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Abstract 
The growing ramifications of climate change, coupled with a finite pool of natural 

resources, highlight a pertinent need for a rapid transition to a renewables-based 

bio-economy. One essential aspect of sustainability is the valorisation of plant 

carbohydrates into renewable biofuels, value-added chemicals and bio-polymers 

through the use of Carbohydrate Active Enzymes (CAZymes). Involved in the 

synthesis and deconstruction of carbohydrates, CAZymes offer excellent regio- and 

stereoselectivity that can be exploited for the production of desired structures. 

Although the utility of CAZymes has been demonstrated extensively, technologies 

for their large-scale characterisation are lacking.  Consequently, the vast majority of 

predicted CAZymes are not biochemically characterised leaving the true scope of 

enzyme activities unknown. 

The overall aim of this thesis was to advance the knowledge on, and assess 

biotechnological application of, microbial enzymes for the processing of 

lignocellulose and its components. In this project we identified a glycosyltransferase 

capable of polymerising glucose into β-1,4-linked oligosaccharides. Polymerisation 

of glucose onto imidazolium-based tags, coupled with chemoenzymatic 

derivatisation, enabled a sensitive, mass spectrometry-based assay that could 

characterise the substrate scope and specificity of glycoside hydrolases and LPMOs. 

Furthermore, following phylogenetic analysis of the GH43 subfamily 34 and 

molecular docking studies, a β-galactofuranosidase (XynD) from Aspergillus niger 

was biochemically characterised. Incubations against a variety of oligo- and 

polysaccharides revealed activity against pNP-Galf, suggesting the natural substrate 

is a disaccharide or a glycan with a different linkage type from β-(1,5), β-(1,6) or α-

(1,2)-linked Galf. Finally, a thermotolerant feruoyl esterase from Thermobacillus 

xylanilyticus (Tx-Est1) was further characterised, with activities against ferulated 

oligosaccharides and plant polysaccharides investigated. The enzyme revealed an 

important role in the processing of nutritionally important, pre-biotic 

xylooligosaccharides. This thesis demonstrates the versatile nature and utility 

offered by CAZymes. 
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Thesis structure 
 

This thesis is prepared in ‘Journal Format’. Chapter 1 introduces the structure and 

enzymatic deconstruction of the plant cell wall, the structure of the fungal cell wall 

and the use of Carbohydrate Active Enzymes (CAZymes) for the production of high-

value chemicals. Chapter 2 provides the objectives of this project. Chapters 3, 4, 5 

and 6 are prepared in manuscript format. Chapter 3 has been published as a review 

in Carbohydrate Research. The article is available at 

https://doi.org/10.1016/j.carres.2021.108411. Chapter 4 has been published in 

Organic and Biomolecular Chemistry and is available at 

https://doi.org/10.1039/D1OB00971K. Chapter 5 has been prepared in paper 

format with submission to the Journal of Biological Chemistry anticipated. Chapter 

6 has been prepared in paper format with submission to Food Chemistry 

anticipated after additional experiments are undertaken. Chapter 7 summarises the 

scope of this project and discusses the potential for future work. 
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Chapter 1: Introduction 
 

The biological importance of carbohydrates 

Carbohydrates are compounds formed of carbon, hydrogen and oxygen, which play 

important structural and functional roles throughout nature. Glycosidic bonds can 

link individual monosaccharides to form disaccharides (2 units), oligosaccharides (3-

~10 units) or polysaccharides (polymers > 10 units) [1]. Polysaccharides can offer 

substantial mechanical strength; the glucose-based polysaccharide cellulose holds 

an important structural role in plants [2] whilst chitin, formed of N-

acetylglucosamine, is found in arthropod exoskeletons and fungal cell walls [3]. 

Additionally polysaccharides can hold energy storage capabilities, with starch and 

glycogen acting as storage molecules for glucose in plants and animals respectively 

[4,5].  

Carbohydrates are ubiquitous on cell surfaces with those present in glycoproteins 

(glycans) holding key roles in molecular recognition and enable cell-to-cell 

communication within multicellular organisms or the obtaining of nutrients [6]. 

These external glycans can enable the immune system to recognise which cells 

belong to the host organism or which are non-self, however some pathogens 

employ molecular mimicry of host glycans to avoid detection [7]. Two of the most 

common types of glycosylation are N-linked and O-linked glycosylation (Fig. 1), 

which are predominantly found in eukaryotes and archaea but examples have also 

been identified in bacteria [8]. In addition to important natural roles, carbohydrates 

are of great importance in the production of fuels, materials and pharmaceuticals. 

Carbohydrates from plant waste can be used in the production of bioethanol [9] or 

bioplastics [10]. In the production of medicines carbohydrates can improve or 

modify the solubility of therapeutic biomolecules in addition to improving their 

stability [11]. 

 



12 
 

 

Figure 1: Representative structures of N-linked (A) and O-linked (B) glycans. N-
linked glycosylation (A) consists of the linkage of N-acetylglucosamine (GlcNAc) to 
the nitrogen atom of an asparagine (Asn) side chain. These Asn-linked 
glycoconjugates contain a pentasaccharide core of GlcNAc units linked to three 
mannoses, to which further glycosylation (commonly galactosylation, 
GlcNAclyation, sialylation and fucosylation) can occur. O-linked glycosylation (B) 
consists of the linkage of (predominantly) N-acetylglucosamine (GlcNAc) or N-
acetylgalactosamine (GalNAc) to the oxygen atom in the hydroxyl groups of serine 
and threonine, followed by further decoration as seen in N-linked glycosylation 
[12]. 

 

Bio-based economy 

Plant polysaccharides comprise 75% of carbon produced by the biosphere, of this 

vast source, carbohydrates and lignin from lignocellulosic biomass waste constitute 

2 x 1011 tonnes of material on an annual basis [13]. Consequently, this waste 

represents a promising renewable source of carbon for both the production of 

biomaterials and biofuels and shall play a fundamental role in the development of a 

future bio-based economy. This concept of a renewable, sustainable and financially 

viable system includes concepts such as microbial production of enzymes, enzyme 

technology, green chemistry and advanced physical/ chemical processing [14].  
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The valorisation of plant polysaccharides by using them as a biofuel feedstock offers 

a route to carbon neutral sources of energy. Initially, first generation biofuels were 

produced from crops such as sugarcane or wheat grain. Starch from these crops 

was converted into simple sugars a subsequently fermented into ethanol, propanol 

and butanol [15]. However, such fuels are controversial due to the occupying of 

agricultural land for fuel production rather than food production. Second 

generation biofuels circumvent this dilemma by utilising sugars within agricultural 

waste or by-products such as wheat straw lignocellulose. For example, due to its 

cheap and abundant nature, coupled with its by-product status, within European 

agriculture wheat straw is a key candidate for an economically viable, renewable 

source of second generation biofuel [16]. Other such by-products eg bagasse (the 

residue from milled sugar cane after juice extraction) constitute a vast feed stock 

potential in many Asian and South American economies [17].  

The enzymatic functionalisation of lignocellulose can enable the production of value 

added materials such as biopolymers, nanomaterials or substrates for further 

chemical synthesis. For example, via pre-treatment with NaOH, followed by acid 

hydrolysis and further purification, lignocellulose is converted into cellulose 

nanocrystals (CNC). Due to a high proportion of free hydroxyl groups CNCs can be 

highly functionalised with a wide range of uses including printed electronics, 

aerogels and biosensors [18]. Enzymatic alternatives for the synthesis of such CNCs 

are reviewed in more detail in chapter 3. Wood can be treated with mild conditions 

toform cellulose scaffolds onto which CBM(Carbohydrate Binding Module)-tagged 

proteins can be immobilised for the use of continuous flow biocatalysis [19].  
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Figure 2: Biorefinery concept involving the utilisation of plant biomass to produce 
products with life cycles suitable for a circular bio-economy. 
(Hemi)cellulose oligosaccharides can be modified enzymatically and functionalised 

through simple click chemistry. In one example, GlcA-containing 

xylooligoaccharides were functionalised at the carboxylic acid groups with click 

functionalities. Xylooligosaccharides were then oxidised at the terminal xylose 

position for further click functionalisation, allowing the addition of different groups 

at either end of the oligosaccharide. These bifunctional xylooligosaccharide 

monomers can then undergo Copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) “click” polymerisation to form a gel with unique properties, such as 

transition metal coordination [20]. Such approaches show how CAZymes should be 

thought of as tools in the degradation, modification or synthesis of lignocellulose. 

However, despite the advent of novel technologies mentioned prior, the 

recalcitrant nature of lignocellulosic biomass and its diverse, complex structure 

means that its degradation to simple sugars or purification of individual 

polysaccharides is both difficult and often expensive, and therefore negatively 
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impacts industries ability to synthesise carbohydrate-derived materials [21]. To 

combat these complications the “biorefinery” concept has been developed, which 

combines a mix of degradation and conversion processes including chemical, 

mechanical and thermal pre-treatment combined with biotechnological steps in 

order to generate biofuels, high value biochemical and biomaterials (Fig. 2). The 

processes required to refine the starting material vary depending on the initial 

feedstock (agricultural waste, food waste or specifically designed crops) and the 

end product aim [22].  

In order to improve technologies associated with the valorisation of lignocellulosic 

biomass and the production of value-added chemicals for industry a comprehensive 

understanding of several biological and chemical factors must be understood. By 

understanding the structure and regulation of the plant cell wall, genetic 

modification can enable the production of plants that are more amenable to 

enzymatic deconstruction or saccharification. The development of tools to 

characterise CAZymes involved in the plant biomass modification or degradation 

will enable increased awareness of the degradative capabilities of microbes, both in 

reaction mechanism and substrate scope. Chapter 4 describes the development of 

such a tool, a mass spectrometry-based assay for cellulolytic enzymes. In tandem, 

through characterising enzymes involved in the synthesis or degradation of 

polysaccharides, more efficient routes can be found to deconstruct or modify 

properties of lignocellulose and it’s components. Chapters 4, 5 and 6 describe the 

characterisation and exploitation of such microbial carbohydrate active enzymes.  

Structure of the plant cell wall 

Understanding the structure of plant cell walls (Fig. 3) and their formation is 

fundamental to understanding how to exploit plants for the uses mentioned prior. 

A complex, supramolecular structure, the plant wall is formed of two discrete 

regions, the primary cell wall (PCW) and secondary cell wall (SCW) [24]. The 

formation of these are highly regulated both spatially and temporally; the PCW 

allows the cell to grow and elongate and after the final cell size has been reached 

the SCW then strengthens the cell wall by forming between the PCW and plasma 

membrane [25]. 
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Figure 3: Structure of plant Secondary Cell Wall. SCW forms between the PCW and 

the plasma membrane and consists predominantly of cellulose microfibrils, 

hemicelluloses (such as xylan and xyloglucan). The phenolic polymer lignin is 

intercalated within these structures. Adapted from [23]. 

The genetics regulating the formation of the SCW are an area of plentiful research 

as wood is predominately formed from the SCW thickened xylem vessels thus 

making the subject economically important for increased xylem yields [26]. The 

PCW and SCW are a complex, supramolecular structure and thus the plant cell wall 

is held together through multiple mechanisms. Cellulose is cross-linked by 

hemicellulose and this structure in the primary cell wall is embedded in pectin - a 

highly hydrated network of polysaccharides containing large quantities of 

galacturonic acid. In the secondary cell wall lignin performs this structural role 

whilst a combination ofcovalent and noncovalent bonding hold all of these 

structural components together [27].  
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Cellulose is a linear, crystalline polymer of  β-1,4-linked glucose and constitutes 

the most abundant molecule in the plant cell wall by dry weight (~30%) [28,29]. 

Cellulose chains consist of a reducing end and a non-reducing end (Fig. 4): at the 

reducing end lies a hemiacetal with a reducing aldehyde, whilst at the non-reducing 

end the C1 carbon is involved in a β-1,4 glycosidic bond [30]. While cellulose is 

naturally produced by a complex, membrane-associated biosynthetic machinery, 

considerable progress has been made in developing biocatalytic approaches to 

synthesize cellulose and its derivatives, as reviewed in chapter 3 and explored 

experimentally in chapter 4.  

 

Figure 4: Structure of cellulose highlighting non-reducing and reducing ends. Free 
aldehyde denoted in the blue on open-ring terminal glucose. Numbering of carbon 
atoms starts from the anomeric carbon (the carbon participating in CHO aldehyde 
or C=O ketone in the open-chain form of the carbohydrate molecule) going down 
the chain. 

Structure of hemicelluloses 

Hemicelluloses contain β-1,4-linked backbones of the sugars glucose, mannose, or 

xylose and show structural similarity in part due to the equatorial configuration at 

C1 and C4. The hemicellulose group includes the polymers xylan, glucuronoxylan, 

arabinoxylan, glucomannan, and xyloglucan [31](Fig. 5). Xylans are the most 

abundant hemicelluloses within the cell wall and form between 20-35% of all 

terrestrial biomass [32]. This abundance makes them economically relevant targets 

in a future bio-economy. 

Xylan structure (both in molecule size and the presence of functional groups) varies 

widely and is not only species dependent but also shows variation depending on 

the cell type the xylan is found in, as well as the developmental stage of the plant 

[33]. Although showing this great structural diversity the vast majority of xylans 

contain a β-1,4-linked xylose backbone which can be enzymatically modified to 
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contain different functional groups. β-1,3/β-1,4-D-xylans have been described in 

the red algae Palmariapalmata, however these are the only non-β-1,4-linked 

exception [34]. In β-1,4-linked xylan, the xylose units within the chains can be 

substituted with glucuronic acid (GlcA), 4-O-methylglucuronic acid, acetyl groups 

and arabinose [31]. GlcA and D-glucuronic acid 4-O-methyl are α-1,2 linked to the 

xylose backbone. In dicots, such as Arabidopsis, GlcA substitutions are common 

with around 1 in 8  

residues substituted, however in monocots such as the Poaceae these GlcA 

substitutions are uncommon [35]. In contrast arabinosyl substitutions are far more 

frequent in the Poaceae yet have not been reported for Arabidopsis. These 

arabinose groups can be α-1,2 or α-1,3-linked to the xylan backbone and may be 

further substituted with arabinose, coumaric acid, or ferulic acid groups (Fig.5)[31]. 

Here both coumaric and ferulic acid are linked to the O-5 of the arabinose side 

chains of arabinoxylan [36,37]. 
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Figure 5: Hemicelluloses found in the plant cell wall 

The other predominant hemicelluloses are xyloglucan, galactomannan, 

glucomannan, galactoglucomannan. Xyloglucan is a formed of β-1,4–linked glucose 

backbone onto which the majority of glucosyl residues are substituted with  α-1,6 

xylosyl residues. Multiple, further substitutions can be present, which are often (β-

1,2) galactose or (α-1,2) fucose – the nature of such substitutions vary between 

both tissue type or plant species. Acetylation is found within xyloglucans, with 

acetyl groups present on non-xylose-linked backbone glucosyl residues or on side 

chain galactosyl and arabinofuranosyl residues [38]. Galactomannan has a more 

simple structure, consisting of a β-1,4-linked mannose backbone with ~ 25–50 % 
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(depending on species source) of residues substituted with a α-1,6-linked galactose 

[39]. Glucomannan is formed of a linear, β-1,4-linked mannose and glucose (1.6:1) 

backbone and has a low frequency of β-1,6- glucose side chains [40]. 

Glucogalactomannan comprises a very similar structure with the exception of α-1,6 

galactosyl side chains [41]. Hemicelluloses are synthesised within the golgi then 

transported to the plasma membrane for integration into the secondary cell wall 

[27]. 

Structure of plant cell wall phenolic compounds 

Plants are also the source of the second most common biopolymer – lignin. The 

organic polymer is key to strengthening the cell wall and was fundamental in the 

evolution of vascular plants 400 million years ago [42]. The cross linked phenolic 

polymer lignin is comprised of 3 monomeric precursors called monolignols: p-

hydroxylphenyl (H), guaiacyl (G) and syringyl (S) which are formed in the cytoplasm 

and are initially derived from phenylalanine [43]. The structure of lignin varies 

widely across the Tracheophyta (vascular plants), showing variation not only 

between species but also within different tissues of the same plant. This is partially 

due to the different composition of the 3 monolignols. G- lignin (35-49% of total 

lignin) and S- lignin (40-61% of total lignin) are the predominant monolignols in 

both monocots and dicots however H-lignin is particularly prevalent in the Poaceae 

(the grasses) often forming up to 15% of the total lignin content [44].  

Unlike cellulose, which is synthesised at the plasma membrane then added to the 

cell wall, lignin biosynthesis predominantly takes place within the plant cell wall. 

Here the activity of wall bound laccases and peroxidases (either singly or in tandem) 

results in the production of free radicals which catalyse lignin polymerisation [45]. 

The exact route precursors take from the cytoplasm and subsequent translocation 

to the cell wall is currently unclear, however with the great variety seen within and 

amongst plant lignin the probability of multiple biosynthesis pathways is likely [46]. 

Biotechnological potential of lignocellulose-degrading microorganisms 
Plant cell walls can be synthesized, modified and degraded via carbohydrate active 

enzymes from plant or microbial sources. Fungi such as Aspergillus have been 

utilised in biotechnological settings for over a century, for example A. niger has 
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been known as a producer of citric acid since 1917 [47], with the fungus first 

employed on an industrial scale in 1919 [48]. The further potential of Aspergillus as 

a producer of lignocellulose degrading enzymes was realised with the discovery of 

multiple oxidases, hydrolases, cellulases and pectinases. A. niger glucoamylase 

(responsible for turning starch to glucose) has been generally regarded as safe 

(GRAS) for several decades and plays a major role in the fermentation and food 

industries [48]. Similarly, Trichodermareesei has become a frequently used tool for 

lignocellulose degradation, its degradative potential was realised early on and 

subsequently the first cloning of a eukaryotic cellulase was CBHI from T. reesei 

[49].The advent of mutagenesis led to the production of numerous mutants with 

increased cellulase production, many of which have been adopted for use in the 

textiles, paper and food industries [50]. As microbial cell factory, T. reesei was one 

of the first expression hosts for heterologous production of mammalian proteins 

[51]. Other microbes, such as the bacterium Thermobacillus xylanilyticus, offer 

desirable traits required by industry, such as enzymes with high thermotolerance 

for reactions requiring higher temperatures [52]. These examples of the varied 

range of lignocellulose-degrading capabilities by microorganisms and their enzymes 

highlight their potential utility in biocatalysis — the synthesis of desired organic 

products by enzymatic means. 

Glycoside hydrolases 

Glycoside hydrolases (GHs), catalyse the breaking of glycosidic bonds in oligo-

/polysaccharides and glycoconjugates [53]. Conversely, under certain conditions 

such enzyme can also form glycosidic bonds. Despite much research, large 

quantities of GHs only have predicted functions leaving great, untapped potential 

for biotechnology. The vast variety of GHs is currently organised into 168 separate 

families that are categorised on the basis of sequence conservation and the 

similarity of structural motifs, the Carbohydrate Active Enzyme database (CAZy) has 

provided an essential service in grouping these enzymes into a relevant families in a 

systematic manner [54]. 

GHs catalyse glycosidic bond hydrolysis, which occurs by action of general acid 

catalysis. Such catalysis is dependent on two essential residues within a GH active 
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site, that of a proton donor and a nucleophile/base [55]. GHs are grouped according 

to the whether the anomeric configuration of the hydrolysed glycoside is retained 

or inverted. Retaining GHs demonstrate a double displacement mechanism 

whereby nucleophilic attack of the anomeric centre by an amino acid residue, 

supported by another residue acting as an acid/base creates a glycosyl-enzyme-

intermediate.  This is followed by hydrolysis of the glycosyl-enzyme-intermediate by 

a nucleophilic water (assisted by the acidic carboxylate from the previous step) 

resulting in retention of the anomeric configuration (Fig. 6a). Inverting GHs, 

however, employ a single displacement mechanism in which two amino acid 

residues function separately as acid and base (Fig. 6b) resulting in the inversion of 

the anomeric configuration.  

 

Figure 6: Mechanisms of retaining (A) and inverting (B) glycosylhydrolases. 

Enzymatic degradation of cellulose 
As the structures of plant polysaccharides are elucidated the use of microorganisms 

and their enzymes to degrade complex plant carbohydrates (Table 1) in an 

economically favourable manner is increasingly becoming a viable option. 

Glycohydrolase enzymes that degrade cellulose consist of endocellulases (through 

cleaving within the cellulose chain) and exocellulases (those that cleave at the end 
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of the cellulose chain or degrade cellobiose). The degradation of cellulose requires 

the action of 3 types of GHs: β-1,4-endoglucanases (EGL), cellobiohydrolases (CBH) 

and β- glucosidase (BGL). EGLs cleave cellulose into glucooligosaccharides,CBHs 

cleave cellulose in a processive manner, releasing mainly cellobiose from the ends 

of the cellulose chain, whilst BGLsare responsible for the final step of degrading 

cellobiose into glucose. 

Lytic polysaccharide monooxygenases (LPMO) are enzymes capable of breaking the 

glycosidic bonds within cellulose via oxidative cleavage [56]thus differing from the 

usual GH-mediated hydrolytic cleavage by using molecular oxygen. Although 

initially described in microorganisms, LPMOs encompass a variety of sources 

including crustaceans, molluscs and algae [57]. The breakage of the β-1,4-linkage in 

an oxidative manner makes the cellulose substrate more susceptible to hydrolysis 

by GHs [58]. As such, LPMOs allow substantial increases in the efficiency of 

commercial enzymatic cocktails for the degradation of lignocellulose and have 

become an area of intensive research since their discovery in the early 2010s [59]. 

 

 

Figure 7: Cellulose degrading enzymes. Endoglucanase (ENG) cleaves in the 
amorphous regions of the cellulose chain. Cellobiohydrolase I (CBH I) cleaves 
cellobiose from the reducing end (R) whilst Cellobiohydrolase II (CBH II) cleaves 
cellobiose from the non-reducing end (NR). Cellobiose is then cleaved by β-
glucosidases (BGL). LPMOs cleave the cellulose chain by oxidative cleavage that 
harnesses molecular oxygen and electrons. 
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Enzymatic degradation of hemicelluloses 
For the degradation of linear xylan the presence of 2 GH enzymes are required: β-

1,4-endoxylanase and β-1,4-xylosidase. Here endoxylanases cleave within the xylan 

backbone thus producing a variety of xylooligosaccharides (van den Brink and de 

Vries, 2011). Although endo-β-1,4 xylanases are found in multiple GH families, most 

reside in GH families 10 and 11 [60]. GH 10 and GH 11 family members differ by the 

structure of the catalytic domain, with the former containing a TIM-barrel fold and 

the latter a β-jelly roll structure [61,62]. This structural difference is variable in 

substrate specificity between the 2 families, with GH10 demonstrating broader 

substrate specificity whilst GH11 endoxylanses demonstrate preference for 

unsubstituted xylan. GH 10 family endoxylanases can break glycosidic bonds of the 

xylose backbone at sites closer to substituted side groups, whereas GH11 cannot 

cleave this close to decorations meaning the products are often longer [63]. After 

xyloogliosaccharides and xylobiose are released by endoxylanses they can then be 

further degraded by the action of β-xylosidases. β-xylosidases hydrolyse xylobiose 

and xylooligosaccharides at the non-reducing end to produce xylose [64].  

Previously LMPOs had been shown to degrade substrates such as the glucose based 

cellulose but not xylans [65]. However, recently an LMPO from the basidiomycete 

Pycnoporus coccineus was shown to target xylan covering cellulose fibres thus 

offering an expanded variety of enzymes available to combat the recalcitrance of 

lignocellulostic material [66]. 

α-arabinofuranosidases remove L-arabinose from arabinoxylan and arabinoxylan 

oligosaccharides. Arabinofuranosidases belong to multiple GH families and are 

capable of removing arabinose residues from xylose oligosaccharides, although only 

members of GH 43 and 51 are able to remove both mono- and di-substituted 

arabinose units [67]. Chapter 5 describes the characterisation of a GH43 enzyme 

that is expressed by A. niger during its exposure to plant biomass. α-glucuronidases 

hydrolyse α-1,2-linked GlcA/4-O-MeGlcA from glucuronoxylan and 

arabinoglucuronoxylan. GH families show different substrate preference, with GH 

67 active against short GlcA-substitued xylooligosaccharides and GH 155 active 

against larger, polymeric xylans decorated with GlcA [69] 
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Table 1: (Hemi)cellulases active against plant biomass, adapted from [68] 

Enzyme EC Family CAZy family Target Product(s) 
Cellulases 

Endoglucanase EC 3.2.1.4 GH7 Randomly on the 

cellulose chain 

Cello–

oligomers 

 

 

 

Cellobiohydrolase I 

 

 

 

EC 3.2.1.91 

GH5, GH6, 

GH7, GH8, 

GH9, GH10, 

GH12, GH44, 

GH45, GH48, 

GH51, GH74, 

GH124 

 

 

 

Reducing end of 

cellulose 

 

 

Cellobiose 

Cellobiohydrolase II EC 3.2.1.176 GH7, GH48 Non-reducing end 

of cellulose 

Cellobiose 

β–glucosidase  

 

EC 3.2.1.21 

GH1, GH2, 

GH3, GH5, 

GH30, GH39, 

GH116 

 

Cellobiose Glucose 

LPMO EC1.14.99.54, 

EC 1.14.99.56 

AA9, AA10, 

AA15, AA16 

 

C1 or C4 of 

glucose 

Aldonic 

acid 

Depolymerisation Hemicellulases 
Endo–1,4–β–

xylanase 

EC 3.2.1.8 GH5, GH8, 

GH10, GH11, 

GH30, GH43, 

GH51, GH98, 

GH141 

β–1,4 xylan Xylo–

oligomers 

β–xylosidase EC 3.2.1.37 GH1, GH2, 

GH3, GH30, 

GH39, GH43, 

GH51, GH52, 

GH54, GH116, 

GH120 

Exo β–1,4 xylo–

oligomers 

Xylose 

Endo–1,4–

mannanase 

EC 3.2.1.78 GH5, GH26, 

GH45, GH113, 

GH134 

β–1,4 mannan Mannan 

oligomers 

β–Mannosidase EC 3.2.1.25 GH1, GH2, 

GH5, GH164 

β–1,4 mannans 

oligomers 

Mannose 
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Accessory Hemicellulases 
α–L–

Arabinofuranosid
ase 

EC 3.2.1.55 GH2 GH3 
GH5 GH39 

GH43 GH51 
GH54 GH62 

Positions O-2 
and O-3 of  

α–L–
arabinofuranosi

des 

L–
arabinose 

α–L–Arabinanase EC 3.2.1.99 GH43 α–1,5–arabinan Arabinose 
α–Galactosidases EC 3.2.1.22 GH4, GH27, 

GH31, GH36, 

GH57, GH97, 

GH110 

Oligosaccharides 

with  

α–galactosyl 

groups 

Galactose 

and 

sucrose 

α–D–

Glucuronidase 

EC 3.2.1.139  

 

GH4, GH67 

α–1,2–glycoside 

between 4–O–

methyl–

glucuronic acid 

and  

xylo–oligomers 

Glucuronic 

acid 

Acetyl xylan 

esterase 

EC 3.1.1.72 CE1, CE2, CE3, 

CE4, CE5, CE6, 

CE7, CE12 

Positions 2– or 3 

of –O–acetyl 

xylan 

Acetic acid 

Feruloyl xylan 

esterase 

E. C.3.1.1.73 CE1 Ferulic acid 

substitutions 

Ferulic acid 

Glucuronyl 

esterase 

EC 3.2.1.55 GH2, GH3, 

GH5, GH39, 

GH43, GH51, 

GH54, GH62 

Positions O-2 and 

O-3 of  

α–L–

arabinofuranosid

es 

L–

arabinose 

 

Enzymatic degradation of phenolic containing compounds 
The crosslinking of lignin with hemicelluloses is a major barrier to the efficient 

degradation of the plant cell wall. Carbohydrate esterases (CEs) catalyze the de-O-

acylation/de-N-acylation by removing the ester-linked decorations from 

carbohydrates and assist in this degradative process [70]. This varied group includes 

acetylxylan esterases, feruloyl esterases and glucuronoyl esterases [71]. 

Glucuronoyl esterases belong to CE family 15 and  are responsible for the  cleavage 

of ester bonds between GlcA/4-O-MeGlcAresidues in glucuronoxylan and the 

alcohol functional groups of lignin [72]. Acetylxylanesterases remove acetyl 

residues from the O-2 or O-3 positions of xylose in the xylan backbone and are 

often essential for the degradation of xylan [73]. Feruloyl esterases (FAE) catalyse 
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the cleavage of the ester bonds between  hydroxycinnamates (e.g. ferulic acid or p-

coumaric acid) and  arabinoxylan [74]. Chapter 6 describes the biochemical 

characterisation of a feruloyl esterase.   

Chemo-enzymatic synthesis of glycans 

Humans have exploited the activities of enzymes for 1000s of years in processes 

such as the brewing of beer, baking of bread, cheese making and the tanning of 

leather [75]. In the 20th century, enzymes were employed more extensively in 

chemical production, in processes such as the synthesis of acrylamide [76]. 

