primary 
cell walls of the Poaceae [105,110,114]. (Table 1) 

Table 1. Ratio of (1,3;1,4)-β-D-glucan oligosaccharides produced from different species after 
lichenase digestion. 

Organisms Species DP2 DP3 DP4 References 

Plant 

Hordeum vulgare 0 1.8–3.5 1 [115] 
Triticum aestivum 0 3.0–4.5 1 [110,116] 

Avena sativa 0 1.5–2.3 1 [115] 
Secale cereale 0 1.9–3 1 [115] 

Equisetum arvense 0 0.05–0.1 1 [117] 
Equisetum fluviatile 0 0.1 1 [118] 

Fungi Cetraria islandica 0 20.2–24.6 1 [115] 

Bacteria 
Sinorhizobium meliloti 1 0 0 [111] 
Clostridium ventriculi 0 1 0 [112] 

Algae Ectocarpus sp. 0 1 0 [108] 
 

The structural and functional significance of (1,3;1,4)-β-D-glucans spans across a multitude 
of species, from plants to fungi and bacteria. In plants, these glucans are pivotal for 
conferring mechanical attributes such as strength, flexibility, and elasticity [105,119,120]. 
They further aid in transport by enhancing porosity, which facilitates the exchange of water, 
nutrients, and small molecules like phytohormones between cells [121]. In the Poaceae 
family, they prominently mark cells transitioning from meristematic to elongation stages but 
are notably absent in mature tissues [120,122,123]. Grains, such as barley and oats, house 
these glucans in the aleurone layer and in cell walls of the endosperm, with their 
concentration peaking during rapid growth phases [124]. These glucans also play a transient 
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role during cell expansion and germination, disappearing post these processes, potentially 
due to the action of (1,3;1,4)-β-D-glucanase, assisting in cell wall turnover [125]. This 
suggests their crucial role during early growth stages. In brown algae, these glucans display 
robust associations with cell walls, their water-insolubility hinting at potential structural 
roles [108]. As for fungi, lichenin in Aspergillus fumigatus is hypothesized to contribute to 
cell wall rigidity [126]. In the bacterial kingdom, although research on (1,3;1,4)-β-D-glucan 
is in its infancy, findings from the gram-negative bacterium S. meliloti suggest that its water-
insoluble form might foster bacterial aggregation and biofilm production around plant roots, 
possibly aiding in bacterial adherence to plant surfaces [127]. 

Beyond their structural role, these glucans are valued for their functionality as bioactive 
ingredients in dietary fibers [114]. Their properties allow them to enhance the viscosity of 
solutions and form a gel-like matrix under certain conditions [114,128–130]. This has led to 
their utilization in the food industry as thickening agents for various food products or as fat 
substitutes in low-calorie foods [124,130–132]. In addition, these glucans are recognized for 
their health benefits, such as reducing serum cholesterol levels, lowering the risk of type II 
diabetes and obesity, and providing other beneficial health effects [133,134]. They also serve 
as a source of metabolizable energy [105] and even enable certain gut bacteria to use them 
as energy sources by encoding specific genes, termed MLG utilization loci (MLGULs, MLG 
stands for mixed-linkage glucan or (1,3;1,4)-β-D-glucan), thereby potentially playing a role 
in gut health [135]. 

1.4.1 (1,3;1,4)-β-D-glucan biosynthesis 

The biosynthesis of (1,3;1,4)-β-D-glucans across various organisms involves diverse genes 
and enzymes. The cellulose synthase-like (Csl) gene superfamily oversees the production of 
non-cellulosic polysaccharides including (1,3;1,4)-β-D-glucans. These Csl genes belong to 
family GT2, encoding transmembrane proteins characterized by a signature D,D,D,QxxRW 
motif crucial for substrate binding and catalysis [136]. Within the Poaceae family, 
encompassing grasses and cereals, the CslF, CslH, and CslJ genes are the primary 
contributors to (1,3;1,4)-β-D-glucans synthesis [137–139].  

One of these, the CslF6 from barley (Hordeum vulgare), has been identified to function as 
a monomer according to biochemical and cryo-electron microscopy (cryo-EM) analysis in a 
recent publication (Figure 13) [140]. An in vitro study demonstrated that barley CslF6 is 
both essential and adept at synthesizing (1,3;1,4)-β-D-glucan, indicating the enzyme's role in 
integrating (1,3)-β-glucosyl linkages into specific non-random positions within the 
predominantly (1,4)-β-linked glucan. Unlike cellulose, the (1,3;1,4)-β-D-glucans synthesized  
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Figure 13. Structures of HvCslF6: AlphaFold2-Refined model using a medium-resolution 
Cryo-EM map. a. Diagram of HvCslF6 structure. TM region is colored from blue (N-terminus) 
to red (C-terminus). The GT domain is shown in pale yellow, while the plant-conserved region 
(PCR) is in brown and the class-specific region (CSR) is in green. “N” and “C” refer to the N and 
C termini of the polypeptide chain, respectively. b. Topology diagram of HvCslF6 colored as in 
a. c. Overlay of the bacterial CesA (PDB 4P00) showcasing an 18-residue nascent cellulose 
polymer (depicted in cyan and red sticks) on the CslF6 cryo-EM map (represented as a 
semitransparent gray surface) to highlight the potential glucan secretion pathway. CslF6 is 
depicted as a cartoon, with its TM domain in blue and its GT domain in pale yellow. Key residues 
W676 and Y787 from the QxxRW and switch motifs are illustrated as sticks in magenta and blue, 
respectively. Reproduced from Purushotham et al. 2022 [140] with permission.  

do not exhibit fiber-like configurations. The biosynthesis only requires the presence of UDP-
glucose as a substrate and Mg2+ functioning as the requisite divalent cation. Initiation of 
polysaccharide synthesis in CslF6 and related enzymes, including those for cellulose, chitin, 
and hyaluronan, likely begins with yielding a priming monosaccharide by substrate 
hydrolysis [46]. Once primed by CslF6, the primary acceptor's C4 hydroxyl group is typically 
oriented towards the base catalyst, facilitating a (1,4)-β-linkage formation in the ensuing 
glycosyl transfer reaction. Notably, the activation of the acceptor at its C3 or C4 site is 
necessary for the generation of a (1,3;1,4)-β-D-glucan. Given the resemblance between the 
catalytic domain of barley CslF6 and that found in plant and bacterial cellulose synthases, it 
suggests CslF6 also have a single-base catalyst only, specifically D634 of the TED motif. As 
a consequence, introducing a (1,3)-β-linkage into a primarily (1,4)-β-linked glucan 

a.

b.

c.



  | 23 

necessitates a shift of approximately 2 Å in the acceptor sugar's positioning, particularly 
focusing on its C3 or C4 hydroxyl group, relative to D634 (Figure 14) [140].  

Intriguingly, a conserved “switch motif” located at the entrance of CslF6’s transmembrane 
channel is crucial for the production of (1,3)-linkages (Figure 14). Mutations in this region, 
either in the entire switch motif or the residue Y787 (Figure 13c), can significantly impact 
(1,3)-linkage formation, leading to the creation of cellulosic polysaccharides instead. It is 
postulated that CslF6 keeps a vigilant check on the orientation of the emergent 
polysaccharide’s second or third glucosyl unit. By registering interactions with these glucosyl 
residues, the polymer’s terminal glucosyl unit is effectively repositioned to forge either a 
(1,3)- or (1,4)-β-linkage [140]. 

The attempt to switch from trimeric poplar CesA8, a cellulose synthase, to a (1,3;1,4)-β-
glucan synthase by introducing the barley CslF6 switch motif was unsuccessful, suggesting  

 
Figure 14. The left panel shows overlay of the CslF6 structure with a single protomer from the 
hybrid aspen (Ptt) CesA8 trimeric model (PDB: 6WLB). The overlaid CesA8 protomer is depicted 
as a semi-transparent dark violet cartoon and the others are displayed as gray ribbons. The 
cellulose polymer from PDB: 6WLB is highlighted in cyan and red ball-and-stick format. The 
distinct regions of CslF6 are color-coded: TM (blue), interface (gray), GT (yellow), CSR (green), 
and PCR (brown). The right panel shows the active site. This panel zooms into the area marked 
by a black rectangle in the left structure with the substrate-binding area encircled by a dashed 
oval. Reproduced from Purushotham et al. 2022 [140] with permission.  
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that other components might be crucial for introducing (1,3)-β linkages. It's possible that 
factors contributing to the wider TM channel in monomeric CslF6 are also essential for 
(1,3;1,4)-β-D-glucan synthesis and translocation [140]. 

In the bacterial kingdom, EPS biosynthesis bears several similarities to its counterparts in 
plants. For example, bacterial polysaccharide synthases have structural features that are 
comparable, including a transmembrane domain and a catalytic D,D,D,QxxRW motif within 
GT domain [84]. An in silico analysis has identified two potential genes, bgsA and bgsB, 
implicated in the synthesis of S. meliloti (1,3;1,4)-β-D-glucans [111]. The bgsA protein 
appears to possess seven TM domains and the aforementioned catalytic motif, but notably 
lacks signature PilZ sequence RxxxR and N/DxSxxG in its C-terminal domain. Subsequent 
biochemical investigations of a heterologously expressed C-terminal domain of bgsA 
indicate its potential in c-di-GMP binding [127]. However, the absence of PilZ implies a 
unique activation mechanism for bgsA in (1,3;1,4)-β-D-glucan production compared to other 
EPS biosyntheses. Research further reveals the presence of putative (1,3;1,4)-β-D-glucan 
synthase genes, specifically the bgsA and bgsB operons, in Rhizobium, Agrobacterium, and 
Methylobacterium genomes—all classified under the order Rhizobiales [111]. This suggests 
that (1,3;1,4)-β-D-glucan occurrence in bacteria may be more widespread than previously 
believed. 
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1.5 Carbohydrate-active enzyme  

Carbohydrate-Active enZymes (CAZymes) are a class of enzymes that function to synthesize, 
modify, or break down carbohydrates, ubiquitous biological molecules with diverse 
structural and functional roles. Given the complexity and variety of carbohydrate structures, 
understanding the range and specificity of CAZymes is essential for areas ranging from 
biotechnology to human health [141]. The Carbohydrate-Active enZymes Database 
(www.CAZy.org) is a specialized resource developed to catalog and provide information on 
the myriad CAZymes identified from sequenced genomes [142]. Within the CAZy database, 
CAZymes are grouped into several classes based on their specific functions: Glycoside 
Hydrolases (GHs), which are spread across ~185 families, are pivotal for hydrolyzing 
glycosidic bonds. Glycosyltransferases (GTs), spanning 116 families, play a crucial role 
in synthesizing glycosidic bonds from phospho-activated sugar donors. On the other hand, 
Polysaccharide Lyases (PLs), grouped into 42 families, specifically cleave glycosidic 
bonds in uronic acid-containing polysaccharides using a β-elimination approach. 
Carbohydrate Esterases (CEs), sorted into 20 families, work by removing ester-based 
modifications from carbohydrates, thereby facilitating the decomposition of intricate 
polysaccharides. Lastly, Carbohydrate-Binding Modules (CBMs), spanning across 98 
families, are non-catalytic protein domains that enhance enzyme activity by binding to 
carbohydrates. Each classification underscores the intricate ways by which organisms 
interact with carbohydrate molecules, highlighting the significance of CAZymes in nature 
[141,142]. New families are being created all the time, especially with the ever-increasing 
availability of (meta)genome sequencing data, and the numbers of families quoted above are 
correct at the time of writing this thesis. 

