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Abstract 

Poly-N-acetylglucosamine (PNAG) is a polysaccharide that is found in the biofilms of several 

pathogenic species. As such it has been the subject of several studies since its discovery. However, 

synthesising long polysaccharides in vitro has proven difficult due to the challenges of carbohydrate 

chemistry, and as such access to pure PNAG of defined length and modification has not yet been 

achieved. This has led to there still being some gaps in the literature surrounding PNAG. The 

glycosyltransferase enzymes responsible for PNAG polymerisation in vivo are complex membrane 

proteins, and therefore unsuitable for in vitro synthesis. It has been shown that glycoside 

hydrolases can be mutated to perform the opposite reaction, creating what is known as a 

glycosynthase1. Therefore, we proposed to screen mutants of a suitable PNAGase, such as DspB or 

a member of new class of potential staphylococci PNAGases, for glycosynthase activity using a set 

of successfully synthesised carbohydrate substrates alongside commercially available substrate. 

This strategy would have allowed us to use synthetic monosaccharide donors for enzymatic 

polymerisation of PNAG oligosaccharides which could be used for further study. However, these 

efforts failed due to the selected mutants of DspB not acting as glycosynthases, and the putative 

staphylococci PNAGases proving difficult to express without extensive method development that 

was outside the scope of this project. 

We also aimed to develop a method to chemically modify PNAG in vitro. PNAG can be 

isolated in vivo, and can by modified by the selective incorporation of an azide at the reducing 

terminus of the PNAG polysaccharide2, deacetylation, or desuccinylation. This modifiation of PNAG 

opens the door for many avenues of further research, such as bioconjugation to something 

antigenic potentially creating a vaccine candidate3. Some initial evidence shows this modification 

might have been successful but further experiments are required to conclusively prove this. 
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1. Introduction: 

1.1. Part 1: N-acetylglucosamine, and the biosynthesis of poly-N-

acetylglucosamine 

1.1.1. Carbohydrates ς ƴŀǘǳǊŜΩǎ [9Dh ōƭƻŎƪǎ 

Carbohydrates are an important building block within biological systems. They can 

covalently link together to create what are known as oligosaccharides and polysaccharides, 

depending on the chain length, which are widely used in biological systems due to their diverse 

range of properties. Through a process known as glycosylation they can also be covalently attached 

to various biomolecules, such as proteins and lipids. This can serve several functions such as aiding 

with protein folding4, protein stability5, and immune evasion6. This wide range of properties can be 

attributed to the chemical structure of carbohydrates. In 1891, Emil Fischer, in his Nobel Prize 

winning work, defined a method to describe the structures of a new class of biomolecules that was 

emerging. This new system for representing carbohydrate molecules, now referred to as Fischer 

Projections (Figure 1.1.1A), began to reveal the potential for structural diversity presented by 

carbohydrate molecules. Fischer described 16 unique structures in 8 enantiomeric pairs, which he 

labelled as D/L- defined by the side of the chain the hydroxy group on the penultimate carbon sits 

on, with D- being on the right, and L- the left7. This, however, was only the tip of the iceberg of 

carbohydrate structural diversity, as it now known that carbohydrates can also form what are 

known as -ose rings (Figure 1.1.1B). 
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Figure 1.1.1: A) Fischer projections of D-glucose, D-galactose, and D-mannose, and their enantiomeric pairs in D-glucose, 

L-galactose, and L-mannose. B) The hexose, or pyranose, ring forms of D-glucose, D-galactose, and D-mannose in their ̡-

anomers. 

Carbohydrates have the empirical formula Cn(H2O)m, although different types of sugars 

regularly deviate from this. Carbohydrates can exist in an acetal or hemiacetal form (ketal and 

hemiketal for 5 membered ring sugars). In their acetal form, that being where the anomeric hydroxy 

group is glycosylated in some form, they are referred to as non-reducing sugars. In their hemiacetal 

form, that being where the anomeric hydroxy group is unglycosylated, they are referred to as 

reducing sugars. The anomeric centre is defined as the carbon that bears the acetal or hemiacetal 

when it in its cyclic form. While non-reducing sugars are locked into a ring structure, reducing sugars 

exist in an equilibrium between their ring forms and their ring opened form (Figure 1.1.2). Upon 

ring closing, two different sized rings can be formed, the pyranose form (6 membered ring) and the 

furanose form (5 membered ring), and further still, each ring form Ŏŀƴ ƘŀǾŜ ǘǿƻ ŀƴƻƳŜǊǎΣ ǘƘŜ ʰ-

ŀƴƻƳŜǊ ŀƴŘ ǘƘŜ ʲ-anomer. This is determined by the position of the anomeric hydroxy group in 

ǊŜƭŀǘƛƻƴ ǘƻ ǘƘŜ ǎǳōǎǘƛǘǳŜƴǘ ƻƴ ǘƘŜ ŎŀǊōƻƴ ƻƴ ǘƘŜ ƻǘƘŜǊ ǎƛŘŜ ƻŦ ǘƘŜ ǊƛƴƎ ƻȄȅƎŜƴΣ ǿƘŜǊŜ ʰ ƳŜŀƴǎ 

ǘƘŜȅΩǊŜ ƻƴ ŘƛŦŦŜǊŜƴǘ ŦŀŎŜǎ ƻŦ ǘƘŜ ǊƛƴƎΣ ŀƴŘ ʲ ƳŜŀƴǎ ǘƘŜȅΩǊŜ ƻƴ ǘƘŜ ǎŀƳŜ ŦŀŎŜ. This means that each 

sugar molecule can form 5 different structural isomers.  
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Figure 1.1.2: A) The five structural isomers of D-glucose that can be formed. B) Ring closing mechanism of D-glucose 

showing the anomeric carbon and oxygen (blue) and the oxygen that forms part of the ring (red).  

To complicate matters even further, each sugar molecule has an enantiomer, which can 

also form the aforementioned 4 structural isomers. In total then, each reducing monosaccharide 

sugar, i.e. glucose or galactose, can be found in 10 different isomers, and each isomer has different 

properties, and confers different properties to any polysaccharide or bioconjugate it is incorporated 

into. Adding different functional groups to the hydroxy groups then also allows for additional 

properties to be conferred to the sugar or conjugated biomolecule. Calculations made in 1994 show 

there are up to 1.025  1012 possible structures of a reducing hexasaccharide if you account for 

branching polysaccharides as well as linear8. This level of complexity has meant that research into 

carbohydrates and their roles in biological systems has often been neglected, and what research 
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was conducted was bogged down by the challenges of working with carbohydrates. This has 

changed with the turn of the millennium and research into carbohydrates is beginning to really 

shine a light onto what this diverse set of molecules is capable of9. One sugar of particular interest 

is an amide derivative of glucose that is found ubiquitously across the full spectrum of life. 

1.1.2. N-acetylglucosamine ς a ubiquitous sugar 

-̡D-2-(acetylamino)-2-deoxy-glucopyranose, otherwise known as N-acetyl-D-glucosamine 

(Figure 1.1.3A), or simply GlcNAc, is a reducing sugar, that is found in multiple forms across the 

natural world. Most commonly GlcNAc is found within long polysaccharide chains. Chitin is the 

second most abundant biopolymer in the biosphere, second only to cellulose, and it plays a major 

role in the mycelia of fungi10,11, as well as being utilised extensively by arthropods12,13 molluscs13, 

and even in some fish species14. First determined in 1929 by Albert Hofmann15, Chitin is formed of 

-̡1-4-linked GlcNAc monomers (Figure 1.1.3B), in a structure that is reminiscent of that of cellulose. 

This leads to a strong, chemically resistant polymer that works very well as a barrier, leading to its 

use in cell walls, and within exoskeletons and shells. GlcNAc can also been found within the 

repeating units of both peptidoglycan and hyaluronic acid (Figure 1.1.3C-D). Peptidoglycan, 

sometimes referred to as murein, forms an important component of the cell wall of bacteria. First 

identified by researchers attempting to determine the method of action of penicillin16,17, 

subsequent research has shown that peptidoglycan is important to bacterial growth18. Inhibition of 

any part of the biosynthesis of peptidoglycan, for example the inhibition of DD-transpeptidases by 

penicillin19, causes cell death by cytolysis20. tŜǇǘƛŘƻƎƭȅŎŀƴ ƛǎ ŦƻǊƳŜŘ ƻŦ ʲ-1-4-linked GlcNAc and N-

acetylmuramic acid (MurNAc), with a tetrapeptide bound to the lactic acid residue of the MurNAc 

(Figure 1.1.3C). Hyaluronic acid is found across a wide variety of organs and tissues in mammals21, 

and it performs several important functions, ranging from wound healing22, lubricating joints23, and 

forming part of connective tissues and cartilage24. First described in 1934 by Meyer25,  hyaluronic 

ŀŎƛŘ ƛǎ ŦƻǊƳŜŘ ƻŦ ŀƭǘŜǊƴŀǘƛƴƎ ʲ-1-о ŀƴŘ ʲ-1-4 linked D-glucuronic acid and GlcNAc (Figure 1.1.3D), 

and has found use in extensive use in surgery due to its wound healing properties. 
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Figure 1.1.3: A) Chemical structure of N-acetyl-D-glucosamine (GlcNAc 1). B) Chemical structure of the repeating unit of 

ǘƘŜ ōƛƻǇƻƭȅƳŜǊ ŎƘƛǘƛƴ ŦƻǊƳŜŘ ƻŦ ǘǿƻ ʲ-1-4-linked GlcNAc molecules. C) General chemical structure of the repeating unit 

ƻŦ ǘƘŜ ōƛƻǇƻƭȅƳŜǊ ǇŜǇǘƛŘƻƎƭȅŎŀƴ ŦƻǊƳŜŘ ƻŦ ʲ-1-4-linked GlcNAc and MurNAc. The structure of the tetrapeptide is species 

specific18Φ 5ύ /ƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ǊŜǇŜŀǘƛƴƎ ǳƴƛǘ ƻŦ ƘȅŀƭǳǊƻƴƛŎ ŀŎƛŘ ŦƻǊƳŜŘ ƻŦ ŀƭǘŜǊƴŀǘƛƴƎ ʲ-1-о ŀƴŘ ʲ-1-4 linked D-

glucuronic acid and GlcNAc. 

 As well as major functions in polymers, GlcNAc monomers and oligosaccharides also find 

use within biological systems. O-GlcNAcylation26,27 and N-GlcNAcylation28 are the two processes 

through which GlcNAc is attached to proteins. N-GlcNAcylation takes place at the amide nitrogen 

of an asparagine residue (Asn), and the involves a precursor oligosaccharide containing 2 

consecutive GlcNAc molecules followed by 3 D-mannose (Man) molecules being attached via the 

reducing GlcNAc molecule (Figure 1.1.4). This oligosaccharide, known as the core glycan structure, 

forms the basis of all N-glycan modifications of proteins28,29, and thus GlcNAc is essential in 

mediating protein stability and function30-32. 
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Figure 1.1.4: The core glycan structure of N-glycans. The reducing end of the oligosaccharide is bound to the amide 

nitrogen of the asparagine residue of the protein. The core structure consists of 2 -̡1-4 linked GlcNAc residues following 

by 3 Man residues ǿƘƛŎƘ ŀǊŜ ʰ-1-п ŀƴŘ ʰ-1-6 linked. 

O-GlcNAcylation however, is the glycosylation of monosaccharide GlcNAc onto the hydroxy 

group of a serine (Ser) or threonine (Thr) residue. This is a dynamic process with GlcNAc being 

attached and removed from proteins at various points. This dynamic attachment and removal of 

GlcNAc has been shown to be important to modulating various signalling and regulatory 

pathways33-35, and disrupting the natural levels of O-GlcNAcylation has been implicated in several 

different diseases ǎǳŎƘ ŀǎ ŘƛŀōŜǘŜǎΣ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ36. This makes O-GlcNAcylation analogous to 

phosphorylation37, and indeed the two are heavily linked. They often share the same modification 

site have been known to modulate each other38. 

This non-ŜȄƘŀǳǎǘƛǾŜ ŜȄǇƭƻǊŀǘƛƻƴ ƻŦ DƭŎb!ŎΩǎ ǊƻƭŜ ŀƴŘ ŦǳƴŎǘƛƻƴ ǿƛǘƘƛƴ biological systems 

demonstrates the importance of the ubiquitous sugar. However, there is another biopolymer that 

GlcNAc can form that has important implications for the antibiotic resistance crisis. 

1.1.3. Poly-N-acetylglucosamine ς DƭŎb!ŎΩǎ ŜǾƛƭ Ŏƻǳǎƛƴ 

Several microorganisms, including pathogenic species such as Staphylococcus aureus39, P. 

aeruginosa40, Neisseria gonorrhoea41, and Escherichia coli42, produce a matrix of extracellular 

polymeric substances (EPS), such as polysaccharides and proteins, known as a biofilm43. The biofilm 

performs several functions for the organism, including promoting adhesion on abiotic surfaces42,44-

48 and intercellular adhesion45,46, providing resistance to antibiotic and antimicrobial 

compounds44,48-50, and giving protection from phagocytes47,49. When combined, these factors all 

contribute to an improved virulence of the pathogen51. Biofilm presenting strains of a pathogen are 

known to cause more severe infections than strains of the same species that do not present 

biofilms, especially for patients with implants, and in dentistry where large abiotic surfaces can be 
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found. They also make the infection more difficult to fully eradicate52. This coupled with the 

antibiotic resistance conferred by biofilms has meant that EPS have drawn a lot of clinical attention. 

In 1982 scanning electron microscopy was initially used by Christensen et al53 to reveal that 

the biofilms formed during Staphylococcal infections had a major polysaccharide component, 

ƘƻǿŜǾŜǊ ǘƘŜ ŜȄŀŎǘ ŎƘŜƳƛŎŀƭ ǎǘǊǳŎǘǳǊŜ ǿŀǎƴΩǘ ƛŘŜƴǘƛŦƛŜŘ ǳƴǘƛƭ мффс ōȅ aŀŎƪ et al54. They were 

investigating the polysaccharide in S. epidermidis using NMR, amongst other chemical analytical 

methods. They were able to determine the structure to be a linear, non-branching polysaccharide 

that they called polysaccharide intercellular adhesion (PIA) but it is now generally referred to as 

poly-N-acetylglucosamine, or PNAG (Figure 1.1.5). Lǘ ƛǎ ŀ ʲ-1-6-linked polysaccharide consisting of 

purely GlcNAc monomers that is excreted by bacteria creating the structural basis for the biofilms.  

 

Figure 1.1.5: Chemical structure of PNAG, where n = 100-12055. 

Despite having a core homopolymeric structure, preparations could be separated into two 

distinct molecular species, determined by the charge displayed by each species. Polysaccharide I 

was positively charged and contained a higher percentage of N-deacetylation (Ғ15% of monomers 

deacetylated), although this appeared to be randomly spaced throughout the structure. 

Polysaccharide II was anionicly charged, with evidence of succinates and phosphates being present, 

however, these could not be conclusively shown to be part of the polysaccharide structure at the 

time. 

The structural differences between PNAG taken from various different species is relatively 

minor with the biggest difference being the amount of N-deacetylation found along the chain length 

(ranging from 5-15% of the monomers42,56). The other notable difference is whether or not the 

PNAG has undergone O-succinylation of the hydroxy group at either position 3 or 4. Initially 

misidentified as N-succinylation, it has since been demonstrated in both S. epidermidis57, and S. 

aureus58 PNAG that it is indeed O-succinylation, however, at the time of writing, it is unclear as to 

mechanism with which these species perform this modification59 (Figure 1.1.6). 
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Figure 1.1.6: A) N-deacetylated PNAG monomer in the polymer chain. B) O-succinylated PNAG monomer in the polymer 

chain. 

 Since its ŘƛǎŎƻǾŜǊȅ ƛƴ мфунΣ tb!D Ƙŀǎ ōŜŜƴ ŘƛǎŎƻǾŜǊŜŘ ǘƻ ŦƻǊƳ ŀ ǇŀǊǘ ƻŦ Ƴŀƴȅ ǎǇŜŎƛŜǎΩ 

biofilms. This includes, as mentioned above, S. aureus, but also A. baumannii60, both of which were 

included in the WHO Bacterial Priority Pathogen List 202461, along with E. coli42, Y. pestis62,  A. 

actinomycetemcomitans48, B. pertussis63, and many others. Whilst the core structure of PNAG is the 

same in Gram -ve bacteria, the O-succinylation appears to be limited to only Gram +ve bacteria. 

There is also some evidence to suggest this list can be expanded to include two more pathogens 

listed by the WHO as critical and high priority respectively, M. tuberculosis and N. gonorrhoeae, 

alongside up to 150 other species. However, whilst these two species, amongst others, did give a 

positive result when tested with a PNAG binding antibody, they, along with a number of the other 

species tested, do not have an operon that has been identified as encoding for proteins capable of 

producing the polysaccharide, and this should be taken into account43. 

 This list of pathogenic bacteria, whilst not exhaustive and likely to be expanded too, is 

already evidence enough that studying PNAG and developing counter measures is of vital 

importance if we wish to improve the outcomes of patients presenting with biofilm infections. 

PNAG, having been discovered nearly 30 years prior to the time of writing, has been the subject of 

many research papers, and efforts were initially focussed on determining its biosynthetic pathway. 

1.1.4. The Biosynthetic Pathway of PNAG and its biomodification 

The icaABC locus was the first biosynthetic pathway of PNAG to be discovered in 1996 in S. 

epidermis by Heilmann et al46, who, via knockout mutations of genes icaA, icaB, and icaC showed 

that biofilm formation was disrupted and intercellular adhesion was completely lost. IcaA was 

hypothesised to be the N-acetylglucosaminyltransferase protein of the locus due to its sequence 

similarity to other N-acetylglucosaminyltransferases, NodC from R. meliloti64, and HasA from S. 

pyogenes65. This was later confirmed by Gerke et al66, alongside the discovery of the protein IcaD, 

which expanded the locus to icaADBC. They showed that while a strain of S. carnosus pTXicaA was 
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capable of producing GlcNAc oligosaccharides, however, for ΨfullΩ N-acetylglucosaminyltransferase 

activity, IcaD was required to be expressed alongside IcaA. ¢Ƙƛǎ ǿŀǎƴΩǘ ǘƘŜ ǿƘƻƭŜ ǎǘƻǊȅ though, as 

unless IcaC was also expressed alongside IcaAD, the PNAG produced would only reach a maximum 

length of 20 monomers of GlcNAc. All three proteins contain several predicted transmembrane 

helices (4 in IcaA, 2 in IcaD, and 6 in IcaC)46,66, which points to a three protein complex that is 

involved in the biosynthesis of PNAG, although the exact function that IcaD and IcaC play in 

biosynthesis was not determined. At that time no homologues were known for IcaB, however 

Heilmann et al made two predictions of possible functions it could perform, one of which was that 

it might act as an N-deacetylase. Vuong et al later proved this hypothesis via SEC/ESI-MS analysis 

ƻŦ ŀ ɲicaB strain of S. epidermidis56, which revealed a lack of the signature fragmentation pattern 

of partially deacetylated PNAG, which was present in the wild type (WT). Despite the exact function 

of IcaD and IcaC remaining unclear, these results have led to an overall hypothesis of how the 

IcaADBC operon functions becoming accepted. IcaA is the N-acetylglucosaminyltransferase enzyme 

that forms a complex with IcaD to become active and synthesise the PNAG. IcaC then forms a 

complex with IcaAD to allow for the translocation of the synthesised PNAG across the membrane, 

where IcaB, the only non-membrane bound protein of the locus, performs partial N-deacetylation. 

The locus in E. coli is known as pga, and it contains the four genes encoding for the proteins 

pgaABCD42. Wang et al showed by deletions of all four genes, that the biofilm production was 

disrupted, and intracellular adhesion was lost, as with S. epidermis when icaADBC was knocked out, 

as well as loss of attachment to abiotic surfaces. Sequence analysis revealed that the two loci do 

share proteins that perform the same key functions, however the naming system for pgaABCD does 

not match that of icaADBC. PgaA had the sequence of a large outer membrane protein suggesting 

some form of membrane translocation function, making it unique from any protein in the ica locus 

as Staphylococcal species lack an outer membrane. Later studies have shown that PgaA and PgaB 

form a complex together67Σ ǿƛǘƘ ŀ ƴŜƎŀǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ǘǊŀƴǎƳŜƳōǊŀƴŜ ʲ-barrel that works to 

transport the positively charged PNAG produced by PgaB across the membrane. PgaB is an N-

deacetylase with a glycoside hydrolase domain68-70 that requires PgaA to be bound to it to have 

maximum N-deacetylase activity67,71. PgaB is orthologous to IcaB, as this is also an N-deacetylase. 