Biocatalysis is the use of enzymes for the production of organic compounds and 

offers a greener route than a multitude of traditional processes. More recently, 

enzymes have been used for the synthesis of more complex molecules, such as 

pharmaceuticals. Advances in the high-throughput screening of enzyme activities 

and their subsequent directed evolution has caused rapid expansion in the scope in 

the role of enzymes in organic synthesis [77]. The regioselectivity, chemoselectivity 

and stereoselectivity of enzymes, combined with their ability to undertake 

reactions in water and mild conditions enables them to fulfil many of the principles 

of green chemistry [78,79]. Many reactions are amenable to one-pot enzymatic 

cascades in which multiple enzymes can undertake reactions simultaneously within 

the same reaction, greatly reducing the time and financial constraints present with 

step-wise synthesis [80]. The abundance of GHs in combination with a wide scope 

of substrate specificities and affordable substrates makes them desirable 

candidates for biocatalysts. By understanding the activity and specificity of enzymes 

active against plant lignocellulose, biocatalytic routes to desired carbohydrate-

derived products can be envisaged. In addition to their normal activities as 

degradative enzyme, many GHs are also capable of functioning in the reverse 

direction through either the displacement of equilibrium (thermodynamic control) 

or through the use of activated sugar donors that  intercept the reactive glycosyl-

enzyme intermediate via kinetically controlled transglycosylation[81]. These 

methods offer opportunities to leverage the large natural repertoire of GH 

specificities, and enable routes for the enzymatic synthesis of designer glycans.  
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Chapter 2: Project objectives 

Carbohydrate Active Enzymes (CAZymes) are responsible for the synthesis and 

degradation of carbohydrates and are routinely exploited for the production of 

specific structures or for the valorisation of plant biomass. However, due to a lack 

of high-throughput methodologies, the vast majority of predicted CAZymes are not 

biochemically characterised and, as such, a great amount of biotechnological 

potential remains untapped. The overall aim of this thesis is to advance the 

knowledge on, and assess biotechnological application of, microbial enzymes for 

processing lignocellulose and its components.   

The first aim of this thesis was to exploit a novel biocatalyst capable of producing 

cellulose oligosaccharides in the development of an analytical mass spectrometry-

based technique for the (semi)high-throughput characterisation of cellulolytic 

enzymes. Via the screening of a panel of glycosyltransferases an enzyme was 

discovered that was capable of polymerising glucose onto an imidazolium-based 

tag. The subsequent product of this reaction and their derivatives were employed 

to characterise the substrate scope, specificity and mode of action of a variety of 

enzymes, as described in chapter 4. Chapter 3 reviews recent progress in 

biocatalytic synthesis of beta-glucans and cellulose.  

The second aim was the characterisation of microbial CAZymes produced by their 

host during exposure to lignocellulose. A gene upregulated during lignocellulose 

degradation by A. niger was hypothesised as a arabinoxylan active enzyme. 

Subsequent phylogenetic analysis and molecular docking suggested this enzyme 

was potentially a β-galactofuranosidase, which was supported experimentally after 

cloning, expression and characterisation. Additionally, the use of an enzyme in the 

processing of nutritionally relevant oligosaccharides from wheat bran was assessed. 

For this, a thermotolerant feruoyl esterase from Thermobacillus xylanilyticus was 

cloned, expressed and biochemically characterised.  
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Chapter 3: Recent advances in enzymatic synthesis of β-glucan and 

cellulose 

 

This chapter is composed of one published review article. 

 

G.S. Bulmer, P. de Andrade, R.A. Field, J.M. van Munster, Recent advances in 

enzymatic synthesis of β-glucan and cellulose, Carbohydrate Research, 

https://doi.org/10.1016/ j.carres.2021.108411. 

 

Foreword 
β-glucans hold key roles in the nutrition, biomaterials and the renewables-based 

biotechnology sector. As such, the enzymatic synthesis of these products are highly 

relevant to both industry and academia, with this chapter discussing the various 

routes to their production. The review focusses on the biocatalysts available, 

enzyme promiscuity and the engineering and modification of reaction conditions to 

drive both functionalised and non-functionalised β-glucan synthesis. 
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Abstract 
Bottom-up synthesis of β-glucans such as callose, fungal β-(1,3)(1,6)-glucan and 

cellulose, can create the defined compounds that are needed to perform 

fundamental studies on glucan properties and develop applications. With the 

importance of β-glucans and cellulose in high-profile fields such as nutrition, 

renewables-based biotechnology and materials science, the enzymatic synthesis of 

such relevant carbohydrates and their derivatives has attracted much attention. 

Here we review recent developments in enzymatic synthesis of β-glucans and 

cellulose, with a focus on progress made over the last five years. We cover different 

types of biocatalysts employed, their incorporation in cascades, the exploitation of 

enzyme promiscuity and their engineering, and reaction conditions affecting the 

production as well as in situ self-assembly of (non)functionalised glucans. The 

recent achievements in application of glycosyl transferases and β-1,4- and β-1,3-

glucan phosphorylases demonstrate the high potential and versatility of these 

biocatalysts in glucan synthesis in both industrial and academic contexts. 

 

Keywords: glucans, cellulose, glycosyltransferases, glycoside hydrolases, glycoside 

phosphorylases, nanostructures  
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1. Introduction 
 

1.1 β-glucan structure  

β-glucans (Figure 1a) are major structural components of plants and fungi that are 

of significant importance to a large range of fields such as nutrition, microbial 

pathogenicity and the renewable fuel sector. β-glucans, including the major 

biopolymer cellulose, circumscribe a range of large, natural glucose 

oligosaccharides linked by β-glycosidic bonds of varying linkage types and as a 

group comprise some of the most abundant carbon sources on Earth. The type and 

proportion of linkage types within β-glucans has an impact on both structure and 

behavior, with different forms of β-glucans occurring depending on their source [1]. 

The enzymatic production of these glucans by glycosyl transferases, glycosynthases 

and glycoside phosphorylases is a rapidly changing field, of which the recent 

advances will be discussed in detail. 

 

1.1.1 β-1,4 glucan 

The β-1,4 glucan cellulose is the most abundant biopolymer on Earth with 2 x 1011 

tons produced annually [2]. Consequently, this renewable source is of great interest 

in the production of bioethanol, other high-value products and the overall success 

of a future bio-based economy [3]. Cellulose is held together by van der Waals 

forces and an extensive network of intra/inter chain hydrogen bonds that yield 

microfibrils with highly ordered regions (crystalline), thus resulting in structural 

stability and robustness [4]. Wood and cotton fibres are the most common sources 

of cellulose [5], and the polysaccharide is also produced by bacteria [6]. The 

production of nanocellulose (cellulose nanocrystals - CNC and cellulose nanofibers - 

CNF), based on its isolation from cellulosic biomass, is considered a top-down 

method due to high energy consumption and harsh chemical conditions (strongly 

acidic and basic) [7]. Nanocellulose has become a valuable class of material due its 

inherent characteristics and potential for a wide range of advanced industrial 

applications (composites, electronics, sensors, cosmetics, pharmaceutical, 

biomedical, etc) [8–10].  
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Figure 1. a structure of natural glucans. bGlycosidic bond formation and/or 
cleavage catalysed by different CAZy families. GS = glycosynthases (Leaving Group: 
Fluorine or O-para-nitrophenyl); GT = glycosyltransferases (NDP: nucleotide 
diphosphate); GP = glycoside phosphorylases and GH = glycoside hydrolases. (Part B 
was adapted from [23]). 
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1.1.2 β-1,2 glucan 

Cyclic β-1,2-glucans (CβG) are found in a limited number of symbiotic and 

pathogenic gram negative bacteria, including the genera Agrobacterium, Rhizobium 

and Brucella [11]. Within these genera CβGs enable the invasion of, and survival 

within, host cells. CβGs are non-cytotoxic, can activate mammalian dendritic cells 

and enhance antigen-specific CD4+/CD8+ T cell responses, thus offering potential as 

an adjuvant in antimicrobial therapies [12]. In bacteria CβGs are known to 

sequester iron in order to protect against iron-induced toxicity [13]. With a 

backbone of around 17-25 glucose units, these glucans reside within the 

periplasmic space and are responsible for osmotic homeostasis on the cell wall [12].  

 
1.1.3 β-1,3 glucan 

Cereal β-glucans found in oats, barley and rye have a combination of β-1,4 and β-

1,3 linkages and form long-chain linear polysaccharides of high molecular weight, 

with the β-1,3 linkages causing an irregular coiled structure. Fungal β-glucans are β-

1,3 linked polysaccharides with side chains of varying length attached to the 

backbone through β-1,6-linkages [14]. They are a major constituent of the fungal 

cell wall that can form up to 40% of the dry wall mass [15]. As seen in the plantae, 

fungal glucan composition varies by species, with mushrooms normally containing 

short β-1,6-linked branches whilst the yeasts display longer β-1,6 side branches 

[16]. Such glucans are a major component of dietary fibre and have food stabilizing 

properties. Furthermore β-1,3-glucans have been shown to hold anti-tumor 

activities [17] in addition to their use as β-glucan micro-particles for the delivery of 

therapeutics [18]. Functioning as key immunomodulatory agents, they stimulate 

the immune system and induce cellular immunity [19]. Linear β-1,3 glucan 

polysaccharides such as curdlan (bacterial), callose (plant) and paramylon 

(microalgal) havehigh-molecular weight and are water-insoluble [20]. These 

polysaccharides are stabilised by a broad network of intra/inter chain hydrogen 

bonds that can exist in helical or random coil structures [21,22]. Their potential 

application in several industrial sectors ranges from farming, nutrition, cosmetics to 

therapeutics. For instance, curdlan has been used as gelling agent in foods, and 
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there has been also interest in using β-1,3 glucans as functional dietary fibres and 

immunomodulatory agents [24,25]. In fact, the regulatory effects of dietary β-

glucans (food supplements or part of daily diets) have been recently reviewed to 

highlight a potential role in cancer control due to their ability to modulate a variety 

of biological responses [26].  

 

1.2 Current need for enzymatic synthesis of β-glucans 

Oligo- and polysaccharides have conventionally been produced with low yields from 

natural sources by hydrolysis and used for biological assessment mainly as 

heterogeneous mixtures. Inefficient processes for extraction and purification have 

contributed to high-cost production that limits the access to pure and structurally 

well-defined short/long linearβ-glucans [21,24]. Chemical synthesis of glycans, 

despite all the progress in the field [27], remains challenging due to the need of 

specific building blocks as reactants, solubility challenges and poor regio-

/stereoselective reactions that yield heterogenous materials. In this respect, 

enzymatic synthesis has naturally become an attractive approach to enable the 

bottom-up preparation of oligo- and polysaccharides in a regio- and 

stereocontrolled manner, thus resulting in high synthetic precision and site-specific 

modifications [23,28,29].  

 

Enzymes offer a variety of benefits in comparison to chemical catalysts, specifically 

their ability to operate under mild conditions thus allowing for greater process 

efficiency and enabling more sustainable routes to chemicals [30,31]. Briefly, ideal 

biocatalysts constitute the following properties in respect to catalysis: high activity; 

high regio-/stereo-selectivity; lack of unwanted side activities such as donor or 

product hydrolysis; stability both when stored and within reactions. Additionally, 

simple, high-yield heterologous expression within popular expression hosts such as 

Escherichia coli is desirable, as ispromiscuity towards a variety of modified 

substrates to produce a diverse repertoire of natural and non-natural products [32]. 

Attainment of this suite of traits can be enabled by enzyme discovery or 

engineering to improve activity, scope and yield. Examples of such progress in the 
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production of β-glucans and cellulose have been demonstrated across a variety of 

glycoenzymes, recent examples of which will be covered in this review. 

2. Glycosyltransferases 
 

2.1 Glycosyltransferase activity 

Glycosyltransferases (GTs) (Figure 1b) are found widely across nature and are 

responsible for the synthesis of glycosidic linkages between a non-activated 

acceptor carbohydrate and (usually) an activated sugar donor [33]. This activity can 

occur onto a variety of different biomolecules such as mono-, di- and 

oligosaccharides [34,35], LPS [36] and peptidoglycan [37]. GTs that utilize activated 

nucleotide sugars (carbohydrates linked to anucleoside mono- or diphosphate e.g. 

CMP, UDP, GDP or TDP) are termed Leloir glycosyltransferases. Non-Leloir GTs 

utilise non-nucleotide donors such as activated phosphorylated sugars 

(phosphorylases, discussed in more detail in section 3) or non-activated donors in 

the form of sucrose or starch-derived oligosaccharides (transglycosidases) [35,38]. 

Leloir GTs are responsible for the synthesis of the majority of carbohydrates in 

nature and as such are of great interest (and one of the first enzymatic tools 

considered) for those wanting to enzymatically synthesize commercially or 

medically important glycans. Glycosyltransferases can be promiscuous in both 

acceptor and donor substrate acceptance, and thus provide biocatalysts with 

potentially exploitable side reactions with rates that in many cases have been 

demonstrated to be sufficient for exploitation in glycoside synthesis [32]. Generally, 

GTs display high glycosyl donor and acceptor selectivity resulting in products with 

high regio- and stereo-selectivity and have frequently been used in preparative 

scale, one-pot single/multi-enzyme glycosylation cascades to synthesise a variety of 

natural products as recently reviewed in [33,38].  

 

2.2 Glycosyl donor recycling 

Although commercially available, the activated glycosyl donor monosaccharides 

required by Leloir GTs are relatively expensive, thus presenting a problem in 

chemoenzymatic reactions whereby larger quantities of product are required. To 

rectify this issue there has been a concerted effort in the in situ recycling of 
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nucleotide sugar donors. UDP-glucose can be produced via activity of sucrose 

synthase (SuSy), whereby sucrose is hydrolysed into fructose and UPD-glucose 

when in the presence of UDP. SuSy has been utilised in a variety of biocatalytic 

processes as reviewed here [39]. Mutants of bacterial SuSys have enabled the 

development of more efficient variants allowing improved UDP-Glc generation. 

Furthermore, analysis of the plant SuSys, such as Glycine max (soybean), has 

revealed members more active than their bacterial counterparts [40]. The lower 

activities of bacterial SuSys have been attributed to residues in the nucleoside 

binding site having higher affinities for ADP, rather than UDP. Introduction of plant 

residues at these sites resulted in up to 60-fold decreases in Km for UDP, producing 

enzymes more suitable for industrial applications [41]. In GT-dependent 

biocatalysis, achieving the typical efficiency targets required for industrial processes 

is often problematic. Therefore, the ~100g scale production of UDP sugars such as 

UDP-Glc is vital for commercially viable biotransformations. Bioreactor cultivation 

of E. coli expressing Acidithiobacillus caldus SuSy was shown to produce 100 

gproduct/L and operate a space-time yield of 10 g/L/h. UDP-Glc could then be purified 

using chromatography-free downstream processing with yield of 86% [42].  

 

2.3 Glycosyltransferase mediated glucan synthesis 

 

2.3.1 β-1,4 glucan synthesis 

The in vitro biosynthetic synthesis of (1,4)-β-D-glucan has proved a challenging task 

that for many years was unattainable [43]. Within plants, the predominant 

producers of cellulose, the natural biosynthetic machinery consists of a complex 

membrane-embedded multi component system called the cellulose synthase 

complex (CSC) (Figure 2a, b) [44]. This machinery has proven to be extremely 

difficult to express and maintain in a functional form. While CSC activity from a 

variety of plant cell extracts had initially been demonstrated, [47–49], only recently 

a CSC’s has been functionally reconstituted in vitro [50].  Heterologous expression 

of Populus tremula x tremuloides CesA8 (PttCesA8) enabled the in vitro production 

of cellulose and its subsequent processing into cellulose microfibrils. This 

polymerisation was dependent on a lipid bilayer environment (in addition to Mn2+ 
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ion presence), as solubilisation of these lipid vesicles by detergent removed this 

activity. Whether activity is abolished due to enzymatic sensitivity to the detergents 

or alteration of the enzyme quaternary structure is unknown [50].  

Figure 2: A & B Freeze fracture replica of CSC (inset) within plasma membrane of a 
Zinnia elegans, adapted from [45]. C SEM of K. rhaeticus surrounded by bacterial 
cellulose, adapted from [46]. 

Reconstitution of such bacterial cellulose synthases (Bcs), which bridge the 

periplasm through the use of subunits [51], has also been achieved. Purified 

cellulose synthase BcsA and membrane-anchored, periplasmic subunit BcsB from 

Rhodobacter sphaeroides  were utilised in vitro for the production of cellulose of DP 

200-300, whereby BcsB inclusion was essential for the catalytic activity of BscA. 

Unlike PttCesA8, BcsA remains active in a variety of non-denaturing detergents and 

is independent of lipid-linked reactants, but requires the allosteric activator cyclic-

di-GMP [52]. The tailoring of reaction conditions for bacterial cellulose synthases 

can drive cellulose morphology in vitro. Detergent extracted CSC’s from 

Komagataeibacter xylinus demonstrated how varying temperature and centrifuging 

reactions, to mimic an anisotropic environment, can alter the product profile. 

Optimal production of cellulose, with a II crystal structure and average DP of 60-80, 

occurred at 35 °C without centrifugation. Lower temperatures (e.g. 13 °C) resulted 

in lower yield, likely due to reduced particle movement. At higher temperatures (42 

°C) protein denaturation and aggregation affected cellulose morphology. Increasing 

rates of centrifugation resulted in decreased cellulose production and a reduction 

in reducing end detection by BCA assay [53].  

 

The application of synthetic biology has enabled the effective tuning of bacterial 

cellulose production, as demonstrated in the genetic manipulation of 
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Komagataeibacter rhaeticus (Figure 2c). Development of such a genetic toolkit 

allowed engineering of inducible cellulose production when required, thus 

improving yields by avoiding the emergence of cellulose-nonproducing mutants 

that can arise when cellulose is synthesised constitutively. Gene expression of K. 

rhaeticus can be induced within the cellulose pellicle and offers a route to the 

controlled production of new cellulose-based spatially and temporally patterned 

biomaterials. Post hoc addition of E. coli expressed proteins with a fused CBD 

(Cellulose Binding Domain) to cellulose produced functionalised materials and was 

implemented in the production of cellulose-based garments containing GFP 

demonstrating feasibility at macroscale [46]. 

 

The synthesis of Glc-β-1,4-Glc linkages from nucleotide sugars by 

glycosyltransferases is predominantly limited to the use of plant and bacterial 

cellulose synthases. However, promiscuity in donor and acceptor specificity of other 

glycosyl transferases has been exploited. Bovine β4GalT1 has been demonstrated to 

transfer Glc from UDP-Glc onto GlcNAc and Glc-terminated acceptors at low 

efficiencies, producing β-1,4 linkages [32]. More recently it has been demonstrated 

that Neisseria meningitidis glycosyltransferase, LgtB, can be used for the in vitro 

polymerization of glucose from UDP-glucose via the generation of β-1,4-glycosidic 

linkages, producing oligosaccharides from DP 2-10. Furthermore LgtB is permissible 

to biocatalytic cascades and the production of glucose oligosaccharides with 

tailored functionalities that can be utilized to inform on the activity of various plant 

cell wall degrading enzymes [54]. 

 

2.3.2 β-1,3 glucan synthesis 

The study of β-1,3 glucan synthesis in vivo has identified the responsible 

glycosyltransferases, which are also commonly referred to as glucan synthases 

(GLS) [14]. Various groups have demonstrated how membrane bound GLS’ could be 

extracted from fungal and plant cells for use in in vitro assays, e.g. via the 

preparation of microsomal membranes and subsequent detergent fractionation 

[55–57]. Recently, through inhibition of cellulose synthesis, the stress response 

formation of β-1,3callose can be induced with cultured protoplasts of Nicotiana 
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tabacum (tobacco) and Arabidopsis thaliana. Fibres of different morphologies being 

produced depending on the plant species, e.g. hollow with average width of 12 μm 

or densely packed with a width of 8 μm respectively [58]. Detergent-isolated Betula 

protoplasts containing callose synthase were shown to secrete β-1,3callose bundles 

in vitro when incubated with a high concentration of Ca2+ ions. The lengths of these 

fibres were considerably longer as those from the two herbaceous plants [59]. 

These GTs require membrane protein solubilisation (through the use of detergents 

such as CHAPS) for use in in vitro reactions which, in tandem with their large nature 

and poor stability in solution, means there are few examples of their successful use 

in in vitro reactions. 

 

3 Glycoside hydrolases 
 

3.1 Glycoside hydrolase 

Glycoside hydrolases (GHs) catalyse the breaking of glycosidic bonds but many GHs 

are also capable of functioning in the reverse direction through either the 

displacement of equilibrium (thermodynamic control) or through the use of 

activated sugar donors that intercept the reactive glycosyl-enzyme intermediate via 

kinetically controlled transglycosylation [60–62]. These methods offer opportunities 

to leverage the large natural repertoire of GH specificities, to enable routes for the 

enzymatic synthesis of designer glycans.  

A variety of enzymes with natural transglycosylation abilities are reported in the 

literature and therefore of interest when making building blocks for the production 

of derivatised oligo- and polysaccharides. One such example is a β-glucosidase from 

Penicillium funiculosum. The recombinantly expressed rBgl6 demonstrated the 

transglycosylation of glucose to form the β-1,6 linked glucose dimer gentiobiose 

with a  yield of 23 % [63]. The bacterial endo-1,3-β-d-glucanase from Formosa algae 

is able to perform transglycosylation of the acceptors methyl-β-d-xylopyranoside, 

methyl-α-d-glucopyranoside, 4-methylumbelliferyl-β-d-glucoside and glycerol, and 

utilizes laminarin as the donor. Of these acceptors glycerol was the most efficient 

whereby the most predominant species in the reaction mix were the 
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transglycosylation products with a DP of 2-12 [64]. Other exoglucanases, such as 

Exg-D, carry out transglycosylation using various primary alcohols to produce alkyl-

glycosides. Using methanol, ethanol and propanol as acceptors and p-nitrophenyl 

cellobioside as the glycosyl donor, methyl-, ethyl- and propyl-cellobiosides were 

synthesised with yields of 87 %, 55% and 30% respectively – offering enzymatic 

routes to non-ionic surfactants normally produced by acid catalysis [65]. 

 

3.2 Glycosynthases  

 

3.2.1 Glycosynthase activity 

The basis for glycosynthase research began in 1991 with the first non-natural, 

biosynthetic, in vitro route to cellulose that was performed using a wild-type 

retaining Trichoderma viride cellulase whereby β-D-cellobiosyl fluoride was utilised 

as the substrate in a acetonitrile/acetate buffer mix (required to promote 

transglycosylation) [66]. However, the use of wild type glycosidases has significant 

drawbacks, as the polymerisation products can act as a substrate for the enzyme, 

resulting in hydrolysis of the product – vastly reducing potential yields [67]. To 

alleviate this issue, in 1998, Mackenzie et al. developed the first glycosynthase 

(Figure 1b); a genetically engineered exo-glycosidase capable of synthesising 

oligosaccharides through utilisation of an activated glycosyl donor in an anomeric 

configuration opposite to the natural substrate. The glycosynthase is unable to 

hydrolyze reaction products due to mutation of the catalytic residue, resulting in an 

inability to form the requisite R-glycosyl-enzyme intermediate. Mutation of endo-

glycosidase, to enable the use of oligosaccharides of different degree of 

polymerizations to act as glycosyl donors, has also been reported[68]. Besides 

glucosynthases, a broad range of synthases accepting other glycans has been 

developed, as recently reviewed elsewhere [69]. 

 

3.2.3 β-1,2 glycosynthases 

Various phenolic compounds are known to have positive impacts on human health, 

however such compounds often have poor bioavailability which can be improved 
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with glycosylation. Protein engineering enabled the production of the β-1,2 

transglycosylating BGL-1-E521G that was able to utilise phenolic acceptors such as 

epigallocatechin gallate (EGCC) in addition to pNP-sugars, whilst using α-glucosyl-

fluoride as the donor. Consequently a variety of β-1,2-glucosylated phenolic 

compounds were produced in a regioselective manner [70]. 

 

3.2.4 β-1,3 glycosynthases 

Glycosynthases have been successfully employed to generate β-1,3-glucan for 

example as demonstrated for Hordeum vulgare E231G mediated self-condensation 

of α-laminaribiosyl fluoride and 3-thio-α-laminaribiosyl fluoride to polymers of > DP 

20 and DP 6-8 respectively [71]. Synthesis of mixed-linked 1,3-1,4 β-glucans from di-

, tri- and tetrasaccharide donors has also been achieved, whereby tuning of the β-

1,3 and β-1,4 linkage ratio produced glucans that do not occur in nature, thus 

demonstrating the potential to modify glucan structures through enzymatic 

synthesis [72]. Recently progress has been made towards the development of β-

1,3-glucan synthases that dispense with the  need for fluorinated donors. 

The glycosyl fluoride donors commonly required by glycosynthases are often 

unstable at high temperatures, meaning reactions are limited to temperatures of 

30-37 °C which is suboptimal for many thermophilic enzymes of interest. 

Consequently the development of in situ-generated α-glycosyl formate donors, in 

an example of chemical rescue, allowed the use of both the fluoride donor or a 

exogeneous formate nucleophile to produce a β-1,3 disaccharide [73]. Such an 

approach offers an attractive alternative to the use of expensive activated donors 

and was further utilised in the development of a thermotolerant β-glycosynthase 

(TnBgl3B) from a Thermotoganeapolitana β-glucosidase. In addition to using a 

fluoride donor, rational design of the glycosynthase also allowed the use of the 

formate “non-classical’’ system (without a glycosyl fluoride donor) and enabled 

reaction temperatures of 80 °C permissible for the thermotolerant enzyme. Using 

pNp-Glc as both donor and acceptor the TnBgl3B variant consequently produced 

pNP-laminaribioside (pNP-Glc-1,3-Glc), after longer incubations pNP-cellobioside 

was also produced [74]. The recent application of a glycosynthase immobilised and 

used in flow for the synthesis of speciality glycans suggests an emerging field for the 
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design and implementation of glycosynthases in flow chemistry and could be key to 

improving their commercial viability [75]. 

 

3.2.5 β-1,4 glycosynthases 

Mutation of an endoglucanase from Humicola insolens (producing HiCel7B E197A) 

enabled the polymerisation of cellobiosyl fluorides for the production of 

regioselectively modified oligo- and polysaccharides. Both unsubstituted and 

modified mono- and disaccharide acceptors were utilised to create a variety of 

natural and novel β-1,4 linked compounds. HiCel7B was able to accept C-6 position 

functionalised α-cellobiosyl fluorides containing various groups including bromine 

and thioglucosyl groups and represented the first self-condensation of a cellobiosyl 

fluoride donor to produce cellulose [76]. HiCel7B E197A was further exploited to 

produce modified cellulose derivatives through polymerization of 6ʹ-azido-α-

cellobiosyl fluoride to produce alternating 6-Azido-6-deoxycellulose. Such 

alternating 6-Azido-6-deoxycelluloses can be acetylated then subsequently reduced 

to amines. Conversely, alternating 6-Azido-6-deoxycelluloses can undergo 

copper(I)-catalysed azide-alkyne cycloaddition (CuAAc - click chemistry) with Alexa 

Fluor 488 Alkyne to form conjugated alternating 6-Azido-6-deoxycellulose [77].  

 

The need for high-throughput technologies in enzyme discovery and development 

has driven the creation of assays. The development of colorimetric assays for 

glycosynthase screening allows the improved discovery and selection in a high-

throughput manner [69] whilst the screening of diverse, synthetic gene libraries 

allows a systematic approach to glycosynthase discovery [78].  

 

4. Glycoside Phosphorylases 
Glycoside phosphorylases (GPs) naturally catalyse the cleavage of glycosidic bonds 

in the presence of inorganic phosphate, releasing sugar 1-phosphate and shorter 

glycans (Figure 1b). Since these phosphorolysis reactions are reversible, due to 

equivalent free energy released by the anomeric bond cleavage in both directions, 

these enzymes are effectively used to catalyse the synthesis of a wide range of 

glycosides in a regio- and stereospecific manner. These carbohydrate-active 
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enzymes (CAZy) are capable of producing disaccharides or oligosaccharides with a 

broad range of glycosidic linkages (except β-1,1 and α/β-1,6) from several acceptors 

(D-Glc, D-GlcNAc, maltose, trehalose, sucrose, nigerose, etc) and mostly α-D-

glucose 1-phosphate (α-D-Glc-1P) as donor substrate. GPs have been classified into 

glycoside hydrolase (GH) and glycosyltransferase (GT) families according to their 

sequence similarity (CAZy database; http://www.cazy.org/). Most GPs (EC 2.4.1.x) 

belong to GH families and are grouped into retaining and inverting phosphorylases, 

[23]. Some good reviews have covered in more detail phosphorylases classification 

[23], structure and mechanism [79,80], and use as catalysts for glycoside synthesis 

[23,29,81]. Herein, we provide a brief overview on recent use of GPs to synthesise 

β-1,3 and β-1,4 glucans focussing on the following enzymes: cellodextrin and 

cellobiose phosphorylases, as well as Pro_7066/laminaridextrin and laminaribiose 

phosphorylases. 