1.5.1 Glycosyltransferases (GTs) 

GTs are enzymes specialized in catalyzing the transfer of sugar moieties from donor 
molecules to specific acceptors. These donors, sometimes termed as Leloir donors in honor 
of Nobel laureate Luis Leloir, are typically nucleotide sugars (e.g. GDP-Man and UDP-Glc). 
GTs that utilize non-nucleotide donors like polyprenol pyrophosphates, sugar-1-phosphates, 
or sugar-1-pyrophosphates are referred to as non-Leloir GTs [143]. 

Mechanistically, GTs function through either retention or inversion of the anomeric center 
configuration (Figure 15). Inverting GTs typically operate via SN2-like reaction with a single 
nucleophilic substitution step, often facilitated by a general base catalyst (Asp or Glu) and 
usually require a divalent cation, such as Mg²+ or Mn²+ [144]. Retaining GTs, on the other  
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Figure 15. Reaction Mechanisms of GTs. a. Inverting mechanism employs a direct-displacement 
resembling an SN2 reaction. b. The Koshland-type retaining mechanism involves an enzymatic 
nucleophile guiding a two-step double inversion. c. The SN1-type retaining mechanism, or 
"internal return", features a nucleophile attacking from the same side as the departing leaving 
group. Reproduced from Williams “Glycosyltransferases” in CAZypedia [145] with permission. 

hand, have more ambiguous mechanisms. One proposed mechanism for retaining GTs is the 
classical Koshland-type, where a catalytic nucleophile facilitates a two-step double inversion 
process. This results in a net retention of the anomeric configuration. Another debated 
mechanism is the SN1-type or “internal return”, where the nucleophile attacks from the same 
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face the leaving group departs. Both mechanisms are still under investigation, with varying 
interpretations from trapping experiments and crystal structures [146]. 

From a structural perspective, GTs can be classified based on sequence into more than 116 
families. Typically, the mechanism (retaining or inverting) is conserved within a family. As 
for their 3D structures, GTs exhibit a limited range of folds compared to other enzymes like 
glycoside hydrolases. The predominant folds for the Leloir GTs are the GT-A, GT-B, and the 
less common GT-C folds (Figure 16) [147]. The GT-A fold, represented by enzymes like the 
bovine β-1,4-galactosyltransferase from Bos taurus [148], features two dissimilar domains. 
In contrast, the GT-B fold, as seen in the macrolide glycosyltransferases from Streptomyces 
antibioticus [149], has two similar Rossmann fold subdomains. The GT-C fold is less 
prevalent but stands as a distinct category [150]. Non-Leloir GTs typically don't follow these 
classifications, exhibiting unique folds specific to their functions [143,144].  

Inverting and retaining enzymes are found within both GT-A and GT-B folds, indicating that 
there is no direct correlation between a GT's overall fold and its catalytic mechanism. The 
Glycosyltransferase family 2 (GT2), to which many bacterial polysaccharide synthases 
belong, typically has a GT-A fold and primarily functions through an inverting mechanism 
[151].  

 

Figure 16. Structural illustrations of glycosyltransferase folds. Displayed are the representative 
structures for a. GT-A (PDB 1FGX, from Bos taurus), b. GT-B (PDB 2IYF, from Streptomyces 
antibioticus), and c. GT-C (PDB 5OGL, from Campylobacter lari) glycosyltransferase folds. 
Helices are depicted in blue, β-strands in red, and loops in green. Reproduced from Yang et al. 
2023 [152] with permission. 
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1.5.2 Glycoside hydrolases (GHs) 

Glycoside hydrolases (GHs), sometimes known as glycosidases or glycosyl hydrolases, are 
specialized enzymes that catalyze the hydrolysis of glycosidic linkages within glycans. This 
reaction yields a sugar hemiacetal or hemiketal alongside a free aglycone. These enzymes 
have the ability to hydrolyze O-, N-, and S-linked glycosides. 

The positional specificity of a GH in terms of its cleavage site can be categorized as endo- or 
exo-. While endo-acting enzymes target bonds within the middle of a polysaccharide chain, 
exo-acting enzymes often cleave at the end, frequently the non-reducing end. A general sub-
site nomenclature aids in pinpointing substrate binding within glycosidase active sites. In 
this nomenclature, sub-sites are systematically numbered to indicate their position relative 
to the cleavage point. [153]. 

GHs are primarily divided based on their reaction mechanisms into retaining and inverting 
types. These mechanisms are distinguished by their distinct stereochemical outcomes. 
Inverting GHs employ a single displacement mechanism, in which a general base activates 
a water molecule for a nucleophilic attack on the sugar's anomeric carbon. This leads to 
inversion of stereochemistry at the anomeric carbon. Retaining GHs on the other hand lead 
to an overall net retention of anomeric stereochemistry, and operate through a two-step 
process: glycosylation and deglycosylation. This process involves the formation of a covalent 
sugar-enzyme intermediate in the first step. In some instances, an N-acetyl sugar's carbonyl 
group can act as the nucleophile, a phenomenon termed substrate-assisted mechanism. 
During the second step, the acid/base residue removes a proton from a water molecule, 
facilitating its attack on the anomeric carbon, ultimately releasing the hydrolyzed product 
(Figure 17) [154]. 



  | 29 

 

Figure 17. Figure 18. Mechanisms of Glycosidases. a. Mechanism for inverting glycosidase. b. 
Mechanism for retaining glycosidase using an enzyme nucleophile, progressing through a 
glycosyl-enzyme intermediate in a two-step displacement. c. Retaining glycosidase mechanism 
facilitated by substrate-assisted catalysis, proceeding through an oxazoline/oxazolinium ion 
intermediate. Reproduced from Planas et al. 2023 [154] with permission. 
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2 Materials and methods 

This thesis is a culmination of collaborative efforts; however, only the contributions made 
directly by the respondent are detailed in this section. 

2.1.1 Cultivation of selected anaerobic bacteria (Paper II, III) 

All anaerobic bacteria utilized in this thesis, including DSM 25109 R. ilealis CRIBT, DSM 
286 Clostridium ventriculi, DSM2637 Clostridium tyrobutyricum, DSM25664 Clostridium 
bornimense, DSM102218 Clostridium nigeriense, DSM100592 Niameybacter massiliensis, 
and DSM106044 Robinsoniella peoriensis were sourced from DSMZ GmbH (Leibniz 
Institute DSMZ-German Collection of Microorganisms and Cell Cultures GmbH, Germany).  
For the cultivation of R. ilealis CRIBT, 50 mL PYG medium (10 g/L peptone, 5 g/L yeast 

extract, 5 g/L glucose, 0.5 g/L L-cysteine hydrochloride, 0.2 g/L Na2CO3, 1.5 g/L KH2PO4, 
0.1 g/L MgSO4, 0.25 mg/L hemin, 0.5 mL/L resazurin, pH 7) was prepared and transferred 
to 125 mL Wheaton® serum bottles, followed by autoclaving for 20 min at 121 °C. An 
anaerobic environment was meticulously maintained through cycles of vacuum (45 s per 
each cycle) and purging with ultrapure N2 gas (N5.0). The freeze-dried R. ilealis bacteria 
were resuspended and inoculated under anaerobic conditions, followed by a purging process 
with a mixture of 80% N2 and 20% CO2 (5 cycles) to provide the necessary CO2 for growth. 
This was then incubated at 37°C on an orbital shaker for 3–5 days. 

In a similar vein, for cultivating C. ventriculi and other selected strains, media as per the 
recipes from DSMZ GmbH were prepared and introduced into serum bottles. This was 
followed by autoclaving for 20 min at 121 °C and purging with 100% N2 to maintain 
anaerobic conditions. The vials containing the different bacterial strains were opened and 
inoculated within an anaerobic chamber, with subsequent additional purging with 100% N2 
and incubation at 37°C on an orbital shaker for 3–5 days. 

Both cultivation processes involved meticulous adherence to DSMZ instructions, with 
modifications as necessary, ensuring optimal growth conditions for the respective bacterial 
strains. 
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2.1.2 Yeast (Saccharomyces cerevisiae) expression system (Paper II, III) 

2.1.2.1 Stable transformation of GT2 genes  
The fragments containing the full-length open-reading frames of GT2 genes were amplified 
from synthetic cDNA housed in a pMA plasmid, utilizing PCR primers detailed in Table 2. 
These genes were subsequently cloned into the pDDGFP-2 vector using homologous 
recombination. The homologous sequences (flanking regions) employed were identical to 
those surrounding the target location in the genome of host yeast. During this process, the 
repair machinery of yeast targeted the homologous sequence, facilitating the integration of 
the DNA fragment into the genome through recombination. Following the transformation, 
the expression of the genes was initiated according to the methodologies outlined in studies 
by Newstead et al. [155] and Drew et al. [156]. Briefly, each gene was incorporated into a 
pDDGFP-2 vector, regulated by a galactose-inducible promoter (GAL1), which led to the 
production of a C-terminal GFP fusion protein. Post-transformation, clones exhibiting 
positive expression were identified through whole-cell and in-gel fluorescence screening. 
The sequencing of the transformed GT2 genes and their mutant variant was carried out by 
Eurofin Genomic. 

Table 2. List of primers for homologous recombination in yeast transformation. 

* The homologous sequences were highlighted in Bold. 

2.1.2.2 Protein expression in yeast cells 
Colonies were inoculated in -URA medium, containing 2% glucose, and incubated overnight 
at 30°C and 280 rpm. Post incubation, cultures were adjusted to OD600 0.12 with -URA 
medium with 0.1% glucose and further incubated under the same conditions. Protein 
expression was induced with a final concentration of 2% galactose when OD600 reached 0.6. 