PgaC is the N-acetylglucosaminyltransferase protein69, orthologous to IcaA, which, like IcaA, needs 

to form a complex with PgaD in order to exhibit full transferase activity. 

The study of pgaABCD has led to full determination of the function of each protein, 

however, this has also led to speculation about the accepted hypothesis of the function of icaADBC. 

More specifically the role of IcaC in PNAG presenting staphylococci species. Atkin et al performed 

an up-to-date sequence analysis of IcaC in 201459.  This revealed that in the intervening years 
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between Heilmann et al publishing their paper in 1996 and Atkin et al publishing theirs in 2014, a 

large family of acyltransferases (Acyl_transf_3 family (PF01757), InterPro family IPR00265672) had 

been characterised, and their sequence analysis showed homology with this family. Whilst icaADBC 

orthologues can be found among gram +ve organisms, the operons rarely contain a protein with a 

homologous sequence to IcaC. The orthologous operon in E. coli, pgaABCD, is also capable of 

transporting PNAG across the inner membrane without an IcaC homologue. This has led to the 

suggestion that IcaC could function as an O-succinyltransferase59 responsible for the production of 

PNAG with anionic character as described by Mack et al54. Evidence for O-succinylation of PNAG 

being found in species that contain IcaC, and not in E. coli and others without it, leading to the belief 

that IcaC is involved in the incorporation of the succinyl groups that may be found in staphylococci 

PNAG54. It is speculated that IcaC would utilise a succinyl-CoA substrate to transfer the succinyl 

group the PNAG chain, and is membrane bound to allow for the addition of the succinyl group as 

the PNAG is translocated across the membrane by IcaAD (Figure 1.1.7). Since this hypothesis was 

made, no evidence for or against this hypothesis has been published, at the time of writing. As 

described above, PNAG is a key virulence factor for a number of dangerous pathogens, and as such, 

fully characterising its biosynthetic pathway is a key challenge on the path to effective treatment 

of these diseases. In this work, one of the aims we set out to achieve was to experimentally 

determine whether IcaC is in fact an O-succinyltransferase. 
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Figure 1.1.7: The hypothesised biosynthetic pathway of PNAG in staphylococci. The model for the IcaADBC complex was 

generated by Phil Stansfield (University of Warwick) using AlphaFold373,74 and the image was produced using Chimera75. 

1.1.5. The Synthetic Chemistry approach to making PNAG 

Another area that has received a lot of attention from researchers since the discovery of 

PNAG is the development of a synthetic route to make PNAG. The chemical synthesis of any long 

chain polysaccharide poses unique challenges due to the structural complexity of carbohydrates. 

Each monosaccharide has several hydroxy groups in its structure, and therefore it has several 

possible locations where reactions can take place. This, coupled with the fact that any reaction that 

a monosaccharide hydroxy group undergoes can either maintain or invert the stereochemistry at 

that location means that the potential for unwanted side reactions with each additional 

monosaccharide that is added to the polysaccharide chain becomes exponentially greater if not 

performed correctly. The classic solution to this problem is to utilise protecting group chemistry. 

For example, if you were to attempt to perform a glycosylation at the anomeric position of a 

deprotected GlcNAc molecule there is the potential for that bond to be formed at any of the 4 other 
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substituent groups. However, if you protected each other hydroxy group with an acetyl group, for 

example, the only position which that reaction can occur is the anomeric position (Scheme 1.1.1). 

 

Scheme 1.1.1: A) General scheme of a glycosylation of an unprotected GlcNAc 1 monosaccharide showing the potential 

side products. B) A general scheme of a glycosylation of a GlcNAc monosaccharide 2 that has been protected so only the 

anomeric centre can react. 

Carbohydrate protecting group chemistry has developed to the point it is possible to 

perform individual protection of each hydroxy group in a sugar ring76 and this has been successfully 

applied in the synthesis of PNAG oligosaccharides3,77-84, partially deacetylated PNAG (dPNAG) 

oligosaccharides3,85-88Σ ŀƴŘ ʲ-1-6-polyglucosamine (PG)3,84,89,90. Most recently, Tan et al61 used this 

method was able to generate a library of dPNAG pentasaccharides, alongside PNAG 

pentasaccharide and PG pentasaccharides. Starting from glucosamine 3 (GlcN), a precursor 

molecule to GlcNAc, the amine can be selectively protected using anisaldehyde as it is more 

nucleophilic than the hydroxy groups. Next, the hydroxy groups can be acetylated. The pOMe-

phenyl group can then be removed leaving the free amine, which can be reacted with the desired 

protecting group without reaction occurring on any of the hydroxy groups91,92. The anomeric 

hydroxy group can then be selectively reacted to form a thioglycoside due to the anomeric effect 

increasing its reactivity versus the other hydroxy groups. The remaining hydroxy groups can then 

be deacetylated, and the C-6 hydroxy group can then be converted into a silyl ether via reaction 

with t-butyl(chloro)diphenylsilane chloride (TBDPSCl). This works due to the bulky TBDPS group 

preferentially reacting with the least sterically hindered hydroxy group. Finally, the C-3 and C-4 

hydroxy groups can be protecting using benzoyl groups (Scheme 1.1.2). 
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Scheme 1.1.2:. a) p-OMeC6H4CHO, 1M NaOH. b) Ac2O, Pyr, DMAP. c) 5N HCl, acetone.91 d) R-Cl, base (for Ac this step is 

skipped). e) TolSH, BF3ωEt2O.. f)  MeONa in MeOH.92 g) TBDPSCl, imidazole. h) BzCl, Pyr.3 

This was repeated to generate 5 separate molecules where R could be Boc, Alloc, Troc, 

Fmoc, or Ac respectively. Next, the TBDPS group can be removed for 4 of the 5 molecules, which 

allows for the pTolSCl/AgOTF promotor system developed by Huang et al93 to be utilised to perform 

the 1,6 glycosylation (Scheme 1.1.3). 

 
Scheme 1.1.3: Glycosylation utilising the pTolSCl/AgOTF promotor system to create a disaccharide with two different 

protecting groups. 

 This was repeated using each different protecting group, generating a protected PNAG 

pentasaccharide with a different protecting group on each amine with the final monomer having a 

handle for bioconjugation at the anomeric position. Each amine could be selectively deprotected 

leaving a deacetylated amine. Each amine can then be acetylated, or either left deacetylated 

allowing for the generation of 32 different PNAG pentasaccharides (Scheme 1.1.4). 
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Scheme 1.1.4: a) 90% TFA in H2O. b) Pd(PPh3)4, PhSiH3. c) Zn, AcOH. d) 20% piperidine in DMF. Each deprotected amine 

can be acetylated using Ac2O in pyridine, or left deacetylated, then a global deprotection can be performed using 20% 

hydrazine hydrate in MeOH. 

Whilst these strategies work well, they can be time consuming, often taking multiple weeks 

to complete due to the large number of steps involved. They also can be fairly low yielding, again 

due to the large number of steps leading to diminishing returns. Another method that has been 

used successfully in the synthesis of PNAG oligosaccahrides is called the acid reversion reaction94,95. 

This method involves reacting GlcNAc 1 monosaccharides together with hydrogen fluoride (HF) in 

pyridine (Pyr) (Scheme 1.1.5). This method has one reaction step and can be completed in as few 

as 15 hours94, however reaction times up to 5 days can lead to better ratios of longer products95. 
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Scheme 1.1.5: Acid reversion reaction of GlcNAc 1 to produce PNAG oligosaccharides where nҖ6. a) 70% HF in Pyr, up to 

5d. 

This initially may seem appealing, with a quicker reaction time and comparable yields to 

the protecting group strategies, however, the purification can be challenging due to the mix of 

different oligosaccharide lengths. Homogeneity can be achieved using size exclusion 

chromatography (SEC), however this is also a time consuming process. The maximum size of the 

oligosaccharides produced is also lower than the protecting group strategies as well, being capped 

at 6. Finally, there are safety concerns surrounding the use of HF. HF can cause lethal burns, and as 

well as fluoride poisoning, if not handled with the proper care96. It also requires extensive 

quenching before any purification can be attempted. For these reasons, researchers have tended 

to avoid this method in recent years. 

Improvements in the field of chemical peptide and nucleotide synthesis have led to the 

development of machines capable of reliable, automated, solid phase synthesis to rapidly produce 

the desired biomolecule97,98. This is a field in which polysaccharide synthesis has fallen behind. It 

ǿŀǎƴΩǘ ǳƴǘƛƭ нлмн ǿƘŜƴ YǊöck et al published their method for automated oligosaccharide or 

polysaccharide synthesis, herein referred to as Automated Glycan Assembly (AGA), using a machine 

they call the Glyconeer that the field had anything comparable99. The Seeberger group had been 

working towards this with their work on automated synthesis of oligosaccharides in the early 

2000s82,100, and following their creation in 2012, another other group in the Demchenko group have 

created similar systems that allow for AGA101, and at least one group has been able to utilise the 

Glyconeer to perform AGA102. AGA works by anchoring a selectively protected 

mono/oligosaccharide to some sort of resin, then washing the resin with the correct reagents to 

deprotect the hydroxy group you wish to glycosylate. The resin is then washed again to remove the 

reagents, but the leave the sugar attached. This can then be reacted with another 

mono/oligosaccharide, and a glycosylation reaction can occur on the resin. This can be performed 

iteratively, and when the sugar reaches the desired length, the resin can be washed with a reagent 

to cleave the sugar, which can be collected and purified (Scheme 1.1.6).  
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Scheme 1.1.6: General scheme for the process of AGA. 

The automated nature of this method gives it a certain appeal, and certainly has been 

demonstrated to be effective, with it recently being used to create a 151-mer polysaccharide103. 

However, the technology is still prohibitively expensive, and whilst some have been able to 

repeatedly publish data using AGA, it is mainly confined to the two aforementioned groups, and it 

has only been able to produce PNAG oligosaccharides of a comparable size to regular synthetic 

routes99.  

From this we can see that there is yet to be developed a robust method for the production 

of PNAG polysaccharides comparable to biologically produced PNAG. These synthetic methods 

have provided substrates for the characterisation of PNAG degrading enzymes 85-88, as well as 

showing promise in the development of vaccine technology3. 

1.1.6. Immunological response towards PNAG 

It has long been known that the human immune system has natural antibodies to PNAG, 

but these do not induce an effective immune response to PNAG presenting pathogenic species104-

106. In fact, in order to be able to detect any immune system activity, conjugation to tetanus toxoid 

(TT) was required78,84. This was a known property of PNAG immunology as McKenny et al had 

previously shown conjugation to something antigenic was essential for immune system 

recognition107. The initial studies utilising these TT conjugated PNAG oligosaccharides were in 

determining the viability of PNAG as a vaccine antigen, and they used both PNAG and PG 

oligosaccharides to investigate this possibility. They found that the antibodies produced by the 

immune system in response to fully acetylated PNAG actually disrupted killing activity55. 

Furthermore, they showed that PG oligosaccharides were required to produce opsonic killing 

activity demonstrating the need for deacetylation in any potential vaccine candidate. However, a 

different study conducted by Pozzi et al108 showed that killing activity of the antibodies produced 

by PG oligosaccharides caused interference in the opsonic killing activity of other antibodies to 
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S. aureus antigens, thus suggesting that another approach was required. These findings informed 

many attempts at producing a PNAG vaccine candidate, but as noted by Tan et al3, it remained 

unclear whether or not using fully acetylated or deacetylated PNAG oligosaccharides rather than 

partially deacetylated PNAG oligosaccharides. With this in mind, Tan et al generated a library of 

different partially acetylated dPNAG pentasaccharides, which were then conjugated to antigenic 

proteins and used to induce immune to S. aureus infection in mice. This study demonstrated that 

for the most effective vaccine, a portion of the GlcNAc monomers have to be deacetylated. These 

findings also suggest that a vaccine utilising PNAG oligosaccharides is not only possible, but would 

be effective as a treatment against PNAG presenting pathogens. However, at the time of writing, 

no vaccine candidate has been developed for human trials, so this area of research is still ongoing. 

It should also be noted that no study has investigated the effect of O-succinylation on the immune 

response, which, as with the levels of N-deacetylation, could play a key role in the immunology of 

PNAG. 
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1.2. Part 2: PNAG Degradation 

1.2.1. Glycoside Hydrolases 

Glycoside hydrolases (GH) are carbohydrate active enzymes (CAZy) that catalyse the 

breakdown of a large variety of glycans via the cleavage of glycosidic bonds109. Enzymes within this 

group, known as the GH group, are split into families based on sequence similarity110. These 

enzymes can be furthered classified into retaining or inverting enzymes, where retaining enzymes 

retain the stereochemistry of the glycosidic bond in the new anomeric centre, where inverting 

ŜƴȊȅƳŜǎ ƛƴǾŜǊǘ ǘƘŜ ǎǘŜǊŜƻŎƘŜƳƛǎǘǊȅ όŜΦƎΦ ʰ  O̡ ύΦ ¢ƘŜ DI ŜƴȊȅƳŜǎ ŀƭƭ ǳǘƛƭƛǎŜ ŀ ŎŀǘŀƭȅǘƛŎ ǇŀƛǊ ƻŦ ŀŎƛŘƛŎ 

residues that act as both the nucleophilic catalyst, and as the proton donor. The major difference 

between the two types of GH enzymes comes from the distance between the two catalytic residues, 

with the inverting enzymes having a greater distance between the two to allow for the water 

molecule to attack from below the ring111,112. It was eventually revealed that the mechanisms also 

proceed through an oxocarbenium ion113 (Scheme 1.2.1). 
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Scheme 1.2.1: A) Generalised scheme for the mechanism of a retaining -̡glycoside hydrolase enzyme. B) Generalised 

scheme for the mechanism of an inverting ̡ -glycoside hydrolase enzyme. CƻǊ ǘƘŜ ʰ ƳŜŎƘŀƴƛǎƳ ŦƻǊ ōƻǘƘ ǘƘŜ ǊŜǘŀƛƴƛƴƎ ŀƴŘ 

inversion mechanisms, the two residues swap function with the top residue becoming deprotonated and acting as the 

nucleophile, and the bottom residue acting as the proton source. 

 These enzymes can also be classified as exo or endo which refers to whether or not the 

enzyme cleaves the first glycosidic bond of a polysaccharide chain, usually at the non-reducing 

terminus, or if the enzyme will cleave the polysaccharide in the middle of the chain (Figure 1.2.1).  

 

Figure 1.2.1: The locations of the glycosidic bond cleavage of exo acting glycoside hydrolases and endo glycoside 

hydrolases 
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Certain families can have slightly different mechanisms, such as a neighbouring group 

participation (NGP) mechanism, where a functional group present on the sugar ring participates in 

the cleavage of the glycosidic bond. This sort of mechanism is the most common enzymes that 

break down glycosidic bonds where there is an N-acetyl sugar, such as GlcNAc, at the non-reducing 

terminus of a glycosidic bond, however it has been shown to occur with hydroxy groups as well114.  

One family that perform this mechanism is the GH20 family, and this family contains a protein of 

particular interest to this study. 

1.2.2. The GH20 family and Dispersin B 

The GH20 family, which is sometimes referred to as the ̡ -N-acetylhexosamidase enzymes, 

characteristically cleave glycosidic bonds between a GlcNAc residue and another sugar moiety. This 

ƛǎ ǘȅǇƛŎŀƭƭȅ ŀ ʲ-1,4-linkage, although individual members of the family have been shown to catalyse 

the hydrolysis of different GlcNAc glycosidic linkages as well115. In particular, a member of this 

family isolated from Aggregatibacter actinomycetemcomitans, Dispersin B (DspB), first reported in 

2003116, has been found to cleave the GlcNAc-DƭŎb!Ŏ ʲ-1,6-linkage found in PNAG 

polysaccharides117, which until very recently was the only known member of the GH20 family to be 

able to do so118, alongside the only known non-GH20 enzyme with PNAGase activity, the 

aforementioned PgaB70. Interestingly though, this enzyme can act as both an endo and exo 

glycoside hydrolase with an initial preference for endo activity79,85-87,119,120, in contrast to PgaB which 

can only act in an endo manner70. Initially, clinical interest in this protein was primarily focussed on 

its use in biofilm disruption and detachment117 to help clean medical devices and implants, and 

although this approach has potential as an ex-vivo anti-microbial strategy, it is likely limited for use 

targeting pathogens in the lungs or other organs in-vivo. 

The mechanism of GH20 enzymes, including DspB, has been well studied, and the hydrolysis 

reaction proceeds via a retaining exo mechanism involving neighbouring group participation from 

the N-acetyl group at position-2 forming an oxazolium ion intermediate121-124. The DspB specific 

mechanism proceeds with E184 acting as the acid/base catalyst of the reaction, whilst D183 acts to 

activate the nucleophilic N-acetyl group and stabilise the resulting oxazolium ion formed transition 

state119 (Scheme 1.2.2). 
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Scheme 1.2.2: ¢ƘŜ ʲ-retaining neighbouring group participation (NGP) mechanism of DspB. 

As part of their study that allowed them to propose the DspB mechanism, Manuel et al also 

conducted an extensive study of the residues found in and around the active site119. Through 

mutagenesis assays, they identified several residues that were essential for DspB activity. Amongst 

these were the two catalytic residues, D183 and E184, and another glutamic acid residue, E332. 

These three residues form part of a larger anionic groove on the surface of the protein first 

demonstrated by Breslawec et al85. Having previously demonstrated that DspB has faster rates of 

hydrolysis on dPNAG oligosaccharides87, they noticed that the electrostatic surface charge of DspB 

shows a number of negatively charged residues forming a groove leading into the catalytic pocket 

and out of it on the other side (Figure 1.2.2A). This groove contains four potential binding sites, 

including the active site, which are given the numerical designations of -2, -1 (active site), +1, and 

+2, with each binding site corresponds to a GlcNAc monomer along the PNAG chain (Figure 1.2.2B). 
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Figure 1.2.2: A) {ǳǊŦŀŎŜ ŜƭŜŎǘǊƻǎǘŀǘƛŎǎ ǎƘƻǿƛƴƎ ǘƘŜ ŀƴƛƻƴƛŎ ŎƘŀǊƎŜ όǊŜŘύ ǘƘŀǘ ƭƛƴŜǎ ǘƘŜ ƎǊƻƻǾŜ ƛƴ 5ǎǇ.Ωǎ ǎǳǊŦŀŎŜ formed by 

the PNAG binding sites (white arrow). Structure of DspB obtained from PDB entry 1HYT116. Image produced using PyMOL 

Molecular Graphics System125. B) The 4 GlcNAc monomers bound by each potential binding site in the anionic groove on 

5ǎǇ.Ωǎ ǎǳǊŦŀŎŜ. The dashed line represents the location of the cleavage performed by the enzyme. 

They hypothesised that this groove was conferring the substrate preference for dPNAG as 

the deacetylated regions of dPNAG carry a positive charge and as such would bind better into the 

potential binding sites. To test this, they mutated various residues along this anionic binding groove. 

For this initial study they selected three residues that lined the groove, D147, D242, and E248, and 

mutated each residue to remove the anionic character. Then, using selectively deacetylated dPNAG 

trisaccharides with each mutant, they were able to determine which residues were important in 

recognising deacetylated GlcNAc. Fully acetylated GlcNAc trisaccharide was used as a control, and 

surprisingly, when their E248Q was incubated with the glycan, the rate of hydrolysis observed was 

approximately 5 times greater than the WT. When mutated to an alanine, activity returned to WT 

levels, suggesting that the E248 is important for substrate recognition of deacetylated GlcNAc, and 

that the mutation at this position may afford a more efficient biocatalyst when using fully 

acetylated GlcNAc substrate over partially deacetylated substrates. 