 

4.1 β-1,4-D-Glucan phosphorylases (cellodextrin and cellobiose phosphorylases) 

 

4.1.1 Cellulose-like materials (long-chain insoluble oligosaccharides) 

Characterised from various anaerobic bacteria and obtained in recombinant form in 

E. coli under standard conditions, cellodextrin phosphorylase (CDP, EC 2.4.1.49) is a 

homodimer that belongs to the GH94 family and is the most studied phosphorylase 

polymerising β-1,4-glucan. CDP is an inverting enzyme that produces cellodextrins 

(cello-oligosaccharides, oligocelluloses or cellulose oligomers) from α-D-Glc-1P and 

D-Glc/short β-1,4-glucans as natural donor and acceptor substrates, respectively 

[82]. Different degree of polymerisation (DP) towards long-chain insoluble (DP ≥ 7) 

or short-chain soluble (DP ≤ 6) oligosaccharides can be achieved depending on the 

reaction conditions. Although optimum pH and temperature are dependent on the 

enzyme source, CDPs are very stable under a wide range of pH (5.0 - 8.6) and 

temperature (37 - 60 °C), as well as in mixture of aqueous buffer and organic 

solvents. Equally important, the nature of the substrates has a significant impact 

upon structural features, such as crystallinity and morphology. CDP’s great 

potential as biocatalyst for synthetic applications relies on the fact that non-natural 
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substrates can be reasonably tolerated, thus giving rise to tailor-made cellulose-like 

materials with different nanostructures. 

 

A comparison of the acceptor substrate specificity of CDP from different sources 

has shown its permissiveness towards a broad range of natural and functionalised 

D-glucosyl at the reducing end, whereas the same promiscuity is not observed to its 

donor substrate. For instance, D-cellobiose and longer cello-oligosaccharides are 

considerably better acceptors than plain D-Glc, which yields very poor activity (0.5 

to < 8%) [28]. The ability of CDP to better accommodate longer (DP ≥ 2) and 

modified acceptor substrates is consistent with the structural data (PDB code 

5NZ8). CDP has an open active site with a more accessible acceptor binding pocket 

due to the disposition of the two subunits within the dimer interface and the 

significant rearrangement of the catalytic and opposing loops that delineate the 

active site [82]. In order to harness its poor substrate specificity, most recent works 

have been focussed on studying self-assembly, crystallinity, morphology and 

potential properties of nanostructures produced from iterative glycosylation of β-D-

glucose acceptors (primers) functionalised at the anomeric position. The Serizawa 

group has pioneered the use β-D-glucose derivatives with anomeric substituents as 

substrates for CDP (Clostridium thermocellum) (Figure 3a). Reactive substituents 

have been exploited to provide additional reactivity of the cellulose oligomers for 

post modification with other molecules, whereas non-reactive substituents have 

been tested as a means to control the self-assembly processes. Furthermore, in situ 

self-assembly using only plain substrates have been investigated under different 

reaction conditions (Figure 4C). 

 

Functionalised acceptors with reactive substituents 

In a proof-of-concept work, crystalline cellulose oligomers with surface-reactive 

azide groups, synthesised from α-D-Glc-1P and β-D-glucose 1-azide by CDP under 

aqueous and mild conditions, were postmodified with 1-ethynyl pyrene in DMF via 

click chemistry to produce a sheet-like 2D crystalline cellulose II (ca. 5 nm thickness) 

with broad fluorescence emission due to the pyrene units partially forming 

excimers on the nanomaterial surface. This result highlights the potential use of 
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CDP to generate well-defined cellulose-like materials bearing spectroscopic 

reporter groups incorporated in a site-specific manner [83]. In a similar approach 

involving surface-reactive substituents, highly crystalline 2D vinyl-cellulose 

nanosheets (ca. 6 nm thickness) were synthesised via enzymatic polymerisation of 

α-D-Glc-1P from the primer 2-(glucosyloxy)ethyl methacrylate and postmodified by 

covalent incorporation at different loadings into poly(ethylene glycol) (PEG) matrix 

through thiol-ene Michael addition to generate a series of nanocomposite 

hydrogels with enhanced mechanical strength [7]. Later, the Loos group extended 

the repertoire of vinyl-based oligocelluloses catalysed by CDP using five 

anomerically pure β-D-glucosyl primers elegantly synthesised from D-Glc/cellobiose 

and hydroxy-alkyl (meth)acrylates or (meth)acrylamides with commercial β-

glucosidases. Although not focussing on post modification, the authors also 

suggested the potential use of these structures for further (co)polymerisation with 

different monomers in the context of property-tunable hydrogels [84]. In another 

study, Serizawa et al. investigated the protein adsorption properties of surface-

aminated cellulose oligomers synthesised from α-D-Glc-1P and 2-aminoethyl β-D-

glucoside. The resulting crystalline nanoribbons (ca. 5 nm thickness) were tested as 

solid support for specific proteins (BSA, cytochrome c, fibrinogen, IgG, lysozyme, 

transferrin, and trypsin) and revealed that only those negatively charged at pH 7.4 

(fibrinogen, IgG and transferrin) were adsorbed onto the nanoribbons due to 

effective interaction with the primary amine on their surface. The aminated 

nanoribbons also showed no cytotoxicity against mammalian cells, thus 

demonstrating potential biomedical applications [85]. Most recently, 

functionalisedcellulose oligomers synthesised from α-D-Glc-1P and 2-azidoethyl β-

D-glucoside by CDP were used to prepare functionalised cellulose paper. The paper 

was efficiently modified through heterogenous nucleation-based self-assembly 

(impregnation) of the oligomers bearing terminal azide dissolved inaqueous alkaline 

solution and subsequent neutralisation. Post modification of the fibre surface of 

cellulose paper was simply performed via click chemistry with alkynylated biotin for 

further high-sensitivity detection of IgG in a proof-of-concept diagnostic 

application. The successful noncovalent functionalisation and post modification of 

paper together with its long-term functional stability may boost the development of 
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sustainable devices [86]. Similarly, the Nidetzky group used reducing end thiol-

modified nanocellulose, synthesised from α-D-Glc-1P and 1-thio-β-D-glucose via 

linear cascade with cellobiose phosphorylase (CBP, EC 2.4.1.20) and CDP, as a 

template for the directed assembly of silver nanoparticles in order to produce 

functional cellulose nanocomposite (Figure 3b). The resulting thiol-containing 

nanosheets of crystalline cellulose II (ca. 5 nm thickness) with high loading silver 

nanoparticles, selectively bound and well dispersed on the surface, were assessed 

against Escherichia coli and Staphylococcus aureus and showed excellent 

antibacterial activity. This study may expand the scope of the bottom-up approach 

towards the synthesis of functionalised nanocellulose with respect to metal 

nanoparticle composites [87]. 

 

Functionalised acceptors with non-reactive substituents 

Since the poor colloidal stability of enzymatically synthesised nanocelluloses in 

aqueous solution restricts the formation of highly ordered structures, Serizawa et 

al. also studied the impact of β-D-glucosyl primers bearing hydrophilic [88] and 

hydrophobic [89] non-reactive substituents on self-assembly (Figure 3a). 

Oligo(ethylene glycol) (OEG) was initially selected due to its highly hydrated and 

dynamic nature in aqueous phases that could result in stability. Interestingly, the 

enzymatic reaction produced cellulose hydrogels consisting of crystalline 

nanoribbon networks with different structural features based on the OEG chain 

lengths. The cellulose DP shifted from 9 to 11 and the thickness of the nanoribbons 

increased from 5 to 6 nm with increase in the chain, which in turn decreased the 

width from several hundred to below 100 nm. These results suggested that the OEG 

chains modulated the self-assembling process of the cellulose oligomers possibly by 

colloidal stability of the nanoribbon precursors [88]. In a follow-up work, alkylated 

cellulose oligomers synthesised from alkyl β-D-glucoside primers varying in chain 

lengths (2, 4, 6, 8 carbons) self-assembled into different nanostructures such as 

nanoribbons, helical nanorods and distorted nanosheets. Surprisingly, the alkyl 

chain length affected not only the morphology but also the crystallinity of the 

material, probably by effective modulation of the intermolecular interactions of 

cellulose oligomers thus resulting in active assembly controlling. Shorter alkyl 



56 
 

chains (2 and 4 carbons) yielded hydrogels composed of long nanoribbons 

corresponding to cellulose II allomorph, whereas longer chains (6 and 8) generated 

dispersions composed of helical nanorods or distorted nanosheets resembling 

cellulose I allomorph [89].  

Figure 3. a Insoluble cellulose oligomers self-assembled into ordered 
nanostructures produced by cellodextrin phosphorylase (CDP)-catalysed synthesis 
from functionalised acceptors with reactive or non-reactivesubstituents at the 
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anomeric position. b Post modification example using thiol-functionalised cellulose 
oligomers in the presence of silver nanoparticles to produce nanocellulose 
composite (adapted from [87]). 
 
Modified acceptors/donor with labelled atoms or probes 

Cellulose oligomers containing selectively labelled atoms or site-specifically 

incorporated probes are important to report on local structure and environment, 

thus enabling their detailed characterisation and better understanding for broader 

application in advanced nanomaterials. Solid-state NMR analyses of cellodextrins 

corresponding to cellulose II nanosheets, enzymatically synthesised from 13C-

enriched D-Glc acceptors and α-D-Glc-1P (Figure 4a), revealed that the reducing-

end units located on the surface tend to have β-anomeric configuration, which 

would be more sterically stable than alpha [90]. More recently, the Field group 

investigated the impact of single and multiple site-specific incorporation of fluorine 

into cellodextrin chains prepared from modified acceptors (2F-, 3F- and 6F-D-Glc) 

and α-D-Glc-1P with CBP as well as from modified donor (6F-α-D-Glc-1P) and D-

cellobiose with CDP, respectively. As expected, the presence of a single fluorine at 

the reducing end of each chain had no substantial impact upon morphology and 

crystallinity as evidenced by the typical cellulose II precipitated nanosheets with 

average DP ca. 8. Conversely, the presence of multiple 6-deoxy-6-fluoro-D-glucose 

units yielded shorter nanosheets of unprecedented crystalline allomorph (Figure 

4b) with higher average DP (ca. 10) and longer chains (up to DP 15). Furthermore, 

advanced solid-state NMR methods enabled deciphering the water-exposed and 

interior chemical environments for different carbon sites [91]. 

 

Non-functionalised substrates 

The highly ordered hierarchical formation of nanostructures through in situ self-

assembly of enzymatically synthesised insoluble cellulose oligomers is not only 

affected by chemical functionalisation, but also by different reaction conditions 

using natural substrates (Figure 4c). Inspired by the concept of molecular crowding, 

which occurs in intracellular environments with high concentration of different 

macromolecules and has considerable impact on the dynamics of biomolecular self-

assembly [92], the Serizawa group synthesised cellulose oligomers from α-D-Glc-1P 



58 
 

and D-Glc in the presence of concentrated water-soluble polymers (dextran, poly(N-

vinylpyrrolidone) - PVP, PEG and Ficoll) [93,94] to promote self-assembly of the 

cello-oligosaccharides. The reactions under in vitro macromolecular crowding 

resulted in stable hydrogels composed of well-grown crystalline nanoribbon 

networks of cellulose II, regardless of the polymer species, whereas the 

conventional rectangular sheet-like precipitates were formed in the absence of the 

polymers. It has been suggested that the aggregation of particles was possibly 

suppressed by increased solution viscosity and consequent decrease in diffusion 

rates of colloids, thus leading to dispersion stability for further growth into long 

nanoribbons networks to form a hydrogel. This concept was applied to produce a 

composite hydrogel via in situ self-assembly and cross linking of enzymatically 

synthesised cellulose oligomers in gelatin solution at 60 °C followed by cooling [93]. 

In a follow-up study, an equally robust double-network hydrogel was prepared by 

pH-triggered self-assembly of cellulose oligomers with gelatin. Insoluble cello-

oligosaccharides (ca. DP 10) dissolved in alkaline solution (1 N NaOH) self-

assembled upon pH decrease (7.4) in the presence of a warm acidic solution of 

gelatin to yield a hydrogel with improved stiffness, which was assumed to be based 

on entanglement between the networks of gelatin and the nanoribbon-shaped 

fibres of cellulose oligomers [95]. The pH neutralisation approach was also studied 

in the presence of a more complex mixture, such as serum-containing cell culture 

media, resulting in a physically cross-linked hydrogel of cellulose nanoribbon 

networks with anti-biofouling properties. The cells grew into spheroids (cell 

aggregates) and with no unfavourable sedimentation as the self-assembly 

progressed in a controlled manner for 3D cell culture, thus suggesting an attractive 

prospect towards biocompatible soft materials [96]. Considering that coexisting 

colloidal particles can also induce increase in viscosity and reduce stabilisation of 

colloidal dispersions, it has been hypothesised that colloidal particles could be used 

as crowding reagents towards nanoribbon network formation. In this sense, 

mechanically stable composite hydrogel with colloidal particles spatially 

immobilised (trapped) within cellulose nanoribbon network was produced by 

enzymatic synthesis and self-assembly of the oligomers in the presence of rod-like 

cellulose nanocrystals as model colloidal particles. The hybrid hydrogel proved to 
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be organic solvent-resistant and its stiffness was dependent on the concentration of 

the nanocrystals, suggesting physical cross-linking to the nanoribbons [97]. 

 

Besides the molecular crowding and colloidal particles approaches, the Serizawa 

group also investigated the influence of temperature [98] and organic solvents [99] 

upon in situ self-assembly of cello-oligosaccharides synthesised from α-D-Glc-1P 

and D-Glc (Figure 4c). Precipitated nanosheets were formed at higher temperatures 

(60 - 40 °C), whereas nanoribbon networks and dispersed nanosheets were 

produced by lowering the temperature to 30 °C and 20 °C, respectively. With  this 

temperature  shift, a decrease of DP from 10 to 8, and increase in crystallinity (from 

52% to 66%) and similar dispersity index were observed. The temperature-directed 

assembly resulting into different cellulose II nanostructures was possibly driven by 

the synergy between reduced hydrophobic effect and concomitant induced self-

crowding effect [98]. While rectangular precipitated nanosheets are traditionally 

obtained in aqueous buffer, reactions in mixture with organic solvents (DMSO, 

DMF, acetonitrile or ethanol) can yield hydrogels of well-grown nanoribbon 

networks. The solvent control over oligomerisation-induced self-assembly was 

rationalised through mechanistic studies based on the Kamlet-Taft parameters, 

which showed that the nanoribbon formation was only triggered by solvents with 

high β-values (hydrogen bond acceptor ability - DMSO and ethanol). This data 

suggests that the solvation resulting from hydrogen bonding between the organic 

solvent and the cello-oligosaccharides prevented aggregation and consequent 

precipitation towards nanosheet formation, thus allowing a higher-order structure 

to be formed. It was also noticed that cellulose II with similar average DP (8 - 10) 

was obtained in all reactions. However, the crystallinity was higher in the presence 

of organic solvent (ca. 64% vs 52%) due to higher uniformity of the chain lengths, 

evidenced by the lower dispersity index (ca. 1.2 vs 1.9) [99]. 
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Figure 4. Insoluble cellulose oligomers self-assembled into ordered nanostructures 
produced by cellodextrin phosphorylase (CDP)-catalysed synthesis from selectively 
labelled acceptors (A), donor bearing site-specific probe (B), and non-functionalised 
substrates under specific reaction conditions (C). 
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A simple approach to produce hydrogel consisting of nanoribbon networks 

(cellulose II with average DP 7 - 8 and ca. 4.5 nm thickness) in aqueous buffer was 

performed using D-cellobiose [100,101] instead of conventional D-Glc as acceptor, 

which typically gives rise to precipitated nanosheets [102,103]. In this case, the 

distinct morphological outcome under the same reaction conditions was attributed 

to the effect of short-chain soluble oligosaccharides present in the supernatant of 

D-cellobiose reaction due to kinetic control. Soluble oligomers might accumulate 

once their rates of formation and self-assembly seemed to be similar. Conversely, 

no soluble oligomers were detected in the glucose reaction as the rate of cellobiose 

formation (rate-limiting step) was probably slower than the self-assembly rate 

[100,102]. In a follow-up study, higher concentration of D-Glc (200 and 500 mM) 

also resulted in nanoribbon networks hydrogel since the soluble oligomers possibly 

worked as dispersion stabilisers of the precursor particles, thus suppressing 

precipitation/aggregation and favouring growth[104].It is worth mentioning that 

previous use of D-cellobiose [105] resulted only in precipitated nanosheets because 

the reaction conditions were significantly different (lower concentration of 

reactants and enzyme). This emphasises the impact of setting suitable conditions in 

the process of generating tailor-made nanocellulosic materials. 

 

4.1.2 Ingredients for animal and human nutrition (short-chain soluble 

oligosaccharides)  

The state-of-the-art application of CDP also involves the synthesis of short-chain 

soluble oligosaccharides (DP ≤ 6) as means to access structurally defined model 

substrates as biological probes, focussing on the potential prebiotic effect for farm 

animals [106] and dietary fibres for humans [107]. Initially, a typical mg scale 

synthesis of short oligosaccharides has been studied by Loos et al. using α-D-Glc-1P 

and D-cellobiose in a constant molar ratio (20:1). The results showed a tendency 

towards the production of cellodextrins with reduced chain length in the presence 

of higher concentration of the acceptor substrate [108]. In this regard, Nidetzky et 

al. proposed a controlled biocatalytic synthesis of soluble cellodextrins using CBP 

(Cellulomonas uda) and CDP (Clostridium cellulosi) in a linear cascade reaction from 

α-D-Glc-1P and D-Glc (Figure 5a), which is economically more attractive and 7-fold 



62 
 

more soluble than D-cellobiose [109]. The optimised conversion of these substrates 

into soluble products with DP ranging from 3 to 6 (ca. 96 wt%) was mainly 

controlled by an appropriate molar ratio of α-D-Glc-1P/D-Glc (4:1) and in situ 

precipitation of released inorganic phosphate with Mg2+ (MgCl2) to shift the 

equilibrium towards product formation. The activity ratio between both enzymes 

also proved to be an important parameter, showing best results with excess of CBP 

(3 U/mL) over CDP (2 U/mL) producing a final product concentration of 36 g/L 

within 2 hours with a conversion yield of 98% based on glucose. Although the 

disaccharide is a better substrate than glucose (ca. 50-fold), the two-enzyme 

reaction outcome is very similar in terms of product distribution and concentration 

when compared to the single step CDP conversion of D-cellobiose under the same 

conditions. 

 
Recently, Nidetzky et al. also studied the integrated production of soluble oligomers 

via a three-enzyme phosphorylase cascade [110]. This biocatalytic process was 

developed to convert expedient substrates, such as sucrose and glucose, into short-

chain cellodextrins using sucrose phosphorylase - SCP (Bifidobacterium 

adolescentis), CBP and CDP (Figure 5b). The iterative β-1,4-glycosylation of D-Glc 

from α-D-Glc-1P, generated in situ from sucrose and inorganic phosphate, was 

successfully achieved after optimisation of key parameters. The balance of the 

three phosphorylase activities (10:3:2 U/mL) along with the ratio sucrose/glucose, 

inorganic phosphate concentration and reaction time were crucial to DP control 

and increased concentration of soluble cellodextrins with DP 3 - 6 (40 g/L). 

Additionally, a convenient and efficient two-step procedure for product isolation 

was accomplished with high purity (≥ 95%) and yield (ca. 92%) via selective 

microbial conversion of the undesirable sugars (sucrose, fructose and glucose) using 

S. cerevisiae, followed by organic solvent precipitation. In a follow-up work, they 

exploited the cascade synthesis of soluble cello-oligosaccharides upon co-

immobilisation of the three phosphorylases on solid support [111] (Figure 5c). The 
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Figure 5. Controlled biocatalytic synthesis of soluble cellodextrins (DP ≤ 6, n= 1-4) 

using cellobiose phosphorylase (CBP) and cellodextrin phosphorylase (CDP) in a 

linear cascade reaction from α-D-Glc-1P and D-Glc (A), and via a three-enzyme 

phosphorylase cascade in solution (B) or on solid support (C) from sucrose and D-

Glc including sucrose phosphorylase (SCP). (Part C was adapted from [111]). 

 

chimeric enzymes harbouring the binding module were immobilised via ionic 

interaction on the same carrier to harness the effect of spatial proximity.As 

observed for the cascade reaction in solution, the phosphorylases on solid support 

also required a defined ratio of activities for an efficient DP-controlled synthesis. 
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Despite finding the optimal activity ratio and a good loading, the catalytic 

effectiveness was just above 50% and the molar yield concentration of soluble 

products was low (56%, 25 g/L) compared to the high sucrose conversion (90%). 

This was ascribed to the insoluble product formation (DP ≥ 8), which seems to occur 

at a higher rate when compared to the phosphorylases in solution. In this case, the 

reaction time was shortened to produce only the desired products but it also 

reduced their molar yield concentration to ca. 30% (12 g/L). The recyclability 

assessment revealed that these enzymes retained 85% of the overall initial activity 

after five cycles, though substantial release of CBP from the carrier was observed. 

Although promising, these results clearly show the challenges and limitations posed 

by a complex biocatalytic cascade performed on solid support.  

 

Envisioning the scale up synthesis of such interesting soluble cello-oligosaccharides 

with potential industrial application, the Nidetzky group optimised their enzymatic 

production and assessed their growth stimulation among probiotic bacteria [112]. 

The one-pot biotransformation from sucrose and glucose using the three 

phosphorylases in solution was carried out in gram scale and optimised for a 

maximum soluble oligomers concentration of 93 g/L, which represents a 2.4-fold 

improvement compared to previous results [110]. The insoluble product formation 

was also reduced below 10 mol% after adjusting the enzyme activity ratio from 

10:3:2 to 20:6:2 U/mL. The soluble products (DP 3 - 6) showed substantial growth 

stimulation (up to 4.1-fold with respect to the maximal cell density) for some 

probiotic strains when compared to known oligosaccharide prebiotics (inulin and 

trans-galacto-oligosaccharides) and D-cellobiose. Thus, these results support the 

importance of soluble cellulose oligomers as selective functional carbohydrates 

with considerable prebiotic potential. 

 

Amongst the soluble cellodextrins, cellotriose is thought to be the most potent 

prebiotic. For instance, it is the preferred substrate for Bifidobacterium breve, a 

major probiotic bacterium in the human intestine [113]. Since the efficient 

synthesis of defined short-chain cello-oligosaccharides by wild type phosphorylases 

remains challenging, a recent study evaluated engineered CDP (Clostridium 
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cellulosi) and CBP (Cellulomonas uda) as possible biocatalysts for the enriched 

synthesis of cellotriose from α-D-Glc-1P and D-cellobiose [114]. Despite several site 

directed-mutations to disrupt a specific region of CDP active site to hampering 

further chain elongation, all mutants were still capable of elongating the chains 

towards higher DPs. A more promising result was achieved upon a directed 

mutation to optimise a well-known mutant (CBP OCP2) [115], which has five 

mutations located in the catalytic cleft that confer some degree of activity and 

affinity for D-cellobiose. The improved mutant (OCP2_M52R) showed 4-fold higher 

activity and affinity for D-cellobiose as well as reduction in further elongation. 

Consequently, cellotriose was synthesised with the highest purity (82%) and yield 

(73%) to date, and only trace amounts of cellotetraose and cellopentaose were 

observed. Interestingly, glucose can be also used as acceptor for cellotriose 

synthesis despite the new mutant has also exhibited higher affinity for the 

disaccharide. Therefore, this study highlights a positive perspective in engineering 

CBP for the defined production of cello-oligosaccharides longer than D-cellobiose. 

 

D-cellobiose has been also a valuable and commercially attractive sugar with 

respect to zero-calorie sweeteners and as potential food additive. Although its 

synthesis from sucrose by SCP and CBP has been under implementation for 

industrial production [116], current research focussing on atom economy has been 

exploited via multi-enzyme one-pot biotransformation approaches with 

mathematical model assistance to predict optimal reaction conditions and enzyme 

loading ratio [117,118]. In this sense, D-cellobiose was synthesised from sucrose by 

three thermophilic enzymes with 60% yield within 10 h. The process involved 

phosphorolysis of sucrose by SCP (Thermoanaerobacterium 

thermosaccharolyticum) to form α-D-Glc-1P and fructose, which was isomerised by 

glucose isomerase (Streptomyces murinus) into D-Glc for further disaccharide 

synthesis by CBP (Clostridium thermocellum) (Figure 6a) [117]. More recently, a 

cost-effective platform for the in vitro synthesis of disaccharides from starch was 

successfully developed employing four enzymes. Starch was debranched with 

isoamylase to produce amylose for subsequent parallel conversion into D-Glc and 

α-D-Glc-1P with α-glucosidase and α-glucan phosphorylase, respectively, followed 
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by final catalysis with CBP (Clostridium thermocellum) (Figure 6b). Amongst other 

valuable disaccharides synthesised in this study (laminaribiose, trehalose and 

sophorose), D-cellobiose was produced within 8 h with yield higher than 80% from 

low and high concentrations of starch. Since in vitro multi-enzymatic cascades have 

emerged as a promising biomanufacturing platform, this process proved to be 

robust and could represent an alternative approach to the current disaccharide 

production [118]. Although not covered in this review, manno-oligosaccharides are 

also of interest in the production of nutraceuticals and pharmaceuticals due to 

theirprebiotic effects and many other biological properties [119]. In this regard, it is 

important to mentionthe relevance of β-1,4-D-mannan phosphorylase (GH130) as a 

cost-effective biocatalyst towards the in vitro synthesis of pure linear short β-1,4-

mannan chains (DP 16) [120], thus emphasising its potential for biotechnological 

applications. 

 

4.2 β-1,2-D-Glucan phosphorylases 

In the presence of inorganic phosphate >100 g scale β-1,2-glucan synthesis was 

achieved enzymatically using a two-enzyme system of sucrose phosphorylase from 

Bifidobacterium longum subsp. longum and 1,2-β-oligoglucan phosphorylase from 

Listeria innocua expressed in E. coli [121]. A similar scale was also achieved utilising 

sophorose as the acceptor [122]. Few tools currently exist to elucidate the nature of 

proteins that interact with CβGs and consequently this difficulty is reflected in the 

literature, however advances are being made in the form of acid depolymerised 

oligosaccharide microarrays and derived probes to follow such interactions [123]. 

 

4.3 β-1,3-D-Glucan phosphorylases (laminaridextrin and laminaribiose 

phosphorylases) 

The families GH94 and GH112 have been previously reported to contain inverting 

GPs with regio- and stereospecificity towards the synthesis of β-1,3-linked 

disaccharide or oligosaccharides. The in vitro preparation of disaccharide has been 

catalysed by bacterial laminaribiose phosphorylase (LBP, EC 2.4.1.31) [124,125] 

whereas crystalline oligosaccharides (DP 30) have been produced by a partially 

purified β-1,3-D-glucan phosphorylase extract from the microalga Euglena gracilis 
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[126]. In order to understand the glycobiology of E. gracilis and circumvent the 

laborious preparation of extract as source of catalyst, the Field group identified the 

algal β-1,3-glucan phosphorylase and uncovered a new family of phosphorylases 

(GH149). The candidate phosphorylase sequence (EgP1) was selected through 

proteomic analysis from cellular protein lysate and expressed in E. coli for in vitro 

characterisation and confirmation of its catalytic activity. Moreover, EgP1 

orthologous sequences led to a bacterial metagenomic sequence that was 

expressed in E. coli (Pro_7066) and assessed to validate its function as β-1,3-D-

glucan phosphorylase. Despite comparable activity in the synthesis of short 

oligosaccharides (DP up to 12) from D-Glc and α-D-Glc-1P, kinetic data suggested 

EgP1 preference for glucose and cellobiose whereas Pro_7066 showed similar 

catalytic efficiency for all tested acceptors (DP1 to DP6) [127]. In a continuous effort 

to identify and characterise new β-1,3-D-glucan phosphorylases, a phosphorylase 

sequence from heterokont algae Ochromonas spp (OcP1) was identified along with 

bacterial orthologs, thus leading to the identification of a new GH family (GH161). 

The activity of GH161 family members was established from a bacterial GH161 gene 

sequence (PapP, Paenibacillus polymyxa) cloned and expressed in E. coli. 

Recombinant PapP showed neither synthetic activity in the presence of D-Glc and 

α-D-Glc-1P, nor phosphorolysis activity towards Glc-Glc disaccharides with different 

linkages. Nonetheless, phosphorolysis assays with DP3 to DP6 revealed its 

preference for longer substrates. These results strongly suggest that PapP can only 

operate on β-1,3 linear oligosaccharide acceptors with DP ≥ 2, evidencing its 

different specificity from GH149 glucan phosphorylases [128]. These studies expand 

the repertoire of GPs acting on β-1,3-D-glucans and provide information on 

substrate preference/specificity. 