Primer names Sequences  (5’ → 3’) 

RiGT2_Forward ACCCCGGATTCTAGAACTAGTGGATCCCCCATGTACGCCTTGAT
TATGGTCATC 

RiGT2 _Reverse AAATTGACCTTGAAAATATAAATTTTCCCCAGACACCATGGCGA
CTTCAGC 

RiPilZ_ Forward ACCCCGGATTCTAGAACTAGTGGATCCCCCATGCCTATTTTCAG
GACCTCCGA 

CvGT2-1_Forward ACCCCGGATTCTAGAACTAGTGGATCCCCCATGATCTACTTCAT
CATCTACTTTATTATCG 

CvGT2-1 _Reverse AAATTGACCTTGAAAATATAAATTTTCCCCAGCGCCGTAGATGA
AAAC 

CvGT2-2_Forward ACCCCGGATTCTAGAACTAGTGGATCCCCCATGATCTACTTTAT
TATCGCTGTGG 

CvGT2-2 _Reverse AAATTGACCTTGAAAATATAAATTTTCCCCGCCCTTGGAGATAG
TAGTGC 
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The cultures were harvested post 22 h induction, followed by centrifugation at 3000 × g for 
5 min at 4°C. 

2.1.2.3 Whole-cell and in-gel fluorescence 
Colonies, once cultured and induced as described previously, were subjected to further 
processing. Cells pelleted from a 10 mL culture were resuspended in 200 µL of YSB buffer 
(50 mM Tris–HCl pH 7.6, 5 mM EDTA, 10% glycerol) and transferred to a black Nunc 96-
well optical bottom plate. Fluorescence emission was ascertained using a Clariostar 
microplate spectrofluorometer, setting the excitation at 488 nm and measuring the emission 
at 512 nm. Successfully expressing clones were transferred to Eppendorf tubes and lysed 
using glass beads at 30 Hz for 7 min, utilizing a Tissue Lyzer (Retsch GmbH, Haan, 
Germany). Subsequent to the lysis, cell debris was eliminated through centrifugation at 
3000×g for 5 min, followed by another centrifugation step at 17,000 × g for 1 h to pellet the 
crude membranes. The membrane proteins were then separated by SDS-PAGE at 150 mV 
and the gel was analyzed using a CCD camera system (Las 1000 gel system, Fujifilm). Unless 
stated otherwise, all steps were conducted at 4°C. 

2.1.2.4 Preparation of microsomal fractions (MFs) 
Cells obtained from a 500 mL culture were resuspended in a resuspension buffer (pH 7.4) 
consisting of 50 mM HEPES, 150 mM NaCl, 10% glycerol, and one tablet of cOmplete™ 
Protease Inhibitor Cocktail (Roche, Basel, Switzerland). Following the application of a 
French Press at 1000 psi (SLM Aminco) and the removal of cell debris through 
centrifugation (3000 × g, 5 min), microsomal fractions were isolated using centrifugation 
(150,000 × g, 1 h) in a Beckman Ti70 rotor. These fractions were then resuspended in the 
aforementioned resuspension buffer. The protein concentrations were adjusted to 1.5 mg/ml 
in preparation for subsequent radiometric in vitro assays. Unless stated otherwise, all steps 
were conducted at 4°C. 

2.1.2.5 RiGT2-GFP membrane protein purification 
The protein purification method employed a cultivation protocol with modifications to 
accommodate the scale-up. Overnight cultures were adjusted to an OD600 of 0.12 in 8 L of -
URA medium, containing 0.3% (w/v) glucose, and were incubated for 20 hours. Expression 
was then induced with a final concentration of 2% (w/v) galactose. The MF was isolated 
following the previously described protocol. For the solubilization of RiGT2-GFP protein, 
the pelleted MF was treated with a buffer consisting of 50 mM HEPES (pH 7.4), 150 mM 
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NaCl, 10 mM MgCl2, 10% (v/v) glycerol, 20 mM imidazole, and 1% (w/v) n-dodecyl-β-D-
maltoside (DDM)/0.01% (w/v) cholesteryl hemisuccinate (CHS), and the mixture was gently 
stirred for 1 hour at 4 °C. Subsequently, the insoluble material was separated by 
centrifugation at 150,000 × g for 1 h at 4 °C using a Beckman Ti70 rotor. The resultant 
soluble membrane fraction was incubated with Ni-NTA His Bind Resin (Millipore, USA) at 
4 °C for 1 h, with gentle stirring. After incubation, the resin was packed into a gravity flow 
chromatography column and washed with a buffer containing 50 mM HEPES (pH 7.4), 150 
mM NaCl, 10 mM MgCl2, 10% glycerol, 50 mM imidazole, and 0.02% (w/v) DDM/0.002% 
(w/v) CHS, using five column volumes. The proteins were then eluted using a buffer 
comprising 50 mM HEPES (pH 7.4), 150 mM NaCl, 10 mM MgCl2, 10% (v/v) glycerol, 500 
mM imidazole, and 0.02% DDM/0.002% CHS. Following elution, the proteins were 
separated via SDS–PAGE, and their identities confirmed through in-gel tryptic digestion 
followed by liquid chromatography-mass spectrometry (LC–MS). 

2.1.2.6 RiPilZ-GFP soluble protein purification 
Overnight cultures were adjusted to an OD600 of 0.12 using 1 L of -URA medium with 0.3% 
(w/v) glucose and incubated for 20 hr. Upon this, expression was triggered by adding 
galactose to achieve a 2% (w/v) final concentration. Centrifugation at 3000 × g for 5 min at 
4°C was employed to collect the cells, which were then resuspended in a buffer (pH 7.4) 
composed of 50 mM HEPES, 150 mM NaCl, and one cOmplete™ Protease Inhibitor Cocktail 
tablet (Roche, Basel, Switzerland). Subsequent to the French Press application at 1000 psi 
(SLM Aminco) and the elimination of cell debris via centrifugation at 3000 × g for 5 min, 
the obtained suspension was introduced into a gravity flow chromatography column filled 
with Ni-NTA His Bind Resin (Millipore, USA). This column was then rinsed with a buffer 
that contained 50 mM HEPES (pH 7.4), 150 mM NaCl, and 20 mM imidazole across five 
column volumes. Proteins were subsequently eluted utilizing a buffer that consisted of 50 
mM HEPES (pH 7.4), 150 mM NaCl, and 500 mM imidazole. After the elution process, 
proteins were concentrated and subjected to a buffer exchange using an Amicon 
concentration tube with a 3 kDa cut-off (Merk Millipore). 

2.1.3 E. coli expression system (Paper IV) 

2.1.3.1 Cloning of CpGT2 construct 
The CpGT2 gene fragment was amplified by PCR reaction from a plasmid hosted the 
complete Cpin_3128 gene (Protein Science Facility, Stockholm). This fragment was 
subsequently integrated into the pNIC-CTHO vector utilizing Ligation-Independent Cloning 
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(LIC) method. Notably, this vector introduces a C-terminal enhanced GFP (eGFP) and a His6 
tag that can be cleaved by the tobacco etch virus (TEV). For the PCR reaction, the setup 
encompassed 50 ng of plasmid DNA, 2 U of Phusion High-Fidelity DNA Polymerase, 10 mM 
dNTPs, 1.5 µL DMSO, 5 x HF Phusion buffer (ThermoFisher Scientific), and 25 µM of both 
forward and reverse primers, with sequences 
TTAAGAAGGAGATATACTATGGGAATACTCCTGTACAG and 
GATTGGAAGTAGAGGTTCTCTCTCATAAATAAACCAGGAGGTG, respectively. The PCR 
cycling conditions were structured with an initial denaturation at 98°C for 30 s, succeeded 
by 25 cycles of 10 s at 98°C for denaturation, 60 s at 62°C for annealing, and 90 s at 72°C for 
extension. The reaction was concluded with a final extension phase at 72°C for 10 min. 
Following PCR, DpnI enzyme (ThermoFisher Scientific) was employed to digest the 
resultant PCR products at 37°C for 1 h, aiming to eliminate the methylated parental DNA 
template. Simultaneously, the pNIC-CTHO vector was linearized with the BveI restriction 
enzyme (ThermoFisher Scientific) under the same conditions. Post enzymatic treatments, 
both the PCR product and the linearized vector were purified utilizing the GeneJET PCR 
Purification Kit (ThermoFisher Scientific). The subsequent application of T4 DNA 
polymerase generated the necessary overhangs. The inserts and linearized vectors were then 
merged and allowed to incubate for 10 minutes under ambient conditions, following which 
they were transformed into E. coli Top10 cells (Invitrogen). The successful transformants 
were subsequently transformed to E. coli C41 cells. 

2.1.3.2 Expression of CpGT2 and Cpin_3128 proteins 
The transformants were cultured at 37°C in 500 mL of Terrific Broth (TB), enriched with 50 
µg/mL kanamycin. Once the culture achieved an OD600 of 0.8, the temperature was adjusted 
to 18°C, 25°C, and 30°C, and the initiation of protein production was induced by the addition 
of 0.5 mM IPTG. Following 16 hours of incubation, the cells were harvested by centrifugation 
at 5,000 × g. Each of the collected cell pellets was then resuspended in a solution formulated 
with 50 mM HEPES (pH 7.4), 150 mM NaCl, 10% glycerol (v/v), and a tablet of cOmplete™ 
Protease Inhibitor Cocktail supplied by Roche. Subsequently, these suspensions were 
homogenized and subjected to sonication for 3 min at 30% intensity, utilizing 5 s on/off 
pulse intervals. To clarify the cell lysates, they were centrifuged at 6,000 × g for 10 minutes 
at 4°C, resulting in the collection of the supernatants. To extract the MFs, an additional 
centrifugation was executed at 150,000 × g for 1 h. Subsequently, the MFs were prepared as 
previously detailed for the upcoming radiometric assays. 
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2.1.4 Oligosaccharide analysis (Paper II, III) 

2.1.4.1 Preparation of alcohol-insoluble residues (AIRs) 
Following the harvest, cells were resuspended in a 75% (v/v) aqueous ethanol solution. 
Bacteria cells underwent sonication (Branson, Brookfield, USA) at 40% amplitude, 
conducted in 30 s intervals for a cumulative duration of 3 min. Conversely, yeast cells were 
subjected to two processing rounds using a French Press, set at 1000 psi. Subsequent to 
disruption, the cells were cleansed with both 100% ethanol and 100% acetone. This was 
followed by an additional centrifugation round (3000 × g, 10 min) at room temperature. 
Once thoroughly air-dried, the washed Alcohol-Insoluble Residues (AIRs) were resuspended 
in deionized water, transferred into dialysis tubes (Cat. No. D0530-100FT, Sigma), and 
dialyzed against a continuous flow of Milli-Q water for 16 hr, culminating in freeze-drying. 

2.1.4.2 Treatment with lichenase and (1,3;1,4)-β-D-glucan oligosaccharide purification 
A volume of 50 µL of (1,3;1,4)-β-D-glucanase (lichenase) from Bacillus subtilis (Megazyme 
International Ireland Ltd) was applied to 2 mg of AIRs suspended in 200 µL of 20 mM 
phosphate buffer (pH 6.5). This mixture was incubated for 24 hours at 50 °C. Following this, 
the mixtures were centrifuged (3000 × g, 5 min), and the digested oligosaccharides in the 
supernatants were purified using Bond Elut Carbon cartridges (Agilent Technologies, USA). 
They were then eluted with 50% CH3CN and freeze-dried for subsequent analysis. 