D147 was revealed to form the +2 site, as hydrolysis activity of a GlcNAc trisaccharide with 

an NH3
+ group in the +2 site was decreased when this residue was mutated. D147 is flanked by two 

other negatively charged residues in D146 and E148, so it is likely these residues are involved in 

binding in this area as well, as mutation of D147 did not see as dramatic of a reduction in hydrolysis 

activity as mutation of other residues. E245 and E248 mutants both also saw a reduction in 

hydrolysis activity of a trisaccharide with an NH3+ in the +1 site, suggesting these residues form part 

of this binding site85. In a further study by Breslawec et al, a further three residues were selected 

to be mutated, D242, E332, and D33386. D242 showed similar results to D147 when a D242N mutant 

was incubated with a trisaccharide with an NH3
+ group in the -2 position. This would suggest D242 

! . 
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binds the substrate in this region. Further to this, D242 mutants showed a significant drop off in 

endo ƎƭȅŎƻǎƛŘŜ ƘȅŘǊƻƭŀǎŜ ŀŎǘƛǾƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ ǿƛƭŘ ǘȅǇŜΦ ¢Ƙƛǎ ǿƻǳƭŘ ǎǳƎƎŜǎǘ ǘƘŀǘ 5нпнΩǎ 

ǊŜŎƻƎƴƛǘƛƻƴ ƻŦ ŘŜŀŎŜǘȅƭŀǘŜŘ tb!D ƳƻƴƻƳŜǊǎ ƛǎ ǿƘŀǘ ŎƻƴŦŜǊǎ 5ǎǇ.Ωǎ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ endo activity. 

Mutants of residues E332 and D333 were also mutated as part of this study, and this resulted in 

complete loss of activity, which corresponds with Manuel et alΩǎ investigation E332 which showed 

this residue was essential for DspB activity119, and equivalents residues in Streptomyces plicatus 

hexosaminidase126 and Serratia marcescens chitobiase127 to E332 form hydrogen bonds with the C4 

hydroxy group of the GlcNAc monomer in the active site, suggesting these residues form part of the 

-1 site.  

Taken together these experiments paint a picture of the constituent residues of each 

binding site (Figure 1.2.3A), and the possible mechanisms of action of DspB. DspB can either move 

along a PNAG chain cleaving in an exo manner (Figure 1.2.3B), or it can bind onto the PNAG chain 

so that a deacetylated monomer is in the -2 binding site, where it then cleaves the PNAG in an endo 

manner (Figure 1.2.3C).  
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Figure 1.2.3: A) Residues that form the anionic binding groove and the binding sites of DspB, including the active site. 

Structure of DspB obtained from PDB entry 1HYT116. Image produced using PyMOL Molecular Graphics System125. B) 

Position of the GlcNAc monomers of the PNAG polymer in the binding sites during the exo mechanism of DspB. The -2 

binding site remains unoccupied as DspB moves down the PNAG chain cleaving one GlcNAc monomer at a time. C) 

Position of the GlcNAc monomers of the PNAG polymer in the binding sites during the endo mechanism of DspB. The 

deacetylated monomer binds preferentially into the -2 binding site leading to multiple GlcNAc monomers being cleaved 

at once. 

1.2.3. PgaB ς the other fully characterised PNAGase 

DspB has been extensively studied due to the current rarity of PNAGases in the literature, 

the same is also true of the other known fully characterised PNAGase, PgaB, which until 2025 was 

the only other known PNAGase118. As discussed previously, PgaB is encoded within the pgaABCD 

locus responsible for the biosynthesis of PNAG in E. coli. tƎŀ.Ωǎ ŦǳƴŎǘƛƻƴ ǿŀǎ ƛƴƛǘƛŀƭƭȅ ŘŜǘŜǊƳƛƴŜŘ ǘƻ 

be as a N-deacetylase protein in 2008 by Itoh et al69, and in this paper, they identified a second C-

ǘŜǊƳƛƴǳǎ ŘƻƳŀƛƴ ǘƘŀǘ ƘŀŘ ǎŜǉǳŜƴŎŜ ƛŘŜƴǘƛǘȅ ǿƛǘƘ ŀ ʲ-galactosidase T. thermophilus. This led them 

to hypothesise that this domain was responsible for PNAG binding, as deleting this region caused a 

loss of N-deacetylation. Little et al68 further explored this hypothesis in 2012, and their analysis of 

the structure of the C-terminus showed there was a similarity to DspB, however, unlike DspB, and 
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other GH enzymes with similar structures, they were unable to show activity using PNAG 

oligosaccharides or para-nitrophenyl GlcNAc 4 (pNP-GlcNAc 4), a commonly used substrate for 

displaying GH activity (Figure 1.2.4). 

 

Figure 1.2.4: Structure of pNP-GlcNAc 4. The para-nitrophenyl group both acts as a mimic of a second sugar ring, and as 

a chromaphore when cleaved from the sugar allowing for monitoring via UV/Vis Spectrometry. 

 This led to them also concluding that the C-terminus was just important for binding to the 

PNAG and aiding in the N-deacetylase activity, as they also saw a complete loss of N-deacetylase 

ŀŎǘƛǾƛǘȅ ǳǇƻƴ ŘŜƭŜǘƛƻƴ ƻŦ ǘƘƛǎ ǊŜƎƛƻƴ ƻŦ ǘƘŜ ǇǊƻǘŜƛƴΦ Lǘ ǿŀǎƴΩǘ ǳƴǘƛƭ нлму ǘƘŀǘ [ƛǘǘƭŜ et al70 were able 

to show GH activity in PgaBΦ IŀǾƛƴƎ ǇǊƻǾŜƴ ǘƘŜ ƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘ tƎŀ.Ωǎ /-terminus was involved in 

PNAG binding in 2014128, they set out to demonstrate GH activity in both the PgaB of E. coli and of 

B. bronchiseptica by utilising dPNAG isolated from biological sources such as S. aureus, and tested 

both the full protein with the N-deacetylase domain, and a truncated version with just the GH 

domain. These experiments showed that these enzymes were able to hydrolyse dPNAG, producing 

the trisaccharide GlcN-GlcNAc-GlcNAc, showing this protein operated with endo activity. 

Furthermore, they showed that the GH domain of PgaB was capable of hydrolysing dPNAG 

produced in situ by PgaCD, but this only occurred when the N-deacetylase domain was present, 

demonstrating the intrinsic link between these two functions. 

 This discovery created a new GH family, GH153, and expanded the known number of 

PNAGases at the time to two. However, it would probably be more accurate to describe PgaB as a 

dPNAGase given that it requires deacetylation to function. This, and the fact that PgaB is a 

periplasmic protein, separate it from DspB, which is excreted by the cell. 

1.2.4. Putative PNAGases in Staphylococci species 

Despite the extensive study of the icaADBC locus in Staphylococcal species, no enzyme with 

similar activity to DspB has been characterised in any Staphylococcal species to date129. The fact 

that biofilm producing staphylococci species have been shown to produce solely PNAG as the only 

extracellular polymeric substance (EPS) present in their biofilm130 makes this an even more 

apparent hole in the current understanding of PNAG within biological systems. Frank et al identified 

an ORF encoding a protein with high sequence identity with DspB in S. lugdunensis isolates IDRL-
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2414 and IDRL-2664131 which they hypothesised is a novel glycoside hydrolase of the GH20 family. 

Upon further investigation by Andrew Higginson, a member of the Thomas Lab (University of 

York)132, using this sequence as the query for a BLASTp search in the UniProtKB and NCBI databases, 

a further 16 staphylococci proteins were identified, alongside two other proteins from T. goriensis 

and M. lamae respectively. A number of homologous proteins to DspB (>50% sequence identity) 

were also identified via a BLASTp search. These novel staphylococci proteins have high enough 

ǎŜǉǳŜƴŎŜ ƛŘŜƴǘƛǘȅ ǿƛǘƘ 5ǎǇ. όҒ ну҈ύ ǘƻ ǎǳƎƎŜǎǘ ǘƘŀǘ ǘƘŜȅ ŀǊŜ ƛƴ ŦŀŎǘ tb!DŀǎŜǎΣ ƘƻǿŜǾŜǊΣ ǳǇƻƴ 

further inspection, the protein sequence is lacking some key features of DspB that potentially point 

to different substrate specificity. 

A ƎǊƻƻǾŜ ƛƴ 5ǎǇ.Ωǎ ǎǳǊŦŀŎŜ ƭŜŀŘƛƴƎ ƛƴǘƻ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜ ǘƘŀǘ Ŏƻƴǘŀƛƴǎ ǎŜǾŜǊŀƭ ŀƴƛƻƴƛŎ ǊŜǎƛŘǳŜǎ 

identified by Breslawec et al (Figure 1.2.2A) has been previously shown to confer a substrate 

preference to DspB for dPNAG, particularly when a deacetylated monomer sits in the +2 

position85,87. D147, alongside the neighbouring residues D146 and E148, was revealed to form the 

+2 site (Figure 1.2.3). This residue is relatively well conserved among the 19 sequences with 95% 

having a D/E residue within 2 positions of the equivalent residue, however the full DDE motif is not 

very well conserved (Figure 1.2.5). 

The residues that form the other non-active site binding sites, D242, E245, and E248 form 

ǇŀǊǘ ƻŦ ŀƴ ʰ-helix that lines one side of the binding groove. When we look at the sequence of the 

putative PNAGases, we see that they all lack the residues that make up this h -helix, and therefore 

lack the residues that form two important binding sites. This combined with the lack of the full DDE 

might suggest that these proteins would show less of a preference towards dPNAG. In fact, 

Breslawec et al found through their mutational studies of DspB that an E248Q mutant showed an 

increased preference for fully acetylated PNAG85, and the staphylococci PNAGases all have a 

glutamine residue within two residues of the equivalent residue to E248. This perhaps suggests 

these PNAGases preferentially hydrolyse fully acetylated PNAG (Figure 1.2.5). 

These putative staphylococci PNAGases can be further categorised by whether the gene for 

the putative PNAGase is found upstream of icaA or if it is convergent with icaC. These two clades 

were named after a highly conserved Q (convergent) or conserved K (upstream) in place of the E248 

residue of DspB (Figure 1.2.5). The two separate clades have a few differences in their sequences, 

however it is unclear if this will have any impact on function or substrate activity. They are both, 

however, more similar to each other than to DspB suggesting similar roles despite this difference. 

Why these staphylococci proteins would have evolved to have a substrate specificity for fully 
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acetylated PNAG is unclear. There are three hypotheses within the research group at the time of 

writing.  

 

Figure 1.2.5: Sequence alignment of the 19 putative PNAGases, with DspB and the other DspB homologues. Figure created 

by Andrew Higginson132, reused with permission. 5ǎǇ.Ωǎ ǎŜǉǳŜƴŎŜ ƛǎ ƳŀǊƪŜŘ ǿƛǘƘ ŀ ōƭŀŎƪ ŀǎǘŜǊƛȄΦ Residues D147, D242, 

D245, E248 are marked with a red asterisk. ¢ƘŜ 559 ƳƻǘƛŦ ŦƻǳƴŘ ŀǊƻǳƴŘ 5мпт ƛƴ 5ǎǇ.Σ 5ǎǇ.Ωǎ ŀŎǘƛǾŜ ǎƛǘŜΣ ŀƴŘ ǘƘŜ ƭƻŎŀǘƛƻƴ 

ƻŦ ǘƘŜ ʰ-helix (AEH) are also marked. The K-clade and Q-clade are also marked. 

Firstly, it is possible these proteins are an evolutionary remnant from before Staphylococcal 

species began producing deacetylated PNAG. This hypothesis is supported by the fact that 

phylogenetic analysis of the 19 putative PNAGases reveals that a number of these proteins evolved 

before DspB. This would therefore suggest that initially most species produced fully acetylated 

PNAG, but some evolved to deacetylate their PNAG in order to disrupt other species ability to 

breakdown their biofilms. Then A. actinomycetemcomitans, amongst others, evolved in response 

to begin producing DspB, a protein better able to hydrolyse dPNAG. This could also explain why 

Staphylococcal species have begun O-succinylating their PNAG57-59, as this would place a negative 

charge in the anionic binding groove, disrupting the ability of the protein to hydrolyse the PNAG. 

The second hypothesis states that this protein evolved because of staphylococci species 

beginning to O-succinylate their PNAG. The potential presence of a +2 binding site would support 

this theory as this could point a mechanism for allowing both the recognition of dPNAG, whilst also 

stopping complete disruption of substrate recognition by the presence of an O-succinyl group. As 

Staphylococcal species have been shown to have both an N-deacetylase and a potential O-

succinyltransferase within the icaADBC operon, which is responsible for the biosynthesis of PNAG 
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in staphylococci species59. This theory is also supported by the fact that A. actinomycetemcomitans 

is a dental pathogen, whilst the two strains of S. lugdunensis in which the initial putative PNAGase 

was discovered, IDRL-2414 and IDRL-2664, were isolated from a patient with endocarditis133, and 

from a prosthetic joint infection134 respectively. This perhaps suggests that the gene encoding for 

these PNAGases evolved separately from the selection pressure of competing microorganisms 

producing a DspB like protein. 

Finally, the third hypothesis states that these proteins have evolved as a way of regulating 

PNAG production. The ORF that encodes for the putative S. lugdunensis PNAGase (SlHex) was found 

upstream from the icaADBC operon in place of IcaR, and no further homologue could be found 

within the genome131. Upon further investigation into the genes encoding for all 19 putative 

PNAGases, it was discovered that ORF encoding for the PNAGase is closely associated with the 

icaADBC operon in all 19 species132. IcaR is a negative regulator of the icaADBC operon135-137, 

meaning its absence in S. lugdunensis perhaps suggests another protein is fulfilling the same role in 

some capacity, as it is unlikely the operon is fully unregulated. It is therefore possible that the 

putative PNAGases fulfil this role, possibly by cleaving PNAG strands formed by a malfunctioning N-

deacetylase. Alternatively, the two proteins could potentially form a heterodimer with a part of the 

operon, perhaps effecting a structural change upon doing so. This would mimic the dual function 

of PgaB, and perhaps the putative glycoside hydrolase is required for full N-deacetylase activity in 

this instance as well. 

One of the aims in this thesis was to test these hypotheses, and to investigate whether or 

not these proteins are in fact PNAGases. Three of the putative PNAGases were selected for 

investigation, the aforementioned SlHex from S. lugdunensis, SaHex from S. aureus, and ShHex from 

S. hominis. These were chosen as SlHex was the original query sequence, and SaHex and ShHex are 

members of the Q clade and the K clade respectively.  
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1.3. Part 3: Glycosynthases and a new path towards PNAG synthesis 

1.3.1. Glycosynthases ς history and theory 

The various mechanisms of GH type enzymes are well understood and extensively studied. 

It was through these studies it was first noticed that if the nucleophilic residue in the active site was 

mutated to a non-nucleophilic residue, the protein still folded properly, yet had no GH activity138. 

This is important, as the protein being properly folded meant the enzyme was still capable of 

binding oligosaccharides, and therefore monosaccharide molecules. IƻǿŜǾŜǊΣ ƛǘ ǿŀǎƴΩǘ ǳƴǘƛƭ an 

interesting quirk of the reaction of enzymes utilising glycosyl fluorides was realised that a whole 

new field of study became apparent that could be exploited to generate oligosaccharides. 

It has long been known that GH-enzymes can hydrolyse glycosyl fluorides, with this being 

discovered in 1961 by v. Hofstein139. When presented with a glycosyl fluoride, the enzyme will 

proceed as normal as if breaking a glycosidic bond, however, in the released product will be HF 

alongside a monosaccharide, rather than the oligosaccharide released during the normal 

mechanism (Scheme 1.3.1A). It was quickly realised these substrates have a very high  

ŎƻƳǇŀǊŜŘ ǘƻ ƻǘƘŜǊ ǎǳōǎǘǊŀǘŜǎΦ ¢ƘƛǎΣ ŎƻǳǇƭŜŘ ǿƛǘƘ ǘƘŜ ŦŀŎǘ ǘƘŀǘ ǘƘŜȅ ŘƻƴΩǘ ǊŜǉǳƛǊŜ ŀŎƛŘ Ŏŀǘŀƭȅǎƛǎ140, 

and that they will readily react with nucleophiles in aqueous solutions141, has led to their extensive 

use in the study of GH enzymes, both to determine their stereochemistry142,143, and to determine 

the individual roles of amino acid residues via mutagenesis studies144.  

It was during one of these studies it was also discovered that GH enzymes can hydrolyse 

glycosyl fluorides with the incorrect stereochemistry145 (i.e. a h -glycosyl fluoride being hydrolysed 

by an ̡ -GH enzyme). What was most interesting about this though, was that enzymes proceeded 

via what is now known as the Hehre resynthesis-hydrolysis mechanism. The enzymes binds two of 

the glycosyl fluoride monosaccharides into the active site, and performs a transglycosylation 

reaction. This causes HF to be released and a disaccharide molecule with the correct 

stereochemistry to be generated in situ of the active site. This disaccharide molecule being a 

substrate of the enzyme is quickly hydrolysed, inverting the stereochemistry again, giving the 

normal hydrolysis product which now has the same stereochemistry as the original glycosyl fluoride 

(Scheme 1.3.1B). 

This transglycosylation behaviour caught the attention of Mackenzie et al1. They realised 

that the transglycosylation only requires the residue that normally acts as the proton donor. As the 

group had previously shown that the nucleophilic residue can be mutated and not disrupt the 

protein folding, they hypothesised that if you mutate this residue to an alanine, and then give the 
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resulting mutated enzyme a glycosyl fluoride substrate, the transglycosylation reaction would 

ǇǊƻŎŜŜŘΣ ōǳǘ ǘƘŜ ǎǳōǎŜǉǳŜƴǘ ƘȅŘǊƻƭȅǎƛǎ ǊŜŀŎǘƛƻƴ ǿƻǳƭŘƴΩǘ ōŜ ŀōƭŜ ǘƻ (Scheme 1.3.1C). This would 

mean the resulting enzymes were capable of producing oligosaccharides. Mackenzie et al tested 

ǘƘƛǎ ǿƛǘƘ ŀ 5ору! Ƴǳǘŀƴǘ ƻŦ ŀ ʲ-GH from Agrobacterium that catalysed the hydrolysis of glucose 

and galactose oligosaccharides. When incubated with the glycosyl fluoride substrate and an aryl 

glycoside acceptor, the enzyme was successfully able to produce disaccharides and trisaccharides 

using both glucose and galactose as substrate, proving the hypothesis correct, and creating a new 

class of, synthetic, enzyme, which they called Glycosynthases1. 
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Scheme 1.3.1Υ !ύ DŜƴŜǊŀƭƛǎŜŘ ǎŎƘŜƳŜ ŦƻǊ ǘƘŜ ƳŜŎƘŀƴƛǎƳ ƻŦ ŀ ǊŜǘŀƛƴƛƴƎ ʲ-glycoside hydrolase enzyme hydrolysing a 

glycosyl fluoride. B) Hehre resynthesis-hydrolysis mechanism145 ǎƘƻǿŎŀǎƛƴƎ ŀƴ ʰ-inverting enzyme utilising the wrong 

anomeric conformation of the glycosyl fluoride substrate whilst still producing the correct anomeric conformation in the 

product. C) The mechanism of a glycosynthase proposed by Mackenzie et al1. 

 The methodology behind the production of glycosynthases since their discovery has 

increased the scope of the type of oligosaccharides they can produce. There now exist 

glycosynthases capable of producing galactoses, mannoses, xyloses, and fucoses146, amongst 

others. Glycosynthases allow access to the production of oligosaccharides where the corresponding 

glycosyltransferase enzyme might otherwise not, for example if the glycosyltransferase enzyme is 

membrane bound versus the glycosynthase which is not associated to any membrane. 

Glycosyltransferase enzymes also often require an expensive substrate that mimics the biological 

precursor molecule, such as UDP-Glc147, whilst glycosynthases can operate with inexpensive 

glycosyl derivatives. However, the downside to glycosynthases is that they require a corresponding 

GH enzyme to exist, and it must be capable of being turned into a glycosynthase, which is not always 

possible. 