 

In order to gain understanding at the molecular level, the X-ray crystallographic 

structures of Pro_7066 (GH149) in the absence of substrate and in complex with 

laminarihexaose were solved in order to elucidate its chain length specificity for 

oligosaccharides. Although the overall domain organisation is similar to GH94, 

Pro_7066 enzyme contains two additional distinct domains flanking its catalytic 

region and a surface oligosaccharide binding site where laminarihexaose was 



68 
 

accommodated, which is distant from the catalytic site and may be involved in the 

recognition of longer substrates [129]. The crystallographic structure of the GH94 

laminaribiose phosphorylase from Paenibacillus sp YM-1 (PsLBP) demonstrated its 

specificity for disaccharide. Interestingly, PsLBP was not only limited to act on D-

laminaribiose as previously described [124], but also catalysed the synthesis of β-D-

mannopyranosyl-1,3-D-glucopyranose from D-Glc and α-D-Man-1P, albeit with 

reduced catalytic efficiency (ca. 150-fold). Structural data of PsLBP in complex with 

α-D-Glc-1P and α-D-Man-1P, together with saturation transfer difference (STD) 

NMR studies, revealed a similar binding mode for α-D-Man-1P due to its close 

overlapping with α-D-Glc-1P. However, it was observed the loss of an important 

hydrogen bond between the axial hydroxy group at C2 and a key residue in the 

active site, thus possibly contributing to the low reaction turnover [130]. This study 

pioneered the molecular detailed recognition of an unnatural donor substrate by 

GPs as a means to provide background knowledge to harness their prospective as 

biocatalyst for synthetic applications. More recently, wild-type Pro_7066 and CDP 

showed reasonable tolerance to a variety of sugar 1- phosphates in a multi-

milligram-scale synthesis of fragments of human milk oligosaccharides (HMOs) 

[131], which are currently a hot topic in enzymatic syntheses [132]. Kinetic data of 

these enzymes indicated general low efficiency (< 1%) for the unnatural donors α-

D-Gal-1P, α-D-GlcN-1P and α-D-Man-1P compared to α-D-Glc-1P in the presence of 

both D-laminaribiose and D-cellobiose, though the transference of glucose onto 

both acceptors was effective. By producing mixed new β-1,4- and β-1,3-linkages 

from different donor substrates, the idea of ‘one enzyme to one linkage’ can no 

longer be applied to these phosphorylases in spite of their stereo- and regiospecific. 

Despite the natural tendency to generate long oligosaccharides, single turnover also 

was observed in some reactions. Considering that the lack of suitable enzymes 

hampers the synthesis of novel oligosaccharides, these results are highly 

encouraging as they uncover new features of GPs and start unfolding access to 

unique structures. 

 

Although the synthetic potential of β-1,3-D-glucan phosphorylases towards long 

oligosaccharides remains underexplored compared toβ-1,4-D-glucan 
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phosphorylases, the biocatalytic synthesis of D-laminaribiose has been investigated 

in combination with other enzymes aiming at the industrial scale production in view 

of its biological importance and commercial applications. Many studies have 

demonstrated the outstanding in vitro activity of SCP as part of multi-enzyme 

synthetic processes in which downstream reactions catalysed by other 

phosphorylases use α-D-Glc-1P generated in situ through the conversion of 

expedient feedstock, thus leading to highly valuable sugars as already exemplified 

herein for β-1,4-linkage and broadly covered in recent reviews [23,133,134]. In this 

aspect, D-laminaribiose was produced from sucrose and D-Glc in one-pot reaction 

containing individually immobilised SCP and E. gracilis extract with enriched LBP 

activity (Figure 6c). The immobilised LBP onto Sepabeads retained over 50% activity 

when tested seven times, but the yield was low (20%). It has been suggested that 

the presence of other phosphorylases in the extract could generate longer 

oligosaccharides, which was confirmed by detection of laminaritriose [135]. The 

immobilised enzymes were also encapsulated with chitosan to improve thermal and 

operational stability. Significant increase of half-life (10-fold) and no activity loss 

after 12 times reuse were observed, but no yield improvement [136]. Additionally, 

the reportedly absence of an accessible recombinant LBP led the group to improve 

the LBP production in E. gracilis by testing different cultivation methods [137], 

although a recombinant preparation of LBP had been previously reported [124]. 

More recently, the overall improved immobilised two-enzyme system was used in a 

packed bed reactor for the first continuous production of D-laminaribiose. After 

optimisation of different parameters, the system exhibited operational stability 

during the course of 10 days and yielded over 46 g/L disaccharide maintaining the 

half-life of both biocatalysts [138]. Since the high production in continuous 

operation resulted in lower titre and purity, the system was further optimised by 

combining the adsorbent BEA zeolite in a consecutive packed bed column as a 

purification step. This approach increased the laminaribiose purity in 200-fold 

keeping a similar titre and yield [139]. 
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Figure 6. A) One-pot synthesis of D-cellobiose from sucrose catalysed by sucrose 
phosphorylase (SCP), glucose isomerase (GI) and cellobiose phosphorylase (CBP). B) 
Enzymatic platform for the synthesis of various disaccharides from starch 
employing isoamylase (IA), α-glucosidase (αG) and α-glucan phosphorylase (αGP) in 
parallel, and a disaccharide phosphorylase such as CBP or laminaribiose 
phosphorylase (LBP). C) D-laminaribiose synthesis from sucrose and D-Glc in one-
pot reaction containing individually immobilised SCP and E. gracilis extract with 
enriched LBP activity. D) Cascade synthesis of D-laminaribiose from starch and 
glucose using IA, αGP, LBP and 4-α-glucanotransferase (4GT), which was used to 
recycle maltose into malto-oligosaccharides for continuous production of α-D-Glc-
1P. 
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Despite all advantages of using sucrose as substrate and SCP as biocatalyst towards 

the synthesis of functional disaccharides, alternative multi-enzyme approaches 

have been also investigated using starch. Starch is cheaper than sucrose, the 

phosphorolysis produces more α-D-Glc-1P and the ratio α-D-Glc-1P/D-Glc can be 

tuned for optimisation[118]. In this sense, D-laminaribiose was successfully 

synthesised from starch and glucose by four thermophilic enzymes with 91% yield 

within 36 h. The process involved debranching of starch with isoamylase for 

conversion into α-D-Glc-1P by α-glucan phosphorylase and final catalysis by LBP 

(Paenibacillus sp YM-1) in the presence of external D-Glc. The maltose generated as 

by-product of α-glucan phosphorylase reaction was recycled into malto-

oligosaccharides by 4-α-glucanotransferase for continuous production of α-D-Glc-

1P (Figure 6d). High concentrations of substrates were also tested to demonstrate 

the industrial potential of this system, but it became a limitation to be addressed 

[140]. The follow-up study involving starch as the only substrate and a 

mathematical model to predict optimal conditions led to high production of D-

laminaribiose (> 80%) from low and high concentrations of starch (Figure 6b). Some 

data indicated that D-Glc was slowly released from starch and remained at low 

concentration, thus minimising not only inhibition of the enzymes but also the 

effect of Maillard reaction during the process at high temperature [118]. 

 

5. Conclusions 

The use of natural glycosyltransferases and unnatural glycoside hydrolase mutants 

has broadened the scope for β-glucan synthesis, which, in tandem with 

phosphorylases, offers great diversity in producing designer β-glucans. The 

reconstitution of glycosyltransferases in vitro has enabled the polymerisation of 

glucose to form a variety of cellulose morphologies, whilst the advancements seen 

with glycosynthases offer great potential for the design of β-glucans with tailored 

functionalities. The current applications of β-1,4- and β-1,3-D-glucan 

phosphorylases highlight their relevance along with other important carbohydrate-

active enzymes. From solo catalysis to multi-enzymatic cascades and from long-

chain insoluble to short-chain soluble oligosaccharides, these wild-type enzymes 

are capable of producing a broad range of well-defined natural and unnatural 
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structures in a controlled manner due to their tolerance to different reaction 

conditions and substrates. In particular, the oligomerisation-induced self-assembly 

of insoluble β-1,4 oligomers into highly ordered hierarchical nanostructures can be 

directed by simply tuning reaction conditions in the presence of natural substrates 

or using chemically functionalised substrates, thus representing a promising 

approach towards the bottom-up preparation of tailored cellulose-like materials. 

Considering what has been recently achieved, but also the prospect discovery of 

new phosphorylases [141], the great potential biocatalyst of such robust and 

versatile enzymes in academic research and industrial application becomes more 

evident.  
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Chapter 4: A promiscuous glycosyltransferase generates poly-β-1,4-

glucan derivatives that facilitate mass spectrometry-based detection 

of cellulolytic enzymes 

This chapter is composed of one published article and supporting information. 
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Seibt, P. Both, K. Huang, M.C. Galan, S.L. Flitsch, A.P. Green, J.M. van Munster, A 

promiscuous glycosyltransferase generates poly-β-1,4-glucan derivatives that 

facilitate mass spectrometry-based detection of cellulolytic enzymes, Org. Biomol. 

Chem. 19 (2021) 5529–5533. 

Foreword 
This chapter presents the utility of the glycosyltransferase LgtB in detecting the 

activity of cellulolytic enzymes. LgtB demonstrated the ability to polymerise 

glucose, and was employed to produce imidazolium-based, tagged cello-

oligosaccharides that could be used as probes for the eluciation of glycoside 

hydrolases and LPMO specificities. Derivitisation enabled the production of capped 

oligosaccharides capable of distinguishing enzymes with exo- or endo- activity. 

Contribution 
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expressed and purified GOase and aided hydrazide derivatisations. F. Parmeggiani 
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A promiscuous glycosyltransferase generates poly-β-1,4-glucan derivatives that 

facilitate mass spectrometry-based detection of cellulolytic enzymes  

Gregory S. Bulmer,a Ashley P. Mattey,a Fabio Parmeggiani,a,c Ryan Williams,b Helene 

Ledru,b Andrea Marchesi,a Lisa S. Seibt,a Peter Both,a Kun Huang,a M. Carmen 

Galan,b Sabine L. Flitsch,a Anthony P. Greena and Jolanda M. van Munster*a,d 

Abstract 
Promiscuous activity of a glycosyltransferase was exploited to polymerise glucose 

from UDP-glucose via the generation of β-1,4-glycosidic linkages. The biocatalyst 

was incorporated into biocatalytic cascades and chemo-enzymatic strategies to 

synthesise cello-oligosaccharides with tailored functionalities on a scale suitable for 

employment in mass spectrometry-based assays. The resulting glycan structures 

enabled reporting of the activity and selectivity of cellulolytic enzymes. 

Introduction 
Cellulose, a linear polysaccharide consisting of β-1,4-linked glucose, is of critical 

importance in biotechnology, nutrition and microbial pathogenicity. As the major 

structural component of plant cell walls, it is exploited as a renewable resource in 

the bio-economy, enabling sustainable production of fuels and chemicals [1]. 

Cellulose and its oligosaccharides play key roles in health and disease, for example 

as dietary fiber [2] and have a broad range of applications as biosurfactants, 

nanomaterials and biogels [3]. The production of cellulose-based structures has 

therefore attracted much attention.  

 
Chemical synthesis of cellulose derivatives is complex due to the required stereo- 

and regioselectivity [4]. Enzymatic synthesis of cellulose in vitro is challenging 

because the natural biosynthetic machinery consists of membrane-embedded, 

multi component systems [5]. Native and derivatised cellulose (oligosaccharides) 

have been generated from glucose-1-phosphate and cellobiose via the reversible 

reaction mechanism of cellodextrin phosphorylases, whereby reaction conditions 

can direct the degree of polymerization (DP) [6–8]. Furthermore, exploitation of 

enzymes that utiliseactivated glycosyl donors (e.g. glycosyl fluorides) such as 

glycosynthases, have opened up a raft of new options for synthesizing glycosides 
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[9–11]. However, such systems require unnatural donors or are biased towards 

production of very long oligomers. Despite these advances, it remains challenging 

to generate soluble cello-oligosaccharides from natural donors due to the limited 

availability of suitable biocatalysts. 

Glycosyltransferases (GT) synthesise highly regio- and stereospecific glycosidic 

bonds between glycan acceptors and activated sugar donors [12]. Enzymatic 

synthesis of Glc-β-1,4-Glc linkages from nucleotide sugars has been restricted to 

plant and bacterial cellulose synthases. However, GTs can be promiscuous in 

acceptor and donor substrates, thereby providing biocatalysts with potentially 

exploitable side reactions with rates that in many cases were demonstrated to be 

sufficient for exploitation in glycoside synthesis [13–15]. Therefore, an GT able to 

accommodate both UDP-Glc as donor and a Glc-terminated structure as acceptor 

would in effect function as glucose polymerase (Fig. 1a), whereby the DP may be 

tuned via reaction optimisation or enzyme engineering. 

Here we describe how the rational exploration of galactosyltransferase substrate 

promiscuity resulted in the identification of a broad-specificity biocatalyst that 

functions as a glucose polymerase in vitro. We demonstrate the synthesis of cello-

oligosaccharides and their derivatives to a scale suitable for mass spectrometry-

based detection and exemplify how these compounds facilitate the profiling of 

hydrolytic and oxidative biomass-degrading enzyme activities.  

With the aim to identify a GT capable of generating β-1,4-linked glucose (Glc) 

oligosaccharides, we assembled a panel of five recombinantly expressed 

galactosyltransferases and screened it for promiscuous acceptance of Glc-based 

donor and acceptor substrates. Transfer of UDP-Glc to an acceptor with a terminal 

Glc-R motif would result in reaction products that can be re-used as an acceptor, 

thus enabling the desired Glc polymerisation. As the acceptor structure can 

potentially affect the generated glycosidic linkage type[16], enzymes with a variety 

of reported specificities were included. 
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Figure 1. Promiscuous galactosyltransferase activity results in β-1,4-linked glucose 
polymerisation. A, Reactions catalysed by biocatalyst LgtB, blue and yellow circles 
represent Glc and Gal respectively, following symbol nomenclature for glycans 
[17,18]. B, LgtB acceptor substrate for LgtB, glucoside derivatized with ITag-1 (1). 
Incubation length and UDP-Glc concentration alters oligosaccharide length and 
ratio of oligosaccharides produced, C, MALDI-TOF spectraafter 2 d with Glc-ITag-1 
(1), 1.5 mM UDP-Glc (low concentration) and D, after 7 d with 15 mM UDP-Glc (high 
concentration). 
 

To monitor enzyme activity we employed a sensitive and fast assay based on 

glycosylation of sugar acceptors labelled with imidazolium-based probes (ITags), 

such as 4-(1-methyl-3-methyleneimidazolium)benzyl carbamate β-glucoside 

[15,19]Glc-ITag-1 (1) (Fig. 1b). Such cationic ITags generate strong signals in mass-

spectrometry that dominate the analyte ionisation and can be used as soluble 
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handles that support immobilisation and purification of glycosides during chemical 

derivatisation [20,21].To aid subsequent assessment of the type of glycosidic linkage 

produced during polymerisation, we chemically synthesised the less complex, novel 

4-(1-methyl-3-methyleneimidazolium) benzyl β-glucoside Glc-ITag-2 (2) (Fig. S1a) in 

4 steps (Fig. S5) with a yield of 49%. The transfer of galactose (Gal) from UDP-Gal to 

ITagged acceptors was detected as an activity displayed by all tested panel 

members (Fig. S1, S2). In contrast, activity with UDP-Glc was detected only for 

Homo sapiens B4GALT4 and Neisseria meningitidis LgtB, with multiple reaction 

products due to polymerisation observed in the latter case. LgtB was therefore 

identified as the biocatalyst most suitable for our target activity, i.e. glucose 

polymerisation.  

After incubation of LgtB with 1 or 2 and an excess of UDP-Glcat 37 °C, a range of 

ITagged glucose oligosaccharides with DPs of up to 7 and 9, respectively (Fig. S9) 

were observed. Adjustment of reaction conditions such as incubation time and 

donor concentration allowed direction of glucose polymerisation towards a desired 

product range (Fig. 1c, 1d, S6). In reactions optimised towards high DP products, a ≥ 

99 % conversion of the initial acceptor (based on Maldi-TOF MS spectral intensity) 

into oligosaccharides of up to DP12 was detected. Chromatographic separation of 

the generated oligosaccharides proved challenging in our hands due to the 

chemical and structural similarities between the products and the limited amount 

of material available, and therefore the isolation and quantification of individual 

oligosaccharides and determination of their isolated yields could not be realised 

within the project constrains. 2D HSQC NMR analysis of purified ITagged 

oligosaccharides generated from (2) confirmed that the Glc residues were 

connected by β-1,4-glycosidic linkages (Fig. S8), demonstrating the strict selectivity 

in anomeric configuration and position of the glycoside linkage that is formed by 

LgtB.  

LgtB was also able to polymerise Glc onto a broad range of other acceptor 

substrates (Table S1) including native cello-oligosaccharides and derivatives with 

reducing end conjugates e.g. Glc(n)-pNP (Fig. S4). This agrees with the reported 

broad acceptor substrate scope of this enzyme, which has been exploited for 



92 
 

chemo-enzymatic synthesis of β-1,4-linked galactosides incorporating e.g GlcNAc(-

pNP), Man-pNP, Glc(-pNP) and various C2-derivatives [13–15,22]. No activity was 

found using Gal, xylose (Xyl), arabinose (Ara), lactose (Gal-β-1,4-Glc), trehalose (Glc-

α-1,1-Glc) or UDP-Glc as acceptors. Acceptor substrates thus require an equatorial 

configuration of the C4 -OH group and the presence of a C6 -OH group while both 

the C1 and C2 substitutions are highly flexible. Limited transfer of Xyl and GalNAc 

but not GlcNAc from their respective UDP-conjugates to acceptors was also 

detected (Fig. S3). Taken together, LgtB was identified as a promiscuous biocatalyst 

with glucose polymerase activity that can be exploited for polymerization of glucose 

onto a broad range of acceptors on a scale suitable for detection by mass 

spectrometry.  

 

 

Figure 2. ITagged cello-oligosaccharides as probes for LPMO activity. A, selective 
activity on ITagged glucose oligosaccharide substrates by a panel of LPMOs. B, the 
products of NcLPMO9C activity on ITagged cello-oligosaccharides include those with 
a mass corresponding to C4-ketone (M-2) and gemdiol (M+16) disaccharides, 
confirming C4-oxidative activity. 

Polymerisation allows cello-oligosaccharide biosynthesis in biocatalytic cascades, 

such as those enabling regeneration of UDP-glucose. We combined LgtB in a one 

pot, two enzyme cascade (Fig. S7) with Solanum lycopersicum sucrose synthase 

(SLSUS6) [23], hereafter SuSy. In the presence of UDP, SuSy converts relatively 

inexpensive sucrose into fructose and UDP-Glc, this biocatalyst is therefore widely 

employed for the synthesis of nucleotide sugars and glucosides[24]. Incubation of 

SuSy with LgtB, sucrose and 1 or 2 resulted in formation of ITagged cello-
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oligosaccharides (Fig. S9) with DP ranges and ratios similar to those observed using 

UDP-Glc directly. Thus, UDP-Glc generated via SuSy activity can be used as a donor 

substrate by LgtB, in a one-pot biocatalytic cascade that polymerises glucose from 

inexpensive sucrose. 

 

To exemplify LgtB utility in mass-spectrometry based assays, we exploited ITagged 

glucose oligosaccharides generated via LgtB activity to rapidly profile activity of lytic 

polysaccharide monooxygenases (LPMOs), copper dependent enzymes that 

oxidatively degrade oligosaccharides and polysaccharides. LPMOs insert a single 

oxygen atom into the C1-H and/or C4-H bond of saccharide substrates, ultimately 

producing aldonic acids or 4-gemdiol-aldoses, respectively (Fig. S10) [25]. This 

activity enables more cost-effective production of biofuels from lignocellulose [26] 

and holds promise in carbohydrate functionalisation. Sensitive assays to profile 

libraries of LPMO variants with regard to activity on soluble oligosaccharides and 

selectivity for C1- vs C4- oxidation, are therefore of interest. A small panel of LPMOs 

was produced in E. coli as the expression host; Lentinus similisLs(AA9)A [25], 

Neurospora crassaNcLPMO9C [27] and Thermobifida fuscaTf(AA10)B [28] (see SI for 

detailed protocols). Biotransformations were performed with purified enzymes 

using an envelope of ITagged glucose oligosaccharides (DP 1-10) in the presence of 

H2O2 and ascorbate as a reducing agent. The distribution of labelled 

oligosaccharides was unchanged following incubation with Tf(AA10)B (Fig. 2a), 

confirming lack of activity towards the oxidation of soluble cello-oligosaccharides 

with DP < 10. Conversely, reactions with Nc(AA9)C and Ls(AA9)A led to complete 

consumption of oligosaccharides with DP ≥ 6 and 4, respectively (Fig. 2a), with 

concomitant formation of labelled C4-oxidised products (DP 2-4 and DP 2-3, 

respectively) with molecular weights of [M-2] (C4-ketone) and [M+16] (C4-gemdiol) 

(with M as the molecular weight of corresponding non-oxidised labelled 

carbohydrate) (Fig. 2b). These data are consistent with reported substrateprofiles. 

Notably, the ITag cationic nature avoids formation of sodium or potassium adducts 

[15] that complicate interpretation [29] of MS-based detection of LPMO products. 

Selective detection of endo-cellulase activity in glycoside hydrolase (GH) 
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preparations is in principle enabled via an enzyme substrate that cannot be 

hydrolysed from its termini. Exploiting LgtB, we generated such a ‘blocked’ 

substrate probe compatible with fast and sensitive detection of enzyme activity via 

MS. Initially we confirmed commercially available cellulolytic GHs degrade 

unmodified ITagged cello-oligosaccharides (Fig. 3a,b). ‘Blocked’ ITagged 

oligosaccharides were then generated via a chemo-enzymatic approach (See SI for 

detailed methods) based on the creation of a bio-orthogonal aldehydeon the non-

reducing, Gal-capped termini of oligosaccharides. The aldehydes were subsequently 

derivatised with a nicotinic hydrazide group (Fig. S13b) via previously described 

Figure 3. Chemo-enzymatic derivatisation of cello-oligosaccharides to selective 
endo-cellulase substrates. A, Representative MALDI-TOF MS spectra 
demonstrating ITagged cello-oligosaccharides after incubation without enzymes 
and B, with β-glucosidase from almond. C, Derivatisation strategy employed to 
protect LgtB product termini against hydrolytic activity; D, probes after oxidised 
galactose and nicotinic hydrazide ligation after incubation with β-glucosidase and 
β-galactosidase; E, same probes after incubation with A. niger cellulases. Asterix 
indicates a glycosylated hydrazide product. 
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methodologies[30]. Derivatisation of the reducing end, here accomplished via ITag, 

was required to ensure generation of a homogenous end product (Fig. S12).  

With the blocked substrates in hand, we confirmed their protection against exo-

acting enzyme activity. Terminal galactose addition was sufficient to protect cello-

oligosaccharides against β-glucosidase activity, while hydrazide derivatisation was 

required and sufficient to protect structures against a set of β-galactosidases (Fig. 

3d, Fig. S14). Finally, we employed the blocked substrates to monitor endo-acting 

cellulases activity, and validated the presence of this activity by MALDI-TOF MS (Fig. 

3e). The observed degradation profile was similar to that generated by the same 

enzyme incubated with unblocked oligosaccharides. We conclude these probes 

enable selective detection of endo-cellulase activity via MS. 

Conclusions 
 

In conclusion, LgtB has a broad substrate scope that includes polymerase activity 

with UDP-Glc as donor and Glc-terminated glycosides as acceptors. We successfully 

exploited this promiscuous activity to polymerise glucose via β-1,4-glycosidic 

linkages onto a variety of acceptors containing chemical handles, producing 

functionalised, tailored cello-oligosaccharide derivatives as detectible by mass 

spectrometry. We demonstrated the incorporation of LgtB-mediated glucose 

polymerisation into chemo-enzymatic derivatisation strategies, via production of 

probes to selectively detect endo-acting cellulolytic enzyme activities in a sensitive , 

MS-based assay. Further work regarding scalability of the LgtB reaction including 

determination of isolated yields should confirm if LgtB would be suitable as catalyst 

for glucose polymerization in  reactions at preparative scale  and upwards. As LgtB 

can be obtained via facile heterologous expression in E. coli, this biocatalyst for the 

synthesis of β-1,4-glycosidic linkages is very well suited to be engineered to accept 

desired non-natural substrates, which may open up novel routes to enzymatic 

synthesis of cellulose derivatives.  
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Supplementary figure 1 | ITagged oligosaccharides and SNFG nomenclature used 

in this study. 

A, Above compounds are referred to as follows: Glc-ITag-1 (1), Glc-ITag-2 (2), 
GlcNAc-ITag-1 (3) and LacNAc-ITag-1 (4). Compounds 1, 3 and 4 were synthesised as 
previously described1B, Monosaccharides as defined by the SNFG with accepted 
abbreviation. 
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Supplementary figure 2| Galactosylation of ITagged glycosides during activity 
screening.Galactosylation activity of LgtC (A) and G0PH97 (B) against LacNAc-ITag-1 
(4). A peak of m/z 831 was observed for both, corresponding to galactosylated 
LacNAc-ITag-1. B4GALT4 demonstrated both UDP-Glc (C) and UDP-Gal (D) transfer 
onto Glc-ITag-1 (1). LgtH (E) demonstrated transgalactosylation activity against 
GlcNAc-ITag-1 (3). A peak of m/z 669 was observed, corresponding to 
galactosylated GlcNAc-ITag-1 (LacNAc-ITag-1 4). 
 

  

500 1000
0

50000

100000

I-Tag 1

I-Tag 1In
te
ns
ity

m/z

669

831

 

 

 

A 
 

A 

500 1000
0

25000

50000

In
te
ns
ity

m/z

I-Tag 1
628

500 1000
0

50000

100000

831

669

In
te
ns
ity

m/z

I-Tag 1

I-Tag 1

500 1000
0

50000

100000

628

I-Tag 1

In
te
ns
ity

m/z

I-Tag 1
466

500 1000
0

50000

100000

I-Tag 1

In
te
ns
ity

m/z

507

669

I-Tag 1

D 

 

 

 

E 
 

E 

 

 

 

C 
 

C 

B A 

C 

E 



105 
 

500 1000
0

10000

20000

30000

40000

D

I-Tag 1

I-Tag 1

In
te
ns
ity

m/z

+203

 

400 500 600 700 800 900
0

20000

40000

60000

I-Tag 1

I-Tag 1

598

In
te
ns
ity

m/z

+132

466

A

400 500 600 700 800 900
0

10000

20000

30000

40000

I-Tag 1

I-Tag 1
B

In
te
ns
ity

m/z

507

639
+132

500 1000
0

10000

20000

30000

C

I-Tag 2

I-Tag 2

In
te
ns
ity

m/z

+203

450 500 550 600 650 700 750 800
0

20000

40000

60000

80000

100000

120000

I-Tag 1I-Tag 1

F

m/z

507 669

+162

400 500 600 700 800 900
0

50000

100000

150000

200000

I-Tag 1

I-Tag 1

E

In
te
ns
ity

m/z

466

628

+162

Supplementary figure 3 | Donor scope assessment of LgtB with ITagged 
acceptors.LgtB was able to transfer sugar from their respective UDP-conjugate when 

incubated with (A and B)  UDP-Xyl; (C and D) UDP-GalNAc and (E and F) UDP-Gal onto ITag-

Glc-1 (1) and ITag-GlcNAc-1 (3), respectively 
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Supplementary figure 4 | Glucose polymerisation occurs onto a range of acceptors 
Glc polymerisation by LgtB was observed via MALDI-TOF MS when using as acceptor 
substrates A, ITag-GlcNAc 3, B, 4-Nitrophenyl β-D-glucose (Glc-pNP) and C, 
Mannose. Products are detected as [M] (for A) or [M+Na+] (for B, C) 
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Supplementary figure 5 | Synthesis of 4-(1-Methyl-3-
methyleneimidazolium)benzyl β-D-glucopyranoside trifluoromethanesulfonate (2) 
Compound 2 was synthesised from 4-(chloromethyl)benzyl alcohol and glycosyl 

donor 2,3,4-tri-O-benzoyl-6-O-chloroacetyl-α-D-glucopyranosyl 

trichloroacetimidate in 4 steps with a yield of 49%, as described in detail in the 

methods section. Products were identified as follows: IR νmax/cm-1 3419br (OH), 

3156w, 3113w, 2968w, 2929w, 1577, 1452, 1416, 1253s, 1225, 1160, 1076, 1028s, 

758, 638, 574, 517;  - 24˚ [c 1.08, MeOH].1H NMR δH (500 MHz, Methanol-d4) 8.95 

(1 H, s, NCHN), 7.58 (1 H, d, J 2.0, NCHCHN), 7.56 (1 H, d, J 2.0, NCHCHN), 7.53 – 

7.48 (2 H, m, Harom), 7.43 – 7.38 (2 H, m, Harom), 5.39 (2 H, s, NCH2), 4.94 (1 H, d, J 

12.3, (C-1)OCHH), 4.70 (1 H, d, J 12.3, (C-1)OCHH), 4.35 (1 H, dd, J 7.7, 0.9, H-1), 

3.92 (3 H, s, NCH3), 3.89 (1 H, dd, J 12.0, 2.1, H-6a), 3.68 (1 H, dd, J 11.8, 5.5, H-6b), 

3.37 – 3.23 (4 H, m, H-2, H-3, H-4, H-5); 13C NMR δC (126 MHz, Methanol-d4) 140.64 

(4˚ Carom (CH2O(C-1))) , 134.44 (4˚ Carom (CH2N)), 129.91, 129.65 (Carom), 125.21 

(NCHCHN), 123.60 (NCHCHN), 103.41 (C-1), 78.10, 78.04, 75.11, 71.66 (C-2, C-3, C-4, 

C-5), 71.07 ((C-1)OCH2), 62.77 (C-6), 53.83 (NCH2), 36.52 (NCH3); m/z (ESI-HRMS) 

C18H25N2O6+ ([M – OTf]+) calculated: 365.1707; found 365.1712; (TLC-MS- (ESI)) 

CF3O3S- ([OTf]-) calculated 149.0; found 148.8.   