2.1.4.3 MALDI-TOF-MS analysis 
The lichenase digest was combined with 2,5-dihydroxybenzoic acid (DHB, 10 mg/L in 0.1% 
(v/v) TFA and 50% (v/v) CH3CN) and a 10 mM NaCl solution. These mixtures were then 
applied to a steel plate and allowed to dry. The analysis was conducted using the Biosystems 
4800 MALDI instrument in linear positive-ion mode, equipped with an N2-laser for 
ionization and a time-of-flight analyzer. The number of shots collected for the resulting 
spectra was determined by the response from the analytes. 

2.1.4.4 High-performance anion exchange chromatography with pulsed amperometric 
detection (HPAEC PAD) analysis 

The oligosaccharides underwent separation utilizing a CarboPac-PA1 analytical column (4 × 
250 mm, Thermo Scientific, USA), accompanied by a guard column (4 × 50 mm, Thermo 
Scientific, USA) incorporated into an ICS-3000 system (Dionex, Sunnyvale, CA, USA). The 
column was initially washed with 200 mM NaOH for 10 minutes at a 1 mL min−1 flow rate 
and subsequently equilibrated with 100 mM NaOH and 5% (v/v) 1 M NaOAc for an 
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additional 5 min. Following this, the samples were introduced and eluted using a gradient 
of 1 M NaOAc, which increased from 5% to 25% over a period of 25 min, all the while 
maintaining a steady 100 mM NaOH solution. Pure oligosaccharide standards derived from 
(1,3;1,4)-β-D-glucan, laminarin, and cellulose were sourced from Megazyme. 

2.1.4.5 Neutral sugar linkage analysis of the oligosaccharides 
The purified oligosaccharides from CvGT2-1 and CvGT2-2 transformed yeasts underwent 
linkage analysis following a modified version of a previously described method [157]. 
Initially, 1 mg of purified oligosaccharides was dissolved in 400 µL of DMSO and subjected 
to overnight stirring at room temperature. The solution was intermittently flushed with 
argon to remove oxygen. Subsequently, 200 mg of freshly powdered NaOH was added, 
followed by incremental additions of 30 µL methyl iodide every 10 min for 5 times. After 
each addition, the solution was flushed with argon, stirred, and occasionally sonicated. To 
recover the methylated polysaccharides, the mixture was partitioned three times using a 
combination of water and dichloromethane (DCM). The organic phase containing the 
methylated polysaccharides was extracted and dried. For hydrolyzation, 1 mL of 2 M TFA 
was added to the samples, followed by heating at 121 °C for 3 hr. After drying the samples, 
they were reduced by adding a solution of 0.25 M sodium NaBD4 in 1 M ammonia. The 
reduction reaction was maintained at room temperature for 1.5 hours and quenched with 
10% acetic acid in methanol, followed by drying. The reduced samples were then acetylated 
by being treated with a 1:1 (v/v) mixture of pyridine and acetic anhydride and subjected to 
heating at 100 °C for 60 min. This process resulted in the formation of partially per-O-
methylated alditol acetates (PMAAs), which were extracted using ethyl acetate and analyzed 
using gas chromatography-mass spectrometry (GC-MS). Specific glycosidic linkages were 
identified based on the MS fragmentation patterns of the PMAAs and by comparing the 
obtained chromatograms with polysaccharide standards. The semi-quantitative results of 
the glycosidic linkages, expressed as a percentage of the total mol%, were adjusted based on 
the overall monosaccharide composition. 

2.1.5 Radiometric in vitro assay (Paper II, III, IV) 

MFs at a concentration of 1.5 mg/mL were mixed in a 1:1 ratio with a solution containing 50 
mM HEPES (pH 7.4), 150 mM NaCl, 18 mM MgCl2, 4 mM UDP-glucose, and 0.2 µCi/ml 
UDP-[14C]-glucose. When specified, additional compounds were introduced. Subsequently, 
the reaction mixtures were allowed to incubate at room temperature for 1 h. To terminate 
the reactions, ethanol was introduced to achieve a final concentration of 66% (v/v). 
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Following this, the mixtures were filtered through binder-free Whatman® glass microfiber 
filters. Residual insoluble products on the filters were thoroughly rinsed with deionized 
water (ddH2O) and 66% (v/v) ethanol, and then left to dry. Each dried filter was 
subsequently immersed in Ultima Gold F scintillation reagent (PerkinElmer, Waltham, MA, 
USA) in preparation for scintillation counting. All the experiments were meticulously 
conducted in triplicate. 

2.1.6 Bioinformatic analysis (Paper II, III, IV) 

Protein sequences used in this research were derived from the National Center for 
Biotechnology Information database (NCBI). For Paper I, the sequences of Clostridioides 
difficile CcsA (WP_021391996.1) and Romboutsia ilealis RiGT2 (CED93608.1) were 
selected. In Paper II, the focus was on Clostridium ventriculi CvGT2-1 (WP_055257043.1) 
and CvGT2-2 (WP_055257044.1), and for Paper III, Chitinophaga pinensis Cpin_3128 
(WP_012790772.1) was the sequence of interest. These sequences served as the queries for 
the search for homologues using BLASTP. The alignment of protein sequences and 
subsequent phylogenetic analysis were facilitated through the Clustal Omega from EMBL-
EBI web tool (https://www.ebi.ac.uk/Tools/msa/clustalo/) [158] and MEGA software 
version X [159,160]. The construction of phylogenetic trees employed the neighbor-joining 
likelihood method, guided by the Jones–Taylor–Thornton (JTT) model. The chosen 
parameters for this approach included a bootstrap method with 1000 replications for testing 
phylogeny, amino acid as the substitution type, and uniform rates for rates among sites. The 
final editing of the trees was carried out using the iTOL online tool (https://itol.embl.de) 
[161]. 
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3 Aim of investigation 

In the intricate world of bacteria, EPSs stand out as high molecular weight polysaccharides 
that support crucial functions such as survival, virulence, communication, and defense 
against environmental challenges. These biopolymers are not just biological marvels; their 
multifaceted roles stretch into various industrial and medical arenas. They have marked 
their presence from enhancing food products and pharmaceutical innovations to precede 
sustainable progress by presenting eco-friendly alternatives to petrochemical-based 
materials. 

The overarching importance of EPS is evident, but to truly harness their potential, we must 
explore the enzymes orchestrating their synthesis. These enzymes are the architects behind 
the EPS structure, composition, and unique properties. By understanding and potentially 
manipulating these enzymes, we can tailor the properties of EPS to fit particular 
requirements. 

Thus, the primary aim of this thesis is to investigate bacterial polysaccharide enzymes, 
expanding our existing understanding. Initially, we discuss newly characterized (1,3;1,4)-β-
D-glucan synthases from gram-positive bacteria. Subsequently, the focus will shift to a GT2 
polysaccharide synthase, pivotal in a polysaccharide utilization loci (PUL) from soil-derived 
gram-negative bacteria. 
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4 Current studies 

4.1 Characterization of (1,3;1,4)-β-D-glucan synthase in gram-positive 
bacteria (Paper II, III) 

(1,3;1,4)-β-D-Glucans are widely distributed across various biological systems, ranging from 
the cell walls of grasses in the Poaceae family and their close relatives to entities like fungi 
[119], lichens [162], brown algae [108], charophycean green algae [107], horsetail ferns [118], 
and certain bacteria such as S. meliloti [111]. While the biosynthesis of (1,3;1,4)-β-D-glucans 
within grasses is attributed to three Cellulose Synthase-Like (CSL) gene families—
specifically CSLF, CSLH, and CSLJ—the understanding of enzymes catalyzing β-glucan 
formation outside grasses remains limited [138,139,163,164]. In particular, the bacterial 
kingdom exhibits a knowledge gap concerning these enzymes, especially among gram-
positive strains. These strains play a crucial role in shaping microbiota dynamics in the small 
intestine and preventing pathogenic colonization [165–167]. 

In the thesis, we identified (1,3;1,4)-β-D-glucans in the EPSs of two gram-positive bacteria: 
Romboutsia ilealis CRIBT (PAPER II) and Clostridium ventriculi (PAPER III). This 
research not only identifies distinct genes encoding (1,3;1,4)-β-D-glucan synthases but also 
employs a direct gain-of-function approach to substantiate these findings. 

4.1.1 Discovery of (1,3;1,4)-β-D-glucan in the EPS of both R. ilealis and C. 
ventriculi  

For subsequent analysis, EPSs were extracted using alcohol, typically ethanol, which is a 
common agent for precipitating polysaccharides from solutions. This effectiveness arises 
from alcohol's ability to decrease the solubility of polysaccharides, leading to their 
precipitation. This technique is frequently utilized to purify or concentrate these 
polysaccharides [168]. Thus, before analysis, the EPSs from R. ilealis and C. ventriculi were 
extracted through alcohol precipitation and then freeze-dried. To identify the presence of 
(1,3;1,4)-β-D-glucan in the EPSs, we treated samples with the specific enzyme, lichenase. 
Using HPAEC-PAD, we compared the retention times of released oligosaccharides with 
reference standards, the oligosaccharides derived from barley (1,3;1,4)-β-D-glucans. 
Numerous unexpected peaks appeared in both the control without enzymes and in the 
lichenase-treated R. ilealis CRIBT EPSs. However, two peaks from the lichenase-treated R. 
ilealis CRIBT EPSs matched the retention times of reference standards the DP3 (G4G3G) 
and DP4 (G4G4G3G), with a DP3 to DP4 ratio of roughly 2:1. (Figure 18). In contrast, 
lichenase treatment of C. ventriculi EPSs revealed high abundant DP3 oligosaccharides with 
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a high DP3 to DP4 ratio 18:1, highlighting a significant difference in the presence of (1,3;1,4)-
β-D-glucans in different species (Figure 18). 

 

Figure 18. The HPAEC PAD chromatogram of lichenase-treated EPS (EPS + lichenase) was 
compared with the no enzyme control chromatogram (EPS control, black) and with 
chromatograms of pure standard oligosaccharides DP3 and DP4 derived from barley (1,3;1,4)-β-
D-glucan (grey). Two peaks from lichenase-treated EPS (EPS + lichenase) of both R. ilealis CRIBT 
(RI, blue) and C. ventriculi (CV, red) have the same retention times as DP3 and DP4. EPS, 
exopolysaccharides. STD, standard. Numbers represent degrees of polymerization (DP). 