1.3.2. Can DspB be made into a glycosynthase? 

In this review, various synthetic methods for producing PNAG have been discussed, as well 

as the biosynthetic pathway which produces it in vivo. However, it has yet to be shown whether the 

glycosynthase method can be used to produce PNAG oligosaccharides. Of the two known 

PNAGases, DspB would be the more suitable enzyme for this task, being non-membrane associated, 

and only containing the one catalytic domain. However, DspB acts via the NGP mechanism,  whilst 

all of the previous examples of glycosynthases have discussed turning a typical GH hydrolase, i.e. 

one that operates via the oxocarbenium intermediate, into a glycosynthase. NGP GH enzymes 

cannot be converted into glycosynthases in the same way that other GH enzymes can. 

Glycosynthases that utilise glycosyl fluorides as a substrate require the removal of the nucleophilic 

residue from the protein to function. However, in NGP mechanisms, the nucleophile is the N-acetyl 
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group (Scheme 1.2.2) and therefore cannot be removed, and glycosyl fluorides cannot be utilised 

in the same way. The development of a NGP glycosynthase was therefore slowed and progress was 

not made until 2008. 

The first glycosynthase of a NGP GH was created by Umekawa et al when they produced an 

N175A mutant of EndoM148. EndoM is a GH85 enzyme that hydrolyses N,N-diacetylchitobiose 

moieties found in N-glycans. It is known to have low levels of transglycosylation activity, but the 

major product is the hydrolysis product (Scheme 1.3.2A). The mutation used for this enzyme differs 

from the classic method of creating a glycosynthase as this residue is not part of the active site, but 

did still remove hydrolysis activity by stopping the enzyme from being able to properly orientate 

the N-acetyl group for oxazolium formation. The other major difference was the choice of substrate. 

To circumnavigate the issue of the N-acetyl group acting as the nucleophile, Umekawa et al 

proposed that a transition state mimic, a sugar with an oxazoline ring formed between the 

anomeric centre and the N-acetyl group, can be used instead. They hypothesised that this substrate 

could bind into the active site and react with another oligosaccharide to undergo transglycosylation 

by breaking the oxazoline ring open, regenerating the N-acetyl group. As the mutated enzyme 

cannot produce the oxazolium intermediate, the new glycosidic bond cannot be hydrolysed, and 

the enzyme acts a glycosynthase (Scheme 1.3.2B). When presented with an oxazolium mimicking 

substrate, the EndoM N175A mutant did show glycosynthase activity successfully proving NGP GH 

enzymes can be converted into glycosynthases. Later in 2012 it was then shown that NGP GH 

enzymes can also be converted into glycosynthases through the same mutation as the traditional 

glycosynthase method as long as the substrate remains as the oxazoline149 (Scheme 1.3.2C). Since 

then there have been multiple examples of glycosynthases of NGP enzymes that utilise both types 

of mutations to generate the glycosynthase, however the substrate scope has been expanded to 

include para-nitrophenyl sugars as well150-153. 
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Scheme 1.3.2: A) The wild type mechanism of EndoM showing both the transglycosylation and hydrolysis mechanistic 

pathways. N175 is pictured hydrogen bonding to the proton of the N-acetyl group to correctly orientate it, and allow it 

to act as a nucleophile for hydrolysis. B) The glycosynthase mechanism of the mutated N175A EndoM. The N-acetyl group 

is unable to be correctly orientated to allow for hydrolysis so only the transglycosylation reaction can proceed. C) Example 

of the mutated GH20 enzyme SpHex acting as a glycosynthase, as presented by Tegl et al.154. The mutated D313A residue 

can no longer activate the N-acetyl group to act as a nucleophile and so the hydrolysis reaction cannot proceed, however 

the E314 residue can deprotonate the acceptor sugar, causing a transglycosylation reaction to occur. 

Whilst no studies have been published on the conversion of DspB specifically into a 

glycosynthase, other studies on different GH20 enzymes provide evidence that it is indeed possible 

for this GH family. Santana et al showed that the GH20 enzyme SpHex could be converted into a 

glycosynthase via the traditional mutation of the active site to remove the activating residue153. 

Another study by Slámová et al.155 investigated the GH20 enzyme TfHex from the fungus 

Tessaracoccus flavus, which is active on GlcNAc-ʲΣмΣп-GlcNAc, to see if they could create a 

glycosynthase from this enzyme. They selected residue Y470 for mutation as it is involved in 

stabilisation the oxazolium intermediate156, and therefore may affect hydrolysis activity, potentially 

promoting glycosynthase activity. They investigated Y470F, Y470H, and Y470N mutants and noted 

that all three had glycosynthase activity when presented with p-nitrophenyl-GlcNAc (pNP-GlcNAc), 

with the Y470N mutant so effective, the resulting oligosaccharide product appeared to precipitate 

out of solution due to its length. Interestingly, the mutants showed no activity towards an oxazoline 

substrate. The residue Y470 in TfHex is conserved as residue Y278 in DspB (Figure 1.3.1). 

 

Figure 1.3.1: Sequence alignment of DspB and TfHex showing DspB residue Y278 and the equivalent Tyr residue in TfHex, 

Y470 (marked with a *). 

Manuel et al.119 had previously performed a comprehensive study into the active site 

residues of DspB to determine which were important for hydrolysis activity. Y278 was among those 

investigated, and a Y278A mutant was found to have drastically reduced (<10% of the wild type 

(WT) DspB) hydrolysis activity. This is consistent with TfHex, and therefore suggests that a mutant 

similar to that targeted in TfHex may also promote glycosynthase activity in DspB. 

A further two studies investigating GH20 enzymes from Bifidobacterium bifidum, known as 

BdhI and LnbB, found both could be converted into a glycosynthase via mutation of an active site 

oxazolium stabilising aspartic acid residue151,152 (equivalent to D183 in DspB). However, both of 

these studies showed that the more effective mutation for these particular enzymes was in fact an 

DҦE mutation, rather than an DҦA. It also revealed that whilst an oxazoline substrate was superior 

ϝ 
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to pNP-GlcNAc, pNP-GlcNAc would be turned over by these enzymes. These results taken together 

suggest a range of mutations could potentially be used to create a glycosynthase of DspB that was 

capable of producing PNAG. In this thesis, the mutants that were selected were D183A, Y278N, and 

¸нтуCΦ !ƴ 9нпуv ǿŀǎ ŀƭǎƻ ǎŜƭŜŎǘŜŘ ŦƻǊ ǎǘǳŘȅ ŀǎ ǘƘƛǎ ƘŀŘ ōŜŜƴ ǇǊŜǾƛƻǳǎƭȅ ǎƘƻǿƴ ǘƻ ƛƴŎǊŜŀǎŜ 5ǎǇ.Ωǎ 

hydrolysis activity of fully acetylated sugars, and a DspB glycosynthase would be operating on fully 

acetylated substrates, so it was hypothesised that a double mutant of a successful glycosynthase 

with the E248Q would be more effective. 

1.3.3. Which substrate is suitable for studying a PNAGase or a PNAGsynthase? 

 

Figure 1.3.2: A) General structures of different substrates that have been used to study various GH enzymes from multiple 

families. (Left to right) glycosyl fluoride, glycosyl azide, aryl glycoside. B) Substrates more specific to GH families that 

utilise the NGP mechanism (Left to right) GlcNAc oxazoline 5, pNP-GlcNAc 4 

Many different substrates have been proposed throughout the years studying the activity 

and mechanisms of CAZy enzymes. Glycosyl fluorides (Figure 1.3.2A) are often used as fluoride is 

an excellent leaving group139, leading to substrates with high  values which makes these 

substrates excellent probes for kinetic studies for glycoside hydrolases142,143, and for 

glycosynthases157,158. Glycosyl fluorides have proven to be a useful substrate in many previous 

studies of glycosynthase activity1,159,160, however as previously mentioned, it would be likely be 

ineffective as a substrate for GH20 enzymes due to the NGP observed in the mechanism of the 

GH20 family. Any substrate that is being used to study the activity of a NGP GH enzyme, or its 

corresponding glycosynthase, would be required to form an oxazolium intermediate. The oxazoline 

formed during the reaction is an important transition state, and whilst oxazolines have been made 

using glycosyl fluorides chemically, these require strong basic conditions161 that would likely hinder 

enzyme activity. 

Azide containing substrates are also a promising avenue for the study of 

glycosynthases162,163 (Figure 1.3.2A), benefitting from increased stability over the glycosyl fluoride 
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substrates, whilst also being sufficiently reactive as donors to be able to act as a substrate. 

Additionally, if the azide is incorporated at a position separate from the reactive centre, Click 

chemistry164 can be used to analyse the products of the reaction165,166 providing useful insight into 

the mechanism of the protein. However, caution must be taken with substrates containing azides, 

a study by Liu et al.167 demonstrated the drastic effect that azide group incorporation can have on 

GH enzymes activity, and therefore likely on the glycosynthases as well, which they attribute to the 

size of the azide group causing steric hinderance within the active site. 

Another potential substrate class that has found plenty of applications with all GH 

enzymes160,168-170, including within the GH20 family151,169,170, is aryl glycosides, as seen in Figure 

1.3.2A where R is an aromatic group of some kind. These substrates have two main advantages, 

one, the aromatic ring can be used to mimic the 6 membered ring of the next saccharide monomer 

in a polysaccharide chain, and two, these can be modified to ensure the hydrolysis by-product of 

the glycosidic bond formation is a chromophore with known absorption properties. This leads to an 

effective substrate for glycosynthase enzymes which can simultaneously be used to monitor 

transition state formation via monitoring UV/Vis absorbance at a particular wavelength, which can 

give an insight into enzyme reaction kinetics. A common monosaccharide that is used for this 

purpose pNP-GlcNAc 4 (Figure 1.3.2B), where R is a p-nitrophenol group (pNP 6). This group gives a 

distinct absorbance at 405 nm which can be monitored as the reaction proceeds allowing for 

accurate measurement of the amount of substrate turn over. Another positive of this substrate is 

that it is stable in solution for a suitable amount of time to monitor enzyme reactions, meaning 

background hydrolysis is not a big issue. Finally, pNP-GlcNAc 4 is also commercially available and 

does not require synthesising, which makes it an ideal substrate for any glycosynthase experiments. 

DspB specifically, however, catalyses the hydrolysis of 1,6-linkages, and therefore, pNP-

GlcNAc 4 may not be the most effective mimic of the forward reactions substrate. This is due to the 

fact that the oxygen atom connecting the pNP moiety to the sugar ring connects directly to the 

phenyl ring, whilst a 1-6-linkage has an extra carbon separating the oxygen and the next sugar ring. 

Chibba et al.171 decided to investigate this further, through the design and synthesis of a carbamate 

substrate that better mimicked the 1,6-linkage (Figure 1.3.3). 
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Figure 1.3.3: pNP-GlcNAc 4 (left) in comparison to the substrate Chibba et al. designed for DspB, carbamate 7 (right). The 

extra two atoms between the GlcNAc anomeric oxygen and the aromatic ring better mimic the 1,6-linkage hydrolysed by 

DspB 

 When WT DspB was screened with carbamate 7, they observed a 200-fold improvement in 

the  value for the new substrate compared to the pNP-GlcNAc 4, indicating the enzyme 

preferentially hydrolyses substrates that better mimic the 1,6-linkage. 

Finally, as previously mentioned, oxazolines (Figure 1.3.2B), which act as a transition state 

mimic, work effectively as a glycosynthase substrate. The major downsides of the oxazoline 5 

substrate is the inability to measure the kinetics of the reaction as unless you are able to tag this 

molecule, it is hard to observe its depletion during the course of the reaction, and that the oxazoline 

is sensitive to acid hydrolysis during synthesis, storage, analysis, and the glycosynthase reaction. 

The effect of PNAG substrate length on hydrolysis kinetics has also been investigated for 

DspB. Fazekas et al.120 compared the hydrolytic efficiency of DspB at hydrolysis of pentamers, 

tetramers, trimers, and dimers. They observed DspB that the enzyme is more efficient the longer 

the polysaccharide with a  value of 8.60 M-1s-1 in comparison to 7.11 M-1s-1 for the tetramer, and 

6.07 M-1s-1 for the trimer. This indicates that to achieve maximal efficiency of on-protein PNAG 

polymerisation using a DspB glycosynthase in the future, PNAG oligosaccharides primers may be 

required. As discussed previously, chemical synthesis of pentasaccharides or longer for such activity 

is potentially extremely challenging in-solution due to multiple steps, and therefore diminishing 

returns. AGA synthesis of oligosaccharides, developed by Kröck et al.99, is a potentially attractive 

solution to circumnavigate this issue, however, as also previously discussed this method also has 

its drawbacks, and it was decided against for this project. It was therefore also decided that initially 

this project would utilise only monosaccharide substrates for the investigation of turning DspB into 

a glycosynthase.  

For this purpose three substrate targets were chosen for chemical synthesis in this thesis. 

Those were GlcNAc carbamate 7, GlcNAc oxazoline 5, and an alkyl-GlcNAc derivative herein referred 

to as N3-propyl-GlcNAc 8 or acceptor 8 (Figure 1.3.4). 
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Figure 1.3.4: The synthetic targets selected for screening of DspB mutants for glycosynthase activity. (Left to right) GlcNAc 

carbamate 7, GlcNAc oxazoline 5, N3-propyl-GlcNAc 8. 

pNP-GlcNAc 4 was also sourced commercially to be used as a positive control substrate. N3-

propyl-GlcNAc 8 was chosen to allow for the incorporation of an azide moiety at the reducing 

terminus of any oligo/polysaccharide chain that was produced in a way that removes the azide from 

ǘƘŜ ǾƛŎƛƴƛǘȅ ƻŦ ǘƘŜ ŀŎǘƛǾŜ ǎƛǘŜ ǎƻ ƛǘ Ŏŀƴƴƻǘ ƘƛƴŘŜǊ ǇǊƻǘŜƛƴΩǎ ŀŎǘƛǾƛǘȅΦ 
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2. Project Outline and Aims 

The overall aim of this project was to expand the scope of knowledge surrounding poly-N-

acetylglucosamine, both through furthering the understanding of its biosynthetic and 

biodegradation pathways, and through improving methods for the production of the 

polysaccharide. 

The proposed methods that were to be utilised to achieve these aims were: 

ƛΦ ¢ƻ ǳǎŜ ǎȅƴǘƘŜǝŎ ŎŀǊōƻƘȅŘǊŀǘŜ ŎƘŜƳƛǎǘǊȅ ǘƻ ŎǊŜŀǘŜ ŀ ƭƛōǊŀǊȅ ƻŦ ƳƻƴƻǎŀŎŎƘŀǊƛŘŜ ǎǳōǎǘǊŀǘŜǎ 

ŦƻǊ ǘƘŜ tb!DŀǎŜ 5ǎǇ.Φ ¢ƘŜǎŜ ǎǳōǎǘǊŀǘŜǎ ŎƻǳƭŘ ǘƘŜƴ ōŜ ǳǎŜŘ ǘƻ ǎŎǊŜŜƴ ŀ ƎǊƻǳǇ ƻŦ ƴƻǾŜƭ 5ǎǇ. 

Ƴǳǘŀƴǘǎ ŦƻǊ ƎƭȅŎƻǎȅƴǘƘŀǎŜ ŀŎǝǾƛǘȅΦ /ƻƳōƛƴŜŘΣ ǘƘƛǎ ǿƻǳƭŘ ŎǊŜŀǘŜ ŀ ƴŜǿ ƳŜǘƘƻŘ ŦƻǊ ǘƘŜ ƛƴ 

ǾƛǘǊƻ ǇǊƻŘǳŎǝƻƴ ƻŦ tb!D ƻƭƛƎƻǎŀŎŎƘŀǊƛŘŜ ƻŦ ƪƴƻǿƴ ƭŜƴƎǘƘ ŀƴŘ ŎƻƳǇƻǎƛǝƻƴ ǘƻ ŀƭƭƻǿ ŦƻǊ ǘƘŜ 

ǳǎŜ ƻŦ ǘƘŜǎŜ ƻƭƛƎƻǎŀŎŎƘŀǊƛŘŜǎ ǘƻ ŦǳǊǘƘŜǊ ǘƘŜ ǎŎƻǇŜ ƻŦ ƪƴƻǿƭŜŘƎŜ ǎǳǊǊƻǳƴŘƛƴƎ tb!DΦ 

ƛƛΦ ¢ƻ ƛǎƻƭŀǘŜ ŀƴŘ ǇǳǊƛŦȅ tb!D ǘƘŀǘ ǿŀǎ ǇǊƻŘǳŎŜŘ ƛƴ ǾƛǾƻ ǘƻ ŎǊŜŀǘŜ ŀ ƳŜǘƘƻŘ ŦƻǊ ǘƘŜ 

ŎƘŀǊŀŎǘŜǊƛǎŀǝƻƴ ƻŦ ǘƘŜ ōƛƻƳƻŘƛŬŎŀǝƻƴǎ ǘƘŀǘ tb!D ǳƴŘŜǊƎƻŜǎ ŘǳǊƛƴƎ ƛǘǎ ōƛƻǎȅƴǘƘŜǎƛǎΣ 

ǎǇŜŎƛŬŎŀƭƭȅ ǘƘŜ ŘŜǘŜŎǝƻƴ ƻŦ hπǎǳŎŎƛƴȅƭŀǝƻƴ ƛƴ ōŀŎǘŜǊƛŀ ŎƻƴǘŀƛƴƛƴƎ LŎŀ/Φ ¢Ƙƛǎ ƴŜǿ ƳŜǘƘƻŘ 

ŎƻǳƭŘ ǘƘŜƴ ōŜ ǳǎŜŘ ǘƻ ǇǊƻōŜ ǘƘŜ ǊƻƭŜ ƻŦ LŎŀ/ ƛƴ hπǎǳŎŎƛƴȅƭŀǝƻƴ Ǿƛŀ ǘƘŜ ǳǝƭƛǎŀǝƻƴ ƻŦ ŀ Ŏƭŀǎǎ 

ƻŦ ǎǳŎŎƛƴȅƭπ/ƻ! ƳƛƳƛŎǎ ǘƘŀǘ ǿƻǳƭŘ ōŜ ǎȅƴǘƘŜǎƛǎŜŘ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ƳƻƴƻǎŀŎŎƘŀǊƛŘŜ 5ǎǇ. 