  

2 
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Supplementary figure 6 | Modification of reaction conditions drives 
oligosaccharide profile distribution. Product distribution broadens and degree of 
polymerisation increases during polymerisation of Glc onto Glc-ITag-1(1) after 96 h 
in response to LgtB concentration with A 0.17 mg ml-1 LgtB B 0.35 mg ml-1 LgtB, C 
0.85 mg ml-1 LgtB, D 1.7 mg ml-1 LgtB. Starting concentration of acceptor affects 
oligosaccharide distribution, reactions analysed after 24 h with 1.7 mg ml-1 LgtB and 
E 0.2 mM Glc-ITag-2 (2)and F 0.5 mM 2. 
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Supplementary figure 7 | Biocatalytic cascade enabling effective coupling of UDP-
glucose regeneration with glucose polymerisation. 

LgtB and sucrose synthase SuSy were utilised in a one-pot reaction for the 
production of ITagged cello-oligosaccharides. 
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Supplementary figure 8 | HSQC confirmed that ITagged oligosaccharides 
generated by LgtB consist of β1,4-linked glucose 
1H-13C gradient-selected sensitivity-enhanced multiplicity-edited HSQC of purified 
ITagged oligosaccharides generated by LgtB demonstrated the presence of β1,4-
linked glucose. 
 
 

 

Supplementary figure 9 | SuSy cascade enables recycling of UDP for donor 
production 
Superimposed MALDI-TOF spectra of oligosaccharide formation using the SuSy UDP 
recycling system, with Glc-ITag-1(1)and Glc-ITag-2 (2) as acceptors. Degree of 
polymerisation masses for 1 (red) as follows DP 1 (466), DP2 (628), DP3 (790), DP4 
(952), DP5 (1114), DP6 (1276), DP7 (1438), DP8 (1600), DP9 (1762). Degree of 
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polymerisation masses for 2 (blue) as follows DP 1 (365), DP2 (527), DP3 (689), DP4 
(851), DP5 (1013), DP6 (1175), DP7 (1337) 
 

 
 

Supplementary figure 10 | LPMO reaction products 
Scheme detailing the reaction products arising from C1- and  C4 oxidation of 
ITagged cello-oligosaccharides  
 

 

Supplementary figure 11 | Production of oxidised UDP-Gal 
High-resolution mass spectrometry (HRMS) data confirming oxidised UDP-Gal has 
been produced via M1 GOase.  
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Supplementary figure 12| Galactosylation and hydrazide ligation of native 
cellooligosaccharide cellohexaose 
A MALDI-TOF MS showing galactosylation of cellohexaose by LgtB (M = 1,175) with 
remaining cellohexaose substrate (M = 1,013). B MALDI-TOF MS showing sodiated 
adducts of single (M1 = 1,270) and double (M2 = 1,389) ligation of nicotinic 
hydrazide to the oxidised, galactose blocked cellohexaose. Double ligated species 
originate from nicotinic hydrazide ligating at the aldehyde of the Galox as well as the 
aldehyde at the free reducing end. This procedure thus generated non-
homogenous products with which it would prove difficult to assess the 
effectiveness of hydrolases 
 

 

Supplementary figure 13| Galactosylation and hydrazide 
ligation of ITagged cello-oligosaccharides 
A Glc-ITag-2 polymerised C18 purifiedenvelope B Glc-ITag-2 
polymerised C18 purifiedenvelopefollowing 
addition of oxidised Gal and subsequent nicotinic 
hydrazide ligation. 
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Supplementary figure 14| Confirmation of β-galactosidase activity blocking 
MALDI-TOF MS showing nicotinic hydrazide ligated ITag-glucose oligosaccharides 
after incubation with β-galactosidases from glycoside hydrolase families A GH1 B 
GH42 and C GH50. Nicotinic hydrazide group represented by purple hexagon. 
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Supplementary Table 1 | LgtB activity on donor and acceptor substrates as 

detected by MALDI-TOF MS. (+) observed reaction products, (-) no observed 

reaction products. 

Acceptors Donors 

 UDP-Glc UDP-
Gal UDP-Xyl UDP-

GalNAc 
UDP-GlcNAc 

Glc-ITag (1, 2) + + + + - 

GlcNAc-ITag-1 (3)  + + + + - 

Cellobiose (Glc-β1,4-
Glc) + +  + - 

Glc + +    

GlcNAc + +    
GlcN + +    

β-GlcNAc-N3 + +    
β-Glc-N3 + +    

Glc-pNP + +    
Trehalose (Glc-α1,1-

Glc) - -    

Man + +    

Sucrose (Glc-α1,2β-
Fru) + +    

Cellotetraose-pNP + +    

Lactose (Gal-β1,4-
Glc) - -    

Gal - -    
Xyl - -    

Ara - -    
UDP-Glc -     
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Materials and methods 
 
Galactosyltransferase production 
Galactosyltransferases LgtB (Uniprot: Q51116), LgtC (Uniprot: A0A3S5C3F9), LgtH 

(Uniprot: Q2TIJ3), B4GALT4 (Uniprot: B2RAZ5) and an uncharacterised homolog 

(Uniprot: G0PH97) were provided by Prozomix Lld, Haltwhistle, UK as purified 

protein suspended in (NH4)2SO4. Samples were centrifuged (20000 g, 5 min, 4 °Ϲ), 

the supernatant was discarded and an equal volume of Tris buffer (20 mM pH 8.0) 

was added to resuspend the protein pellet. The protein sample was centrifuged 

again to remove precipitated protein and supernatant retained for analysis. 

 

NMR of carbohydrates 

NMR characterisation of ITagged glucose oligosaccharide linkages were performed 

using a 1H-13C gradient-selected sensitivity-enhanced multiplicity-edited HSQC on a 

Bruker AVIII 500 MHz spectrometer equipped with a QCI-F cryoprobe. Assignments 

were made based on the carbohydrate structure database 

(http://csdb.glycoscience.ru/database/). 

 

Mass spectrometry of carbohydrates 

Samples were prepared for analysis by MALDI-TOF via crystallisation with super 

DHB or THAP matrices. Super DHB (a 9:1 (w/w) mixture of 2,5-Dihydroxybenzoic 

acid and 2-hydroxy-5-methoxybenzoic acid) was prepared at 15 mg ml-1 in a mixture 

of 50 % (v/v) acetonitrile and 50 % (v/v) water containing 0.1 % trifluoroacetic acid 

(TFA). 2ʹ,4ʹ,6ʹ-Trihydroxyacetophenone monohydrate (THAP) was prepared at 10 

mg ml-1 in acetone. MALDI-TOF mass spectrometry was performed using the 

Bruker Ultraflex 3 in positive mode. MALDI-TOF was calibrated using peptide 

Calibration Standard II (Bruker) containing a range of peptides 757-3149 Da in size. 

 

SuSy system for UDP recycling 

Solanum lycopersicum Sucrose synthase (SLSUS6) was expressed in E. coli 

BL21(DE3) from a pET30 based vector containing an N-terminal Histag fusion as 

previously described2. Briefly, cells were cultured at 37 ºϹ, 250 rpm until reaching 
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an OD600 of 0.6, after which cultures where moved to 18 ºϹ and protein expression 

was induced via addition of 1 mM IPTG for 20 h. Cells were harvested and lysed, 

after which cleared cell lysates were loaded onto an immobilised metal affinity 

chromatography (IMAC, GE Healthcare) Ni2+-charged column. After washing 30 

column volumes with 50 mM Tris, 50 mM NaCl, pH 8.0, SLSUS6 was eluted via 

addition of 500 mM imidazole. SuSy UDP-sugar regeneration reactions were carried 

out in a total volume of 50 µl containing 50 mM MES buffer (pH 6.0),0.5 mM ITag 

substrate, 0.5 mM UDP, 35 mM sucrose, 5 mM MgCl2, 2.8 μg SuSy and 20 μg LgtB. 

Reactions were incubated at 37 oC for 5 days and analysed by MALDI-TOF. 

 

GalT screening panel 

The panel of galactosyltransferases was screened in reactions as follows: 0.5 mM 

ITag acceptor (1-4), 1.5 mM UDP sugar donor, 10 mM MgCl2, 10 mM MnCl2, 0.1 mg 

ml-1 BSA, 50 mM Tris pH 8.0, and enzyme concentrations, one of the following: LgtH 

(0.3 mg ml-1), G0PH97 (0.4 mg ml-1), LgtC (0.1 mg ml-1) and LgtB (1.7 mg ml-1). 

Reactions were incubated at 37 ºC for 7 days to allow any potential polymerisation 

to occur.  ITag acceptors Glc-ITag (1,2), GlcNAc-ITag-1 (3) and ITag-LacNAc-1 (4) 

were utilised in the screen along with UDP donors UDP-Glc and UDP-Gal.  

 

Donor scope assessment and ITagged oligosaccharide production using LgtB 

Final concentrations in ITag-glucose oligosaccharides experiments: 15 mM UDP-Glc, 

1 mM ITag-glucose (1,2), 50 mM Tris HCl (pH 8.0), 10 mM MgCl2, 10 mM MnCl2, BSA 

100 µg ml-1, ~1.7 mg ml-1LgtB (resuspended in dH2O). Experiments assessing the 

activity of UDP-Xyl transfer onto ITag-glucose were as previous but with UDP-xylose 

1mM final concentration, replacing UDP-glucose as the donor. ITag-glucose 

oligosaccharides were purified on a 5 ml C18 column using a gradient of methanol 

in water with concentrations ranging from 0 to 100% (v/v). All fractions were 

collected and analysed via MALDI-TOF MS, and those containing purified 

oligosaccharides were pooled. 
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Enzymatic digestions of ITagged-oligosaccharides 

β-glucosidase from almond (49290, Sigma-Aldrich) was dissolved in water at 1  mg 

ml-1. Cellulase from Aspergillus niger (C1184, Sigma-Aldrich) was dissolved in pH 

5.0, sodium acetate buffer at 10mg ml-1. Reactions were performed at pH 5.0, 37 ºC 

for 2 h at concentrations of 0.5 mg ml-1 and 5 mg ml-1 β-glucosidase and cellulase 

respectively with 10 % (v/v) C18 column purified ITagged glucose oligosaccharides. 

LPMO reactions were set up as follows: 100 µM H2O2, 200 µM ascorbate and 5 µM 

LPMO in 25 mM Tris-HCl buffer pH 7.5 and performed at room temperature for 14 

h.  

 

LPMO production 

The synthesised genes coding for Neurospora crassa NcLPMO9C (Uniprot: Q7SHI8) 

and Thermobifida fuscaTf(AA10)B (Uniprot: Q47PB9) were  cloned into pET22b 

vector (encoding a pelB sequence for periplasmic secretion) and expressed using E. 

coli C43(DE3), via periplasmic secretion to obtain an N-terminal His.  After growth at 

37°C until OD600 of 0.6, protein expression was induced with 0.1mM IPTG at 25°C 

for 16 h, 200 rpm. Lentinus similis LsLPMO9A (Uniprot: A0A0S2GKZ1) was expressed 

as an E8K-vector construct in E. coli DH5a at 25 °C for 24 h, 200 rpm. Protein 

production was induced using 10 mM arabinose.  

The cells were harvested by centrifugation (4000 rpm, 20 min, 4°C) and lysed in 

equilibration buffer (50 mM sodium phosphate (NaPi) buffer pH 8.0, containing 300 

mM NaCl, 1 mg ml-1lysozyme and 10 μg ml-1DNase,) via sonication (10 min, 1s on 1s 

off, 40 % sonotrode power). Cell debris was removed using centrifugation at 20000 

rpm 30 min at 4°C  and cleared supernatant was applied to a pre-equilibrated 5 ml 

Strep-tactin superflow cartridge (Qiagen). The column was washed with 

equilibration buffer and the protein eluted using 5mM desthiobiotin. Fractions 

containing pure target protein, identified via SDS-PAGE, were pooled, concentrated 

and re-buffered into 25 mM Tris-HCl pH 7.5 using PD10 desalting columns. The 

protein was loaded with 5x molar excess CuCl2 for 1 h at 4 °C and the excess Copper 

was then removed using PD10 desalting columns. The protein was stored at -80 °C, 

25 mM Tris-HCl buffer pH 7.5. Activity of purified enzymes was confirmed via 
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detection of the LPMO side reaction that reduces O2 to H2O2 in the absence of 

substrate, via a peroxidase-coupled assay as described previously3. 

Endo-substrate development 

M1 Galactose oxidase (GOase) was expressed and purified as previously described4. 

Oxidised UDP-Gal (UDP-GalOx) was produced as follows: 0.1 mg ml-1 horseradish 

peroxidase (HRP), 1 mg ml-1 GOase M1, 0.1 mg ml-1catalase, 10 mM UDP-galactose, 

NaPi pH 7.4 reaction was incubated until completion at 25 oC, 250 rpm for 4 h 

filtered on a viva spin column to remove protein, desalted on a Sephadex G-10 

column then freeze dried. Final concentrations in oxidised UDP-Gal blocking of 

cellohexaose were as follows: 10 mM UDP-GalOx, 5 mM cellohexaose, 10 mM 

MnCl2, 50 mM NaPi (pH 8), LgtB (1.7 mg ml-1). Final concentrations in GalOx blocking 

of ITagged glucose oligosaccharides were as follows: 10 mM UDP-GalOx, 20 % (v/v) 

C18 column purified ITagged glucose oligosaccharides, 10 mM MnCl2, 50 mM 

sodium phosphate (pH 8), LgtB (1.7 mg ml-1). After incubation at 250 rpm, 37 ºC for 

16 h, reaction products were purified on a viva spin column (10000 MWCO). 

Subsequent hydrazide ligation required 20 equivalents of nicotinic hydrazide 

addition to the previous reaction mixes, which were then incubated at 30 ºC, 250 

rpm for 2 h. 

Enzymatic galactosylation of native cello-oligosaccharides (Fig. S11a) followed by 

oxidation of the terminal Gal then nicotinic hydrazide ligation (Fig. S11b) was also 

demonstrated. Final concentrations in galactose capping of cellohexaose were as 

follows: 10 mM UDP-Gal, 5 mM cellohexaose, 10 mM MnCl2, 50 mM NaPi (pH8), 

LgtB (1.7 mg ml-1). Reaction was incubated at 250 rpm, 37 ºC for 16 h. Reaction was 

then purified on a viva spin column. Product was then oxidised, final concentration 

during the oxidation of the galactose capped cellohexaose were as follows: 0.1 mg 

ml-1 HRP, 1 mg ml-1 GOase M1, 0.1 mg ml-1 catalase, 0.5 mM galactosylated 

cellohexaose, NaPi pH 7.4. Reaction was incubated at 25 ºC, 250 rpm for 4 h then 

treated with nicotinic hydrazide as in previous method. 

 

Nicotinic hydrazide ligated ITagged cello-oligosaccharides were incubated with β-

galactosidases to ensure inaccessibility of exo-active cellulolytic enzymes. β-

Galactosidase 1A from Sulfolobus solfataricus (CZ04141), β-Galactosidase 42A from 
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Caldicellulosiruptor saccharolyticus (CZ09741) and β-Galactosidase 50A from 

Victivallis vadensis (CZ05161) were purchased from NZYtech. Reactions with GH1 

were incubated at 90 ºC for 2 h in reactions containing: nicotinic hydrazide ligated 

ITagged cello-oligosaccharides (25 % v/v), 50 mM pH 5 sodium acetate buffer, 0.5 

mg ml-1 GH1. Reactions with GH42 were incubated at 65 ºC for 2 h, in reactions 

containing: nicotinic hydrazide ligated ITagged cello-oligosaccharides (25 % v/v), 50 

mM pH 4 sodium acetate buffer, 0.5 mg ml-1 GH42. Reactions with GH50 were 

incubated at 40 ºC for 2 h, in reactions containing nicotinic hydrazide ligated 

ITagged cello-oligosaccharides (25 % v/v), 50 mM pH 7 Tris buffer, 0.25 mg ml-1 

GH50.  

 

Synthesis of 4-(1-Methyl-3-methyleneimidazolium)benzyl β-D-glucopyranoside 

trifluoromethanesulfonate (2) (Glc-ITag-2) 

Glycosyl acceptor 4-(chloromethyl)benzyl alcohol (0.0689 g, 0.440 mmol, 1 eq) and 

glycosyl donor 2,3,4-tri-O-benzoyl-6-O-chloroacetyl-α-D-glucopyranosyl 

trichloroacetimidate (0.6277 g, 0.880 mmol, 2.0 eq) were placed in a dry vial and 

dried under vacuum for 30 min. 2.20 ml of anhydrous DCM was added to the 

donor/acceptor vial under nitrogen, resulting in a solution of volume 2.75 ml and 

therefore approximately 0.160 M in acceptor and 0.320 M in donor. A stock 

solution of TMSOTf (0.06 M in DCM) was made by dissolving TMSOTf (0.217 ml, 

1.200 mmol) in 20 ml anhydrous DCM. 3.0 ml of this stock solution was used for this 

reaction. The flow microreactor and attached tubing was flushed with nitrogen. The 

donor/acceptor solution and TMSOTf solution were each taken up in a syringe and 

installed onto a syringe pump. The solutions were then injected into the 

microreactor (total internal volume of reactor chip and outlet tubing = 32.8 μL) at 

the desired flow rate corresponding to the residence time (15 seconds, 65.60 μl 

min-1 in each syringe for a combined flow rate of 131.20 μl min-1 in reactor zone) via 

the inlet tubing. The flow reaction was performed at RT. The mixture that flowed 

from the microreactor was dropped in a flask containing reagent grade DCM in air 

to quench the reaction. Reaction solution was collected for 41 min 30 sec, after 

which time the reaction mixture solvent was removed under reduced pressure. The 

crude product was dissolved in DCM (20 ml) and washed with water (8 ml), then the 
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water was extracted with a further portion of DCM (20 ml). The DCM fractions were 

collected, dried with magnesium sulfate, filtered and the solvent was removed 

under reduced pressure. The dried residue was dissolved in a minimal volume of 

DCM, then HCl, 1.25 M in MeOH (7.04 ml, 8.800 mmol) was added. The resulting 

solution was stirred for 16 h at RT in air, then diluted with DCM (15 ml) and water 

(10 ml) and product was extracted into the DCM phase. The aqueous phase was 

washed with a further DCM portion (15 ml) then DCM washings were combined, 

dried using magnesium sulfate, filtered and the solvent was removed under 

reduced pressure. The dried residue was washed with hexane (3 x 5 ml), then dried 

under reduced pressure for 1 h, before being dissolved in anhydrous MeCN (5 ml) 

under a nitrogen atmosphere. 1-Methyl imidazole (0.14 ml, 1.76 mmol) and 

potassium trifluoromethanesulfonate (0.3312 g, 1.76 mmol) were added and the 

resulting mixture was heated under reflux at 90 ˚C and stirred for 18 h, after which 

time TLC (DCM:MeOH 94:6) showed the reaction to be complete by MS. Solvent 

was removed under reduced pressure, then DCM (5 ml) and 1 M HCl aq. (5 ml) were 

added to the residue and product was extracted into the DCM phase. The aqueous 

phase was washed with DCM (2 x 5 ml), then the DCM portions were combined, 

dried using magnesium sulfate, filtered and the solvent was removed under 

reduced pressure. The crude residue was washed with neat Et2O (5 ml) and 

DCM:Et2O 5:95 (2 x 5 ml). The ITagged products were dissolved in methanol (2.2 ml) 

and sodium methoxide (50.0 μl, 0.22 mmol, 25 % wt in MeOH) was added. The 

solution was stirred at RT for 3 h after which time TLC-MS showed the reaction to 

be complete. The solution was then brought to pH 7 using 1 M HCl aq.. Solvent was 

removed, then the residue was diluted with DCM and water and product was 

extracted into the aqueous phase. Water was removed under reduced pressure and 

the dried mixture was purified by reversed-phase HPLC (Water:MeCN) to yield the 

ITag-glucose 2 (2) (0.1110 g, 49 % over 4 steps) as a solid. 
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1H NMR δ H (500 MHz, Methanol-d4) for ITag-glucose 2 

 
13C NMR δ C (126 MHz, Methanol-d4) for ITag-glucose 2 
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Chapter 5: Biochemical characterisation of a glycoside hydrolase 
family 43 β-D-galactofuranosidase from the fungus Aspergillus niger 
 

This chapter is composed of one article in preparation and supporting information. 
 

Gregory S. Bulmer, Fang Wei Yuen, Naimah Begum, Bethan S. Jones, Sabine L. 

Flitsch and Jolanda M. van Munster, Biochemical characterisation of a glycoside 

hydrolase family 43 β-D-galactofuranosidase from the fungus Aspergillus niger, in 

preparation 

 

Foreword 
This chapter presents the biochemical characterisation of XynD, a β-

galactofuranosidase. Phylogenetic analysis of the GH43 subfamily 34 revealed 

clustering of known activities, which in tandem with molecular docking studies 

enabled the prediction of substrate specificity. XynD was assessed against a variety 

of Galf-containing oligo- and polysaccharides with varying linkage types, activity 

was observed against pNP-Galf. 
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Abstract 
β-D-Galactofuranose (Galf) and its polysaccharides are found in bacteria, fungi and 

protozoa but do not occur in mammalian tissues, and thus represent a specific 

target for anti-pathogenic drugs. Understanding the enzymatic degradation of 

these polysaccharides is therefore of great interest, but the identity of fungal 

enzymes with exclusively galactofuranosidase activity has so far remained elusive. 

Here we describe the identification and characterisation of a galactofuranosidase 

from the industrially important fungus Aspergillus niger. Phylogenetic analysis of 

glycoside hydrolase family 43 subfamily 34 (GH43_34) members revealed the 

occurrence of three distinct clusters and, by comparison with specificities of 

characterised bacterial members, suggested a basis for prediction of enzyme 

specificity. Using this rationale, in tandem with molecular docking, we identified a 

putative β-D-galactofuranosidase from A. niger which was recombinantly 

expressed in Escherichia coli. The Galf-specific hydrolase, encoded by xynD 

demonstrates maximum activity at pH 5, 25 °C towards 4-Nitrophenyl-β-

galactofuranoside (pNP-β-Galf), with a Km of 17.9 ± 1.9 mM and Vmax of 70.6 ± 5.3 

µmol min−1. The characterization of this first fungal GH43 galactofuranosidase 

offers further molecular insight into the degradation of Galf-containing structures 

and may inform clinical treatments against fungal pathogens. 
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Introduction 
The 5-membered ring form of galactose, β-D-galactofuranose (Galf) is a key 

structural component of many pathogens, in which glycans containing the sugar can 

be highly immunogeneic [1]. Despite its presence spanning fungi, bacteria, 

protozoa, sponges and green algae [2] the monosaccharide is not present in 

mammalian tissue, offering a clear target for therapeutics [1–3]. The occurrence of 

Galf differs greatly from its pyranoside ring form, which is found widely across 

mammalian biology [4]. Despite the importance of motifs containing this 

monosaccharide, knowledge is limited regarding enzymes that are active on glycans 

containing Galf. 

In many fungi Galf is a key structural component of the cell wall and is present in 

secreted molecules, it has been shown to drive immunogenic responses in 

mammals [5–8]. Galf containing polysaccharides are found in pathogens such as 

Mycobacterium tuberculosis, Cryptococcus neoformans and Aspergillus fumigatus 

which combined are responsible for over 2 million deaths worldwide per annum 

[5,9,10]. Galf can constitute either the core or the branched sections of 

polysaccharides. In M. tuberculosis arabinogalactan (AG), a core of ~35 Galf 

moieties with alternating β-1,5 and β-1,6 linkages is decorated with a variety of 

arabinose branches (Fig. 1a) [11–13]. Mycobacterium knockouts of the gene 

encoding UDP-galactopyranose mutase are unable to produce Galf and fail to 

proliferate in vitro, showing that galactan synthesis is essential for replication of 

Mycobacterium [14]. In Aspergilli the predominant Galfcontaining structure is 

galactomannan, a polysaccharide formed by a α-1,2/α-1,6-linked mannose 

backbone with Galf side chains (Fig. 1b) [15–18]. The detection of this 

galactomannan is utilised to test for Aspergillus in a clinical setting [19]. 

Galactomannan plays a key role in cell integrity whereby A. fumigatus mutants 

lacking the ability to insert galactomannan into their cell walls suffer severe growth 

impairment [20]. Additionally Galf is also found in a variety of glycoconjugates: such 

as O-antigens of Escherichia coli lipopolysaccharide [21], Klebsiella pneumonia 

galactan-I repeating unit [22], lipophosphoglycans and glycoinositolphospholipids of 

leishmaniosis-causing protozoa Leishmania major [23] and as part of 
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glycoinositolphospholipids  and N- and O-glycans on proteins secreted by A.  niger 

[24,25](Fig. 1c). 

Figure 1: The presence of Galf throughout the fungal and bacterial kingdoms is not 
uniform and contains a variety of structures of both Galf backbones and Galf side 
chains, for example. a Structure of M. tuberculosis arabinogalactan fragment, b A. 
fumigatus galactomannan fragment, c N- and O-linked glycans. d Phylogenetic tree 
of GH43_34 family proteins with distinct clades visualised. Known activities are 
demonstrated as follows: β-galactofuranosidase (yellow circle), α-
arabinofuranosidase (green star). 
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In a clinical setting, understanding the turnover of immunogenic sugars is of great 

importance to treating patients with invasive symptoms from various fungal 

infections. Additionally, comprehension of the metabolism of Galf and 

polysaccharides containing it offer opportunities for industrial application. Fungi 

such as A. niger are often utilised as expression hosts for complex pharmaceuticals 

with human or other mammalian recipients [26,27]. Therefore, considering the 

metabolism of such immunogenic sugars as Galf is important when designing such 

processes to avoid potential immune cross-reactivity. 

Recently characterized bacterial β-galactofuranosidases (Galfases) begun to enter 

the literature, including Galfases specific for Galf as well as bifunctional enzymes 

with activity on Galf and Araf [28–30]. However, research into fungal Galfases is 

considerably less advanced. A Galfase from A. niger has previously been employed 

as a tool for glycoconjugate analysis where proof of concept studies demonstrated 

the enzyme was able to remove Galf from glycoproteins with O-linked 

(glucoamylase GAM-1) and N-linked (α-galactosidase A) Galf containing glycans 

[31,32]. In addition the supernatant of A. niger cultures can hydrolyse the 

biologically relevant fungal galactomannan [33]. However, at a gene level the 

source of this activity lacks complete characterisation. A. niger α-L-

arabinofuranosidases AbfA and AbfB from GH families 51 and 54 have a dual 

activity and can hydrolyse both pNp-α-Araf and pNp-β-Galf [33] but are not active  

on fungal galactomannan, indicating other β-galactofuranosidases remain 

uncharacterised. While undertaking the work described  here, discovery of GH2 

family β-galactofuranosidases GfgA and GfgB in A. nidulans has been reported, thus 

identifying the first specific fungal β-galactofuranosidases [34]. The biological 

function of Galfase enzymes in situ remain unclear, however, it has been suggested 

that the breakdown of galactomannan and other Galf epitopes may be utilised as a 

carbon source, via degradation by Galfase, during carbon limitation to produce a 

source of galactose [32].  

One reason for limited understanding of Galfases stems from the under examined 

nature of many large GH families. For example, members of GH43-34, comprised to 

our knowledge only 6 biochemically characterised bacterial proteins at the time of 
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writing, which all showed either β-ᴅ-galactofuranosidase or α-ʟ-

arabinofuranosidase activity [35–37]. As bi-functionality of Arafases and Galfases 

seems prevalent [28,33,34] and Araf and  Galf are structurally similar we 

hypothesized that fungal Galfases were potentially harboured in GH families 

containing both Arafases and Galfases.  

Therefore, in this work, we describe how we identified an A. niger GH43-34 

enzyme, XynD, as a potential Galfase candidate via a combination of phylogenetic 

analysis, structural modelling and substrate docking. XynD is known to be expressed 

during A. niger interaction with plant biomass, however the biochemical function of 

XynD had yet to be elucidated. We express and characterise the enzyme, XynD, and 

demonstrate that the enzyme is specific for Galf. This Galfase enzyme represents 

the first identified and characterized fungal GH43 family galactofuranosidase. 