4.1.2 Verification of gene expression and protein function by gain-of-function 
approach 

In our search for (1,3;1,4)-β-D-glucan synthase candidate genes, we examined the GT2 genes 
in the genomes of R. ilealis and C. ventriculi from the Carbohydrate Active EnZyme (CAZy) 
[142] and NCBI database. As noted earlier, the characteristic signature motif D,D,D,QxxRW 
is commonly found in most GT2 polysaccharide synthases and is critical for their function 
[76,77]. Within the genomes of R. ilealis (GenBank LN555523.1) and C. ventriculi (NCBI 
reference NZ_CABIXL010000001.1), our search for GT2 proteins containing this motif 
yielded one candidate in R. ilealis (RiGT2, CED93608.1) and two in C. ventriculi (CvGT2-1, 
WP_055257043.1 and CvGT2-2, WP_055257044.1). Interestingly, while bacterial cellulose 
synthesis often involves a protein complex within the same operon, our (1,3;1,4)-β-D-glucan 
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synthase candidates appear to function independently. In the gram-negative bacterium, S. 
meliloti, the synthesis of (1,3;1,4)-β-D-glucan involves two genes, bgsA, which encodes a 
glycosyltransferase and bgsB, which encodes a bcsB-like membrane-anchored periplasmic 
protein [111]. However, neither the R. ilealis nor the C. ventriculi candidate genes cluster 
with a bgsB-like gene. This absence might relate to the single-unit cell membrane 
characteristic of gram-positive bacteria (Figure 19). Similarly, the putative Clostridial 
cellulose synthase operon (Ccs) found in gram-positive bacteria also appears to lack a bcsB-
like gene in its locus when compared to the bcs operon in E. coli [169]. 

 

Figure 19. Schematic diagrams of gene operons for cellulose, curdlan and (1,3;1,4)-β-D-glucan 
synthesis in both gram-negative and gram-positive bacteria. The glycosyltransferases are shown 
by black arrows, membrane-anchored periplasmic proteins are shown by gray arrows, and all 
other proteins are shown by white arrows. Note: the two GT2 genes in C. ventriculi are adjacent 
on the genome but more likely not part of the same operon. 
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To verify the roles of the candidate genes, they were incorporated into the pDDGFP-2 yeast-
enhanced GFP-fusion vector (an adaptation of p424 GAL1, ATCC® 87329™). Positioned 
under the control of GAL1 promoter, each gene had a TEVp-eGFP-8His sequence attached 
to its C-terminus. The specialized Saccharomyces cerevisiae mutant strain, LoGSA (Low 
Glucan Synthase Activity), was chosen for expressing these membrane-bound 
polysaccharide synthases due to its diminished inherent glucosyltransferase activity. This 
reduction stems from the absence of FKS1, GSY1, and GSY2 genes [170]. Notably, S. 
cerevisiae cell wall is dominated by β-1,3-glucans, with a smaller presence of β-1,6-glucans 
[171]. The yeast also employs glycogen, primarily composed of α-1,4-glucosyl units, as its 
energy reservoir [172,173]. As a result, its genome harbors numerous enzymes that rival for 
the substrate UDP-glucose, which may interfere the functional analysis both in vivo and in 
vitro. It has two genes, FKS1 and FKS2, directing the synthesis of β-1,3-glucans, along with 
another pair GSY1 and GSY2, dedicated to glycogen synthesis [172,173]. A concurrent 
inactivation of FKS1 and FKS2 is fatal. FKS1 is primarily responsible for β-1,3-glucan 
presence in the cell wall and in vitro synthesis, while Fks2 activity remains marginal [174–
176]. Therefore, the LoGSA strain was generated based on an established Fks1-deficient base 
(ATCC #4015251) [177], and was enhanced with a dual disruption of GSY1 and GSY2 to 
minimize inherent activity [170]. Additionally, to ensure overexpressed recombinant 
proteins weren't degraded in S. cerevisiae, the PEP4 gene, responsible for an endopeptidase 
activating various vacuolar hydrolases, was also disrupted [170]. 

We hypothesized that the candidate genes, RiGT2, CvGT2-1, and CvGT2-2, play a role in 
(1,3;1,4)-β-D-glucan synthesis. If this is correct, LoGSA cells expressing these genes would 
produce (1,3;1,4)-β-D-glucans. Successful synthesis depends on the correct folding of the 
proteins encoded by these genes, as well as the availability of UDP-glucose and any required 
auxiliary proteins for synthesis within LoGSA. To verify this hypothesis, we first assessed 
protein expression followed protocol from Drew et al. (2008) [156]. We disrupted LoGSA 
cells expressing the candidate proteins and isolated the crude membrane from the total 
lysate. A single protein band was visible in each of the three clones through in-gel GFP 
fluorescence, consistent with the expected molecular weights of RiGT2, CvGT2-1, and 
CvGT2-2, each tagged with GFP (Figure 20a). 

Subsequently, to determine (1,3;1,4)-β-D-glucan synthesis, we extracted the polysaccharide 
from these LoGSA variants using ethanol, resulting in AIRs. After treating with lichenase, 
the presence of (1,3;1,4)-β-D-glucan was confirmed. Using MALDI-TOF MS, the molecular 
ion with m/z [M+Na]+ 527 was identified that matches the molecular weight of DP3 (Hex3). 
HPAEC-PAD chromatograms showed a DP3/DP4 molar ratio of 15-18:1 in all three 
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transgenic LoGSA AIRs (Figure 20b, c). In contrast, the control LoGSA with an empty 
vector (EV) displayed no such oligosaccharides. Notably, the (1,3;1,4)-β-D-glucan from 
RiGT2 LoGSA exhibited a higher DP3:DP4 ratio (15:1) compared to that in R. ilealis EPS 
(2:1), while both CvGT2-1 and  CvGT2-2 LoGSA cells presented a chemical structure similar 
to that in C. ventriculi EPS (Figure 20c). 

 

Figure 20. a. In-gel fluorescence displaying the expression of RiGT2, CvGT2-1, and CvGT2-2 
with a C-terminal GFP. Bands show around 100 kDa in all lanes, except for the empty vector (EV) 
sample, correspond to the expressed GT2 proteins. The asterisk shows the position of endogenous 
fluorescent ‘background’ protein. b. MALDI-TOF spectra of lichenase-treated AIRs derived from 
RiGT2, CvGT2-1, CvGT2-2 LoGSA yeasts. Each spectrum highlights a single ion with an m/z of 
527, which matches the molecular weight of DP3 (G4G3G). c. HPAEC PAD chromatograms of 
lichenase hydrolysates from AIRs derived from RiGT2, CvGT2-1, CvGT2-2 LoGSA yeasts, the 
empty vector control (EV), as well as the pure oligosaccharide standards (STDs) for DP3 and DP4. 
Hydrolysates from the AIRs of RiGT2, CvGT2-1, and CvGT2-2 LoGSA yeasts predominantly 
feature a peak that coincides with the retention time of the DP3 standard oligosaccharide, and a 
less pronounced peak corresponds to the DP4 standard oligosaccharide. No peaks were observed 
in the AIRs from the empty vector (EV). AIRs, alcohol insoluble residues. STDs, oligosaccharide 
standards. DP, degrees of polymerization. EV, empty vector. 
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Further linkage analysis, employing the partially methylated alditol acetate (PMAA) method, 
was conducted on the purified DP3 oligosaccharides from the LoGSA clones. This reinforced 
our earlier conclusions. The variations in results were attributed to differences in 
experimental procedures. Notably, the DP3 oligosaccharide from CvGT2s, subjected to the 
standard partially methylated alditol acetate (PMAA) procedure, which includes a 
Methylation-Hydrolysis-Reduction-Acetylation sequence, yielded balanced signals from 
three types of glucopyranose: terminal (t-Glcp), 3-linked (3-Glcp), and 4-linked (4-Glcp) 
(Figure 21a.). Given the specificity of lichenase, we deduce the oligosaccharide structure to 
be β-Glcp-(1→4)-β-Glcp-(1→3)-β-Glc (G4G3G), with 3-linked glucose positioned at the 
reducing end. Supporting this, the DP3 oligosaccharide from RiGT2 underwent an extra 
reduction step prior to the standard PMAA process, converting the reducing-end sugars to 
glucitols. These were then methylated, enabling us to distinguish the reducing-end sugars 
and revealing a balanced mix of 3-linked glucitol (3-Glucitol), terminal glucopyranose (t-
Glcp), and 4-linked glucopyranose (4-Glcp). (Figure 21b.). This is consistent with the 
anticipated DP3 structure, β-Glcp-(1→4)-β-Glcp-(1→3)-β-Glc (G4G3G). In conclusion, 
these results indicate that RiGT2, CvGT2-1, and CvGT2-2 function as (1,3;1,4)-β-D-glucan 
synthases. 
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Figure 21. Examination of the purified DP3 (1,3;1,4)-β-D-glucan trisaccharide linkage. a. The 
total ion current (TIC) chart for DP3 oligosaccharides derived from CvGT2s LoGSA yeasts 
displays a balanced presence of 3-linked glucopyranose (3-Glcp), terminal glucopyranose (t-
Glcp), and 4-linked glucopyranose (4-Glcp). b. After reducing the trisaccharide obtained from 
RiGT2 LoGSA yeasts with NaBD4, its PMAA derivatives were analyzed via GC-MS. The TIC chart 
distinctly illustrates a 3-linked glucitol (3-Glucitol) at the reduced end, a terminal glucopyranose 
(t-Glcp) at the opposite terminus, and a centrally located 4-linked glucopyranose (4-Glcp). 

4.1.3 Localization of (1,3;1,4)-β-D-glucan in yeast cells using immunofluorescence 
and immunogold microscopy 

To confirm the association between the expressed GT2 protein and the synthesized (1,3;1,4)-
β-D-glucan, we utilized a specific monoclonal antibody (BS400-3) for indirect 
immunofluorescence targeting of (1,3;1,4)-β-D-glucan. Confocal microscopy revealed that 
the antibody specifically labeled the induced RiGT2 LoGSA cells (Figure 22a) but not the 
non-induced LoGSA cells (Figure 22a.i). This finding was corroborated when the same 
antibody, paired with a colloidal-gold labeled secondary antibody, was used in cooperation 
with transmission electron microscopy (TEM). Notably, intense colloidal-gold labeling was 
observed only in the cytoplasm of induced RiGT2 LoGSA cells (Figure 22b). These results 
further support the idea that RiGT2 and its homologues, CvGT2s, function as (1,3;1,4)-β-D-
glucan synthases. 
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Figure 22. Imaging and analysis of RiGT2-GFP and (1,3;1,4)-β-D-glucans. a. Confocal 
microscopy (This figure was made by Rebecka Karmakar Saldivar). RiGT2-GFP expression in 
induced (a-f) and non-induced cells (g-l). The GFP-tagged RiGT2 shows green fluorescence in 
induced cells (b). (1,3;1,4)-β-D-glucans, identified by indirect immunofluorescence using an 
antibody against (1,3;1,4)-β-D-glucan and a secondary antibody conjugated to Alexa Fluor™ 555, 
displayed red fluorescence (c). Overlapping green and red fluorescence (Merge2) confirms 
glucan synthesis in RiGT2-GFP expressing cells. Panels: (a, g) DNA (DAPI, blue); (b, h) RiGT2-
GFP (green); (c, i) Anti-(1,3;1,4)-β-D-glucan (red); Merged1 combines all three stains; Merged2 
displays overlapping green and red; (BF) Brightfield. b. Indirect immunogold microscopy. TEM 
on RiGT2 LoGSA yeast cells using an antibody against (1,3;1,4)-β-D-glucans and a gold-labeled 
secondary antibody. In the non-induced RiGT2 LoGSA cells (a), there is an evident contrast in 
labeling intensity over the cytoplasm with the induced RiGT2 LoGSA cells (b, c). This 
underscores the presence of (1,3;1,4)-β-D-glucans in the induced RiGT2 LoGSA yeast cells. 
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4.1.4 Radiometric in vitro activity analysis 