ǎǳōǎǘǊŀǘŜǎΦ 

ƛƛƛΦ ¢ƻ ƛƴǾŜǎǝƎŀǘŜ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛǎŜ ŀ ƴƻǾŜƭ ƎǊƻǳǇ ƻŦ ǇǳǘŀǝǾŜ tb!DŀǎŜǎ ŦƻǳƴŘ ƛƴ ǎǘŀǇƘȅƭƻŎƻŎŎƛ 

ǎǇŜŎƛŜǎ Ǿƛŀ ǘƘŜ ǳǎŜ ƻŦ ŜƴȊȅƳŜ ŀǎǎŀȅ ǿƛǘƘ tb!D ƳƛƳƛŎƪƛƴƎ ǎǳōǎǘǊŀǘŜǎ ǎǳŎƘ ŀǎ ǇbtπDƭŎb!Ŏ 

пΦ 5ƻƛƴƎ ǎƻ ǿƻǳƭŘ ƛƴŎǊŜŀǎŜ ǘƘŜ ƴǳƳōŜǊ ƻŦ tb!D ŘŜƎǊŀŘƛƴƎ ŜƴȊȅƳŜǎ ǎǳōǎǘŀƴǝŀƭƭȅ ŀƴŘ Ƴŀȅ 

ŀƭƭƻǿ ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǝƻƴ ƻŦ ƻǘƘŜǊ ƎƭȅŎƻǎȅƴǘƘŀǎŜǎ ǿƛǘƘ ŘƛũŜǊŜƴǘ ǎǳōǎǘǊŀǘŜ ǎǇŜŎƛŬŎƛǝŜǎΦ 

ƛǾΦ ¢ƻ ŎƘŜƳƛŎŀƭƭȅ ƳƻŘƛŦȅ tb!D ƛǎƻƭŀǘŜŘ ŦǊƻƳ ōƛƻƭƻƎƛŎŀƭ ǎƻǳǊŎŜǎ ŀƭƭƻǿƛƴƎ ŦƻǊ ǘƘŜ ƛƴŎƻǊǇƻǊŀǝƻƴ 

ƻŦ ŀƴ ŀȊƛŘŜ ŀǘ ǘƘŜ ǊŜŘǳŎƛƴƎ ǘŜǊƳƛƴǳǎ ǘƻ ŀƭƭƻǿ ŦƻǊ ŦǳƴŎǝƻƴŀƭƛǎŀǝƻƴ Ǿƛŀ /ƭƛŎƪ ŎƘŜƳƛǎǘǊȅΦ 

ǾΦ ¢ƻ ǳǝƭƛǎŜ ŀƴ ƛƴŀŎǝǾŜ Ƴǳǘŀƴǘ ƻŦ 5ǎǇ. ǘƘŀǘ ǎǝƭƭ ŘƛǎǇƭŀȅǎ tb!D ōƛƴŘƛƴƎ ŀŎǝǾƛǘȅ ǘƻ ŎǊŜŀǘŜ ŀ 

ƴƻǾŜƭ tb!D ǎǇŜŎƛŬŎ ōƭƻǩƴƎ ŀƎŜƴǘΦ ¢Ƙƛǎ ǿƻǳƭŘ ŀƭƭƻǿ ŦƻǊ ǘƘŜ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ tb!D ƛƴ 

ōƭƻǩƴƎ ŜȄǇŜǊƛƳŜƴǘǎΣ ŀǎ ǿŜƭƭ ŀǎ ƛƳǇǊƻǾƛƴƎ ǘƘŜ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ tb!D ƛƴ ǘƘŜ ōƛƻŬƭƳǎ 

ǇǊƻŘǳŎŜŘ ōȅ ōŀŎǘŜǊƛŀƭ ŎǳƭǘǳǊŜǎ ƛƴ ǾƛǘǊƻΦ 
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3. Results and Discussion 

3.1. Chemical Synthesis 

3.1.1. Introduction 

As described in section 1.3.3, three synthetic substrate targets were identified at the 

beginning of this project for use in glycosynthase assays. These were carbamate 7, oxazoline 5, and 

acceptor 8 (Figure 1.3.4). Carbamate 7 was identified by Chibba et al171 as a more effective DspB 

substrate than the commercially available, and more traditional glycoside hydrolase substrate, pNP-

GlcNAc 4 (Figure 1.2.4). This is ōŜŎŀǳǎŜ 5ǎǇ. ŎŀǘŀƭȅǎŜǎ ǘƘŜ ƘȅŘǊƻƭȅǎƛǎ ƻŦ ʲ-1,6-linked GlcNAc, and 

therefore its natural substrate contains an extra carbon between the anomeric oxygen, and the 

sugar ring of the second GlcNAc. Carbamate 7 better mimics this linkage and so was found to be 

significantly better substrate for DspB, an over 200 fold improvement in . Interestingly, an 

ŀŘŘƛǘƛƻƴŀƭ ǎǳōǎǘǊŀǘŜ ǿŀǎ ǘŜǎǘŜŘ ƛƴ ǘƘƛǎ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ǘƘŀǘ ƳƛƳƛŎƪŜŘ ǘƘŜ ʲ-1,6-linkage exactly (Figure 

3.1.1), but DspB showed no activity when incubated with this substrate, so this substrate was not 

selected as a synthetic target, carbamate 7 was selected for synthesis.  

 
Figure 3.1.1: Aryl glycoside 9 that was proposed by Chibba et al171 as a potential substrate for DspB. The alkyl linkage 

between the anomeric oxygen and the oxygen of the pbt ƎǊƻǳǇ ŜȄŀŎǘƭȅ ƳƛƳƛŎǎ ǘƘŜ ʲ-1,6-linkage of PNAG. 

Oxazoline 5 (Figure 3.1.3) is a transition state mimic of the neighbouring group participation 

mechanism displayed by DspB, as discussed in section 1.2.2. GlcNAc oxazolines have been used 

successfully in the literature as substrates for enzymatic transglycosylations catalysed by chitinase 

mutants172, as well as Endo A and Endo M173,174. More recently, mutated GH20 enzymes have been 

shown to be capable of performing as glycosynthases utilising an oxazoline substrate to catalyse 

the formation of a glycosidic bond151-154. It was for these reasons that oxazoline 5 was also targeted 

as a synthetic substrate for use in the glycosynthase assays. However, as discussed in section 1.3.3, 

oxazoline 5 ŘƻŜǎƴΩǘ ǇǊƻŘǳŎŜ ŀƴ Ŝŀǎƛƭȅ ŘŜǘŜŎǘŀōƭŜ ǎƛƎƴŀƭ ǿƘŜƴ ƛǘ ƛǎ ƘȅŘǊƻƭȅǎŜŘ ƭƛƪŜ ǘƘŜ ŀǊƻƳŀǘƛŎ 

containing glycosides like pNP-GlcNAc 4 or carbamate 7 do. It is also difficult to detect via 

techniques such as LC-MS as it is liable to degrade during the analysis into GlcNAc 1. This is 

problematic as the presence of GlcNAc 1 in a glycosynthase assay could be indicative of enzymatic 
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hydrolysis activity, which could be causing the breakdown of any successfully synthesised 

oligosaccharides, resulting in a false negative. Larger oligosaccharides are also less likely to ionise 

as well, and therefore less likely to be seen amongst large amounts of monosaccharides. 

Furthermore, literature studies that utilise oxazoline substrates tend to use a suitable glycosidic 

acceptor molecule during the glycosynthase reaction. It was therefore decided that a suitable 

acceptor molecule was required, one that could be used to attach a MS tag onto any 

oligosaccharides produced to improve ionisation and therefore detection. Acceptor 8 (Figure 3.1.3) 

was chosen for this purpose. 

Acceptor 8 is an azide containing aryl glycoside. The incorporation of the azide allows for 

the utilisation of Click chemistry to attach a MS tag, such as an imidazolium based tag like the one 

developed by Sittel et al175 or a fluorescence tag as demonstrated by Richards et al176, while 

ensuring the azide is far enough removed from the active site to avoid the disruption to enzyme 

activity described by Lui et al167. Acceptor 8 was therefore selected as the final glycosynthase 

synthetic target for this project. 

Finally, one of the other aims of this project was to probe the function of IcaC within the 

biosynthetic pathway. IcaC had previously been identified as a member of the large family of 

acyltransferases (Acyl_transf_3 family (PF01757), InterPro family IPR00265672) by Atkin et al59. One 

of the most studied proteins within this family has been shown to utilise acetyl-CoA as a cofactor 

in its catalysis of the O-acetylation of peptidoglycan177, which has led to the hypothesis that IcaC 

utilises a similar molecule, such as succinyl-CoA in its acyltransferase mechanism. Previous work by 

Keenan et al178 has shown that PseH, an enzyme that is a member different family of very similar 

enzymes known as the Gcn5-related N-acetyltransferases179 (GNAT), can utilise synthetically 

generated acetyl-CoA mimic known as SNAc 10 (Figure 3.1.2) to incorporate an acetyl group into a 

sugar known as pseudaminic acid, and that SNAc 10 could be chemically modified to allow for 

incorporation of an azide into the sugar to allow for Click chemistry to be performed. 

 
Figure 3.1.2: Structure of SNAc 10 

It was hypothesised that IcaC, given the likelihood it utilises succinyl-CoA as its cofactor, 

could also utilise a similar molecule to perform its succinyltransferase reaction, and therefore an 

azide tag, or a fluoro tag for 19F NMR, could potentially be smuggled into the PNAG chain via the 

succinyl groups. This would perform two tasks, one, it would prove the hypothesis that IcaC is a 
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succinyltransferase protein, and two, it would generate PNAG molecules with Click-able tags 

present in the chain for further study. For this purpose, the remaining synthetic targets of the 

project were selected, thioesters 11 ς 15 (Figure 3.1.3). 

 
Figure 3.1.3: The complete selection of target molecules selected for synthesis during this project. (Left to right, top to 

bottom) Carbamate 7, Oxazoline 5, Acceptor 8, Thioester 11, Azido Thioester 12, Monofluoro Thioester 13, Difluoro 

Thioester 14, Tetrafluoro Thioester 15. 

3.1.2. Carbamate Substrate 7 

The synthesis of the carbamate substrate 7, adapted from Chibba et al.171, is depicted in 

Scheme 3.1.1. 

 

Scheme 3.1.1: a) Ac2O (excess), cat. DMAP, Pyr., 16 hr, R.T., 52%. b) Dimethylaminopropylamine 18 (5 eq.) THF, 2 hr, R.T., 

65%. c) p-nitrophenyl isocyanate 19, cat. TEA, Tol., 5 hr, R.T., N2, 49%. d) NH2NHнɦωI2O, MeOH, 6 hr, R.T., 42%.  

Initially commercially sourced glucosamine hydrochloride 3 was acetylated by reaction with 

acetic anhydride in the presence of catalytic 4-dimethylaminopyridine (DMAP), yielding the 

peracetylated GlcNAc 2. This was then selectively deacetylated at the anomeric position by the 

addition of 5 equivalents of dimethylaminopropylamine (DMAPA). Hemiacetal 16 was then reacted 



61 
 

with 2 equivalents of p-nitrophenyl isocyanate in the presence of catalytic triethylamine (TEA) 

yielding the carbamate 17. This was then deacetylated by addition of 3.3 equivalents of hydrazine 

monohydrate in MeOH affording the final GlcNAc carbamate substrate 7 as a pale yellow solid. 

The first step of the reaction gave a low yield of the monosaccharide 2 after being reacted 

for 16 hr, despite the TLC of the reaction mixture indicating no starting material remained in 

solution. This likely indicates that the starting material was poorly soluble in pyridine. Heating the 

reaction mixture above room temperature could potentially improve solubility of the compound, 

and therefore improve yield, however as enough of monosaccharide 2 was obtained from this step, 

this was not attempted.  

The second step of the reaction proved challenging. Initially, the selective deprotection of 

the anomeric hydroxy group was attempted with benzylamine in dry THF as reported by Sadamoto 

et al.180, and successfully performed by Chibba et al.171 in their synthesis of this compound. 

However, when this was performed on monosaccharide 2, a large impurity was present in the NMR 

that could not be separated from the product by column chromatography. This was likely a side 

product formed from the benzylamine as the NMR showed a multiplet in the region of around 7.2-

7.3 ppm, which would indicate an aromatic group was present. As it was unclear if the presence of 

this impurity would affect the next step of the reaction, a different approach to this step was taken. 

First reported by Andersen et al.181 in 2015, anomeric deacetylation of monosaccharides can also 

be achieved through the addition of DMAPA 18 to a solution of the sugar in THF. The benefit of this 

is twofold, one, the reaction no longer needs to be done under anhydrous conditions, and two, this 

reaction does not need column chromatography for its purification (Scheme 3.1.2). 

 

Scheme 3.1.2: Generation and subsequent protonation of the by-product acetylated amine 20 

Excess DMAPA 19, and the by-product acetylated amine 20, can be easily protonated by 

washing the reaction mixture with 1M HCl, and once protonated, both will be washed away into 

the aqueous layer leaving the hemiacetal in the organic layer. NMR analysis of the final product 

confirmed this, as little to no impurity could be seen in the spectra. However, NMR also confirmed 

what Jensen et al. ǊŜǇƻǊǘŜŘ ŀōƻǳǘ ǘƘŜ ǎǘŜǊŜƻǎŜƭŜŎǘƛǾƛǘȅ ƻŦ ǘƘƛǎ ǊŜŀŎǘƛƻƴΣ ŀǎ ǇǳǊŜƭȅ ǘƘŜ ʰ-anomer of 

hemiacetal 16 was formed, as confirmed by the coupling constant of the anomeric proton in the 1H 

NMR (Appendix 2), ŀǎ ƻǇǇƻǎŜŘ ǘƻ ǘƘŜ ʲ ŀƴƻƳŜǊ ǊŜǇƻǊǘŜŘ ōȅ /Ƙƛōŀ ŀƴŘ {ŀŘŀƳƻǘƻ et al171,180. 
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bŀǘǳǊŀƭ tb!D ǇƻƭȅƳŜǊǎ ŀǊŜ ǇǳǊŜƭȅ ʲ-linked, and so it is therefore necessary that carbamate 

7 ƛǎ ǎȅƴǘƘŜǎƛǎŜŘ ŀǎ ŀ ǇǳǊŜ ʲ-anomer. Leenders et al.182 previously investigated stereoselectivity of 

the reaction between reducing monosaccharides with isocyanates, and observed complete 

ǎǘŜǊŜƻǎŜƭŜŎǘƛǾƛǘȅ ŦƻǊ ʲ-phenyl isocyanate anomers when using toluene as the solvent, with a 

catalytic amount of TEA (Scheme 3.1.3). 

 

Scheme 3.1.3: Leenders et al. ǎȅƴǘƘŜǎƛǎ ƻŦ ʲ-carbamates from glycosyl donor with complete stereoselectivity. a) Tol., TEA 

(0.3 eq), 20 °C, 2 hr. 

Leenders et al. hypothesised this stereoselectivity was a result of TEA promoted 

ƳǳǘŀǊƻǘŀǘƛƻƴ ƻŦ ŀ ǊŀŎŜƳƛŎ ƳƛȄǘǳǊŜ ƻŦ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭ ƛƴǘƻ ǘƘŜ ʰ-ŀƴƻƳŜǊΦ ¢ƘŜȅ ǎǘŀǘŜ ǘƘŀǘ ǘƘŜ ʰ-

anomer is too sterically hindered to react with the cyanate, and so ̡ -carbamate formation is 

ǇǊƻƳƻǘŜŘ ŀǎ ǘƘŜ ǘǿƻ ŀƴƻƳŜǊǎ ŀǊŜ ƛƴ ŜǉǳƛƭƛōǊƛǳƳΣ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǎƻƳŜ ʲ-anomer will be present. 

²Ƙƛƭǎǘ baw Řŀǘŀ ǎƘƻǿƛƴƎ Ƴŀƛƴƭȅ ʰ-hemiacetal upon addition of TEA of the hemiacetal in various 

solvents supports this hypothesis, it is likely just exaggerating the difference in the nucleophilic 

ŎƘŀǊŀŎǘŜǊ ōŜǘǿŜŜƴ ǘƘŜ ʰ-ŀƴƻƳŜǊƛŎ ƘȅŘǊƻȄȅ ƎǊƻǳǇ ŀƴŘ ʲ-anomeric hydroxy group. Due to the 

ŀƴƻƳŜǊƛŎ ŜŦŦŜŎǘΣ ǘƘŜ ʲ ƘȅŘǊƻȄȅ ƛǎ ƳƻǊŜ ƴǳŎƭŜƻǇƘƛƭƛŎ ǘƘŀƴ ǘƘŜ ʰ183, and so is already more reactive. 

¢ƘŜ ǘǊŀƴǎƛǘƛƻƴ ǎǘŀǘŜ ŦƻǊ ʲ ŀǘǘŀŎƪ ƛǎ ŀƭǎƻ ƭƛƪŜƭȅ ƻŦ ƭƻǿŜǊ ŜƴŜǊƎȅ ŘǳŜ ǘƻ ǇƻǘŜƴǘƛŀƭ ǳƴŦŀǾƻǳǊŀōƭŜ ŘƛŀȄƛŀƭ 

ƛƴǘŜǊŀŎǘƛƻƴǎ ƛƴ ǘƘŜ ʰ-transition state. This is an example of a Curtin-Hammett kinetic scenario184 

(Scheme 3.1.4). 

 

Scheme 3.1.4: Demonstration of the Curtin-IŀƳƳŜǘǘ ƪƛƴŜǘƛŎ ǎŎƘŜƳŜ ǘƘŀǘ ƭŜŀŘǎ ǘƻ ǘƘŜ ʲ-carbamate 17 being formed in 

preference 

¢ƘŜ ǘƻƭǳŜƴŜ ǎƻƭǾŜƴǘ ƭƛƪŜƭȅ ƘŜƭǇǎ ǘƻ ŜȄŀƎƎŜǊŀǘŜ ǘƘƛǎ ŜŦŦŜŎǘ ōȅ ˉ ǎǘŀŎƪƛƴƎ ǿƛǘƘ ǘƘŜ ǇƘŜƴȅƭ 

ƎǊƻǳǇ ƻŦ ǘƘŜ ƛǎƻŎȅŀƴŀǘŜ ŘǳǊƛƴƎ ǘƘŜ ǊŜŀŎǘƛƻƴΣ ǇǊƻǾƛŘƛƴƎ ƳƻǊŜ ǎǘŜǊƛŎ ƘƛƴŘŜǊŀƴŎŜ ǘƻ ǘƘŜ ʰ-anomer 

ŘǳǊƛƴƎ ǘƘŜ ǊŜŀŎǘƛƻƴΣ ƛƴŎǊŜŀǎƛƴƎ ǎŜƭŜŎǘƛǾƛǘȅ ŦƻǊ ʲ-carbamate formation. This hypothesis is reinforced 

in a solvent screen performed by Leenders et alΦ ǿƘŜǊŜ ǘƻƭǳŜƴŜ ŀŦŦƻǊŘŜŘ ʲ-anomers with the 

highest selectively. Chibba et al. used these conditions in the synthesis of carbamate 17 and they 

reported complete stereoselectivity in the formation of the carbamate 17̡ , when starting from 

hemiacetal 16̡ .  
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To investigate if the stereoselectivity of this step would promote complete stereoselectivity 

ǘƻ ǘƘŜ ʲ-ŀƴƻƳŜǊ ǿƘŜƴ ǘƘŜ ʰ-anomer of hemiacetal 16 was used, the reaction was initially 

performed on a small scale using 80 mg of hemiacetal 16Σ ȅƛŜƭŘƛƴƎ ƻƴƭȅ ǘƘŜ ʲ-carbamate 17 in a 15% 

yield. Whilst the yield for the reaction was poor, the stereoselectivity was promising, so the reaction 

was scaled up to 915 mg and attempted again. Upon scale up, however, it became apparent that 

hemiacetal 16 was of low solubility in toluene, which likely lead to the low yield on a small scale. 

This led to a large amount of unreacted starting material being left in the reaction vessel, lowering 

the yield. Unfortunately, as was noted in a previous attempt at this synthesis within the group, if 

the reaction was allowed to run for longer times to allow more of the starting material to enter into 

ǎƻƭǳǘƛƻƴΣ ǘƘŜ ǎǘŜǊŜƻǎŜƭŜŎǘƛǾƛǘȅ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ōŜƎŀƴ ǘƻ ŦŀǾƻǳǊ ʰ-carbamate 17 formation. This is 

likely due to the lability of the carbamate in the basic environment leading to generation of 

deprotonated hemiacetal 16, which can mutarotate and re-react with the p-nitrophenyl isocyanate 

19Σ ȅƛŜƭŘƛƴƎ ǘƘŜ ʰ-carbamate 17 (Scheme 3.1.5). 

 

Scheme 3.1.5Υ tƻǘŜƴǘƛŀƭ ƳŜŎƘŀƴƛǎƳ ŦƻǊ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ǘƘŜ ʰ-carbamate 17 Ǿƛŀ ǘƘŜ ¢9! ŎŀǘŀƭȅǎŜŘ ŘŜƎǊŀŘŀǘƛƻƴ ƻŦ ʲ-

carbamate 17, subsequent mutarotation of hemiacetal 16̡  yielding hemiacetal 16h , and final TEA catalysed re-reaction 

with isocyanate 19 ȅƛŜƭŘƛƴƎ ʰ-carbamate 17. 