Results 

 
Phylogenetic analysis of XynD 

We aimed to elucidate the role and biochemical activity of the GH43-34 enzyme 

from A. niger. Members of this subfamily exhibit different biochemical specificities, 

as either galactofuranosidases, arabinofuranosidases or arabinanases. Therefore, 

we investigated whether biochemical activity could be inferred from phylogenetic 

analysis and comparison of characterised enzymes with known activities [35,38,39] 

in this subfamily. Catalytic domains of all fungal and bacterial entries from GH43-34 

on the CAZy database [40] were selected for phylogenetic analysis. Construction of 

a phylogenetic tree via Maximum likelihood analysis revealed four distinct clusters 

(cluster I-IV) within the family (Fig. 1d). The distribution of sequences over the 

clusters does not follow the evolutionary relationships between species, with a 

mixture of fungal and bacterial sequences found in cluster I and II, while cluster IlI 

and IV comprised only bacterial members. For those organisms containing multiple 

GH43-34 members, different enzymes can be located in different clusters. Cluster I 

contains two arabinofuranosidases (ALJ58905.1 and AAO78780.1) whilst cluster II 

contains one biochemically characterised enzyme, a galactofuranosidase 

(ALJ48250.1). Based on this separation, we hypothesize that A. niger XynD 



129 
 

(An11g03120, GenBank: CAK40644.1), which is also found in  cluster II, may have 

galactofuranosidase activity. Cluster IV contained one arabinofuranosidase 

(AAO78767.1) whilst cluster III contained no characterised members. Additionally 

through utilising the CAZy database we identified CBM (Carbohydrate Binding 

Module) protein domains that co-occur with GH43-34 members, namely CBM6, 

CBM13, CBM32, CBM42 and CBM66 (Fig. 1). See Fig. S1 for bootstrap values and 

fungal member locations. 

Modelling and substrate docking 

To investigate the potential activity of A. niger XynD in more detail we 

created a model of the protein’s structure based on the crystal structure of 

GH43-34 arabinofuranosidase from Bacteroides thetaiotaomicron BT_3675 

(PDB 3QZ4) [41]. Of the crystallised GH43 subfamily 34 members, 3QZ4 gave 

the greatest percentage coverage for modelling (89%), with 37% sequence 

identity. GH43 family enzymes display a five-bladed β-propeller fold [42], the 

presence of this fold was also predicted in the XynD model. The XynD model 

composes of a monomer 36.4 kDa in size and aligns with one of the 

monomers of the 3QZ4 dimer macromolecule. No kinetic or substrate binding 

data is available for 3QZ4. Therefore,  using this model, we applied molecular 

docking simulations to gain insights into the functional binding of potential 

substrates in the active site. Docking studies showed energetically favourable 

binding of galactofuranose to the catalytic domain of XynD. Substrate docking 

suggested five residues involved in catalysis that were energetically 

favourable: Asp-28, Asp-152, Glu-199, Trp-219 and Arg-286. The first three of 

these (Fig. 2a) correspond with the catalytic Brønsted base, pKa modulator 

and catalytic acid that have  been identified in GH43 family members [42]. 

Molecular docking of arabinose in  the active site demonstrated that 

interaction between  this sugar and residues Asp-152 and Glu-199 was lacking 

and thus suggested a specificity for galactofuranose as opposed to 

arabinofuranosidase or galactofuranosidase/ arabinofuranosidase dual 

activity. Analysis of the substrate binding site suggests a restricted binding 

pocket for galactofuranose (Fig. 2b). 
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Figure 2: a Molecular docking (AutoDock VINA as implemented in YASARA) of 
galactofuranose (yellow) in a model of A. niger XynD generated using PDB 3QZ4 as a 
template. Catalytic residues Asp-28, Asp-152, Glu-199 are displayed in lilac with 
bonding lengths indicated in Å b XynD surface highlighting restricted binding pocket 
c GH43 C. japonicus alpha-L-arabinase Abf43A (PDB 1GYE) depicted with catalytic 
triad (blue) and arabinohexaose ligand (green) overlaid with catalytic triad of XynD 
(liliac) and Galf ligand (yellow) d B. subtilis arabinoxylan arabinofuranohydrolase 
BsAXH-m2,3 (PDB 3C7G) depicted with catalytic triad (yellow), glycerol (orange) and 
xylotetraose ligand (blue) overlaid with catalytic triad of XynD (liliac) and Galf ligand 
(yellow). 
 

In order to understand the roles of residues in XynD the enzyme was compared 

with the crystal structures of related enzymes. Comparison of the XynD model with 

the Cellvibrio japonicas alpha-L-arabinanase Arb43A complexed with 

arabinohexaose (1GYE) (Fig. 2c) and Bacillus subtilis arabinoxylan 

arabinofuranohydrolase BsAXH-m2,3 in complex with xylotetraose (3C7G) (Fig. 2d), 
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suggested the catalytic triad was conserved. Differences were observed between 

these proteins in residues involved in hydrophobic stacking. BsAXH-m2,3 contains 

several residues involved in hydrophobic stacking: Phe-244 at the II subsite, Trp160 

at the III (-1) subsite and Trp-101 at the IV (+1) glycerol containing subsite. XynD 

contains an  equivalent residue for Phe-244 (XynD Trp-219) and Trp-101 (XynD Trp-

86), but not for Trp-160. Alignment also identified Arg-286 as an equivalent residue 

to the BsAXH-m2,3 Arg-321 involved in +1 subsite stability. 1GYE shares the three 

conserved catalytic residues with XynD but the Phe-114 of 1GYE involved in the 

high binding affinity of the enzyme to arabinan has no corresponding residue in the 

XynD model. These results offer insight into the highly conserved nature of the 

catalytic residues, whilst the variation of other residues involved in binding is rather 

variable and may potentially play a role in enzyme specificity. Trp-219 is found 

exclusively in Galfase clusters (Fig. S2), whilst the majority of those in the Arafase 

clusters contain a Thr-219. This suggests a key role played by the residue in 

determining substrate specificity. 

 

Analysis of the protein surface, pore size and accessibility to previously known 

subsites further confirms a suspected galactofuranosidase specificity of XynD. 

When superimposed against GH43 arabinoxylan arabinofuranohydrolase from 

BsAXH-m2,3 with bound xylotetraose (3C7G) (Fig. 3a) a loop on XynD appears to 

obstruct the I and II sites resulting in a far smaller and shallower binding cleft than 

BsAXH-m2,3 and suggests XynD is not able to bind and process larger arabinoxylan 

or derived oligosaccharides (Fig. 3b). Further comparison with Arb43A (1GYE)  

(Fig. 3c) again shows a far less open binding pocket for XynD when superimposed 

(Fig. 3d).  
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Figure 3: a Xylotetraose (X4) binding to B. subtilis arabinoxylan 
arabinofuranohydrolase BsAXH-m2,3 (PDB 3C7G) b Superimposition of XynD over 
3C7G with X4 ligand c Arabinohexaose (A6) binding to C. japonicus alpha-L-
arabinase Abf43A (PDB 1GYE) d Superimposition of XynD over 1GYE with A6 ligand. 
 

Cloning, expression and purification of XynD 

To confirm the activity of XynD experimentally, we heterologous expressed 

the protein. The predicted signal peptide (residues 1-24) is consistent with 

transcriptomics data [43] suggesting that XynD is a secreted protein and that 

XynD contains four putative N-glycosylation sites. We therefore attempted 

expression in Pichia pastoris, based on a codon optimised cDNA sequence 

and the pPICZα expression system, but initial trails were unsuccessful. 

Expression was achieved in Escherichia coli Rosetta (DE3) as C-terminally His-

tagged XynD without its signal peptide from a pET21a plasmid. The protein 

was purified via Ni-NTA resin affinity chromatography followed by anion 

exchange chromatography with a final yield of 7.7 mg l-1 culture. Analysis of 

the purified protein on SDS-PAGE (Fig. S3) indicates that the recombinant 

enzyme possesses an apparent mass of approximately 35 kDa, which is 

consistent with theoretical molecular weight of 36.3 kDa. 
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Substrate specificity 

The activity of XynD was assessed against a panel of ten 4-nitrophenyl-conjugated 

saccharides. After incubation of 0.5 mg XynD with 1 mM substrate at 25 °C for 2 h, 

activity was observed only against pNP-β-Galf, while no hydrolysis was detected of 

pNP-β-Galp, pNP-β-(1,5)-Galf3, pNP-α-Araf, pNP-β-Glc, pNP-α-Glc, pNP-β-Xyl, pNP-

β-Xyl2, pNP-β-GlcNAc, pNP-βlactose. This analysis confirms that XynD is a 

galactofuranosidase. 

Monosaccharide analysis of XynD incubation with galactomannan derived from A. 

niger strain N402, via HPAEC-PAD, detected no release of Galf and thus suggests 

XynD is not directly involved in degradation of intact galactomannan (Fig. S4). This 

was confirmed via analysis of the presence of the Galf epitope in galactomannan via 

the Platelia Aspergillus galactomannan ELISA assay, the abundance of Galf was 

identical before and after treatment of galactomannan with XynD.  

To further test the substrate specificity of XynD, A variety of potential substrates 

were tested. No XynD activity was detected against the β-(1,5)-linked 

oligosaccharides 4MU-Galf3, 4MU-Galf4, 4MU-Galf5, 4MU-Galf6, a gift of the  Oka 

group [44]. Incubation of XynD with Octyl β-D-Galactofuranosyl-(1,6)-β-D-

galactofuranosyl-(1,5)-β-D-galactofuranoside and Octyl β-D-Galactofuranosyl-(1,5)-

β-D-galactofuranosyl-(1,6)-β-D-galactofuranoside, a gift from the Lowary group [3] 

revealed no observable activity (by MALDI-ToF MS and TLC analysis) against these 

trisaccharides (Fig. S5). Together these results  indicate that XynD is not active on β-

1,5- or β-1,6-linked Galf residues. 

N-linked glycans on A. niger proteins have been  described to contain terminal α-

(1,2)-linked Galf moities [45] as well as β-linked Galf residues. To assess activity of 

XynD on  such  oligosaccharides, N-linked glycans (Fig. S6) were isolated from 

Transglucosidase L "Amano" (Amano) as described  previously [45] and purified,  

and incubated with XynD. Analysis by MALDI-TOF MS (Fig. S7) revealed no 

observable XynD activity against the glycans. However, as the glycans consisted of a 

range of structures with mass differences corresponding to  one pyranose residue,  
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assessement of activity was not straight forward. The glycan pool was therefore co-

digested with jack bean α-mannosidase which cleaves terminal α-(1,2), α-(1,3) and 

α-(1,6)-mannoses, thus  simplifying the glycan structures. A main product structure 

with a mass of 1095 was detected, corresponding with the mass expected for the 

sodiated retainment of Galf-α-(1,2)-Man-α-(1,3)-Man-α-(1,6)-Man-β-(1,4)-GlcNAc-

β-(1,4)-GlcNAc, thus confirming that glycan structures terminated with Galf (or 

potentially other non-mannose residues) were obtained. However, no reaction 

products were  observed after incubation of this substrate with XynD, confirming 

XynD is not active on these Galf N-glycans. 

We conclude that the natural substrate of XynD may either be a disaccharide or 

consist of a glycan with a different linkage type from β-(1,5), β-(1,6) or α-(1,2), for 

example such as β-(1,2)-linked Galf as found in glycoinositolphospholipids.  

Biochemical characterisation 

Using Galf-pNP as a model  substrate,  we assessed the optimum reaction 

conditions and  kinetic parameters for XynD. The enzyme exhibited its highest 

activity at pH 4-5, as  assessed after incubation of purified XynD at 25 °C for 1 h in a 

range of citrate-phosphate buffers at pH 3-9 (Fig. 4a). At pH >5 the enzyme showed 

substantial reduction in activity. This is similar to a previously described A. niger β-

D-galactofuranosidase that demonstrated optimal activity at pH 3-4 [32]. XynD 

temperature optimum was 25 °C (Fig. 4b) with substantial decrease in activity 

observed after incubation at temperatures greater than 30 °C. The temperature 

stability of XynD decreased when incubated above 30 °C for 1 h (Fig. S8). 

The specific activity of XynD against pNP-β-Galf at 25 °C, pH 5 was 0.23 μmol 

min−1 mg−1. The activity appears to follow Michaelis-Menten kinetics, displaying a 

Km of 17.9 ± 1.9 mM, Vmax of 70.6 ± 5.3 µM min−1 and Kcat of  0.14 s-1 (Fig. S9). 
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Figure 4: Optimisation of reaction conditions for pNP-Galf hydrolysis by XynD a 
Relative activity at pH 3-9 b Relative activity at temperatures 4-70 °C. 
 
Discussion 
Galf containing glycans such as galactomannan or O-glycans are important as drug 

targets and immunogenic motifs in the production of pharmaceuticals due to the 

absence of the Galf monosaccharide in mammalian tissues [23]. There has 

therefore been a longstanding interest in elucidation of the enzymatic mechanism 

contributing to the turnover of such glycans[1].  

Galactomannan degrading activity of an unidentified enzyme produced by A. niger 

has been previously reported [32]. Subsequent investigation to identify this source 

of activity has revealed a variety of Galf active enzymes within the Aspergillus 

genus. A. niger AbfA and AbfB both have dual activity against pNP-Galf and pNP-

Araf yet do not degrade galactomannan [33]. More recently, A. nidulans exo-acting 

Galfases GfgA and GfgB have been identified, and have been shown to hydrolyze 

both β-(1,5) and β-(1,6) linkages, whilst A. fumigatus Afu2g14520 demonstrates 

dual activity against pNP-Galf and pNP-Araf, with higher activity against the latter 

[34]. Here we demonstrated that XynD encodes an galactofuranosidase active 

against pNP-Galf. The enzyme is not responsible for galactomannan degradation 

and lacks activity against β-(1,5), β-(1,6)- and α-(1,2) linked Galf substrates. Instead 

its activity suggests glycoinositolphospholipidsmay be the natural substrate. 

XynD has previously been annotated as a putative xylosidase in the literature and 

our identification of its galactofuranosidase activity highlights how detailed 
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phylogenetic analysis combined with biochemical  characterisation is critical  to 

understand the roles of glycoside hydrolases. Our phylogenetic analysis of the 

subfamily, followed by mapping of biochemically characterised members, 

demonstrated how GH43-34 is grouped into multiple clusters containing 

characterised members with arabinofuranosidase activity.  Assignment of Cluster I 

members as arabinofuranosidases was further supported by  association of a subset 

of members from this cluster with CBM42, which are commonly associated with 

GH54 arabinofuranosidases and bind arabinofuranose present in arabinoxylan [46]. 

Only cluster II contained bacterial members with galactofuranosidase activity and 

our structural modelling, substrate docking and biochemical characterisation 

confirmed our hypothesis that as fungal member of this cluster, XynD, had 

galactofuranose activity.  

Previously studies of GH family 43 reveal only the catalytic residues (Asp, Glu, and 

its pKa-modulating Asp) are well conserved [42], and our molecular docking studies 

confirm the binding pose of galactofuranose in XynD is stabilized to these from local 

Asp, Glu, Trp and Arg residues. In XynD, many potential subsites are completely 

occluded by surrounding loops between separate beta-strands and thus explains 

the lack of catalysis demonstrated against large oligo- and polysaccharides. The 

variety of specificities observed in the GH43 family stem from the variable 

orientation of which the substrate can sit within the deep pocket of the active site,  

thus resulting in a diverse and complex family [47,48].  

Our modelling of the XynD structure combined with sequence alignments 

highlighted how an amino acid in the active site of the GH43-34, is consistently 

different between the arabinofuranosidases and galactofuranosidases and could 

affect the substrate specificity in the GH43-34 subfamily. This W219, whose 

equivalent is a T in arabinofuranosidases,  is positioned to affect sugar binding in 

the subsite and we hypothesised that mutation of this site may switch enzyme 

activity from a galactofuranosidase to and arabinofuranosidase. Attempts to a form 

a W219T mutant of XynD were unsuccessfull due to a lack of protein production 

from a mutant plasmid. 
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XynD was the first fungal member of GH family 43-34 to be recombinantly 

expressed and biochemically characterised. We showed XynD demonstrates 

hydrolytic activity against pNP-Galf. Interestingly, despite the substantial structural 

similarities between Galf andAraf, XynD does not show activity against pNP-Araf 

and is thus thereby differs from other characterised A. niger galactofuranosidases 

that exhibit dual activity [33]. An unidentified A. niger enzyme with Galfase activity 

has been studied [32]. The enzyme is substantially larger than XynD at ~80 kDa 

(after N-glycan removal by EndoH treatment), although this difference could be 

accounted for by the presence of O-linked glycans. The unidentifed Galfase  exhibits 

a lower a Km (4 mM) in comparison to that of XynD (17.9 mM), and therefore likely 

is a different enzyme from XynD. 

XynD displays an optimum pH between pH 4 and pH 5, and concurs with previously 

described recombinant galactofuranosidases  with varying optimum pHs of 3-7 

[28,30,34,49,50]. Optimal temperature of characterised galactofuranosidases vary, 

for example, the Galf-ase derived from Streptomyces sp. JHA26 lost its activity 

when incubated at a temperature over 45 °C whilst Streptomyces sp. JHA19 

galactofuranosidases had an optimal temperature at 60 °C [50,51]. Since XynD was 

expressed in E. coli no post translational modifications, such as glycosylation, will 

have occurred. Therefore, lack of post translational modifications should be 

considered when evaluating parameters such as activity, pH optimum and 

temperature optimum.   

To gain more insight in the biological role of XynD, we assessed the conditions 

under which xynD expression and XynD secretion has been reported. Gene co-

expressing networks, based on 155 transcriptomics experiments [52] and available 

via FungiDB, highlighted expression of xynD is positively correlated with 110 genes, 

and gene ontology (GO) enrichment analysis using REViGO [53] (Fig. S10) revealed 

that these are enriched  for transmembrane transporter activity (GO:0022857), 

oxidoreductase activity (GO:0016491), hydrolase activity, acting on glycosyl bonds 

(GO:0016798) and hydrolase activity with activity on carbon-nitrogen (but not 

peptide) bonds (GO:0016810). This  positive correlation suggest xynD is expressed 

during carbohydrate degradation. In A. niger, xynD expression has previously been 
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reported to be induced in response to plant-derived polysaccharides and 

lignocellulose, despite lack of putative binding sites in its promoter for the master 

regulator XlnR.  Low levels of  expression xynD are observed on a variety of easily 

metabolised carbon sources (glucose, sucrose, fructose and sugar beet pulp) and 

expression is suspected to be subject to carbon catabolite repression, as supported 

by 11 binding sites for carbon catabolite repressor CreA in the promotor region of 

xynD [54] and other genes undergoing such repression [55]. Whilst xynD is not 

expressed during growth on maltose in the fungal wild-type [55], mutants with an 

inactivated amyR (encoding a regulator of starch degradation induced by 

maltose[56]) display upregulation of xynD transcription [55]. Similarly, xynD 

expression on arabinose is low in the wild-type, but an araR disruption mutant 

showed upregulation of xynD transcription [55].In the amyR [57]and araR 

[58]mutants the expression of sugar transporters and metabolic enzymes that 

enable growth on maltose and arabinose, respectively, will be negatively affected 

and thus the observed expression patternis consistent with a response to carbon 

limitation and concurs with the expression response to starvation in other A. niger 

galactofuranosidases [32].  

In conclusion, this study revealed further insight into the degradation of 

galactofuranose containing biomolecules with the identification of a GH43-34 A. 

niger galactofuranosidase. Understanding this vast but largely undescribed 

subfamily could play a key role in developing knowledge of glycosylation in a variety 

of fungal products, such as pharmaceuticals. 

Experimental procedures 

Phylogenetic analysis of XynD 

GH 43-34 domains were identified using the Pfam data base [59] then subsequently 

aligned and trimmed to just the catalytic domain using BioEdit [60]. Evolutionary 

analyses were conducted in MEGA X[61]. The evolutionary history was inferred by 

using the Maximum Likelihood method and JTT matrix-based model [62]. Initial 

tree(s) for the heuristic search were obtained automatically by applying Neighbour-

Join and BioNJ algorithms to a matrix of pairwise distances estimated using the JTT 



139 
 

model, and then selecting the topology with superior log likelihood value. The tree 

was drawn to scale, with branch lengths measured in the number of substitutions 

per site. This analysis involved 963 amino acid sequences. There were a total of 494 

positions in the final dataset.  

Computational docking studies 

Enzyme modelling and molecular docking simulation was performed using the 

YASARA software from YASARA Biosciences GmbH. As there is no PDB structure of 

XynD a model was produced using Bacteroides thetaiotaomicron endo-1,4-beta-

xylanase D (PDB 3QZ4) as a template and was subsequently used to generate the 

receptor for simulations. In all cases, the raw crystal structures were first prepared 

for simulation using the YASARA „Clean“ script, which detects and amends 

crystallographic artefacts and assigns protonation states. Before docking, the 

energy minimization script of the YASARA software package was applied to the 

protein in order to obtain the most likely starting structure. For energy 

minimization, a simulation cell was defined around the whole protein and the cell 

was filled with water molecules. For docking, the water was removed afterwards 

with a variety of arabinose and galactofuranose based docking ligands. Ligands 

were minimised in vacuo using the energy minimization script of the YASARA 

software package. The docking simulation itself was performed using the 

dock_run.mcr macro using VINA as the docking method and the AMBER03 force 

field. Appropriate simulation cells were defined for the respective docking 

simulations. The created receptor-ligand complex structures were further 

processed using the PyMOL software from Schrodinger LLC involving the 

identification of polar contacts between the ligand and the receptor, as well as 

determination of bond distances. 

Construction of expression vectors 

The gene xynD (An11g03120, GenBank: CAK40644.1), with an 86 bp intron 

removed, was synthesised by GeneArt gene synthesis (Thermo Fisher scientific) 

with codon optimisation for expression in Pichia pastoris. Construct included 5’ and 

3’ complementary overhangs for ligation into pPICZαA using NEBuilder HiFi DNA 

Assembly (New England Biolabs) to form pPICZαA_GH43_34. The coding sequence 
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of xynD gene was amplified from pPICZαA_GH43_34 using primers 5’ 

CGCCATATGCACCCACAACAGAACTTG-3’ (forward) and 5’-

CGCCTCGAGAGACAAAGTTCTACCCTCGACAC-3’ (reverse). The primers contained 

restrictions sites NdeI and XhoI (underlined) for forward and reverse primers, 

respectively. The PCR conditions were as follows: initial denaturation 95 °C (5 min), 

[95 °C (30 s) denaturation, 58 °C (30 s) annealing and 72 °C (30 s) extension] for 20 

cycles, final extension 5 min. PCR amplifications were conducted using Phusion DNA 

polymerase. The resulting products were run on 1 % agarose gel then extracted 

using QIAquick Gel Extraction Kit (Qiagen). Restriction enzymes and Phusion DNA 

polymerase were purchased from New England BioLabs Inc and used according to 

the manufacturer’s instructions. The amplified fragment was cloned into linearized 

(NdeI and XhoI) pET21a to form pET21a_43_34. Correct insertion of the gene  

in the expression vector was  confirmed by sequencing. The amino  

acid sequence of the recombinant XynD is as follows: 

MHPQQNLLATTTSNTKAGNPVFPGWYADPEARLFNAQYWIYPTYSADYSEQTFFDAFSSPDL

LTWTKHPTILNITNIPWSTNRAAWAPSVGRKLRSSANAEEEYDYFMYFSVGDGTGIGVAKSTT

GKPEGPYEDVLGEPLVNGTVYGAEAIDAQIFQDDDGRNWLYFGGWSHAVVVELGEDMISLK

GDYLEITPEGYVEGPWMLKRNGIYYYMFSVGGWGDNSYGVSYVTADSPTGPFSSTPKKILQG

NDAVGTSTGHNSVFTPDGQDYYIVYHRRYVNDTARDHRVTCIDRMYFNEAGEILPVNITLEGV

EGRTLS(LEHHHHHH-) 

Protein expression and purification 

E. coli strain Rosetta™(DE3) carrying pET21a_43_34 was inoculated into LB media 

supplemented with 100 ug ml-1 ampicillin and grown at 37 oC, 250 rpm until OD600 

~0.25. Cells were then induced with 1mM IPTG final concentration and grown at 22 
oC, 250 rpm for 16 h. Cells were harvested by centrifugation (4000 rpm, 15 min, 4 

°C), suspended in His-buffer (Tris 50 mM, NaCl 250 mM, imidazole 20 mM, pH 8) 

and lysed by sonication (20s on, 20s off, 5 min). Cell debris was removed by 

centrifugation (4000 rpm, 15 min, 4 °C). Protein was purified by metal affinity 

chromatography on a Ni2+-NTA column (Qiagen). Cell free extract was loaded 

onto column followed by two wash steps with wash buffer (Tris 50 mM, NaCl 

250 mM, imidazole 20 mM, pH 8) followed by application of elution buffer (Tris 50 
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mM, NaCl 250 mM, imidazole 200 mM, pH 8), all fractions were retained for SDS-

PAGE analysis. The his-tagged purified protein was then further purified using anion 

exchange chromatography employing a HITrapQ HP column 1 mL, whereby the 

protein was eluted with a gradient of 20 mM Tris-HCl buffer, 0.5M NaCl, pH 7.2. 

Eluted proteins were analysed by 4—15% sodium dodecyl sulfate polyacrylamide 

(SDS-PAGE) gel electrophoresis (Mini-PROTEAN® TGX™ Precast Gels by Bio-rad) 

using broad range molecular weight markers (PageRuler™ Plus Prestained Protein 

Ladder) as standard, and the protein bands were visualised by staining with 

Coomassie Brilliant Blue G250. The protein concentration was determined by 

Bradford method using bovine serum albumin (BSA) as a standard based on the 

protocol provided by Sigma-Aldrich (96 Well Plate Assay Protocol). All experiments 

presented in this manuscript were performed with XynD purified by anion exchange 

chromatography unless otherwise stated. 

Mass spectrometry of carbohydrates 

Samples were prepared for analysis by MALDI-TOF via crystallisation with super 

DHB or THAP matrices. Super DHB (a 9:1 (w/w) mixture of 2,5-Dihydroxybenzoic 

acid and 2-hydroxy-5-methoxybenzoic acid) was prepared at 15 mg ml-1 in a mixture 

of 50 % (v/v) acetonitrile and 50 % (v/v) water containing 0.1 % trifluoroacetic acid 

(TFA). 2ʹ,4ʹ,6ʹ-Trihydroxyacetophenone monohydrate (THAP) was prepared at 10 

mg ml-1 in acetone. MALDI-TOF mass spectrometry was performed using the 

Bruker Ultraflex 3 in positive mode. MALDI-TOF was calibrated using peptide 

Calibration Standard II (Bruker) containing a range of peptides 757-3149 Da in size. 

Substrate specificity 

XynD (0.5 mg ml-1) was incubated overnight at 25 °C in 50 mM citric acid-

phosphate pH 5 with pNP-labelled substrates at 1 mM. All experiments were 

performed in triplicate. Reactions were halted via a 1:1 volume addition of 

Na2CO3 1M with pNP release measured at OD405. The following substrates were 

used: pNP-β-ᴅ-galactofuranoside (pNP-β-ᴅ-Galf; Carbosynth), pNP-α-ʟ-

arabinofuranoside (pNP-α-ʟ-Araf; Megazyme), pNP-β-galactopyranoside (pNP-β-

Galp; Sigma-Aldrich), pNP-β-glucopyranoside (pNP-β-Glcp; Sigma-Aldrich), pNP-α-

glucopyranoside (pNP-α-Glcp; Sigma-Aldrich), pNP-N-acetyl-β-D-glucosaminide 
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(pNP-β-ᴅ-GlcNAc; Sigma-Aldrich), pNP-lactose (pNP-Lac; Sigma-Aldrich), pNP-

xylopyranoside (pNP-Xylp; Sigma-Aldrich), pNP-xylobiose (pNP-β-Xyl2, Carbosynth) , 

pNP-β-(1,5)-Galf-β-(1,5)-Galf-β-(1,5)-Galf(pNP-β-(1,5)-Galf3); gift of Dr. T. Oka. 

XynD (0.5 mg ml-1) was incubated overnight at 25 °C in 50 mM citric acid-

phosphate pH 5 with the following 4MU-labelled substrates at 1 mM: 4MU-

Galf3, 4MU-Galf4, 4MU-Galf5, 4MU-Galf6, (gifts of Dr. T. Oka, Sojo University, Japan). 

Reactions were halted by the addition of stop solution (1M sodium hydroxide, 

1M glycine, pH 10) with released 4-MU detected after excitation at 365 nm and 

emission at 440 nm. 

XynD (0.5 mg ml-1) was incubated overnight with 1 mM final concentration Octyl β-

D-Galactofuranosyl-(1,6)-β-D-galactofuranosyl-(1,5)-β-D-galactofuranoside and 

Octyl β-D-Galactofuranosyl-(1,5)-β-D-galactofuranosyl-(1,6)-β-D-galactofuranoside 

(gifts of Dr. T. Lowry, The Institute of Biological Chemistry, Academia Sinica, China) 

in 50 mM citric acid-phosphate buffer. Reaction were then monitored by MALDI-

TOF MS. 