To further confirm the in vitro activity, we isolated the microsomal fractions (MFs) from 
RiGT2 LoGSA. A detergent screening was conducted, leading to the selection of DDM/CHS 
for protein solubilization. Subsequently, detergent-soluble RiGT2 was enriched using a 
Nickel column (Figure 23). The identity of the RiGT2 protein was confirmed via LC-MS, 
coupled with in-gel trypsin digestion. The activity of the detergent-soluble RiGT2 was 
assessed using a radiometric in vitro assay with MgCl2, the substrate UDP-Glc and 14C-
labeled UDP-Glc as a radiotracer. Reactions were halted using a 66% aqueous ethanol 
solution. The alcohol-insoluble polymers were collected via filtration, and the incorporated 
[14C]Glc was quantified through scintillation counting. However, no activity was observed 
for the detergent-soluble RiGT2, possibly due to the disruption of its native form in the lipid 
bilayer. Consequently, the MFs from RiGT2 LoGSA were measured directly. The LoGSA 
endogenous β-1,3-glucan synthase, FKS2, is calcium/calcineurin-dependent, while most 
bacterial GT2 polysaccharide synthases require magnesium. Therefore, the absence of 
calcium can effectively reduce the background signal. The results indicated that alcohol-
insoluble glucan polymers were produced in RiGT2-containing MFs when UDP-[14C]Glc was 
present. Moreover, the [14C]-labeled polymers were degradable by lichenase, suggesting the 
synthesis of (1,3;1,4)-β-D-glucans in RiGT2-containing MFs in vitro (Figure 24). 

 
Figure 23. Solubility screening and purification of the RiGT2-GFP fusion protein. a. Protein 
solubility was assessed using various detergents: n-Dodecyl β-D-maltoside (DDM), lauryl maltose 
neopentyl glycol (LMNG) combined with cholesteryl hemisuccinate (CHS), n-Decyl β-D-
maltoside (DM), octaethylene glycol monododecyl ether (C12E8), and sodium cholate (SC). Each 
detergent group was compared against proteins denatured with sodium dodecyl sulfate (SDS). b. 
The RiGT2-GFP-His8 fusion protein was enriched from an 8 L culture using nickel-charged IMAC 
resin (Millipore, USA). On the left, an SDS-PAGE gel stained with Coomassie Brilliant Blue 
displays the enriched proteins. On the right, the RiGT2-GFP-His8 protein is visualized via in-gel 
fluorescence. An arrow highlights the RiGT2-GFP-His8 fusion protein in both panels. 
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Figure 24. In vitro activity assessment of the RiGT2-containing microsomal fraction using a 
radiometry assay. Assays were conducted under various conditions: absence of UDP-Glucose (no 

UDP-Glc), without MFs (no RiGT2), after heating MFs to 95°C for 10 minutes (heat inactivated), 
excluding lichenase (-Lichenase), and including lichenase (+Lichenase). The activity of the 
RiGT2-containing fractions was calibrated against the activity from fractions of cells with an 
empty vector. The data points represent mean values ± SD from three independent experiments 
(n = 3), with error bars indicating the standard deviation. 

4.1.5 Exploring the role of the PilZ domain in RiGT2 (1,3;1,4)-β-D-glucan 
biosynthesis  

Bacterial PilZ domains are known to bind c-di-GMP through RxxxR and DxSxxG motifs 
[60]. Previously, the crystal structure of an isolated BcsA PilZ domain, devoid of c-di-GMP, 
was elucidated. The relationship between its signature motifs and the affinity and 
stoichiometry of its binding to c-di-GMP was determined through mutagenesis experiments 
[178]. Expanding on this, the BcsA–B complex was purified and crystallized, revealing a 
mechanism in which the active site of BcsA is blocked and unable to access UDP-Glc without 
c-di-GMP. The binding of c-di-GMP with PilZ domain allosterically activates the site, 
facilitating the catalytic process of BcsA [58,75]. 

Such findings hint that the regulation of RiGT2 might also involve its C-terminal PilZ 
domain. Notably, even if, to our knowledge, c-di-GMP isn't part of the yeast secondary 
messenger system, RiGT2 LoGSA cells could still synthesize (1,3;1,4)-β-D-glucan. This 
observation warranted further exploration. We approached our investigation from three 
angles: 1) Analyzing the in vitro activity of the entire protein in the presence of c-di-GMP, 2) 
Examining the binding between the isolated PilZ domain and c-di-GMP, and 3) Assessing 
both in vivo and in vitro activities of the PilZ-truncated RiGT2. 
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Firstly, we assessed how RiGT2 activity changes with different c-di-GMP concentrations, 
using RiGT2 LoGSA microsomal fractions with c-di-GMP levels of 30, 60, or 90 µM and 
UDP-[14C]Glc. Through a radiometric assay, we measured the (1,3;1,4)-β-D-glucan synthase 
activity and found no direct correlation with increasing c-di-GMP concentrations. This 
suggests that (1,3;1,4)-β-D-glucan synthesis isn't governed by c-di-GMP presence (Figure 

25). 

 

Figure 25. In vitro activity of RiGT2-containing microsomal fractions in the presence of c-di-
GMP. The microsomal samples from RiGT2 and the empty vector LoGSA were combined with 
MgCl2, substrate UDP-Glc, and 14C-labled UDP-Glc. The reaction mixtures were subjected to 
varying c-di-GMP concentrations (30 µM, 60 µM, and 90 µM). The activity of the RiGT2-
containing fractions was calibrated against the activity from fractions of cells with an empty 
vector. The data points represent mean values ± SD from three independent experiments (n = 3), 
with error bars indicating the standard deviation. 

Next, to determine if c-di-GMP can directly bind to the PilZ domain of RiGT2, we expressed 
and purified the recombinant PilZ domain tagged with a C-terminal GFP (RiPilZ-GFP). We 
then conducted in vitro binding tests using both Isothermal Titration Calorimetry (ITC) and 
Surface Plasmon Resonance (SPR). No binding was discerned (Figure 26). This absence 
could arise from missing interactions due to the absent GT domain, potential glycosylation 
impacts in the yeast system, or RiGT2 possibly employs an alternative synthesis mechanism 
for (1,3;1,4)-β-D-glucan that doesn't hinge on c-di-GMP binding. 
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Figure 26. Evaluation of c-di-GMP binding to RiPilZ-GFP fusion protein using ITC and SPR. 
Both ITC and SPR failed to detect any binding of c-di-GMP to the RiPilZ-GFP fusion protein. a. 
The ITC results display the thermodynamic characteristics of the protein-ligand interactions. The 
upper panel illustrates the calorimetric titration, while the lower panel presents the derived 
binding isotherm plotted against the molar ratio of titrant. b. SPR analysis of possible binding of 
c-di-GMP to RiPilZ-GFP fusion protein. These sensorgrams represent trials conducted with four 
distinct analyte concentrations. 

Finally, to verify the PilZ domain's significance for RiGT2 activity, we generated a variant of 
RiGT2 devoid of the PilZ domain (RiGT2-PilZD) and expressed this in LoGSA. When 
subjected to lichenase treatment, the AIRs from yeast harboring this modified RiGT2 
exhibited no (1,3;1,4)-β-D-glucan synthesis (Figure 27a). Radiometric assays echoed this 
result, indicating no synthase activity when the PilZ domain was removed from RiGT2 
(Figure 27b). Therefore, even without a clear interaction between PilZ domain and c-di-
GMP, the domain remains essential for RiGT2 synthase function, possibly providing protein 
stability or modulating enzymatic activity through conformational shifts. 
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Figure 27. Analysis of the RiGT2-PilZD mutant activity. The RiGT2-PilZD mutant, which lacks 
the PilZ domain in RiGT2, failed to produce (1,3;1,4)-β-D-glucans both in vivo and in vitro. a. 
Analysis of the lichenase hydrolysate from the AIRs of RiGT2-PilZD LoGSA using HPAEC-PAD 
was carried out and contrasted with the hydrolysate from the yeast containing EV. Neither 
hydrolysate displayed peaks corresponding to the retention times of the pure DP3 or DP4 
standard oligosaccharides typical of (1,3;1,4)-β-D-glucans. b. An in vitro radiometric assay was 
used to measure the (1,3;1,4)-β-D-glucan synthase activities of both RiGT2 and RiGT2-PilZD 
microsomal fractions. Notably, the RiGT2-PilZD microsomal fraction exhibited no synthase 
activity compared to RiGT2. Data points represent mean values ± SD from three replicates (n = 
3) with each point stemming from a separate experiment. The associated error bars depict the 
standard deviation. AIRs, alcohol insoluble residues. STDs, oligosaccharide standards. DP, 
degrees of polymerization. EV, empty vector. 
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4.1.6 Model structure comparison with cellulose synthase  

The bacterial CsBcsA catalytic subunit of cellulose synthase from C. sphaeroides is the only 
known bacterial polysaccharide synthase structure (PDB 4HG6) [57]. Various eukaryotic 
structures, including (1,3;1,4)-β-D-glucan synthase, are also available [140]. Our objective 
was understanding RiGT2 by comparing it to CsBcsA. Expecting an AlphaFold2 model 
biased towards CsBcsA, we also produced a model based on the eukaryotic (1,3;1,4)-β-D-
glucan synthase HvCslF6 (PDB 8DQK) using SWISS-MODEL [179]. 

The RiGT2 model mirrors many CsBcsA features, boasting an extramembrane GT domain, 
a TM domain, and a C-terminal PilZ domain (Figure 28a, b). The RiGT2 GT domain is 
particularly similar to CsBcsA, marked by its D,D,D,QxxRW signature, essential for 
substrate coordination, metal chelation, and catalysis. 

The TM domain of RiGT2 comprises seven TM helices (TMHs), forming a polysaccharide-
binding channel accompanied by three interface helices (IFHs). Given that both RiGT2 and 
HvCslF6 synthesize (1,3;1,4)-β-D-glucans, we initially expected the binding site residues in 
RiGT2 to resemble HvCslF6 more than CsBcsA. Contrary to expectations, the comparison 
revealed that RiGT2 shares more side chains with CsBcsA. The formation of the 
polysaccharide-binding channel primarily involves the TMHs. Adapting the channel to 
accommodate (1,3;1,4)-β-D-glucan likely necessitates the repositioning of one or more 
TMHs. A side-by-side comparison of the TMHs in CsBcsA and HvCslF6 suggests that the 
TMHs in HvCslF6 are slightly shifted, broadening the channel, a characteristic of which also 
seen in the RiGT2 model generated by SWISS-MODEL. This expanded channel in HvCslF6, 
evident at certain subsites, allows for the accommodation of a (1,3;1,4)-β-D-glucan chain 
(Figure 28c). 