 Therefore, after 6 hours the solvent must be filtered off to avoid this occurring. This led to 

lower yield than was reported in the literature, approximately 56% compared to 86%. 1H NMR 

ŀƴŀƭȅǎƛǎ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ǘƘŜ ʰ-ŀƴƻƳŜǊ ƘŀŘ ŦƻǊƳŜŘ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ʲ-anomer in almost an Ғ2:3 ratio in 

ŦŀǾƻǳǊ ƻŦ ǘƘŜ ʲΦ ²Ƙȅ ǘƘƛǎ ǿŀǎ ƻōǎŜǊǾŜŘ ǿƘŜƴ ƻǘƘŜǊǎ ƘŀǾŜ ǊŜǇƻǊǘŜŘ ŎƻƳǇƭŜǘŜ ǎǘŜǊŜƻǎŜƭŜŎǘƛǾƛǘȅ 

ǘƻǿŀǊŘǎ ǘƘŜ ʲ ƛǎ ǳƴŎƭŜŀǊΣ ōǳǘ Ƴŀȅ ōŜ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ƭƻǿ ǎƻƭǳōƛƭƛǘȅ ƻŦ ƘŜƳƛŀŎŜǘŀƭ 16. If there is no 

hemiacetal 16 in solution for the TEA to react with, it will attack the carbamate, as depicted in 

Scheme 3.1.5Σ ȅƛŜƭŘƛƴƎ ǘƘŜ ʰ-carbamate. Initially, in order to separate the two anomers, column 
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chromatography was attempted, however, this was unsuccessful, so a different approach was 

attempted. The sugar was suspended in toluene, and the suspension heated to 35°C, and left with 

Ŏƻƴǎǘŀƴǘ ǎǘƛǊǊƛƴƎ ŦƻǊ ŀƴ ƘƻǳǊΦ ¢ƘŜ ǊŀǘƛƻƴŀƭŜ ǿŀǎ ǘƘŀǘ ǘƘŜ ʰ-anomer is slightly more soluble in 

toluene, as implied by Chiba185Σ ǎƻ ǘƘŜ ʰ-anomer might potentially enter solution at this 

ǘŜƳǇŜǊŀǘǳǊŜΣ ǿƘƛƭǎǘ ǘƘŜ ʲ-anomer might not. This initial suspension was then filtered by gravity to 

ŀǾƻƛŘ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƻŦ ŀƴȅ ǎƻƭǳōƛƭƛǎŜŘ ʰ-anomer due to a vacuum. This initial wash was successful, 

ƛƳǇǊƻǾƛƴƎ ǘƘŜ ʰΥʲ Ǌŀǘƛƻ ǘƻ ҒмΥнΦнΣ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ 1H NMR, so this was repeated, being left for 5 

ƘƻǳǊǎ ǘƘƛǎ ǘƛƳŜΦ ¢Ƙƛǎ ǎǳŎŎŜǎǎŦǳƭƭȅ ǊŜƳƻǾŜŘ ǘƘŜ ʰ ǇŜŀƪǎ ŦǊƻƳ ǘƘŜ 1I baw ǎǇŜŎǘǊŀΣ ƭŜŀǾƛƴƎ Ƨǳǎǘ ǘƘŜ ʲ-

anomer in a 6% yield. Knowing the aforementioned issues, the synthesis was repeated at 35°C, 

giving significantly improved yield of 49%. Future attempts at this synthesis might benefit from 

ǊŜŘǳŎƛƴƎ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ¢9! ǘƻ ŀǾƻƛŘ ʰ-anomer formation, as TEA is currently being used in vast 

excess of hemiacetal 16h . 

 Finally, a global deprotection was performed on carbamate 17. Due the carbamate lability, 

this could not be performed under standard Zemplén conditions (NaOMe/MeOH), and acidic 

conditions would also likely trigger the degradation of carbamate 17, yielding hemiacetal 16. 

Therefore, the reaction had to be performed by suspending carbamate 17 in MeOH, and carefully 

adding 3.3 eq. of hydrazine monohydrate, whilst monitoring the reaction by 1H NMR. This yielded 

the deprotected carbamate 7 as a yellow solid, however, further analysis of the NMR spectra 

revealed contamination with p-nitrophenyl isocyanate from the third step of the reaction. To 

remove this contamination, Sephadex LH20 resin was used for size exclusion chromatography (SEC) 

and the resulting fractions were analysed using negative mode HILIC-LC-MS (Figure 3.1.4). 
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Figure 3.1.4: A) HILIC-LC-MS chromatogram of the purified carbamate 7. B) Negative mode MS spectra of the purified 

carbamate 7. 

 The resulting fractions were combined, and lyophilised yielding carbamate 7 as a pale 

yellow solid in a 42% yield. This yield could be improved by performing the SEC immediately after 

the glycosylation in step 3, but this was not attempted as enough of carbamate 7 was synthesised 

for the planned experiments. 

3.1.3. Oxazoline Substrate 5 

Oxazoline 5 had been synthesised in a synthetic route previously described by La Paiotta et 

al.186 starting from monosaccharide 2 (Scheme 3.1.6). 

 

[(M-)] 

[(M-+TFA)] 

! 

. 
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Scheme 3.1.6: a) TMSOTf (1.6 eq), dry DCM, overnight, 65 °C b) NaOMe, dry MeOH, 3 hr, R.T., N2. 

Monosaccharide 2 was dissolved in dry DCM, placed under N2 and reacted with 

trimethylsilyl trifluoromethanesulfonate (TMSOTf) at reflux overnight, yielding peracetylated 

oxazoline 21. Following purification, a global deacetylation of oxazoline 21 was proposed, to afford 

oxazoline 5. However, this purification proved to be challenging as oxazoline 21 appeared to 

degrade during column chromatography. Considering the challenging purification, two alternative 

one-step reaction schemes for the synthesis of oxazoline 5, described by Noguchi et al.187,188, using 

either 2-chloro-1,3-dimethylimidazolinium chloride 22 (DMC 22) (Scheme 3.1.8), or 2-chloro-1,3-

dimethyl-1H-benzimidazol-3-ium chloride 23 (CDMBI 23)(Scheme 3.1.10), was considered. 

 

Figure 3.1.5: Structure of DMC vs CDMBI 

DMC 22 and CDMBI 23 both act as an anomeric activating agent by substituting for the 

hydroxy group at the anomeric position, and then acting as a good leaving group that allows for the 

N-acetyl group to perform a neighbouring group participation mechanism to form the oxazoline 

ring (Scheme 3.1.7). 
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Scheme 3.1.7: Mechanism for the formation of anomeric activation and oxazoline ring formation when GlcNAc 1 is treated 

with DMC 22, as proposed by Noguchi et al187 

 CDMBI 23 is a benzene derivative of DMC 22 (Figure 3.1.5) that is more stable in air, one 

of the major drawbacks to working with DMC 22. Noguchi et al. also speculate that DMC 22 

hydrolyses into 1,3-dimethyl-2-imidazolidin-2-one, DMI 57, which is soluble in water, and a 

potentially potent inhibitor of enzymatic transglycosylation. CDMBI 23 can also hydrolyse into a 

diamide, diamide 24, which could potentially also have an inhibitory effect, however, this 

compound is insoluble in water and so can be removed before any enzyme is added. Despite this 

proposed inhibition however, when WT DspB hydrolysis activity was assayed using pNP-GlcNAc 4 

in the presence of a DMC 22 solution in water, activity via detection of released pNP 6 at 405 nm 

was still observed (Figure 3.2.6). CDMBI 23 is also not available commercially, unlike DMC 22, and 

requires a 3-step synthesis with an overall yield of only 13%. Therefore, it was initially decided to 

proceed with the use of DMC 22 over CDMBI 23.  

 

Scheme 3.1.8: a) DMC 22 (3 eq.), TEA (9 eq.), H2O, 15 mins, 0 °C, 78%. 

Commercially sourced GlcNAc monosaccharide 1 was dissolved in D2O and TEA at 0 °C, and 

reacted with DMC 22, yielding oxazoline 5 in a 78% yield. The yield was determined via addition of 

a 1M sodium formate solution in D2O to act as an internal standard. This yielded some promising 

results as oxazoline 5 was successfully synthesised from monosaccharide 1 using DMC 22 as a 
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reagent. Attempts to purify oxazoline 5 via both column chromatography, and gel filtration 

chromatography resulted in hydrolysis of oxazoline 5 into monosaccharide 1, so it was decided to 

directly use the reaction mixture in enzyme assays. However, upon attempting this, it was 

discovered that the TEA used during the synthesis of oxazoline 5 was overpowering the buffer, 

leading to a basic reaction solution. According to Manuel et al119, this will lead to complete loss of 

enzyme activity for DspB. A further alternative was therefore required. The synthetic route 

proposed by La Paiotta et al186 was briefly reconsidered, but it was decided to attempt to synthesis 

CDMBI 23 following the synthetic pathway described by Noguchi et al188 (Scheme 3.1.9). 

 

Scheme 3.1.9: a) Urea (1.31 eq.), ethylene glycol, 48 hr, 135 °C, 88%. b) MeI (2.20 eq.), NaOH, Bu4NBr, 48 hr, 60 °C, 39%. 

c) (COCl)2 (4.02 eq.), Tol., 168 hr, 80 °C, N2, 29%. 

Diamine 25 was converted to diamide 26 via the transamination reaction with urea. 

Diamide 26 was then methylated via addition of methyl iodide (MeI) in the presence of NaOH and 

catalytic tetrabutylammonium bromide (Bu4NBr) yielding diamide 24. This was then chlorinated via 

addition of oxalyl chloride ((COCl)2) to afford the CDMBI 23 as a beige solid. 

The first step of this synthesis proceeded with little difficulty, however the reaction was 

quenched before complete conversion was seen via TLC due to time restraints. It is likely that with 

additional time the yield could be increased, but given the already high yield, this was not deemed 

necessary. The second step was also quenched early for the same reasons, which likely also 

contributed to the low yield, however, Schmölzer et al151 demonstrated that replacing NaOH with 

KOH also leads to an increase in yield. If this step were to be repeated, this could help with 

improving the yield, but as with the previous step, enough product was obtained to proceed to the 

next step of the synthesis. 

The final step of the synthesis was more challenging than the previous two steps. The 

reaction initially proceeded as expected, and a precipitate formed after 72 hr. However, a TLC of 

the reaction mixture revealed a significant amount of starting material remained, so the reaction 

was given another 48 hr. After the 48 hr period, there was still a significant amount of starting 

material remaining. At this point the reaction was filtered and the precipitate collected, however 

NMR revealed significant amounts of toluene remained on the product which could not be removed 

under reduced pressure. This was solved by dissolving the product in water, flash freezing to 
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prevent hydrolysis, and then lyophilising. This worked to remove the toluene, and there did not 

appear to be any noticeable hydrolysis product in the NMR, but the process likely caused some loss 

of product. 

Following successful synthesis of CDMBI 23, the compound was then used in the synthesis 

of oxazoline 5 (Scheme 3.1.10). 

 

Scheme 3.1.10: a) CDMBI 23 (3 eq.), Na3PO4 (7.5 eq.), D2O, 1 hr, 0 °C, 56%. 

Commercially sourced GlcNAc was dissolved in D2O with 3 eq. CDMBI 23. To this solution, 

0.3 M Na3PO4 was added and the reaction mixture was cooled to 0°C for 1 hour. After 1 hour, NMR 

confirmed formation of oxazoline 5 in a 56% yield. Noguchi et al188 suggest that before addition of 

the enzyme, the reaction solution should be neutralised via addition of HCl, whilst Schmölzer et 

al151 suggest that you need only separate the oxazoline from the reaction mixture via filtering with 

C18 absorbent. Recently, C18 reversed phase chromatography columns had been acquired from 

Teledyne, so an attempt was made to try and separate the oxazoline from the reaction mixture via 

reverse phase chromatography (Figure 3.1.6). 
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Figure 3.1.6: A) HILIC LC-MS chromatogram of fractions 8-10 of the purification via reverse phased HPLC of oxazoline 5. 

B) MS trace of retention time 4.6-5.7 minutes 

LC-MS analysis of the fractions of the purification revealed two major peaks. Upon further 

investigation into the large peak that elutes at an approximate retention time 2 mins, no peaks of 

recognisable mass appear in the MS trace, whilst the second peak contains only one peak of mass 

243.85, which corresponds to the hydrolysed oxazoline, as confirmed by 1H NMR which showed 

that the sample contained no left over starting material which would have the same mass. The 

initial peak was therefore put down to artifacts from the LC-MS rather than impurities, which was 

also later confirmed by 1H NMR as no observable impurities were present in the sample. This 

purification was performed on a small scale and yielded little of the pure oxazoline, but these initial 

results are promising, and suggest that scaling up the production could lead to a pure oxazoline for 
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use in enzyme assays. For this purpose, a 100 mg scale reaction was preformed, and this yielded 51 

mg of pure oxazoline 5 which could be used in glycosynthase assays. 

3.1.4. Synthesis of Acceptor 8 

 Due to its lack of UV/Vis absorbance, oxazoline 5 is not a suitable substrate for traditional 

plate reader assays, therefore a different assay needed to be designed to screen oxazoline 5 against 

the DspB mutants. Previous work in our lab had designed an assay system that could be monitored 

via TLC (see section 3.2.3). This assay required a suitable enzyme acceptor substrate, and for this 

purpose, N3-propyl-GlcNAc acceptor 8 was selected. 

Acceptor 8 was selected for two reasons, 1) to allow for post glycosylation modification via 

Click chemistry at the azide group; and 2) as it was hypothesised that the azide group could 

potentially partially mimic the size of GlcNAc monomer in a PNAG polymer. Initially, it was proposed 

a glycosylation could be performed using either scandium (III) triflate (Sc(OTf)3), or bismuth (III) 

triflate (Bi(OTf)3), as proposed by Christensen et al189, and Rasmussen et al190 (Scheme 3.1.11). 

 

Scheme 3.1.11: a) 3-azidopropan-1-ol (1.69 eq.), Sc(OTf)3 (0.15 eq), dry DCM, N2, 45 °C, 24 hr b) NaOMe, dry MeOH, N2, 

overnight 

 This method, whilst initially appearing promising, when tested proved to be exceptionally 

slow. MS analysis revealed product formation after 24 hours, however, the conversion was very 

low. The reaction was left until the conversion appeared to be just above 50%, at which point, the 

reaction appeared to halt, and so the reaction was quenched. This experiment was also repeated 

with 3-bromopropan-1-ol with the view to perform a nucleophilic substitution on the resulting 

bromo glycoside, but no product was able to be recovered from this reaction. Therefore, a different 

approach was required.  

When GlcNAc undergoes a glycosylation, it proceeds via a neighbouring group participation 

mechanism, where the N-acetyl group reacts with the anomeric carbon, creating an oxazoline ring, 

and kicking out the group at the anomeric position. The oxazoline ring that forms is quite stable and 

can slow the rate of product formation190, leading to slow and arduous reactions. A method to 

combat this is to perform an N-protection of the GlcNAc molecule before proceeding with the 

glycosylation. The proposed method would proceed via an N-phthalimido GlcNAc derivative, 

depicted in Scheme 3.1.12. 
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Scheme 3.1.12: a) Phthalic anhydride (2.07 eq.), NaOH (1.29 eq.), NaHCO3 (2.57 eq.), H2O:MeOH:Acetone (1:2:4), R.T. ς 

50 °C, 48 hr. b) Acetic anhydride, DMAP (cat.), Pyr., R.T., 24 hr, 29%. c) DMAPA 18 (5 eq.), THF, R.T., 2 hr. d) DBU (0.06 

eq.), Cl3CCN (4.9 eq.), dry DCM, 0 °C - R.T., N2. e) 3-azido-propan-1-ol 34 (10 eq.), TMSTOf (0.12 eq), dry DCM, N2, RT - -10 

°C, 25 mins. f) H2NNH2·H2O, MeOH, R.T., 24 hr. g) Acetic anhydride, DMAP (cat.), Pyr., R.T., 24 hr. h) NaOMe, dry MeOH, 

N2, R.T., 24 hr. 

 Commercially sourced glucosamine hydrochloride 2 was N-protected via addition of 

phthalic anhydride in basic conditions giving phthalimido glycoside 28, which was then O-acetylated 

via addition of acetic anhydride with a DMAP catalyst yielding phthalimido glycoside 29191,192. 

Glycoside 29 would then be anomerically deacetylated by the addition of 5 equivalents of DMAPA 

18 giving hemiacetal 30181. Hemiacetal 30 would then undergo base catalysed glycosylation using 

Cl3CCN in the presence of catalytic DBU giving acetimidate 31193. Acetimidate 31 would then be 

glycosylated using 3-azido-propan-1-ol 34 yielding azido glycoside 32194. Glycoside 32 would then 

be  N-deprotected using hydrazine monohydrate in MeOH giving amine 33195. Amine 33 would then 

be N-acetylated via addition of acetic anhydride with a DMAP catalyst, yielding azide 27, which 

could then be de-O-acetylated using NaOMe in MeOH resulting in acceptor 8. 

 The N-protection, and subsequent global O-acetylation was successfully performed yielding 

glycoside 29 as a pale red solid. Following an initial aqueous workup some acetic anhydride 

remained but this was able to be removed by placement of the product under vacuum for one hour. 

Attempts at the anomeric deprotection lead to issues. DMAPA reacts with the phthalimido group 

of glycoside 29 resulting in N-deprotection rather than anomeric deprotection. An alternative 

method for this step is described by Jung et al196 using ethylene diamine in acidic conditions that 

gives hemiacetal 30. A further alternative would be to convert glycoside 29 into thioglycoside 35 
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(Figure 3.1.7) via a thioglycosylation reaction with 4-methylbenzenethiol in the presence of 

BF3·OEt2197. This can then be used instead of the imidate 31 for the glycosylation, or the STol group 

can be removed, giving hemiacetal 30. 

 

Figure 3.1.7: Structure of thio glycoside 35. 

However, neither of these methods were required as simultaneously to these attempts, a 

different method was being explored utilising trichloroacetimidate GlcNAc derivative known as 

TCA-GlcNAc, or acetimidate 36. Acetimidate 36 is well known to act as an efficient donor for 

glycosylation reactions. The TCA group acts as an excellent leaving group, which under acidic 

conditions is rapidly cleaved, leading to a quick build up of oxazoline 21. This rapid increase in the 

concentration of oxazoline 21 ƘŜƭǇǎ ƻǾŜǊŎƻƳŜ ǘƘŜ ǎƭƻǿ ǊŜŀŎǘƛƻƴ ǘƛƳŜ ŎŀǳǎŜŘ ōȅ ǘƘŜ ƻȄŀȊƻƭƛƴŜΩǎ 

stability, allowing for a glycosylation reaction to proceed. Acetimidate 36 can be synthesised from 

hemiacetal 16 as depicted in Scheme 3.1.13. 

 

Scheme 3.1.13: a) DBU (0.06 eq.), Cl3CCN (4.9 eq.), dry DCM, 0 °C - R.T., N2, 90%. 

 Hemiacetal 16 underwent base catalysed glycosylation using trichloroacetonitrile (Cl3CCN) 

in the presence of catalytic 1,8-diazobicycloundec-7-ene (DBU) giving acetimidate 36193. 

The reaction mixture had to be cooled to 0 °C before the Cl3CCN was added to avoid a 

runaway reaction occurring upon addition, however once added, the reaction was warmed to room 

temperature, and it proceeded without complication. Following purification via column 

chromatography (2:1 Et2O:EtOAc) acetimidate 36 was yielded as a brown foam. Acetimidate 36 can 

then be used for a glycosylation reaction to form acetylated acceptor 27. The initial synthesis 

involved reacting acetimidate 36 directly with 3-azidopropan-1-ol 34 (alcohol 34), however, before 

this could be attempted, the supplier of this compound discontinued the product. This led to the 

proposed route depicted in Scheme 3.1.14, wherein alcohol 24 is synthesised from 3-bromo-

propan-1-ol 37 (alcohol 37).  
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Scheme 3.1.14: a) NaN3 (excess), DMF, R.T., 4d, 83%. b) TMSTOf (0.12 eq), dry DCM, N2, RT - -10 °C, 25 mins. c) NaOMe, 

dry MeOH, N2, R.T., 24 hr. 

 Commercially sourced alcohol 37 was converted to alcohol 34 via nucleophilic substitution 

of the bromine by sodium azide198. Alcohol 34 would then be used to perform a glycosylation of 

acetimidate 36 yielding azide 27. This would then be globally deprotected using Zemplén 

conditions, yielding acceptor 8199. 