The α-(1,2)-Galf-containing N-linked glycans were released from 1 mg 

Transglucosidase L "Amano" (Amano) by using PNGase F (New England Biolabs) 

under denaturing conditions. Reactions were then filtered via Vivaspin 500 

(Sigma-Aldrich) to obtain the glycan products. Samples were then purified 

using a 1 ml Supelclean™ ENVI-Carb™ SPE Tube. The column was prepared 

with 1 ml of each solution in a sequential order: 75% acetonitrile + 0.1% 

trifluoroacetic, 1 M NaOH, water, 30% acetic acid, water, 75% acetonitrile + 0.1% 

trifluoroacetic. The sample was then applied and washed with 3 column volumes of 

water followed by subsequent elution with 3 mL 25% acetonitrile + 0.1 % 

trifluoroacetic acid. The N-linked glycans were then dried and resuspended in 

water. Glycans were incubated with final concentation 1 mg ml-1 XynD in 50 mM 

citric acid-phosphate buffer, pH 5 overnight, then analysed by MALDI-TOF MS. 

Additionally glycans were co-incubated with 1 mg ml-1 XynD and  1 mg ml-1 α-

Mannosidase from Canavalia ensiformis (Sigma-Aldrich). 
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Activity of XynD on A. niger galactomannan, a kind gift from Dr A. Ram (The 

University of Leiden, the Netherlands),  was assessed via overnight incubations 

containing final concentration 0.5 mg ml-1 XynD and 1 mg ml-1A. niger N402 

galactomannan in 50 mM citric acid-phosphate buffer at 25 °C. Reactions 

were then filtered via Vivaspin 500 (Sigma-Aldrich) to remove protein from 

the reactions. Galactomannan, hydrolysed via incubation in trifluoroacetic acid  

at 100 °C for 5 h acted as a positive control for detection of constituant 

monosaccharides XynD activity was assessed via detection of released galactose by 

HPAEC-PAD as described in detail below, and via Platelia™ Aspergillus Ag (Bio-Rad), 

as detailed by the manufacturer.   

HPAEC-PAD analysis 

High performance anion exchange chromatography (HPAEC) was performed to 

analyze monosaccharide release by XynD, based on a published method[63]. A 

Thermo Scientific Dionex ICS-6000 HPAEC system with pulse amperometric 

detection (PAD) controlled by Chromeleon software version 7.1 was used. A 

CarboPac PA1 guard (2 mm x 50 mm, Thermo Fisher Scientific) and a CarboPac PA1 

analytical column (250 mm × 2 mm, Thermo Fisher Scientific) for monosaccharide 

analysis were employed. Monosaccharides were eluted isocratically using H2O and 

1M NaOH in a ratio of 80:20 for 30 min with a flow rate of 0.25 ml min-1. 

Identification of pH and temperature optimum and stability 

To identify the optimal pH for activity, 1 mM pNP-β-Galfwas incubated with XynD 

(0.5 mg ml-1) for 1 h at 25 °C in 50 mM citric acid-phosphate and Tris-HCl buffers at 

a range of pH 4-9. Reactions were halted via a 1:1 volume addition of 1M NaCO3, 

after which pNP release as measured at OD405. To identify the optimal reaction 

temperature, reactions were incubated in 50 mM pH 5 citric acid-phosphate buffer 

at a range of temperatures from 4-90 °C. All experiments performed in triplicate 

and enzyme activity was linear over time under the conditions described. pH 

stability was determined via pre-incubation of the enzyme (0.3 mg ml-1) for 1 h at 

pH 3-9 before assaying residual activity on pNP-Galf under standard condition 

reactions at pH 5. 
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Co-expression analysis of XynD 

A. niger microarray data from FungiDB was used to elucidate co-expression 

networks. Spearman scores of 0.5 of greater are considered significantly co-

expressed.  1241 / 110 genes showed a positive correlation with the xynD gene 

(Spearman coefficient ≥ 0.5 / ≥ 0.75) and 1476 / 70 genes a negative correlation 

(Spearman coefficient ≥−0.5 / ≥−0.75). 
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Supplementary figure 1: Phylogenetic tree of GH43 subfamily 34, annotated with 
boostrap values and locations of fungal sequences highlighted (purple). 

 



157 
 

 

Supplementary figure 2: Phylogenetic tree of GH43 subfamily 34 with amino acid 
identity at position 219 highlighted: W (red), T (blue) or other (grey) 

 

 

 

Supplementary figure 3: SDS-PAGE analysis of heterologously expressed XynDafter 
His-tag purification. M: Molecular weight Marker. 
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Supplementary figure 4: High-Performance Anion Exchange Chromatography 
(HPAEC) analysis of XynD activity on A. niger N402 galactomannan. A 1 mM 
Galactose B A. niger N402 galactomannan after incubation with XynD CA. niger 
N402 galactomannan incubation negative control (incubation with protein fraction 
as obtained after purification of an E. coli culture expressing an empty pET 21a 
vector under conditions identical to those used to obtain XynD) D Acid-hydrolysed 
A. niger N402 galactomannan E  A. niger N402 galactomannan empty vector 
incubation spiked with galactose 

D 

E 
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Supplementary figure 5: Assessment of XynD activity on β-1,5/β-1,6 Galf 
trisaccharides via MALDI-TOF MS. A Octyl β-D-Galactofuranosyl-(1,5)-β-D-
galactofuranosyl-(1,6)-β-D-galactofuranoside (M = 616) B Octyl β-D-
Galactofuranosyl-(1,5)-β-D-galactofuranosyl-(1,6)-β-D-galactofuranoside after 
incubation with XynD C Octyl β-D-Galactofuranosyl-(1,6)-β-D-galactofuranosyl-(1,5)-
β-D-galactofuranoside (M = 616) D Octyl β-D-Galactofuranosyl-(1,6)-β-D-
galactofuranosyl-(1,5)-β-D-galactofuranoside after  incubation with XynD. Expected 
mass of 477 if Galf residue removal (not observed). 
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Supplementary figure 6: N-linked glycans produced by incubation of 
Transglucosidase L "Amano" (Amano) with PNGase F, as described in 1. 
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Supplementary figure 7: MALDI-TOF MS of α-1,2 containing-N-linked glycans 
incubated with XynD. A Purified Amano Transglucosidase N-linked glycans B 
Purified Amano Transglucosidase N-linked glycans XynD incubation. No shift of -
162, consistent with terminal Galf removal was observed. C Purified Amano 
Transglucosidase N-linked glycansco-incubated withmannosidase and XynD D 
Purified Amano Transglucosidase N-linked glycansincubated with mannosidase. E 
Diagram demonstrating enzymatic activity against N-linked glycan, black dashed 
lines representing exo-mannosidase activity, blue dashed line and question mark 
representing potential Galfase activity. Lack of Galfase activity blocks mannosidase 
activity against Galf-terminating chain, leaving the hexasaccharide  detected in 
panels C and D. Conversely, Galfase activity would enable degradation of the glycan 
to the trisaccharide Man-GlcNAc-GlcNAc core ([M+Na]+= 609). 
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Supplementary figure 8: Temperature stability of XynD. After 1 h incubations at 
indicated temperatures, residual activity of XynD was measured under standard 
reaction conditions (pH 5, 25 °C). 

 

Supplementary figure 9: Michaelis-Menten Kinetics of XynD using pNP-Galf as the 
substrate. 
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Supplementary figure 10: Revigo TreeMap of GO terms (biological processes 
ontology) positively correlating with xynD expression 
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Chapter 6: Utilisation of a thermotolerant feruoyl esterase from 
Thermobacillus xylanilyticus that processes pre-biotic ferulated 
xylooligosaccharides 
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thermotolerant feruoyl esterase from Thermobacillus xylanilyticus that processes 

pre-biotic ferulated xylooligosaccharides, manuscript in preparation 

 

Foreword 
This chapter describes the biochemical characterisation of the feruoyl esterase Tx-

Est1 and its application in the processing of pre-biotic oligosaccharides. Following 

optimisation for pH and temperature, activity against ferulated 

xylooligosaccharides was demonstrated. The ability of Tx-Est1 to release ferulic acid 

from a variety of polymeric natural substrates was then investigated. 

Contribution 
C. Garbelotti cloned, expressed and biochemically characterised (kinetic studies, 

CD, DSC) Tx-Est1. G.S. Bulmer performed activity assays on oligosaccharides/ 

polymeric natural substrates and analysed reaction products via MALDI-TOF MS and 

HPLC. R. J. Ward provided conceptualisation and supervision. J.M. van Munster 

produced wheat bran oligosaccharides, conducted NMR analysis and provided 

conceptualisation and supervision.  C. Garbelotti, G. S. Bulmer, R. J. Ward and J. M. 

van Munster wrote and edited the manuscript. 
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Abstract 
Ferulic acid has anti-oxidant and antimicrobial properties that are of interest to the 

food industry and can be released from natural plant fibres using feruloyl esterases. 

Here we report the biochemical characterization of the feruloyl esterase from 

Thermobacillus xylanilyticus (Tx-Est1). The specific activity of purified recombinant 

Tx-Est1 with ethyl ferulate was 29.2 ± 2.9 U mg-1, with a Km 0.09 ± 0.02 mM and a 

catalytic efficiency (Kcat/Km) 393.7 ± 9.8 s-1 mM-1. The catalytic temperature and pH 

optima were 60 °C and 7.5, which correlated with a melting temperature of 63 and 

60 °C measured by CD and DSC, respectively, and Tx-Est1 retains 70% activity after 

25 h at 40 °C. MALDI-TOF MS revealed that Tx-Est1 released all ferulic acid 

decorations from xylooligosaccharides from wheat bran arabinoxylan with DP4 - 

DP13, and from DP6-8 containing two ferulic acid groups. Furthermore, HPLC 

demonstrated that ferulic acid release from destarched wheat bran by Tx-EST1 was 

strongly potentiated by co-incubation with the GH11 xylanase from T. lanuginosus. 

These catalytic and functional properties suggest that Tx-Est1 can be employed for 

the production of a high-value compound from agricultural waste streams or as 
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part of the saccharification process of complex, heterogeneous plant 

polysaccharides. 

 

Introduction 
The enzymatic treatment of food for modulation of taste, texture and handing 

properties during processing is a well-established and safe technology that 

improves food quality for both human and animal consumption1. The exceptional 

regio- and stereospecificity of enzyme catalysis offers the possibility of precise 

modification of food components on a large scale, and the food industry makes 

widespread use of glycosyl hydrolases, lipases, proteases and oxidoreductases in a 

diverse variety of applications2. Microbial enzymes are particularly useful to the 

food industry due to the ease and scalability of production using renewable 

resources, low environmental impact and their reduced cost3. 

The hydrolysis of long acyl chains in oils and fats by lipases has been widely 

exploited to alter the properties of food emulsions4 and to enhance taste in dairy 

products5, however the use of other esterases to specifically process short acyl and 

other ester-linked food constituents has received less attention. Feruloyl esterase, 

or ferulic acid esterase (FAE, EC 3.1.1.73), hydrolyses the ester linkage between the 

ferulic acid (FA, or 4-hydroxy-3-methoxycinnamic acid) and the carbohydrate 

backbone in branched arabinoxylans and pectins, polysaccharides that are typically 

found in the cell walls and seed husks of many commelinid plants that are routinely 

consumed as dietary fibre. Ferulic acid is considered to be a bioactive compound, 

and due to its phenolic nature has been identified as a biological antioxidant that 

may offer protection against neurodegenerative diseases, diabetes, thrombosis and 

cancer6.  Synergism in intestinal microflora involving FAE producing bacterial strains 

improve the release of FA from dietary fibre and formation of prebiotic dietary 

polyphenols [1], and FAE activity has been shown to influence the probiotic effect 

of FA release by microorganisms [2].  

Ferulic acid and many of its derivatives also have antimicrobial properties, which 

has led to efforts to develop their use as natural food preservatives7 and as a 

natural cross-linking agent in edible synthetic biofilms for food packaging, thereby 



168 
 

providing and antimicrobial and antioxidant coating and reducing the use of non-

biodegradable plastic films. The crosslinking of FA and derivatives to form adducts 

such as 5-5ʹ-, 8-5ʹ-, 8-8ʹ-, and 8-O-4ʹ-diferuloyl linkages [3] between arabinoxylan or 

pectin polysaccharides that limit the enzymatic digestion of the lignocellulose [4]. 

Treatment of lignocellulose with FAE improves enzymatic saccharification for 

bioenergy use [5], and enzymatic removal of FA can increase silage digestibility in 

ruminant feedstocks whilst simultaneously decreasing FA levels to non-toxic levels 

for rumen microorganisms [6]. In addition, vanillin and related compounds such as 

vanillic acid and vanillyl alcohol are high-value natural product derivatives of FA 

which find applications as flavouring agents in foods and beverages [7].  

Due to the increasing interest in FA and its uses, FAEs have attracted attention as 

valuable biotechnological tools, and the recent revisions have expanded the FAE 

enzyme classification system to include 13 subfamilies taking into consideration a 

wealth of sequence and functional data [8]. Although fungi have been the main 

focus for biotechnological applications of FAEs [9], prokaryotes are a diverse and 

potentially rich source for novel enzymes with catalytic and thermostable 

properties that are compatible with applications in the food industry. The majority 

of bacterial FAEs studied to date are derived from Bacillus spp. and Lactobacillus 

spp. [10] and present low amino acid similarity with the fungal enzymes. A 

thermostable FAE, denominated as Tx-Est1, has previously been described from the 

Gram-positive bacterium Thermobacillus xylanilyticus [11]. The Tx-Est1 

demonstrates a high optimum catalytic temperature and catalytic profile that may 

suitable for biotechnological applications and uses methyl ferulate or methyl 

sinapinate as preferred synthetic substrates[11] and is therefore compatible with 

Class A FAEs. Here we aimed to assess the potential of this enzyme for application 

in the processing of complex food-derived carbohydrates with prebiotic properties 

such as cinnamoyl-polysaccharides and oligosaccharides.  We describe a more 

complete biochemical characterization of the enzyme accompanied by an 

evaluation of its FAE activity against a synthetic substrate and a range of 

oligosaccharides derived from wheat bran arabinoxylan.   
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Materials and methods 
 

Cloning expression and purification of feruloyl esterase Tx-Est1 

The coding region from gene tx-est1 from Thermobacillus xylanilyticus (Genbank 

GU592999.1) was synthesized and cloned into expression vector pET28a using 

restriction enzymes NdeI and HindIII. The vector was transformed to chemically 

competent Escherichia coli BL21 (DE3) Star and expressed via induction with 0. 5 

mM of Isopropyl β-D-1-thiogalactopyranoside (IPTG). Enzyme purification  was 

performed by affinity chromatography with nickel resin (HisLink, Promega), 

whereby bound protein was washed with purification buffer (TRIS 50 mM, NaCl 100 

mM, pH 8.0) supplemented with 5, 10 and 40 mM imidazole, and finally eluted with 

purification buffer supplemented with  250mM imidazole. Purified enzyme was 

dialyzed in deionized water to remove imidazol before use.  

Enzyme activity assays on model substrate 

Activity of Tx-Est1 on ethyl ferulate (Sigma-Aldrich) was assessed in an assay based 

on spectrophotometric detection of conversion of the ester to ferulic acid [12], 

incubating 10 μL of 0.05 mg ml-1 enzyme at 60 °C with 100 mM ethyl ferulate in 

McIlvine (citrate-phosphate 0.2 M) pH 7.4 buffer. Kinetics data was calculated using 

non-linear fitting for Michaelis-Menten (Origin 9).To determine the optimal pH and 

temperature, the reaction was performed with ethyl ferulate in McIlvine buffer at 

pH values ranging from 4.0 to 8.0, and temperatures ranging from 40 to 70 °C, 

respectively. Thermostability data was produced by incubating the enzyme at 

different temperatures (35 to 60 °C) and measuring its activity against ethyl ferulate 

in intervals (0 to 1800 minutes or until enzyme had less than 20% of residual 

activity). Enzyme activity was followed at 350 and 286 nm after 2 min.  

Circular dichroism spectroscopy  

CD thermal denaturation was performed in Jasco J-815 CD Spectrometer (JASCO 

Corporation, Easton, MD, USA) equipped with a Peltier temperature control and 

using a 1 mm path length quartz cell. Spectra were recorded in 4 scans from 260 to 

190 nm, with a scanning speed of 100 nm min-1, spectral bandwidth of 2 nm and 

temperature from 20 to 75 °C in 5 °C intervals, with a 1°C per minute rate. Enzyme 
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was in a 0.14 mg ml-1 solution in water and 0.157 mg ml-1 solution in McIlvine 

(citrate-phosphate 0.2 M) pH 7.4 buffer. Protein unfolding or melting temperatures 

(Tm) were obtained by fitting the ellipticity values at 222 nm for each temperature 

to the Boltzmann equation.  

Differential scanning calorimetry  

Differential scanning calorimetry (DSC) experiments were performed on a Nano-

DSC II – Calorimetry Sciences Corporation, CSC (Lindon, Utah, USA). Enzyme was at 

1.05 mg ml-1 in water, McIlvine (citrate-phosphate 0.2 M) pH 7.4 buffer or in the 

presence of 20 mM ethyl ferulate in buffer, references were the same solutions 

without protein. Heating scans were recorded from 10 to 100 °C with a 1.0 °C/min 

rate. Protein unfolding or melting temperatures (Tm) for each condition were 

obtained measuring the maximum of the transition peaks and corresponding 

enthalpies were calculated by integrating the area under the transition peaks. 

Processing of sugar cane  

Sugar cane (SP-3280) was processed as described previously [13]. Briefly, sugar 

cane culms were harvested and dried at 60 °C for 48 h and milled to 20 mesh. The 

powder was subjected to six extractions with 50 ml g-1 of biomass of ethanol 80 % 

(v/v) at 80 °C for 20 min and the alcohol insoluble residue (AIR) was washed with 

deionized water and dried at 60 °C for 24 h. AIR fraction was treated twice with 50 

ml g-1 ammonium oxalate 0.5 M (pH 7.0) at 80 °C for 3 h each with stirring. The 

oxalate-extracted solid was recovered by filtration and extracted with 40 ml g-1 of 3 

% (m/v) sodium chlorite in 0.3 % (v/v) acetic acid at room temperature for 1 h. The 

chlorite-extracted cell wall was then filtrated from the solution, thoroughly washed 

with deionized water, and dried at 60 °C for 24h.  

 

Production of oligosaccharide enzyme substrates 

Wheat bran (Holland & Barrett) was ground to a powder with pestle and mortar. 

The powder was destarched via incubation of 39 g bran in 500 ml 50 mM phosphate 

buffer pH 6.5 with 180 μl (3.9 mg) α-amylase from Bacillus licheniformis (Termamyl 

120, with 1124 units/mg protein, Sigma Aldrich A3403)(10 μg amylase/g bran) for 

30 min at 80 °C, after which no starch was detectable by incubation with lugol 
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iodine solution. The suspension was centrifuged for 10 min at 4000g, washed with 

an equal volume of water and dried ON at 50 °C, to yield 22.4 g of destarched 

material.  

 

Ten grams of destarched bran was incubated with 0.5 g Driselase (Sigma Aldrich 

D9515) in 1 l water at 35 °C at 100 rpm. Similarly, 10 g was incubated with 2 g 

xylanase from Thermomyces lanuginosus (Sigma Aldrich X2753) in 1 l 20 mM 

phosphate buffer pH 7, 35 °C at 100 rpm. This xylanase is reported [14] to release a 

pentasaccharide end-product which  has a α-1,3-linked arabinose decoration at the 

pre-terminal non-reducing end xylose ( β-D-Xylp-(1–4)-[α-L-Araf-(1–3)]-β-D-Xylp-(1–

4)-β-D-Xylp-(1–4)-β-D-Xylp), consistent with reported GH11 ability to release 

oligosaccharides with decorations on the pre-terminal non-reducing-end xylose[15] 

but not, as with GH10 enzymes, on the terminal non-reducing xylose. After 

incubation for 24 h, incubations were heated to 100 °C to inactivate enzymes, and 

the supernatant was collected by centrifugation as above. Bran residue recovered 

from Driselase and Xylanase treatment was 6.07 and 6.76 g respectively, indicating 

solubilisation of 39 % and 32 % of start material.  

 

Oligosaccharides with aromatic residues were enriched from the supernatant via 

capture on ~ 10 ml Amberlite XAD4 resin, washed with 50 ml water, followed by 

elution with 50 % ethanol and 90 % ethanol. Driselase-derived oligosaccharides 

were obtained as two pools of 233 mg and 166 mg, and xylanase-derived 

oligosaccharides as pool of 234 mg. Obtained oligosaccharide pools were further 

separated on a Bio-Gel P2, fine (Bio-Rad) column (1.5 x 75 cm) at room 

temperature, ran in water at 0.5 ml min-1. Fractions of 2-5 ml volume were 

collected, in which oligosaccharide presence was verified by MALDI-TOF MS. 

Fractions from identical enzyme treatments and with similar mass-profiles were 

pooled, obtained fractions were freeze dried and analysed by MALDI-TOF MS and 

NMR. 
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NMR of oligosaccharides 

Oligosaccharide fractions were dissolved in 650 μl deuterium oxide and analysed by 

NMR. A Bruker Advance 400 NMR spectrometer, operating at at 400.13 MHz, 298.1 

K, was used to record 1H and 13C NMR spectra. 1H NMR spectra were recorded with 

30-degree pulses, a data acquisition time of 4.09 s and a relaxation delay of 1 s, 

with spectral width of 20.03 ppm. Data were Fourier transformed, baseline 

corrected and integrated using Bruker TOPSPIN software. Spectra were 

approximately referenced using the deuterium lock, followed by subsequent 

accurate referencing in the 1H-dimension by setting the reducing end α-xylose 

resonance to 5.184 ppm (generating chemical shifts equivalent to those referenced 

relative to internal acetone (2.225 ppm)) [16,17]. Data were Fourier transformed, 

baseline corrected and integrated using Bruker TOPSPIN software. 2D 1H-13C-HSQC 

(Heteronuclear  Single  Quantum Coherence  Spectroscopy)  NMR  experiments  

were  performed  using the Bruker pulse program hsqcedetgpsisp2.3, which enables 

multiplicity edited HSQC using echo/antiecho detection and gradient pulses. 

Spectral assignment was based on matching 1D and 2D data to reports in literature 

for esterified and non-esterified arabinoxylan oligosaccharides [17–21] .  

 

Enzyme activity assays on oligosaccharides and polymeric natural substrates  

Oligosaccharides, at 0.3 mg ml-1, were incubated with 0.1 mg ml-1 Tx-Est1in 50 mM 

citrate-phosphate buffer pH 6.5 at 60 °C for 30 min. Substrates and reaction 

products were analysed via MALDI-TOF Mass Spectrometry.  

 

Polymeric substrates were incubated at 1% w/v with 0.1 mg ml-1 Tx-Est1, 50 mM 

citrate-phosphate buffer pH 6.5 at 60 °C overnight. Polymers were as follows: 

chlorite extracted sugar cane, ethanol extracted sugar cane, wheat bran, wheat 

straw, acid de-branched arabinoxylan (Wheat Flour; 26% arabinose, P-ADWAX22, 

Megazyme), Arabinoxylan (Wheat Flour; Medium Viscosity, Megazyme,) and 

Arabinoxylan (Wheat Flour; Insoluble, P-WAXYI, Megazyme). Reactions co-

/incubated with Thermomyces lanuginosus endo-xylanase (X2753, Sigma Aldrich) 

contained a final concentration of 8 mg ml-1. Reactions were then filtered and 

analysed by HPLC.  
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MALDI-TOF Mass Spectrometry 

Reaction mixtures (0.5 μl) were spotted on target plates, then mixed with super-

DHB (0.5 μl, 15 mg ml-1 in 50 % acetonitrile + 0.1 % TFA) and dried in ambient 

temperature. The product was analysed in positive mode on a Bruker Ultraflex or 

Autoflex IIIMALDI-TOF instrument using the following MS parameters: laser 

intensity 40 %, matrix suppression <300Da, reflector intensity 3.2x, detection range 

400 to 1900 m/z. 

 

HPLC of enzyme reaction products 

Reverse Phase HPLC was carried out on an Agilent 1260 Infinity II Series system 

equipped with a G1379A degasser and G1312A binary pump, G1316A temperature-

controlled compartment and a diode array detector. A Kinetex® 5μm, C18 100 Å, 50 

x 2.1 mm column was used as a stationary phase. Mobile phase A: Water + 0.1 % 

trifluoroacetic acid. Mobile phase B: Acetonitrile + 0.1 % trifluoroacetic acid. Flow 

rate: 0.6 mL/min. Gradient: 0-5 min isocratic 20% B, 5-15 min linear gradient 20-

80% B, 15-25 min isocratic 20% B. 

 

Results and discussion 
 
Optimal reaction conditions and kinetic characterisation of Tx-Est1  

The Tx-Est1 from Thermobacillus xylanilyticus is a feruloyl esterase [11] that is 

amenable to facile heterologous expression. We produced Tx-Est1 as N-terminal 

6xHis fusion protein after expressing its encoding gene via a pET28a-based 

construct in E. coli. After purification of Tx-Est1 to homogeneity via nickel affinity 

chromatography, the enzyme was obtained with a yield of 5 mg per litre culture. 

Activity of the Tx-Est1 enzyme towards the synthetic substrate ethyl ferulate 

exhibited specific activity of 29.2 ± 2.9 U mg-1, a Km 0.09 ± 0.02 mM (Fig.1a) and 

catalytic efficiency (Kcat/Km) 393.7 ±9.8 s-1 mM-1. The affinity of the enzyme for ethyl 

ferulate is similar to the affinity reported [11] for methyl ferulate (0.11 mM), 

methyl-sinapinate (0.10 mM) and higher than that reported for methyl-p-

coumarate (1.28 mM). The enzyme had noticeably higher catalytic efficiency for 

ethyl ferulate, with catalytic efficiency increased 3, 2 and 43-fold, respectively, from 
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reported values. In combination with a previously reported capacity to release 

diferulate (mainly 5-5ʹ diferulate and 8-O-4 diferulate) from wheat straw [11], the 

catalytic properties identified here place the Tx-Est1 in the Class A FAEs following 

the functional ABCD classification system [22], which is still the preferred 

nomenclature for bacterial FAEs since the bacterial enzymes are currently not 

included in the sequence based sub-family classification system.  

 

Figure 1. Biochemical characterisation of Tx-Est1 with model substrate ethyl 
ferulate. a Kinetics against ethyl ferulate, b Optimum pH, c Optimum temperature, 
d Thermal stability. 
 
As Tx-Est1 had the highest catalytic efficiency for ethyl ferulate, the effect of 

reaction conditions on the activity of Tx-Est1 towards this substrate was assessed. 

The enzyme was found to have optimal activity at pH 7.4 (Fig. 1b) and 60 °C (Fig. 

1c), while it maintained more than 50 % of activity at pH between 6.0 to 8.0 and 40 

to 60 °C (Fig. 1d). The protein exhibited good stability in temperatures below 45 °C, 

keeping more than 70 % of activity after 25 hours and preserved more than 80 % of 

activity after a week at room temperature (from 20 – 30°C) or after 6 months at 

4°C. The low stability at 60-50 °C but optimal temperature at 60 °C is explained by 

its denaturation at around 54 °C when in aqueous solution but increased structure 
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stability in the presence of the buffer and substrate. Addition of buffer and 

substrate changes the unfolding temperature to 60 and 63 °C, respectively, as 

shown in the CD spectroscopy denaturation and DSC experiments (Supplementary 

Figure S2 and Table S1).   

 

Production and characterisation of feruloyl arabinoxylan oligosaccharides  

To assess the substrate scope of Tx-Est1 its activity was tested towards more 

complex, and natural substrates. The enzyme was previously shown to be active 

against feruloylated arabino-xylotetraose [11], XFAXX, from wheat bran (xylp-β1,4-

[5-O-FE-Araf-α1,3]-xylp-β1,4-xylp-β1,4-xylp), whichhas a ferulated arabinose 

decorating the second xylose from the non-reducing end [20,23]. Here, we 

prepared a panel of cinnamoyl oligosaccharide substrates, via enzymatic digestion 

of destarched wheat bran, followed by chromatography-based fractionation in a 

procedure based on [18,19]. Results for 1D 1H and 2D 1H-13C HSQC NMR 

experiments with the oligosaccharide panel (Table 1, Table S2) were indicative of 

oligosaccharides with xylopyranose backbones with, dependent on the fraction, 

single α-1,3-linked and/or double α-1,2/α-1,3-linked arabinofuranose decoration. 

For all fractions, presence of ferulic acid was observed, as indicated by diagnostic 

signals of C7/H7, C8/H8 and OMe groups (Table S2). Hereby the proportion of 

decorated arabinoses, calculated as signal intensity for Araf-C1 associated 1H signal 

intensity proportional to the FA-derived aromatic 1H signal, varied between 8-104 % 

(Table 1). For the samples with an esterification ratio of >0.2, arabinose-

esterification with ferulic acid was confirmed in the HSQC via diagnostic Araf-C5/H5 

signals. Fraction JvM006 and JvM014 represent the most defined substrates, which 

have 1 and 2 main esterified Araf environments, respectively. NMR signals for 

JvM014 as expected after GH11 digestion [15] include those corresponding with 

[20] the presence of esterified oligosaccharide XFAXX.     
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Table 1. Obtained oligosaccharide fractions, a summary of their characteristics as 
determined by NMR and MALDI-TOF MS, and ability to function as substrates for 
Tx-Est1. DP degree of polymerisation; NA, not observed; FA, ferulic acid; Araf 
arabinofuranosidase; Araf-s3 and Araf-d2,3 refer to single and double substitution 
of xylose with α-1,2 and/or α-1,3-linked Araf. 