The C-terminal PilZ domain of RiGT2 is structurally similar to CsBcsA PilZ, featuring 
conserved motifs RxxxR and N/DxSxxG, which are crucial for cyclic-di-GMP binding. From 
a structural perspective, both domains are expected to interact with a c-di-GMP dimer in a 
similar manner. However, this structural deduction contrasts with insights gained from 
heterologous expression analyzes and in vitro studies. 
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Figure 28. a. Crystal structure of the C. sphaeroides cellulose synthase complex, comprising 
BcsA and BcsB (PDB 4HG6). b. Predicted AlphaFold2 model of RiGT2. In the C. sphaeroides 
BcsA-BcsB complex representation, CsBcsA GT domain (GTd) is colored in orange, TM domain 
(TMd) in blue, interface helices (IFH) in green, PilZ domain (PilZd) in pink, CsBcsB in gray, the 
cellulose chain in yellow, the gating loop, which connects interface helix 3 and the PilZ domain, is 
in yellow. The membrane bilayer is demarcated by a blue dotted line. RiGT2 employs the same 
color scheme for representation. c. Alignment of the TMHs in CsBcsA and HvCslF6 forming the 
channel. CsBcsA TMHs (in green) with its associated cellulose chain (PDB 4P02) is overlaid with 
HvCslF6 (in pink; PDB 8DQK). HvCslF6 is missing TMH1 and TMH2. The TMHs in HvCslF6 that 
correspond to TMH3, TMH4, and TMH8 in CsBcsA are shifted, leading to a more expansive 
channel. (This figure was made by Valentina Furlanetto and Dr. Christina Divne)  
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4.1.7 Phylogenetic analysis 

We performed a phylogenetic analysis of (1,3;1,4)-β-D-glucan synthases, incorporating 
Clostridial cellulose synthases as reported by Scott et al. (2020) [169]. The resulting 
neighbor-joining likelihood phylogenetic tree revealed a clade comprised of (1,3;1,4)-β-D-
glucan synthase candidates from various species within the Clostridia family (Cgs, Clostridia 
β-glucan synthase) (Figure 29). 

To understand the functional aspects, we also analyzed possible conserved motifs among the 
homologs of (1,3;1,4)-β-D-glucan synthases by sequence alignment (Figure 30). Although 
some conserved sequences were identified, the specific functions and importance of these 
sequences need further elucidation, especially regarding their role in the synthesis of the 
glucan linkages. Notably, in previous study, the “switch motif” critical for introducing 1,3-β-
linkages in plant (1,3;1,4)-β-D-glucan synthase, HvCslF6, was found [140], but it was absent 
in the bacteria ones. 

Further research extended to gram-positive bacterial species to ascertain the presence of 
(1,3;1,4)-β-D-glucans and their corresponding synthases. Our analysis revealed the presence 
of (1,3;1,4)-β-D-glucans in some species within the bacterial Clostridia family, suggesting a 
broader distribution of these compounds in bacteria than previously recognized. 
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Figure 29. Phylogenetic tree of Gram-positive bacterial (1,3;1,4)-β-D-glucan synthases (Cgs) and 
cellulose synthases (CcsA). The tree, generated using MEGA version X and iTOL, showcases three 
distinct clades: Clade 1 (orange) with RiGT2 (1,3;1,4)-β-D-glucan synthase, marked by a red dot; 
Clade 2 (green) containing GT2s of unknown functions, highlighted by yellow dots for those 
annotated as cellulose synthases; and Clade 3 (blue) featuring putative cellulose synthases (CcsA) 
indicated in blue text and C. difficile CcsA marked by a blue dot. The scale bar represents branch 
length. 
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WP 002598145.1 glycosyltransferase Clostridium thermobutyricum

WP 055069358.1 glycosyltransferase Clostridium massiliamazoniense

MBR2240221.1 glycosyltransferase Clostridia bacterium

MBR1654174.1 glycosyltransferase Clostridia bacterium

MBR2704500.1 glycosyltransferase Clostridia bacterium

SCI49763.1 Cellulose synthase catalytic subunit UDP-forming uncultured Clostridium sp.

BCY18588.1 glycosyl transferase Leptolinea sp. HRD-7

MBN1267381.1 glycosyltransferase Anaerolineales bacterium

MBI9050800.1 glycosyltransferase Anaerolineaceae bacterium

NLT17709.1 glycosyltransferase Clostridiales bacterium

WP 063965525.1 glycosyltransferase Domibacillus aminovorans

PLX34863.1 cellulose synthase partial Clostridiales bacterium

MBN2258955.1 glycosyltransferase Clostridiales bacterium

NCA92788.1 glycosyltransferase bacterium
NCB73502.1 glycosyltransferase Clostridia bacterium

NLI21588.1 glycosyltransferase Clostridiales bacterium

ADU26422.1 glycosyl transferase family 2 Ethanoligenens harbinense YUAN-3

WP 083803616.1 glycosyltransferase Ethanoligenens harbinense
WP 217818211.1 glycosyltransferase Clostridium tyrobutyricumWP 238021861.1 glycosyltransferase Clostridium cochlearium
WP 096232347.1 glycosyltransferase Thermoanaerobacterium sp. RBIITD

Tree scale: 1
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Figure 30. Sequence alignment of Clostridia β-glucan synthases (Cgs) and cellulose synthases 
(CcsA) from Gram-positive bacteria. Aligned using Clustal, four potential (1,3;1,4)-β-D-glucan 
synthase candidates with the highest similarity to RiGT2 (WP_180703307.1) were selected. Four 
Clostridial cellulose synthases (CcsA) were also included. RiGT2 (WP_180703307.1) served as the 
reference. Identical amino acid residues to the reference sequence are highlighted. The displayed 
secondary-structure elements are based on the CsBcsA structure.  
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4.2 A GT2 polysaccharide synthase found in a gram-negative bacterial 
Polysaccharide Utilisation Locus (Paper IV) 

Chitinophaga pinensis, a gram-negative bacterium isolated from pine forest leaf litter, 

performs important ecosystem services by adeptly breaking down and recycling plant- and 

fungus-derived carbohydrates [180–182]. Deep genomic investigations have revealed its 

impressive arsenal of CAZymes, with nearly 200 glycoside hydrolases across over 50 distinct 
families [141,142,183]. The genome of C. pinensis also features Polysaccharide Utilization 
Loci (PULs) that encode for enzymes essential for the degradation and assimilation of 
polysaccharides, emphasizing its comprehensive carbohydrate processing capabilities 
[142,180,184,185]. These PULs encompass genes resembling susC and susD, core 
components of the renowned starch utilization system, and a myriad of CAZymes vital for 
degrading a variety of plant and microbial glycans [186,187]. An important feature common 
to all PULs is that expression of the enzyme-encoding genes is activated only when their 
substrate is present a high concentration, thus representing a glycan nutrient acquisition 
system that is ‘switched on’ only in the presence of specific glycans. PULs are considered 
carbohydrate-degrading systems. In PAPER III, our focus is on an uncommon GT2 β-glucan 
synthase found within a PULs in the C. pinensis genome. This enzyme, with its distinct 
sequence characteristics and association with specific glycoside hydrolases, showcases the 
extensive diversity and nuances within the GT2 polysaccharide synthase family, many 
features of which remain poorly understood. 

4.2.1 A PUL of C. pinensis contains a modular GT2-GH26 fusion gene. 

A prior study identified a specific PUL (Cpin_3123-3129) in C. pinensis that was expressed 
in the presence of glucose or glucomannan in the environment [188]. Notably, this PUL 
contains a GT2 glycosyltransferase (Cpin_3128). Based on NCBI protein annotations 
(WP_012790772.1), this glycosyltransferase exhibits a cellulose-synthase-like domain 
commonly for the function of polysaccharide synthesis, followed by a GH26 module and 
another GH from a non-classified family. Based on the Polysaccharide-Utilization Loci 
DataBase (PULDB), this structural combination is not exclusive to C. pinensis; two other 
Chitinophaga species also display the fusion of GT2 and GH26 genes (Figure 31) [185]. 
Intriguingly, wherever this fusion gene is present in a PUL, it is consistently accompanied 
by a gene encoding an enzyme from the relatively recently established family GH158. This 
co-occurrence of GT2/GH26 and GH158 genes is consistent across different species [185]. 
This pattern suggests a potential functional relationship, hinting at the significance of 
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GH158 in the operation of the GT2/GH26 protein. According to the updated CAZY database 
[141], 3 characterized GH158 hydrolases are all endo-β-1,3-glucanases [189,190]. 

 

Figure 31. Schematic representation of the PUL with the GT2/GH26 fusion gene in the 
Chitinophaga genus. Dark blue arrows depict the GT2/GH26 fusion genes, sky blue arrows 
represent GH158, and white arrows indicate all other genes. 

4.2.2 Enzymatic function of Cpin_3128 

To gain insights into the structure of Cpin_3128, we turned to its model available in the 
AlphaFold2 database [191]. The AlphaFold model distinctly illustrates three modules of 
Cpin_3128: the transmembrane GT2, and the C-terminal GH26 followed by another GH that 
is strategically positioned just above the GT2 channel. Delving deeper into the model 
structure of the CpGT2 module, we find that it shares several structural motifs with the 
established GT2 crystal structure of the cellulose synthase subunit A from C. sphaeroides 
(CsBcsA, PDB 4P00) [58]. The CpGT2 model includes an intracellular catalytic GT domain, 
a TM domain, and IF helices (IFH1-3). Notably, it lacks the C-terminal PilZ domain, which 
traditionally binds the bacterial secondary messenger c-di-GMP to regulate the activity of 
cellulose synthases (Figure 32) [60]. Within the GT domain of CpGT2, signature sequences 
characteristic of the GT2 polysaccharide synthase, such as D,D,D,QxxRW, are present, but 
with minor variations. Specifically, the initial D of the typical DDG motif, is represented by 
an E (93DEA95) in CpGT2, and the R from QxxRW is substituted with a K (268QQLKW273) in 
CpGT2. 
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Figure 32. Structural Comparison of CsBcsA and the Cpin_3128 Model from AlphaFold2. a. A 
ribbon diagram showcasing the crystal structure of the cellulose synthase complex from C. 
sphaeroides, encompassing BcsA (colored by domains) and BcsB (grey, PDB 4P00). b. The 
predicted AlphaFold model of Cpin_3128, highlighting domains GT2 (colored by domains), GH26 
(salmon pink), and GHX (black). TM, transmembrane; GT, glycosyltransferase; IF, intersurface 
helices. 