 The nucleophilic substitution of alcohol 37 was successfully performed affording alcohol 34 

as a yellow oil in an 83% yield. This was left to react over 72 hr as TLC analysis showed there was 

still starting material remaining after two days, and this appears to have lead to higher than 

expected yield. This reaction had also been attempted previously, but the product was never used 

due to contamination with DMF leading to concern over the effect this could have on the 

stereochemistry of the glycosylation. DMF is well known to have an effect on the stereochemistry 

ƻŦ ƎƭȅŎƻǎȅƭŀǘƛƻƴǎΣ ǇǊƻƳƻǘƛƴƎ ʰ ŦƻǊƳŀǘƛƻƴ ƻǾŜǊ ʲ200,201 via the formation of a glycosyl intermediate 

(Scheme 3.1.15). 
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Scheme 3.1.15Υ ¢ƘŜƻǊŜǘƛŎŀƭ ƧǳǎǘƛŦƛŎŀǘƛƻƴ ŦƻǊ ǿƘȅ 5aC ŎŀǳǎŜǎ ʰ ŦƻǊƳŀǘƛƻƴ ƻǾŜǊ ʲ ŦƻǊƳŀǘƛƻƴΦ 

 The Curtin-IŀƳƳŜǘǘ ƪƛƴŜǘƛŎ ǎŎŜƴŀǊƛƻ ǎǘŀǘŜǎ ǘƘŜ ʲ ƛǎ ǘƘŜ ƳƻǊŜ ǊŜŀŎǘƛǾŜ ǎǘŜǊŜƻƛǎƻƳŜǊ ƻŦ ǘƘŜ 

ƛƴǘŜǊƳŜŘƛŀǘŜΣ ŀƴŘ ǿƛƭƭ ǘƘŜǊŜŦƻǊŜ ǊŜŀŎǘ ŦŀǎǘŜǊ ǘƘŀƴ ǘƘŜ ʰΦ Lƴ ǘƘƛǎ ŎŀǎŜΣ ǘƘŜ ŀƴƻƳŜǊƛŎ ƎǊƻǳǇ ƛǎ ŀŎǘƛƴƎ 

ŀǎ ŀ ƭŜŀǾƛƴƎ ƎǊƻǳǇΣ ƭŜŀŘƛƴƎ ǘƻ ʰ ǇǊƻŘǳŎǘΦ !ǎ ǘƘŜ ƎƭȅŎƻǎȅƭŀǘƛƻƴ ǎtep of the reaction requires 

ǎǘŜǊŜƻƛƴǾŜǊǎƛƻƴ ǘƻ ŦƻǊƳ ǘƘŜ ʲΣ ǘƘƛǎ ŎƻƴǘŀƳƛƴŀƴǘ ǿƻǳƭŘ ōŜ ǊŜǉǳƛǊŜŘ ǘƻ ōŜ ǊŜƳƻǾŜŘ ōŜŦƻǊŜ ǘƘŜ ƴŜȄǘ 

step was attempted. However, this time, the wash with H2O appeared to have removed all the DMF, 

and therefore the product can be used for glycosylations with no concerns over stereochemistry. 

This was not attempted, as simultaneously, the glycosylation was also attempted with alcohol 37, 

as depicted in Scheme 3.1.16. 

 

Scheme 3.1.16: a) Alcohol 37 (10 eq.), TMSTOf (0.12 eq), dry DCM, N2, RT - -10 °C, 25 mins, 24%. b) NaN3 (5 eq.), DMF, 60 

°C, 3 hr, 44%. c) NaOMe, dry MeOH, N2, R.T., 24 hr, 83%. 

 Acetimidate 36 was glycosylated using alcohol 37 yielding bromo glycoside 38194. Bromo 

glycoside 38 was then converted to azide 27 via nucleophilic substitution. Azide 27 was then globally 

deprotected utilising Zemplén conditions yielding acceptor 8. The first step proceeds with few 
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complications yielding bromo glycoside 38 as a colourless solid, however a large amount of product 

appeared to be lost during purification by column chromatography. 

The nucleophilic substitution of bromo glycoside 38 into azide 27 proceeded with few 

complications, yielding azide 27 as a colourless solid. The aqueous wash of azide 27 appeared to 

have successfully removed the DMF from the product. It is possible that leaving the reaction for 

longer could have improved the yield as observed with the synthesis of alcohol 34, however, this 

was deemed unnecessary as enough product was made to azide 27 was synthesised to proceed to 

the next step. 

The global deprotection was then successfully performed on azide 27 to yield acceptor 8. 

This required no further purification and was concentrated in vacuo leaving 15 mg of acceptor 8 as 

a red solid that could be used for glycosynthase assays. 

3.1.5. Succinyl-CoA Mimics 

The synthesis of the succinyl CoA mimics depended on a route being developed for the 

formation of the thioester bond. For this purpose, anhydride 40 was targeted initially. The 

anhydride structure is important as it forms a key intermediate species in the synthesis of both 

azido thioester 12, and the fluoro thioesters. Therefore, a reliable method for synthesising the 

succinic anhydrides was required. Manoni et al202 described the method depicted in Scheme 3.1.17. 

 
Scheme 3.1.17: a) Ac2O (excess), 80 °C, 2 hr, 97%.  

Commercially sourced acid 39 was ring closed to yield anhydride 40. This was achieved 

using an excess of acetic anhydride and proceeds with no complications, and anhydride 40 was 

produced in a 97% yield. Next, a method for producing the thioester bond from the anhydride was 

required. A patent filed in 2015203 described a method for synthesising thioester 11 from anhydride 

40 (Scheme 3.1.18). 

 
Scheme 3.1.18: a) N-acetylcysteamine 41 (1 eq.), TEA (1 eq.), DMAP (0.1 eq.), THF, 70 °C, 16 hr. 

 In this method, anhydride 40 undergoes base catalysed thioesterification with N-

acetylcysteamine 41 to produce thioester 11. Initially in our hands, this appeared to produce some 
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positive results, as a peak corresponding to the sodiated mass of thioester 11 (m/z = 242.0463) 

could be seen in MS analysis of the reaction mixture (Figure 3.1.8). However, the peak was dwarfed 

by a much larger peak at m/z = 259.0542, and the compound could not be identified in an NMR of 

the crude reaction mixture. 

 
Figure 3.1.8: ESI-MS spectra of the reaction mixture for the synthesis of thioester 11. The potential product mass is 

marked with a yellow circle. 

 This peak could not be assigned to any sort of adduct of thioester 11, so the reaction 

mixture was purified via column chromatography, but this resulted in the loss of the product peak. 

The identity of the peak at m/z = 259 was determined to be a N-acetylcysteamine dithiol, dithiol 42 

(Figure 3.1.9A), via ESI-MS analysis of the sample of N-acetylcysteamine 41 used for the reaction 

(Figure 3.1.9B) 
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Figure 3.1.9: A) Structure of dithiol 42, the impurity found in the N-acetylcysteamine 41 used during the thioesterification 

reaction. B) ESI-MS spectra of the N-acetylcysteamine 41 sample showing peaks corresponding to N-acetylcysteamine 41 

(m/z = 142.0299), and dithiol 42 (m/z = 237.0723). The mass that appeared in the ESI-MS analysis of the thioesterification 

at m/z = 259 can also be seen and this corresponds to the sodiated dithiol 42. 

 This would also explain why there was so little product formation, as dithiol 42 is unable to 

undergo thioesterification. In an attempt to counter this, a new bottle of N-acetylcysteamine 41 

was purchased and placed under N2 to prevent oxidation. However, MS analysis of this new batch 

also revealed large amounts of dithiol 42, so in an effort to counter this issue, DMAP was added to 

the reaction mixture to act as a nucleophilic catalyst to accelerate the thioester formation, and the 

reaction was repeated. Again, initial ESI-MS analysis of the reaction mixture showed a large peak at 

259, and an additional peak m/z = 343 (Figure 3.1.10A), which suggested a potential double 

esterification giving dithioester 43 (Figure 3.1.10B) 
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Figure 3.1.10: A) ESI-MS spectra of the reaction mixture for the synthesis of thioester 11 utilising DMAP to break the 

disulfur bond in dithiol 42. Whilst a peak still exists for dithiol 42 can be still be seen, a peak for thioester 11 is also present 

(m/z = 242.0469), alongside a peak at m/z = 343.0771 which corresponds to a potential thiodiester 43. B) Structure of the 

potential thiodiester 43. 

 The presence of this mass alongside that of thioester 11 would suggest that the DMAP was 

able to successfully accelerate the reaction, but in doing so also catalysed the thioesterification of 

the second carboxylic acid group, resulting in the dithioesterification of thioester 11. NMR analysis 

of the reaction mixture confirmed product formation, and the reaction mixture was purified 

utilising column chromatography. NMR of the purified fractions appeared to have significantly 

better defined peaks, however, ESI-MS analysis showed that dithiol 42 and dithioester 43 were still 

present after columning, so an accurate yield could not be determined. At this point, purification 

attempts were halted in favour of pursuing the synthesis of the other succinyl-CoA mimics. It was 

reasoned that the addition of functional groups to the succinic acid would increase the reactivity of 

ǘƘŜ ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘ ƎǊƻǳǇ ǘƘŀǘ ǘƘŜȅ ŀǊŜ ƛƴ ǘƘŜ ʰ-position of, and therefore, improve the conversion 

of each acid to its corresponding thioester, while decreasing the amount of thioesterification on 

the second carboxylic acid. It was also hypothesised that any contaminating thiodiesters or dithiols 

would be unlikely to interfere with the incorporation of the modified succinyl groups into PNAG. 

First, azido-thioester 12 was targeted (Scheme 3.1.19). 
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Scheme 3.1.19: a) NaN3 (excess), H2O, 60 °C, 3d, 84%. b) Ac2O (excess), 80 °C, 2 hr. c) N-acetylcysteamine 41 (1 eq.), TEA 

(1 eq.), DMAP (0.1 eq.), THF, 70 °C, 16 hr. 

 In this proposed route, commercially sourced bromo acid 44 was converted into azido acid 

45 via nucleophilic substitution204. Azido acid 45 then undergoes ring closure to yield azido 

anhydride 46202. Azido anhydride 46 is then converted to azido thioester 12 via thioesterification203. 

The first step of this reaction is based off of work performed by Freudenberg et al204 in 1939. This 

work does not state the length of time the reaction is expected to take, so the reaction was allowed 

to react over the weekend and checked with TLC to monitor progress. After 3 days, the TLCs showed 

no starting material remaining so the reaction mixture was lyophilised and analysed via NMR. 1H 

NMR analysis showed an approximately 84% conversion from bromo acid 44 to azido acid 45. 

However, due to the polar nature of the two compounds, purification attempts proved difficult. 

Therefore, it was decided to take the crude product forward to the next step without purification. 

 The ring closure of azido acid 45 to anhydride was also described in Freudenberg et alΩǎ 

work, wherein they utilise thionyl chloride to achieve the ring closure. However, as acetic anhydride 

was successfully able to perform the conversion of acid 39 to anhydride 40, it was decided to use 

this method for azido acid 45. This proved to be unsuccessful. No evidence could be found in either 

ESI-MS analysis, or in 1H-NMR analysis. It is unclear what caused this, however, as this reaction step 

was being attempted, another method for the synthesis of azido thioester 12 was being developed 

utilising dicyclohexylamine salt 47 (Scheme 3.1.20). 
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Scheme 3.1.20: a) Amberlite IR170, R.T., H2O, qual.. b) N-acetylcysteamine 41 (1.1 eq.), DCC (1.1 eq.), DMAP (1 eq.), DCM, 

R.T., 16 hr. c) 85% w/v H3PO4, DCM, R.T., 16 hr. 

 In this proposed route, commercially sourced dicyclohexylamine salt 47 was converted into 

azido acid 48 via protonation of the carboxylic acid functional group. Azido acid 48 can then undergo 

a Steglich thioesterificiation to yield the t-butyl protected thioester 49178,205. t-butyl thioester 49 

can then be deprotected via acid cleavage of the t-butyl group to yield azido thioester 12206. This 

method avoided the need to perform the cyclisation that caused the issues with the pervious 

method, and this also circumnavigates the issue with dithioesterification as the second carboxylic 

acid group is protected and therefore cannot undergo any reaction. 

 The first reaction step is fairly trivial, NMR confirmed the lack of the dicyclohexylamine 

following protonation and subsequent extraction using diethyl ether. Conversion was assumed to 

be 100% and no further purification was performed with the resulting white solid being using 

directly in the second step of the synthesis. 

 The second step differs from previous attempts to create this thioester bond in that it 

utilises a Steglich esterification protocol rather than the previously used TEA/DMAP method. The 

reason for this was that the DCC/DMAP protocol is a well known esterification procedure in the 

literature for producing thioesters, and works by improving the reactivity of the carboxylic acid 

towards the alcohol or thiol. It was reasoned that given the low conversion into the thioester in 

previous attempts, this increased reactivity could help push the reaction towards the formation of 

the thioester bond. The increased amount of DMAP utilised in this method could also increase the 

amount of available N-acetylcysteamine 41, thereby also increasing conversion. However, several 

attempts at this synthesis showed this not to be the case. No evidence of thioesterfication could be 

found in ESI-MS analysis, and 1H-NMR analysis appeared to show that the two starting compounds, 

azido acid 48 and N-acetylcysteamine 41 had remained unreacted throughout the process. At this 

point synthesis attempts were abandoned due to the project coming to an end. 
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 Finally, fluorosuccinyl-CoA mimics were also considered as targets, including the mono, di, 

and tetra fluoro versions. Difluoro succinic acid 50 and tetrafluoro succinic acid 51 can both be 

acquired commercially, and so a Steglich esterification was attempted with both (Scheme 3.1.21). 

 

 
Scheme 3.1.21: a and b) N-acetylcysteamine 41 (1.1 eq.), DCC (1.1 eq.), DMAP (1 eq.), DCM, R.T., 16 hr. 

 The proposed route would see each acid undergo a Steglich thioesterification to yield the 

corresponding fluoro thioesters, 14 and 15. However, as with the azido thioester attempts to use 

this method, no evidence of thioesterification could be detected using fluorosuccinic acids 50 and 

51, and further attempts at making the difluoro and tetrafluoro thioesters were abandoned in 

favour of the monofluoro thioester 13 (Scheme 3.1.22).  

 
Scheme 3.1.22: a) Amberlite IR120H Resin, MeOH, R.T., 48 hr, 74%. b) DAST, DCM, -10 °C ς R.T., 1 hr, 48%. c) 1M NaOH, 

MeOH, 0 °C, 2 hr. d) TFAA, i-propyl acetate, 60 °C, 2 hr. e) N-acetylcysteamine 41 (1 eq.), TEA (1 eq.), DMAP (0.1 eq.), THF, 

70 °C, 16 hr. 

 In the proposed route, commercially sourced malic acid 52 was converted into dimethyl 

malate 53 via an acid catalysed double esterification. Dimethyl malate 53 then underwent 

fluorination of the hydroxy group via the fluorination reagent diethylaminosulfur trifluoride 

(DAST)207 to yield fluoro dimethyl malate 54. Fluoro malate 54 would then be deprotected via an 

acid catalysed hydroylsis to yield fluoro succinic acid 55207. Fluoro acid 55 would then undergo a 
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cyclisation to produce fluoro anhydride 56208. Fluoro anhydride 56 would then be ring opened and 

thioesterified to yield monofluoro thioester 13203.  

 The initial step proceeded with few complications and required no purification. Dimethyl 

malate 53 was synthesised in a good yield as a light red solid. The second step also proceeded to 

completion according to TLC analysis, and following neutralisation, the product required 

purification via column chromatography. This is likely the source of the lower yield, however, 

enough fluoro malate 54 was obtained to move forward to the next step of the synthesis as a light 

red solid. 

 The third step was attempted, however, NMR analysis showed that the methyl groups 

remained, suggesting that the reaction conditions were not basic enough. This could potentially be 

remedied by increasing the concentration of the NaOH, 1 M was chosen to mimic the literature 

reaction, however, that reaction was performed on a sugar molecule, rather than on a alkyl 

carboxylic acid, and therefore fluoro malate 54 might be able to withstand a more concentrated 

base. It is also possible a stronger base could be used, such as KOH, but neither option was 

attempted. At this point the synthesis of all succinyl-CoA mimics was abandoned due to the project 

coming to an end. 

3.1.6. Conclusions and Future Work 

In conclusion, carbamate 7, oxazoline 5, and acceptor 8 were successfully synthesised in a 

high enough yield to be taken forward for biological assays. The yield of carbamate 7 could 

potentially be improved via optimisation of step 3, as this step had some issues with 

stereoselectivity, and this could maybe be resolved by decreasing the amount of TEA in the reaction 

mixture. 

Oxazoline 5 was successfully synthesised alongside CDMBI 23 in acceptable yield. Yield of 

oxazoline 5 could potentially be improved via increasing the reaction time, or increasing the amount 

of CDMBI 23 but this was deemed unnecessary. 

Acceptor 8 was successfully synthesised via the use of acetimidate 36 as a glycosidic donor 

for the glycosylation with alcohol 37. This reaction was low yielding but proved effective enough to 

proceed with the nucleophilic substitution and subsequent deprotection to yield acceptor 8.  

None of the proposed succinyl-CoA mimics could be synthesised successfully during the 

course of this project. Whilst some preliminary evidence would be produced to suggest that a small 

of amount of thioester 12 was produced via the thioesterification of anhydride 40, no purification 

could be performed successfully, and this was unable to be repeated with any of the modified 
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thioesters that were proposed. Given more time, a method for the production of the thioester bond 

could be developed that avoids the issues that were encountered during this project, like that of 

dithiol 42, or the thiodiesterification of succinic acid. However, this was not possible during this 

project, and the work has been handed over to another member of the Fascione group who may 

be more successful in the future. 
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3.2. Glycosynthase Assays 

3.2.1. Introduction 

Glycosynthases were first described in 1998 by Mackenzie et al1 when the first one was 

created via a mutation of the active site of the glycoside hydrolase Abg that removed all hydrolysis 

activity, but allowed for transglycosylation. This new class of enzyme opened an exciting realm of 

possibilities for the generation of oligosaccharides and polysaccharides that previously had been 

unobtainable due to the nature of the synthesis involved, or the fact that the enzymes responsible 

for their production in vivo were too difficult to produce in vitro.  

One such polysaccharide that has proven difficult to make in vitro is PNAG. The two 

characterised biosynthetic pathways of PNAG both contain mostly membrane bound proteins 

which makes their overexpression and purification difficult42,46,66. Therefore, it would advantageous 

if a glycosynthase could be developed that produced PNAG. In order to do so a glycoside hydrolase 

must first be able to break down PNAG, and within the literature there are 7 known proteins to be 

able to do this. Of these 7, only two have been fully characterised, DspB and PgaB70,116. For this 

project, DspB was chosen to attempt to be turned into a glycosynthase. There were a few reasons 

for this. One, at the time the project was being devised, the other 5 now known PNAGases were 

unknown to the field and so could not be selected for this purpose118. Two, DspB is solely a glycoside 

hydrolase protein that does not rely on other proteins for its activity, as opposed to PgaB, which is 

a dual function protein; also acting as a N-deacetylase70; which requires dimer formation for 

maximum N-deacetylase activity71, and therefore could be reliant on said dimer for glycoside 

hydrolase activity as well. Finally, PgaB is a membrane protein59 whilst DspB is excreted into the 

surrounding media. This makes DspB a much better candidate as, as mentioned before, membrane 

bound proteins have problems with their purification, often requiring strong detergents209,210. 

Additionally, the process of synthesising the PNAG oligosaccharides might be disrupted by the 

present of detergents, and therefore DspB represents a more suitable candidate for potentially 

creating a new glycosynthase. 

Having chosen DspB as the candidate for creating a glycosynthase, the next question was 

which mutants would have the best chance of creating a glycosynthase. The classic method is to 

mutate one of the acidic residues in the active site into an alanine to remove the hydrolysis activity1, 

and this method has previously been utilised to create a glycosynthase out of GH20 enzymes before 

when Schmölzer et al made glycosynthases from BdhI and LndB utilising this mutation151,152. It has 

also been shown that mutation of the equivalent residue to Y278 in DspB can create glycosynthases 

in GH20 enzymes when Slámová et al utilised YҦN and YҦF mutations to generate glycosynthase 
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activity in a fungal GH20 called TfHex155. These three mutations, D183A, Y278N, and Y278F, were 

therefore selected as the best candidates for producing glycosynthase activity in DspB and plasmids 

encoding for these proteins were purchased from GenScript. A plasmid encoding for the mutant 

E248Q was then also purchased in order to confirm the results of Breslawec et al85 that show this 

mutant acts as a more efficient glycoside hydrolase. Once these results had been confirmed, the 

next step would be to create an E248Q double mutant of any mutant shown to act as a 

glycosynthase, which would hopefully have the same effect, creating a more efficient 

glycosynthase. 