Oligo-

saccharide 

fraction 

Identified decorations 

(NMR) 

Esterification (DP MALDI-TOF MS) Tx-Est1 

substrate 

Araf-

s3 

Araf-d2,3 Araf

-FA 

Araf-FA/Araf DP DP-

FA 

DP-

2FA 

JvM001 NA yes yes 0.1 5-7 7-10 NA yes 

JvM002 NA yes yes 0.1 6-9 9-12 NA yes 

JvM003 NA NA yes 0.2 NA 4-8 NA yes 

JvM005 NA NA yes 0.7 NA 4-6 NA yes 

JvM006 NA NA yes 1.0 NA 4-5 NA yes 

JvM010 yes yes yes 0.1 7-10 10-

13 

NA yes 

JvM012 yes yes yes 0.1 6 4-10 NA yes 

JvM013 yes NA yes 0.2 NA 7-9 NA yes 

JvM014 NA NA yes 0.7 NA 5-8 NA yes 

JvM017 NA NA yes 1.0 NA 4-5 6-8 yes 

 

Broad substrate scope of Tx-Est1 on feruloyl oligosaccharides  

MALDI-TOF analysis of the fractions revealed a variety of ferulic acid-decorated 

oligosaccharides ranging from DP 4 – DP 13 (Table 1, Fig. 2 and Fig. S3-9) which 

dominated the MS spectrum, in addition to non-decorated oligosaccharides in 

selected fractions. Additionally, fraction JvM017 (Table 1, Fig. S10) contained DP6, 

DP7 and DP8 with two ferulic acid groups. The observed m/z and Araf decoration 

ratio suggest that these oligosaccharides contain two esterified Araf each rather 

than di-ferulates, but it should be noted multiple resonances in the aromatic region 

of the NMR spectra have not been assigned. Incubation of the ferulated 

xylooligosaccharides with Tx-Est1 revealed activity against all esterified substrates, 

with signals corresponding to ferulic acid-esterified oligosaccharides no longer 

visible after 30 minutes incubation. Interestingly Tx-Est1 showed a wide activity 
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scope against all ferulated oligosaccharides including those with additional mono- 

and di-Araf substitutions, thus indicating that this enzyme is able to accommodate a 

wide range of substituted soluble substrates without experiencing considerable 

steric hindrance.  

 

 

Figure 2. MALDI-TOF MS spectra of oligosaccharide fractions JvM014 (a,b) and 
JvM010 (c,d) before (a/c) and after incubation (b/d) with Tx-Est1. Reactions 
performed in 50 mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. Degree 
of polymerisation (DP) as indicated, FA, ferulic acid. 
 

Activity of Tx-Est1 on complex plant polysaccharides  

The activity of Tx-Est1 was assessed against a variety of complex plant 

polysaccharides and cell wall matrices to ascertain its utility in the processing of 

food ingredients and agricultural waste streams. Release of FA was detected after 

incubation of the esterase with acid-debranched wheat arabinoxylan and insoluble 

Wheat Arabinoxylan, whereas, unexpectantly, no activity was observed after 

incubation with medium viscosity wheat arabinoxylan. No activity was observed 

against wheat straw or chlorite treated sugarcane (Fig. S11). Ferulic acid release 
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was detected from incubation of wheat bran with Tx-Est1 (67 µg g-1 wheat bran, Fig. 

3d),  whilst  co-incubation with a GH11 xylanase (Fig. 3e) revealed a substantial 

increase in ferulic acid release (1.0 mg g-1 wheat bran) thus suggesting synergism of 

Tx-Est1 with other degradative enzymes. Such ferulic acid release values (when co-

incubated) are consistent with the order of magnitude seen with other feruoyl 

esterases [24]. Incubation of wheat bran with either xylanase alone, or with a 

combination of xylanase and heat-inactivated Tx-Est1, revealed no detectable 

ferulic acid. Addition of the digestive enzyme mixture Driselase also increased the 

level of ferulic acid released by Tx-Est1 (1.3 mg g-1 wheat bran), but in contrast to 

previous reports [25] the Driselase alone also displayed esterase activity (1.0 mg g-1 

wheat bran).    

 

This data indicates that the feruloyl esterase is capable of releasing ferulic acid 

directly from its location in the complex matrix of cell wall polymers of wheat bran, 

and potentially that of sugar cane. Furthermore, together with the activity against 

free oligosaccharides as demonstrated by the mass spectrometry data (Fig. 2), the 

feruloyl esterase activity is potentiated by xylanases that release a range of 

ferulated oligosaccharides, suggesting that activity of Tx-Est1 on the complex cell 

wall matrices is limited by solubility of or access to its substrate. This is further 

supported by the differences in the lignin content of the substrates tested here; as 

sugar cane (bagasse), wheat straw, and wheat bran have been reported to contain 

25-32%, 21%, and 3% lignin, respectively [20,26], Tx-Est1 released the highest levels 

of ferulic acid from the substrate with the lowest lignin content.   
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Figure 3. HPLC profiles of Tx-Est1 against wheat bran. a Ferulic Acid 0.5 mM, b 

Wheat Bran 1 % (w/v) negative control, c Wheat Bran 1 % (w/v) incubated with T. 

lanuginosus xylanase, d Wheat Bran 1 % (w/v) incubated with TxEst1,eWheat Bran 

1 % (w/v) co-incubated with TxEst1 and T. lanuginosus xylanase,fWheat Bran 1 % 

(w/v) co-incubated with denatured TxEst1 and T. lanuginosus xylanase. 

 

Conclusions 
The bioactive nature of ferulic acid, coupled with its antioxidant and preservative 

capabilities, makes it an important ingredient throughout the food industry. 

Enzymatic, greener and more cost-effective routes for its production are therefore 

of great interest for industries utilising this compound in their products. 

Consequently, feruloyl esterases will play an important role in the development of 

such technologies. In this study, we expressed and biochemically characterised the 

feruloyl esterase Tx-Est1 and assessed its activity against a variety of different 

carbohydrates present in agricultural by-products. The enzyme was highly efficient 

at removing ferulic acid from a variety of length DP xylooligosaccharides, in addition 
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to showing activity against wheat bran. When utilised with a commercially available 

xylanase, the ferulic acid release showed a marked improvement in comparison to 

Tx-Est1 alone and highlights a potential synergism between this esterase and other 

proteins involved in the deconstruction of plant polysaccharides. Our data suggests 

Tx-Est1 can be employed for the production of a high-value compound from 

agricultural waste streams or as part of the saccharification process of complex, 

heterogeneous plant polysaccharides. 
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Supplementary figure 1: SDS-PAGE Expression and Purification of Feruloyl Esterase 

Tx-Est1in E. coli BL21 STAR. M Molecular weight standard; A Expression T0; B 

Expression 16h; C Flow Through purification; D Wash with 5 mM imidazole; E Wash 

with 10 mM imidazole; F Wash with 40 mM imidazole; G Eluted with 250 mM 

imidazole; H Pure protein after dialysis and buffer change from TRIS 50 mM, NaCl 

100 mM pH 8.0 with 250 mM imidazole to deionized water. 

 

 

Supplementary figure 2: A Boltzmann fit of normalized circular dichroism 

spectroscopy denaturation data of Tx-Est1 in water (black) and McIlvine (citrate-

phosphate 0.2 M) pH 7.4 buffer (red). B Differential scanning calorimetry transition 

peaks for Tx-Est1 in water (black line), McIlvine (citrate-phosphate 0.2 M) pH 7.4 

buffer (red line) and ethyl ferulate 20 mM in buffer (blue line). Annotations above 

peaks show melting temperatures obtained at maximum.  
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Supplementary Table 1: Thermodynamic parameters obtained from CD 

spectroscopy and DSC data analysis.   

 

 

  

Enzyme concentration 
(mg/mL) Tm (°C) Enzyme concentration 

(mg/mL) Tm (°C) ΔH 
(Kcal/mol)

Tx-Est1 in water 0.140 53.45±0.21 1.05 54.4 636.12

Tx-Est1 in McIlvine  pH 7.4 buffer 0.157 59.40±0.26 1.05 59.8 208.33

Tx-Est1 with ethyl ferulate 20mM in 
McIlvine pH 7.4 buffer

- - 1.05 63.0 213.4

CD spectroscopy data DSC data
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  JvM001 JvM002 JvM003 JvM005 JvM006 
  1H 13C 1H 13C 1H 13C 1H 13C 1H 13C 
C1(-H) α-Xylpr 5.184 (3.4) 92.0 5.182 (3.2) 91.9 5.184 (3.6) 92.0 5.184 (3.6) 92.0 5.184 (3.6) 92.0 
 α-unidentified-pr       5.059 (3.6) 91.8   
 β-Xylpr 4.585 (8.0) 96.5 4.584 (7.2) 96.4 5.585 (7.6) 96.5 4.584 (8.0) 

4.574 (8.0) 
96.5 4.575 (8.0) 96.5 

 β-XylpN-Af-O-2,3 4.639 (7.2) 99.9 4.638 (7.2) 99.9       
 β-Xylp 4.596 (7.6) 100.0         
 β-Xylpi 4.50-4.42 101.6 4.43-4.51 101.6 4.51-4.43 101.8 4.419 (7.6) 101.6 4.501 (7.6) 101.5 
 β-Xylpi       4.500 (7.2) 101.6 4.420 (8.0) 101.7 
 α-Araf-XN-O-2d 5.226 108.6 5.225 108.6       
 α-Araf-XN-O-3d 5.275 108.1 5.273 108.0       
 α-Araf (XN-O-2d)   5.245 108.6       
 α-Araf(XN-O-3d)   5.294 108.0       
 α-Araf 5.239 108.5   5.237 108.6     
 α-Araf 5.246 108.5   5.244 108.6     
 α-Araf(-FA) 5.367 108.1 5.420 107.3 5.405 107.9 5.410 107.9 5.270 108.2 
 α-Araf(-FA) 5.352 108.1   5.38-5.28 108.2-108.4 5.361 107.9 5.233 108.6 
 α-Araf(-FA)       5.342 107.9   
 α-Araf(-FA)       5.30-5.26 108.2   
 α-Araf(-FA)       5.24-5.21 108.6   
 α-Araf(-FA)*       5.117 108.5   
 α-Araf-FA       5.396 107.9 5.396 107.9 
C2(-H) FAt 7.330 

7.307 
111.5 
111.8 

7.324 
7.347 

NA 7.275 111.4 7.271 
7.267 

111.4 7.282 
7.241 

111.4 

C5(-H) FAt 6.93-6.97 115.9 6.979 (8.5) NA 6.923 (7.6) 115.8 6.902 (8.0) 
6.885 (8.0) 

115.9 6.922 (8.4) 
6.890 (8.4) 

115.8 

 α-Araf-FA       4.34, 4.49 64.2 4.34, 4.49 64.2 
 α-Araf  3.72, 3.80  61.2 3.73, 3.81 61.1 3.72, 3.81 61.1     
C6(-H) FAt 7.230 

7.255 
123.8 7.261 NA 7.185 

7.205 
123.9 7.19 

7.17 
123.8 7.175 

7.196 
123.6 

C7(-H) FAt 7.77 (16.0) 147.2 7.78 (16.4) NA 7.69-7.76 146.9 7.70 (16.0) 
7.71 (16.0) 

146.9 7.70 (16.0) 146.8 

C8(-H) FAt 6.465 
6.505 
6.541 

113.8 6.484 
6.520 
6.556 

NA 6.42-6.50 113.8 6.431 (16.0) 
6.445 (16.0) 

113.6 6.445 (16.0) 113.9 

OCH3 FAt 3.917 56.0 3.924 56.0 3.899 
3.980 

55.9 
56.0 

3.887 55.9 3.894 
3.860 

55.9 
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  JvM010 JvM012 JvM013 JvM014 JvM017 
  1H 13C 1H 13C 1H  13C 1H 13C 1H 13C 
C1(-H) α-Xylpr 5.184 (3.6) 92.0 5.184 (3.6) 91.9 5.184 (3.6) 91.9 5.184 (3.6) 92.0 5.184 (3.6) 91.9 
 β-Xylpr 4.584 (8.0) 96.5 4.584 (8.0) 96.4 4.584 (8.0) 96.5 4.584 (8.0) 96.5 4.584 (8.0) 96.5 
 β-XylpN-Af-O-2,3 4.635 (7.2) 99.9 4.638 (7.2) 99.9       
 β-Xylpi 4.53-4.41 101.5 4.53-4.42 101.6 4.54-4.41 101.6 4.53-4.40 101.6 4.52-4.41 101.6 
 β-Xylpi       4.35-4.28 101.7   
 α-Araf-XN-O-3s 5.397 107.6 5.397 107.5 5.397 107.6     
 α-Araf-XN-O-3s 5.391 107.6         
 α-Araf-XN-O-2d 5.223 108.7 5.225 108.6       
 α-Araf-XN-O-3d 5.273 108.1 5.273 108.0       
 α-Araf(-FA) 5.365 107.9 5.360 107.9 5.361 107.7 5.389 107.8   
 α-Araf(-FA) 5.29-5.33 108.1   5.316 108.5 5.29-5.36 108.0-

108.2 
  

 α-Araf(-FA)     5.291 108.5     
 α-Araf-FA       5.406 107.8 5.396 107.9 
C2(-H) FAt 7.32 111.5 7.33 111.6 7.34 111.4 7.222 111.3 7.293, 

7.297 
111.4 

C5(-H) FAt 6.99-6.92 115.8 6.97-6.91 116.0 6.96-6.92 115.8 6.905 (8.0) 115.6 6.941 (8.0) 115.6 
 α-Araf-FA       4.34, 4.48 64.2 4.35, 4.54 64.2 
 α-Araf  3.73, 3.80 61.2 3.72, 3.78 61.2 3.75, 3.79 61.3 3.73, 3.79 61.3   
C6(-H) FAt 7.27-7.20 123.8 7.27-7.20 124.1 7.26-7.20 123.9 7.134 

7.154 
123.6 7.21-7.17 123.5 

C7(-H) FAt 7.79-7.70 147.0 7.80-7.71 NR 7.80-7.72 147.1 7.65 (16.0) 146.7 7.74-7.69 146.6 
C8(-H) FAt 6.54-6.43 113.8 6.54-6.45 113.4 6.53-6.45 NR 6.401 (15.6) 113.9 6.465 (16.0) 114.2 
OCH3 FAt 3.92 55.9 3.91 

 
56.0 3.91 

3.92 
55.9 3.87 

3.90 
55.9 
56.0 

3.90 
4.06 

55.9 
55.1 

Supplementary Table 2. Assignment of chemical shifts of NMR resonances. Chemical shifts (δ) of 1H and 13C  in p.p.m., coupling constants (J) in Hz.  Data 
for 1H and 13C  are derived from 1D 1H NMR or 2D 1H-13C HSQC respectively,  except α-Araf C5-linked 1H, which were derived from HSQC. Xylpr indicates the 
reducing end xylopyranose, Xylpi the internal unsubstituted and single substituted xylose backbone residues,  β-XylpN-Af-O-2,3 indicates Xylp with double 
α1,2 and  α1,3 substitution, whereby α-Araf-XN-O-3s and α-Araf-XN-O-2d/3d represent  single (3s) and double (2 and 3d) arabinofuranose decoration on  
unidentified Xylp via α-1,3 or α-1,2 and α-1,3-linkage respectively. FAt indicates trans-Ferulic Acid, α-Araf-FA and α-Araf(-FA) indicate Araf esterified with FA, 
and potentially esterified with FA, respectively. * tentative assignment, NA  not identified and NR not resolvable. Fractions  JvM005 and  JvM006 have an 
additional unidentified aromatic resonances at 1H 7.19 ppm, 13C 130.8 ppm. JvM017 has the following unidentified aromatic resonances (1H/13C δ in 
ppm):7.19/119.5; 7.28/122.5; 7.30/124.9;7.34/138.9;d7.52 (8.0)/111.9; d7.72/118.5;8.15-8.23/
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Supplementary figure 3: MALDI-TOF MS spectra of oligosaccharide fractions 

JvM011before (A) and after incubation (B) with Tx-Est1. Reactions performed in 50 

mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. Degree of 

polymerisation (DP) as indicated, FA, ferulic acid. 

 

Supplementary figure 4: MALDI-TOF MS spectra of oligosaccharide fractions 

JvM002before (A) and after incubation (B) with Tx-Est1. Reactions performed in 50 

mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. 
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Supplementary figure 5: MALDI-TOF MS spectra of oligosaccharide fractions 

JvM003before (A) and after incubation (B) with Tx-Est1. Reactions performed in 50 

mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. 

 

Supplementary figure 6: MALDI-TOF MS spectra of oligosaccharide fractions 

JvM005before (A) and after incubation (B) with Tx-Est1. Reactions performed in 50 

mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. 
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Supplementary figure 7: MALDI-TOF MS spectra of oligosaccharide fractions 

JvM006 before (A) and after incubation (B) with Tx-Est1. Reactions performed in 50 

mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. 

 

Supplementary figure 8: MALDI-TOF MS spectra of oligosaccharide fractions 

JvM012before (A) and after incubation (B) with Tx-Est1. Reactions performed in 50 

mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. 
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Supplementary figure 9: MALDI-TOF MS spectra of oligosaccharide fractions 

JvM013 before (A) and after incubation (B) with Tx-Est1. Reactions performed in 50 

mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. 

 

Supplementary figure 10: MALDI-TOF MS spectra of oligosaccharide fractions 

JvM017before (A) and after incubation (B) with Tx-Est1. Reactions performed in 50 

mM pH 6.5 citric acid-phosphate buffer at 60 °C for 30 min. 
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Supplementary figure 11: HPLC of Tx-Est1 incubation with insoluble wheat 

arabinoxylan. A Insoluble wheat arabinoxylan 1 % (w/v) negative control; B 

Insoluble wheat arabinoxylan 1 % (w/v) incubated with TxEst1; C Insoluble wheat 

arabinoxylan 1 % (w/v) incubated with heat inactivated TxEst1; D Insoluble wheat 

arabinoxylan co-incubated with TxEst1 and T. lanuginosus xylanase. 
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Supplementary figure 12: HPLC of Tx-Est1 incubation with Wheat arabinoxylan(acid 

debranched). A Acid debranched wheat arabinoxylan 1 % (w/v) negative control; B 

Acid debranched wheat arabinoxylan 1 % (w/v) incubated with T. lanuginosus 

xylanase;  C Acid debranched wheat arabinoxylan 1 % (w/v) incubated with TxEst1; 

D Acid debranched wheat arabinoxylan 1 % (w/v) incubated with heat inactivated 

TxEst1; E Acid debranched wheat arabinoxylan co-incubated with TxEst1 and T. 

lanuginosus xylanase. 
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Supplementary figure 13: HPLC of Tx-Est1 incubation with destarched wheat bran. 

A Destarched Wheat bran 1 % (w/v) negative control; B Destarched Wheat bran 1 % 

(w/v) incubated with T. lanuginosus xylanase;  C Destarched Wheat bran 1 % (w/v) 

incubated with TxEst1; D Destarched Wheat bran 1 % (w/v) incubated with heat 

inactivated TxEst1; E Destarched Wheat bran co-incubated with TxEst1 and  

T. lanuginosus xylanase. 
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Chapter 7: Conclusions and outlook 
 

The highly abundant nature of agricultural biomass offers a vast source of 

lignocellulosic material for the production of fuels, materials and other high-value 

compounds. However, the variation in agricultural waste streams, in tandem with 

the heterogeneous nature of the plant cell wall (which varies by plant species, 

tissue type and age) poses problems to its large-scale conversion into renewable 

products. Consequently, there has been a concerted effort to understand and 

exploit the ability of microorganisms for the enzymatic deconstruction of the plant 

cell wall. The characterisation of CAZymes are therefore essential in order to use 

them as biotechnological tools for the processing and lignocellulose and its 

components. The overall aim of this thesis was to investigate the application of 

such enzymes in biotechnology and expand upon the knowledge of CAZymes 

activities. 

The utilisation of enzymes for biocatalytic applications is a growing part of a global 

enzyme industry that constituted a market share of $ 8.18 billion in 2015 [1]. The 

growing nature of biocatalysis for the production of defined products is exemplified 

in chapter 3. The synthesis of β-glucans and cellulose by enzymatic means 

demonstrates the numerous ways that disparate types of enzymes can produce 

functionally similar products. Although the natural abilities of GHs and GTs can be 

harnessed for β-glucan production, the production of glycosynthases through 

minimal active site mutation highlights the utility of enzyme engineering in adding 

completely new and scientifically important activities. Furthermore, the multiple 

application of these (non)functionalised products in fields such as green energy, 

food science and nanotechnology show how CAZymes will play important roles in a 

future bio-based economy. 

In order to facilitate the rapid discovery and subsequent directed evolution 

required for making enzymes useful tools in industry, high-throughput methods for 

the quick assessment of initial enzyme activities are required. Glycosyltransferases 

can synthesise highly regio- and stereospecific glycosidic bonds between glycan 

acceptors and activated sugar donors, making them excellent candidates for 
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biocatalysis. In chapter 4, imidazolium-based tags (ITags) were employed to enable 

the screening of glycosyltransferases in order to identify a candidate for glucose 

polymerisation. The excellent ionisation of the ITag enabled the sensitive, rapid 

detection of reaction products between a variety of labelled glycosides and UDP 

donors. One GT, LgtB showed a broad donor scope with the ability to transfer UDP-

Glc, UDP-Gal, UDP-GalNAc and UDP-Xyl. Additionally LgtB was able to transfer Glc 

and Gal to a variety of functionalised and non-functionalised acceptors, such as 

those containing a pNP group. However, of most interest in this study, was the 

glucose polymerisation activity of LgtB. This polymerisation activity within in vitro 

reactions has previously only been confined to complex, membrane-bound systems 

that have been extracted from the cell wall of plants or bacteria, as opposed to 

simple heterologous expression within E. coli. The β-1,4-linked, ITagged cello-

oligosaccharides produced by LgtB can be used as substrates for cellulolytic 

enzymes in  a sensitive MALDI-TOF based assay, reporting both the activity and 

selectivity of cellulolytic enzymes such as GHs and LPMOs. As no crystal structure 

exists for LgtB, or a closely related enzyme, no studies into molecular modelling 

experiments were undertaken. Going forward, crystallography of LgtB would 

therefore be of great interest to understand the catalysis underpinning both the 

substrate promiscuity and glucose polymerisation ability described herein. Such 

work would also enable mutagenesis work to identify key residues, and perhaps 

engineer the protein towards specific DPs or to increase yields beyond those of 

analytical scale magnitude. 

The ability to perform molecular docking proved useful in the characterisation of 

XynD, described in chapter 5. XynD is upregulated during the degradation of 

lignocellulose by A. niger and was initially hypothesised as an arabinoxylan active 

enzyme. Phylogenetic analysis of the subfamily in which XynD resided showed clear 

clustering of known activities, and enabled the prediction of its β-

galactofuranosidase ability— that was supported by modelling and molecular 

docking studies. Phylogenetic analysis also showed that an amino acid in the active 

site is consistently different between arabinofuranosidases (T) and 

galactofuranosidases (W) and suggests a key role in substrate specificity. To 
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examine this in future work, mutation of this one residue (W219 in XynD) to T could 

potentially alter the specificity from Galfase to Arafase and show how these 

enzymes have diverged within their evolutionary history. A wide variety of potential 

natural substrates were tested against XynD, including β-(1,5), β-(1,6) and α-(1,2)-

linked Galf-containing structures, with activity demonstrated against pNP-Galf. This 

therefore suggests that the natural substrate of the enzyme is a disaccharide 

and/or a structure with a differing linkage type to those tested. The potential 

biological role of XynD may be as a secondary enzyme in the deconstruction of the 

cell wall during division, active on smaller glycans released during cell division. This 

could be investigated by incubating XynD against pre-digested (chemically or 

biologically) samples of the A. niger cell wallfrom different morphological stages, to 

gain insight in how this enzyme might act temporally. 

Chapter 6 focussed on the assessment of Tx-Est1 and its ability to augment ferulic 

acid release from wheat bran. Improved biochemical assessment revealed 

temperature and pH optima in Tx-Est1 as well as circular dichroism data revealing a 

melting temperature of ~ 60 
°C. Tx-Est1 was active against both single and double 

ferulated oligosaccharides, and released ferulic acid from plant biomass at levels 

similar to other bacterial feruloyl esterases. As such, Tx-Est1 represents a 

thermotolerant candidate for the production of dietary fibre, via its processing of 

ferulated xylooligosaccharides and could play a useful role in the food and drink 

industry. Our studies predominantly focussed on wheat bran derived 

oligosaccharides and other plant polymers, however to fully appreciate the role of 

this enzyme against wheat bran analysis of its interaction with intact plant biomass 

would be useful. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a 

surface-sensitive analytical method that would enable analysis of the mass changes 

on the surface of wheat bran associated with the interaction of Tx-Est1. Such a 

method would inform what chemical changes occur to the bran surface during 

ferulic acid release. Labelling of the protein followed by microscopy could also 

inform where on the wheat bran surface Tx-Est1 localises and suggest potential 

macromolecular structures to which the enzyme shows a preference. 
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The future of research regarding the structure, function and biocatalytic utilisation 

of CAZymes is one of great opportunity and major data acquisition. The 21
st

 century 

has heralded a revolution in genetics and biotechnology and has removed many 

barriers to once laborious, expensive and time-intensive experiments. Next 

generation sequencing has enabled the rapid deconvolution of genes and genomes 

which, when coupled with now routine technologies such as CRISPR, has enabled 

genetic modification to reach an industrial scale. Whilst DNA synthesis and sub-

cloning has opened up new possibilities in generating numerous protein mutants in 

a matter of days. Artificial intelligence programs, such as the  AlphaFold [2], show 

great promise in predicting the structure of proteins to the same degree of 

accuracy as X-ray crystallography or cryo-EM and hints at the dominance of 

computational biology over traditional lab-based techniques. The aforementioned 

technologies will be fundamental in understanding CAZymes at both an individual 

and meta-analytical level, enabling quicker characterisation and modification of 

CAZymes and maximising their employment in the valorisation of plant 

lignocellulose or production of high-value chemicals. 
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Appendix 
 

Selective oxidation of N-glycolyl neuraminic acid using an engineered 

galactose oxidase variant 

Ashley P. Mattey, William R. Birmingham, Peter Both, Nico Kress, Kun Huang, 

Jolanda M. van Munster, Gregory S. Bulmer, Fabio Parmeggiani, Josef Voglmeir, 

Juana E. R. Martinez, Nicholas J. Turner, Sabine L. Flitsch, ACS Catal. 2019, 9, 8208– 

8212. 

Abstract 

N-Glycolylneuraminic acid (Neu5Gc) is a common cell surface ligand in animals 

which is not biosynthesized in humans, but can be acquired in human tissue from 

dietary sources such as red meat. It is important to understand the relevance of this 

potentially immunogenic glycan on human health, and selective detection methods 

are needed that can distinguish Neu5Gc from its biosynthetic precursor common in 

humans, i.e. N-acetylneuraminic acid (Neu5Ac). Here, we demonstrate that Neu5Gc 

can be selectively oxidised by an engineered variant of galactose oxidase without 

any reaction towards Neu5Ac. Oxidation of Neu5Gc itself allowed for the full 

spectroscopic characterization of the aldehyde product. In addition, we show that 

Neu5Gc is also oxidised when part of a typical animal oligosaccharide motif and 

when attached to a protein-linked N-glycan. Oxidation of Neu5Gc introduces 

bioorthogonal functionality that can be exclusively labelled. We demonstrate that 

in combination with sialidase mediated hydrolysis, this two-enzyme system can 

provide a useful tool for the selective detection of Neu5Gc in complex biological 

samples such as the biopharmaceutical alpha acid glycoprotein. 
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Enzymatic synthesis of N-acetyllactosamine from lactose enabled by 

recombinant β1,4-galactosyltransferases  

Kun Huang, Fabio Parmeggiani, Helene Ledru, Kristian Hollingsworth, Jordi Mas 

Pons, Andrea Marchesi, Peter Both, Ashley P. Mattey, Edward Pallister, Gregory S. 

Bulmer, Jolanda M. van Munster, W. Bruce Turnbull, M. Carmen Galan and Sabine 

L. Flitsch Org. Biomol. Chem., 2019,17, 5920-5924  

Abstract  

Utilising a fast and sensitive screening method based on imidazolium-tagged 

probes, we report unprecedented reversible activity of bacterial β1,4-

galactosyltransferases to catalyse the transgalactosylation from lactose to N-

acetylglucosamine to form Nacetyllactosamine in the presence of UDP. The process 

is demonstrated by the preparative scale synthesis of pNP-β-LacNAc from lactose 

using β1,4-galactosyltransferase NmLgtB-B as the only biocatalyst. 

 

 

 