To further investigate the function of CpGT2, it was cloned into a pNIC-CTHO plasmid with 
a TEV-cleavable enhanced GFP and a hexahistidine tag at the C-terminus. This C-terminal 
GFP serves a dual purpose: enhancing protein solubility and acting as an indicator for 
protein production [192]. In parallel, the full-length Cpin_3128 gene was incorporated into 
pET-21a(+) for comparative analysis. Both constructs were introduced into E. coli C41 
strains and induced for expression using IPTG at varying temperatures (18°C, 25°C, and 
30°C). Notably, only cultures incubated at 18°C showed an increased GFP fluorescence for 
the CpGT2-GFP fusion protein, signaling its successful expression. Since the full-length 
Cpin_3128 doesn't have a GFP tag at its C-terminus, we ascertained its expression using an 
in vitro radiometric assay with [14C]-labeled UDP-glucose [193]. Specifically, only the 18°C 
culture displayed heightened activity for the Cpin_3128 proteins compared to the non-
transformed control. Subsequently, we assessed the enzyme activity of both the CpGT2-GFP 
fusion and the full-length Cpin_3128 proteins from microsomal fractions using the same in 
vitro radiometric assay. Intriguingly, the fraction containing CpGT2-GFP proteins exhibited 
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reduced enzymatic activity compared to untransformed control, even though GFP intensity 
confirmed its expression. This could be due to the reduced concentration of endogenous 
UDP-Glc-consuming enzymes when the gene for CpGT2-GFP is over-expressed (Figure 
33a, b). Conversely, the fraction harboring full-length Cpin_3128 proteins demonstrated 
enhanced activity relative to controls, pointing to the importance of C-terminal GH fusions 
for GT2 enzymatic function (Figure 33b). 

We further investigated the structure of polysaccharides produced by the full-length 
Cpin_3128 using commercial GHs. These included cellulase (endo-1,4-β-glucan), endo-1,3-
β-glucan, and lichenase (endo-1,3;1,4-β-glucanase). As these are able to hydrolyze 
polysaccharides with specific linkage into ethanol-soluble oligosaccharides, activity will 
reduce the amount of synthesised polysaccharide that can be recovered in our assay. The 
noted reduction in scintillation counts after the addition of these GHs provided insights into 
the polymer structure. Although the E. coli C41 control naturally synthesized cellulose, the  

 

Figure 33. Radiometric assay for CpGT2-GFP fusion and full-length Cpin_3128 in vitro. a. the 
expression of CpGT2-GFP fusion proteins was confirmed by the GFP fluorescence compared to 
the non-transformed C41 culture. b. Radiometric activity measurements from membrane 
fractions of non-transformed C41 (C41), CpGT2-GFP fusion (CpGT2), and full-length Cpin_3128 
(Cpin_3128). c. Digestibility comparison between non-transformed C41 and full-length 
Cpin_3128 using commercial enzymes: cellulase, endo-1,3-β-glucanase, and lichenase. 
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polymers generated by Cpin_3128 were more susceptible to digestion by endo-1,3-β-
glucanase (Figure 33c). This implies that the polymers could be 1,3-β-glucans, commonly 
referred to as curdlan. Given that machinery for bacterial cellulose and curdlan synthesis 
often includes an associated hydrolase to regulate polysaccharide production, and noting the 
consistent presence of GH158, which is likely an endo-1,3-β-glucanase, Cpin_3128 is here 
proposed to function as a curdlan synthase. 

4.2.3 C-terminal GHs structural assessment 

Diving into structural insights, we separated the CpGH26 and CpGHX model structures 
from the Cpin_3128 AlphaFold model and compared them with known crystal structures. 
Specifically, the CpGH26 model was contrasted with a GH26 β-mannanase from 
Bacteroides ovatus (BoGH26, PDB 6HF2) [194]. This comparison pinpointed two Glu 
residues in CpGH26 that aligned structurally with the catalytic Glu residues in BoGH26, 
suggesting the CpGH26 should be catalytically active. In contrast, the GHX module, when 
compared to the crystal structure of Bacteroides uniformis endo-laminarinase (BuGH158, 
PDB 6PAL, chain A) [195] and the AlphaFold model of a Glyco_hydro_2_C domain-
containing protein from Corallococcus terminator (CtGH2, Uniprot: A0A3A8INZ2), both 
of which were searched by FoldSeek [196], did not display any shared Glu residues indicative 
of catalytic activity. Positions traditionally occupied by catalytic Glu residues in BuGH158 
and CtGH2 were instead filled by Asn975 and Gly1067 in CpGHX (Figure 34). This 

 

Figure 34. Overlay of the GHX domain of Cpin_3128 with BuGH158 crystal structure (PDB 

6PAL, chain A) and the models of CtGH2 (Uniprot: A0A3A8INZ2). BuGH158 is depicted in 

dark grey, CtGH2 in light grey, and the GHX domain of Cpin_3128 in orange. The catalytic Glu 

residues of BuGH158 and CtGH2 are highlighted in blue and light blue sticks, respectively. In 

contrast, the analogous residues in CpGHX are represented by Gly (not displayed) and Gln in 

orange. 
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supports the theory that GHX predominantly functions as a non-catalytic carbohydrate-
binding module. 

GT2 enzymes, working synergistically with periplasmic carbohydrate-binding modules, are 
central to many polysaccharide biosynthesis pathways in gram-negative bacteria. Prominent 
examples include BcsA and BcsB, which drive cellulose synthesis [75]; CrdA and CrdS, the 
architects of curdlan synthesis [104]; and BgsA and BgsB, which facilitate mixed-linkage β-
glucan [111]. Within this context, the spatial relation of GHX to the tunnel edge of GT2 
intimates that GHX could be an integral carbohydrate-binding module in curdlan synthesis 
of Cpin_3128. 

4.2.4 Phylogenetic analysis 

Phylogenetic analysis revealed a broad distribution of homologues across various genera. 
Notably, while many of these homologues maintained an architecture similar to Cpin_3128, 
showcasing fusions of GT2 with two GH modules, others diverged significantly. Some had 
only a C-terminal GH26 module, some boasted a C-terminal GHX module, and there were 
even instances where the homologues were purely GT2 modules, lacking any C-terminal 
fusion GHs (Figure 35). Such diversity underscores the varied domain compositions and 
perhaps functionality among Cpin_3128 homologues. Biochemical analysis of the GHs in 
the PUL is underway. 
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Figure 35. Phylogenetic analysis of Cpin_3128 homologs. The phylogenetic tree is constructed 
via a neighbor-joining likelihood method using MEGA X [159,160] and with visualization 
modified in iTOL webtool [161]. The reference sequence is Cpin_3128 (NCBI accession: 
WP_012790772.1). Homologues resembling Cpin_3128 with both C-terminal GH26 and GHX are 
highlighted in red. Those with only C-terminal GH26 are in green, those with just a C-terminal 
GHX are in yellow, and homologues without any C-terminal modules are depicted in blue. 
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5 Concluding remarks and outlook 

The overarching aim of this thesis was to deepen our understanding of bacterial 
exopolysaccharides by undertaking the characterization of novel GT2 polysaccharide 
synthases. Bacterial EPS are pivotal in facilitating bacterial survival and enhancing 
virulence, playing a significant role in the formation of biofilms. Moreover, the potential 
sustainable applications of these polysaccharides across diverse industries are promising 
and multifaceted. 

The research presented herein details the first identified bacterial (1,3;1,4)-β-D-glucan 
synthases in two gram-positive bacteria: Romboutsia ilealis and Clostridium ventriculi. A 
strain of the yeast Saccharomyces cerevisiae, which does not inherently produce (1,3;1,4)-
β-D-glucan and is known as an excellent host for membrane protein production, was 
strategically employed as the host for heterologous expression to characterize the two GT2 
synthases. Intriguingly, the expressed RiGT2 and CvGT2 in yeast initiated the production of 
(1,3;1,4)-β-D-glucan. A combination of in vitro radiometric assays, indirect 
immunofluorescence, TEM, and model structure analysis substantiated the (1,3;1,4)-β-D-
glucan synthase activity of these GT2 proteins. Phylogenetic analysis illuminated the 
prevalence of (1,3;1,4)-β-D-glucan synthases within the bacterial Clostridia family, which 
encompasses a plethora of both pathogens and commensal flora. This discovery holds the 
promise of enabling the development of innovative therapeutic strategies, especially those 
targeting pathogenic bacteria in the gut microbiome, addressing pressing health issues. 
Furthermore, generating detailed atomic 3D structures in future studies is crucial for 
understanding the mechanisms that regulate the intricate structure of the polysaccharide. 
By adeptly manipulating these identified synthases, we could potentially achieve the 
synthesis of glycopolymers with customizable properties, making a substantial contribution 
to the rapidly growing field of biomaterial engineering. 

Shifting focus to gram-negative bacteria, the thesis explored the characterization of a 
curdlan synthase located within a PUL of Chitinophaga pinensis. PULs facilitate the 
breakdown of complex glycans through the encoded CAZymes. The presence of a GT2 
polysaccharide synthase, which is responsible for synthesis – a function diametrically 
opposed to breakdown – is a rare find in PULs and suggests an unconsidered connection 
between glycan nutrient scavenging and EPS composition. In this context, an E. coli 
expression system was harnessed, paired with in vitro radiometric assays, to examine the 
enzyme’s activity in curdlan synthesis. This novel discovery unveils a nuanced 
understanding of PULs, highlighting a symbiotic relationship between synthesis and 
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breakdown that can modulate the exopolysaccharide response to varying environmental 
conditions. Further exploration and characterization of other CAZymes within the same PUL 
are imperative to validate the proposed synergistic mechanism. 

To conclude, this thesis has significantly advanced the field by characterizing novel GT2 
polysaccharide synthases, thereby enriching our understanding of bacterial polysaccharide 
enzymes, unveiling complexities, and potentialities that were formerly unexplored. As we 
usher in a new era of Artificial Intelligence, tools like AlphaFold have significantly and 
profoundly enhanced our ability to explore model structures and unearth potential 
connections between protein structure, functionality, and potential product structures. 
However, the efficacy of these AI tools is intrinsically linked to the quality of the databases 
on which they are trained. Thus, foundational research focused on the identification, 
characterization, and structural determination of novel polysaccharide synthases remains 
vital. This not only enhances the accuracy of AI predictions but also broadens our 
understanding of the intricate world of polysaccharides, providing industries with a diverse 
array of biomaterials possessing varied properties. Standing on the precipice of numerous 
environmental and health challenges, it is hoped that the knowledge gleaned from this 
research will contribute significantly to the development of sustainable and innovative 
solutions, such as bio-based products, renewable energy resources, and targeted medical 
therapies, addressing the pressing needs of our evolving world in the years to come. 
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