With these enzymes selected, and the substrates with which they were to be tested 

successfully synthesised, the hypothesis that DspB could be turned into a PNAG producing 

glycosynthase could be tested. 

3.2.2. Overexpression and Purification of WT DspB and DspB Mutants 

Having successfully synthesised the donor substrates for the glycosynthase reaction, we 

began focussing on the second initial goal of the project, the generation and purification of 

potential glycosynthase mutants of DspB. The chosen mutants, D183A, Y278F, and Y278N, were 

overexpressed in BL21 DE3 chemically competent cells. Overexpression was performed by addition 

of isopropyl- -̡D-1-thioglacatopyranoside (IPTG) to a final concentration of 0.2 M. Successful 

overexpression was determined by performing a BugBuster protocol on a small portion of the cell 

pellet from the cell cultures. The resulting soluble fraction was analysed by 12% acrylamide SDS-

PAGE gel (Figure 3.2.1) 
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Figure 3.2.1: 12% acrylamide SDS-t!D9 ƎŜƭ Ǌŀƴ ǿƛǘƘ ŀ нл ˃[ ŀƴŘ мл ˃[ ŀƭƛǉǳƻǘ ƻŦ ǘƘŜ ǎƻƭǳōƭŜ ŦǊŀŎǘƛƻƴ ƻŦ ǘƘŜ .ǳƎ.ǳǎǘŜǊ 

lysate of each of the three mutant protein cell pellets. All molecular weights are approximate. 

 DspB has a Mw of 40 kDa, and the overexpressed band (red boxes) appears just after the 35 

kDa band so this was judged to have been a success. 

 The cell pellets were lysed and sonicated to break open the cells, and centrifuged to pellet 

the debris. The supernatant was subjected to a 5 mL HisTrap column (Figure 3.2.2). 
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Figure 3.2.2: A) Chromatogram of the purification of DspB Y278N. The fractions selected for analysis by SDS-PAGE are 

marked. B) 12% acrylamide SDS-PAGE showing the fractions from the purification of DspB Y278N. All molecular weights 

shown are approximate 

 Fractions were then collated together, and the enzyme was dialysed into pH 5.9 100 mM 

phosphate buffer saline (PBS). This process was repeated for both D183A and Y278F (Appendix 25 

and Appendix 27). Upon purchasing the plasmids for WT DspB and E248Q, this process was 

repeated for these enzymes too. E248Q proceeded exactly as the other mutants had (Appendix 28), 

however the WT produced an interesting result (Figure 3.2.3). 
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Figure 3.2.3: A) Chromatogram of the purification of WT DspB. The fractions selected for analysis by SDS-PAGE are 

marked. B) 12% acrylamide SDS-PAGE showing the fractions from the purification of WT DspB. All molecular weights 

shown are approximate. 

 In the gel of the purification, each fraction of the purification contained two other large 

bands that were potential contaminants. However, upon inspecting the sequence of DspB it was 

noticed that a N-terminus construct had been left in the sequence (Appendix 22-24). This construct 

contained a Cys-Cys pair which it was theorised could be forming disulfide bonds. This would explain 

the two bands as each band is approximately 40 kDa apart, and so would be the correct size for a 
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dimer or a trimer respectively. To test this, a small sample of the protein was incubated with 100 

mM DTT to break down any potential disulfide bonds (Figure 3.2.4) 

 
Figure 3.2.4: 12% acrylamide SDS-PAGE comparing a sample from the WT DspB purification attempt with the same sample 

after being treated with 100 mM DTT. 

 This caused the potential dimer and trimer bands to dramatically decrease in size, or 

disappear completelyΦ ²Ƙƛƭǎǘ ƛǘ ǿŀǎ ǳƴŎƭŜŀǊ ǿƘȅ ǘƘŜ ʲ-mercaptoethanol (BME) in the reducing 

buffer used in the gel preparation was unable to break these disulfides bonds, it was concluded that 

the purification had been successful, and the potential contaminants were just DspB dimers and 

trimers. The purification fractions were then collated, and dialysed into 100 mM PBS as with the 

previous purifications. 

3.2.3. Determination of Glycosynthase Activity via Enzyme Assays 

In order to determine if the selected mutants were active as glycosynthases, several assays 

were designed and performed utilising the various substrates synthesised in section 3.1, as well as 

commercially obtained pNP-GlcNAc 4. The first thing that needed to be determined was whether 

or not 1,3-dimethyl-2-imidazolinone (DMI 57, Figure 3.2.5), the byproduct product of DMC 22 

catalysed oxazoline formation, would act as an inhibitor of DspB hydrolysis activity. Noguchi et al188 

state in their 2012 paper that DMI 57 strongly inhibits transglycosylation activity when attempting 

to perform a one-pot transglycosylation utilising DMC 22 for oxazoline formation. This was 

important as at this initial stage, oxazoline 5 ƘŀŘƴΩǘ ōŜŜƴ ǎǳŎŎŜǎǎŦǳƭƭȅ ǇǳǊƛŦƛŜŘΣ ŀƴŘ ǎƻ ƛƴ ƻǊŘŜǊ ǘƻ 

ustilise oxazoline 5 as a donor substrate, the unpurified reaction mixture containing DMI 57 would 

have to be used. 
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Figure 3.2.5: Structure of DMI 57, a potential inhibitor of glycosynthase activity 

It was rationalised that if WT DspB could still successfully hydrolyse pNP-GlcNAc 4 in the 

presence of water solubilised 15 mM DMC 22, which was allowed 1 hour to be hydrolysed into DMI 

57, then the potential glycosynthase mutants would be able to perform the enzymatic glycosylation 

reaction with this impurity present. For the purpose of this assay, WT DspB was donated by Dr 

Alexandra Males from the Davies Lab (University of York) which was truncated compared to the WT 

DspB overexpressed in section 3.2.2 ŀƴŘ ŘƛŘƴΩǘ Ŏƻƴǘŀƛƴ ǘƘŜ b-terminus construct (Figure 3.2.6). This 

construct was used as this was before the WT DspB had been successfully overexpressed and 

purified. 

 
Figure 3.2.6: 9ƴȊȅƳŜ ŀŎǘƛǾƛǘȅ ŀǎǎŀȅ ƻŦ ²¢ 5ǎǇ. ŀǘ рл ƴa όǊŜŘ ǎǉǳŀǊŜǎύ ŀƴŘ м ˃a όōƭǳŜ ŎƛǊŎƭŜǎύ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ р Ƴa 

pNP-GlcNAc 4 and 15 mM DMC 22 in100 mM pH 5.9 PBS . 15 mM DMC 22 is the reaction concentration used synthesis 

of oxazoline 5 as detailed in section 3.1.3. 

From this assay, it is clear that the WT DspB was still capable of performing the hydrolysis 

of pNP-GlcNAc, as an absorbance signal was still detected at A405 nm, indicating hydrolysed pNP-
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GlcNAc 4. With this knowledge, it was determined that unpurified oxazoline 5 could be utilised as 

a glycosidic donor for  glycosynthase assays going forward. Acceptor 8 was selected as the glycosidic 

acceptor for these assays. Initially the reactions were performed at a 2:1 equivalence of oxazoline 

5 (10 mM in dH2O) to acceptor 8 (5 mM in dH2O). Each sample was kept at room temperature in 

100 mM pH 5.9 PBS and a time point was taken and quenched in MeCN from each sample after 15 

mins, 1 hour, as well as being left overnight. The samples were then analysed by thin layer 

chromatography (TLC)(Figure 3.2.7). 

 
Figure 3.2.7: TLC plates run after 15 mins and 1 hour of the Y278F oxazoline 5 and acceptor 8 assay. The TLC plates were 

run using a 2:1:1, n-Butanol:H2O:AcOH, solvent system, and stained using anisaldehyde stain. 

TLC analysis proved to be ineffective for these assays, none of the three enzymes showed 

any sign of glycosynthase activity, and the sugars themselves did not stain particularly well. This led 

to some initial speculation that perhaps none of the mutants were in fact glycosynthases. Upon 

HILIC-LC-MS analysis of the overnight samples, some potential evidence for glycosynthase activity 

was discovered (Figure 3.2.8). 
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Figure 3.2.8: Full MS trace of all three DspB mutants after being left overnight with 5 mM acceptor 8 and 10 mM oxazoline 

5. Further analysis revealed a mass that matches that of a potential disaccharide in this peak. 

These LC-MS chromatograms appear to mostly be a combination of the chromatograms for 

acceptor 8 and donor 5 (Appendix 31), however, in the LC-MS chromatogram for the overnight 

D183A sample (blue line), a small peak elutes (5.6 ς 5.9 mins) ōŜŦƻǊŜ ǘƘŜ ƭŀǊƎŜǊ ǇŜŀƪ ŀǘ Ғс Ƴƛƴǎ 

(Figure 3.2.8, marked by a black arrow). Extracted ion chromatogram (EIC) analysis of the D183A 

MS trace revealed that this peak contained two peaks at 508 and 530 (Figure 3.2.9). 
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Figure 3.2.9: A) Extracted ion chromatograms of the overnight D183A sample showing masses 508 and 530. B) Mass 

spectra for retention time 5.6-5.9 mins of the D183A overnight sample. 

 These two masses correspond to the [M+(H+)] and [M+(Na+)] adducts of the disaccharide 

(Figure 3.2.10). 
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Figure 3.2.10: Structure and exact mass of disaccharide 58 formed from the glycosylation of acceptor 8 and oxazoline 5. 

 These results were repeated for both the Y278N and Y278F mutants (Appendix 29 and 

Appendix 30). There is a small potential peak in the same place in one of the three no enzyme 

control reactions (Figure 3.2.11), however, this was not present in the two repeats of the no 

enzymes controls (Appendix 31) so this was considered anomalous. No evidence of trisaccharide 

formation was found, nor any longer oligosaccharide, suggesting that perhaps more donor is 

required to push this reaction in favour of longer oligosaccharide formation. However, due to the 

unknown effect of increasing the DMI 57 concentration past the tested 15 mM, the oxazoline 8 

concentration was left at 2 eq. while other variables could be tested. 

 
Figure 3.2.11: A) Extracted ion chromatograms of the overnight no enzyme sample showing masses 508 and 530. B) Mass 

spectra for retention time 5.6-5.9 mins of the no enzyme overnight sample. 

Temperature was the first variable that was changed in an attempt to improve any potential 

disaccharide formation. The reaction was repeated but the samples were incubated at 37 °C (Figure 

3.2.12). For these assays, D183A was focussed on as it appeared to have the most disaccharide 58 

formation in the previous assays. 
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Figure 3.2.12: Overlaid EIC for the mass 530 for the 37 °C D183A glycosynthase activity assay. 

  EIC analysis of these reactions shows a peak at the same retention time that contains the 

same masses that could potentially correspond to disaccharide 58, however, the relative size of the 

peak did not increase, perhaps suggesting that the amount of disaccharide 58 produced during the 

reaction was unaffected by the increase in temperature. Oxazoline 5 is quite acid sensitive and can 

break down into GlcNAc 1 under acidic conditions. It was therefore speculated that perhaps 

changing from pH 5.9 to pH 7 could potentially allow for more oxazoline 5 to be available during 

the reaction. Manuel et al demonstrated that while pH 5.9 is the optimum pH for DspB, it can 

perform enzymatic hydrolysis at pH 7119, and so therefore it was assumed that any glycosynthase 

activity would also be possible at this pH. This hypothesis was tested by repeating the enzyme assay 

in pH 7 100 mM PBS (Figure 3.2.13). The temperature was left at 37 °C for comparison purposes. 
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Figure 3.2.13: Overlaid EIC for the mass 530 for the pH 7 D183A glycosynthase activity assay. 

From these results, it can be seen that, again, the mass of the potential disaccharide 58 could be 

found within the LC-MS trace, and therefore, it can be concluded that D183A is also potentially 

capable of performing as a glycosynthase at pH 7. However, when the intensity of this peak is 

compared to the previous assays at pH 5.9, the size of this peak has actually decreased from the 

original pH 5.9 room temperature assay (Figure 3.2.14). 
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Figure 3.2.14: Overlaid EIC analysis of the pH 7 assay and the previous two pH 5.9 assays 

This might suggest that the best conditions for any glycosynthase assays is pH 5.9 and room 

temperature. However, while these initial results are promising, they are neither conclusive nor 

quantitative. As disaccharide 58 contains an azido group, Click chemistry can be used to attach a 

reliably ionisable group to make the results more quantitative. As Click chemistry can only be 

performed with molecules containing an azide, anything that gets tagged during the process of 

performing the Click chemistry must also therefore contain an azide, and therefore if the mass seen 

throughout the previous assays is in fact disaccharide 58 it will be tagged and will be visible in LC-

MS. Similarly to work performed by Sittel et al.175, imidazolium tag (ITAG) 59 is attached via Copper 

(I) catalysed azide-alkyne cycloaddition (CuAAC), as described by Kolb et al164 (Figure 3.2.15A). 
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Figure 3.2.15: A) General scheme for the CuAAC ITAG reaction. a) CuSO4.5H2O (10 eq), THPTA (10 eq), Na ascorbate (20 

eq.), R.T., 2 hr. B) The structure and exact masses of the mono-, di-, and trisaccharide version of the ITAGed 

oligosaccharides 

 Any tagged molecule should be clearly visible due to how readily ionised the tag is. When 

this was performed on the assay solutions from the TLC assays however, no peak resembling the 
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ITAGed disaccharide 58 could be found for any of the three mutants when analysed by reverse-

phased LC-MS (Figure 3.2.16). 



101 
  



102 
 

Figure 3.2.16: A) Reverse-phase LC-MS chromatogram for the ITAGed TLC assay for D183A including two EIC 

chromatograms for masses 465 (the mass of the GlcNAc 1 [2M+Na+] adduct) and 602 (monosaccharide 60). B) Reverse-

phase LC-MS chromatogram for the ITAGed TLC assay for D183A including two EICs for masses 805 (disaccharide 61) and 

1008 (trisaccharide 62). C) Mass spectra from 2.4-3.1 Ƴƛƴǎ ƻŦ 5муо!Ωǎ EIC revealing little to no disaccharide 58 present 

 The ITAGed samples reveal a large amount of unreacted acceptor 60 (m/z: 602.39, Figure 

3.2.16A,C), but show no signs of the potential disaccharide at m/z: 805 (Figure 3.2.16B). This led to 

the conclusion that the mass seen throughout the previous assay was in fact not disaccharide 58, 

but an artifact of in the LC-MS, perhaps coming from the oxazoline 5 reaction mixture. Further 

investigation into the potential reasons these assays failed to produce any glycosynthase activity 

revealed that the small amount of TEA used during the synthesis of oxazoline 5 (Section 3.1.3) had 

a much greater impact on the pH than previously thought. The TEA was able to overpower the 

buffer solution, leading to a solution far too basic for DspB to active, and so any further attempts 

to use oxazoline 5 would require a purified compound, so these assays were temporarily halted and 

attention was turned towards assays utilising the other glycosynthase substrates that at this point 

had been successfully purified. At this point, the WT DspB gene was also purchased in an expression 

plasmid to be utilised as a positive control in all future assays, alongside E248Q which was to be 

tested to confirm Breslawec et alΩǎ ǊŜǎǳƭǘǎ ǘƘŀǘ ǎƘƻǿ ǘƘŀǘ ǘƘƛǎ Ƴǳǘŀƴǘ ƛǎ ŀ ƳǳŎƘ ƳƻǊŜ ŜŦŦƛŎƛŜƴǘ 

glycoside hydrolase85 with the hope that once a suitable glycosynthase mutant was identified, a 

double mutant utilising E248Q could be made to hopefully improve the efficiency of that 

glycosynthase too. 

 The first substrate to be tested was pNP-GlcNAc 4. 5 mM of pNP-GlcNAc 4 was incubated 

ǿƛǘƘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ 5ǎǇ. όнр ƴa ŀƴŘ м ˃aύ at 37 °C, in pH 5.9 100 mM PBS, for 1 

hour ŀƴŘ ǘƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ǘǊŀŎƪŜŘ Ǿƛŀ ¦±κ±ƛǎ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ǘƘŜ ŀōǎƻǊōŀƴŎŜ ŀǘ плр ƴƳΣ ǘƘŜ ˂max 

of the hydrolysis product of pNP-GlcNAc 4, p-nitrophenol 6 (Figure 3.2.17). 
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Figure 3.2.17: A) UV/Vis absorbance measurements at 405 nm of 5 mM of pNP-GlcNAc 4 incubated with 25 nM DspB at 

37 °C, pH 5.9, for 1 hour. B) UV/Vis absorbance measurements at 405 nm of 5 mM of pNP-GlcNAc 4 ƛƴŎǳōŀǘŜŘ ǿƛǘƘ м ˃a 

DspB at 37 °C, pH 5.9, for 1 hour. 

 These initial results confirm the observations of Breslawec et al with E248Q acting as a 

much more efficient glycoside hydrolyase than WT DspB, although interestingly they seem to 

suggest that this is concentration dependent as the WT is more efficient at the lower 

concentrations. They also show that two of the three glycosynthase DspB mutants do in fact 

catalyse the hydrolysis of pNP-GlcNAc 4, as an increase in absorbance can be seen for both D183A 

and Y278N. D183A was the most effective of the two, but neither mutant shows comparable 

hydrolysis activity to WT DspB. Y278F did not appear to show any significant hydrolysis activity 

above the background. 

Hydrolysis activity alone though is not enough to conclude that the mutants are acting as 

glycosynthases, so further tests were required to see if this hydrolysis was the result of glycosidic 

bond formation, or if the two mutants were just acting as less effective glycoside hydrolases. This 

was initially performed via LC-MS (Figure 3.2.18). 
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Figure 3.2.18: A) LC-a{ /ƘǊƻƳŀǘƻƎǊŀƳǎ ƻŦ ǘƘŜ м ˃a 5ǎǇ. pNP-GlcNAc 4 assay. B) MS spectra of the major peaks that 

appear in the WT chromatogram 

 The LC-MS analysis appeared to show that no glycosynthase activity had occurred. The 

three mutants had no new peak that was not in the WT chromatogram or the no enzyme control 

(Figure 3.2.18A), and none of the peaks that appear, but were not present in the no enzyme control, 

could be assigned to an oligosaccharide of any length (Figure 3.2.18B). In fact, these results seem 

to prove the hypothesis that the three mutants are just less effective glycoside hydrolases, as the 

two new peaks that appear in the WT chromatogram correspond to GlcNAc 1, and these peaks are 

either smaller, or not present for the mutants, and so that suggests that the mutants are less 

effective than the WT. These results were further confirmed via TLC analysis (Figure 3.2.19) 

 
Figure 3.2.19Υ ¢[/ǎ ƻŦ ǘƘŜ м ˃a 5ǎǇ. pNP-GlcNAc 4 assay. (Left to right) D183A, Y278N, Y278F. For all three TLC plates: 

Lanes 1-3: Reaction mixture after 1 hour. Lanes 4-6: Reaction mixture after being left overnight. Lane 7: WT positive 

control after 1 hour. Lane 8: GlcNAc 1. Lane 9: pNP-GlcNAc 4. 

 Again in the TLCs, no new spots appear at a lower Rf than pNP-GlcNAc 4, other than GlcNAc 

1, and for all three enzymes, pNP-GlcNAc 4 remained in the reaction mixture after 1 hour in 

comparison to the WT lane where no spot is observed. This would appear to suggest that the 

mutants are just less effective glycoside hydrolases, not glycosynthases, but in an effort to 

conclusively prove this, further tests were carried out. Firstly, the pH of the pNP-GlcNAc 4 assay 

was changed to pH 7.4 (100 mM pH 7.4 PBS) in an effort to see if this would promote glycosynthase 

activity from the three mutants (Figure 3.2.20).  From this assay onwards, continuous monitoring 

was used for all assays due to new software for the plate reader providing a better ability to create 

assay methods with continuous monitoring. 
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Figure 3.2.20: UV/Vis absorbance measurements at 405 nm of 5 mM of pNP-GlcNAc 4 ƛƴŎǳōŀǘŜŘ ǿƛǘƘ м ˃a 5ǎǇ. ŀǘ от 

°C, in 100 mM PBS pH 7.4, for 1 hour. UV/Vis absorbance measurements for WT DspB in 100 mM PBS pH 5.9 included for 

comparison (dashed red line). 

 However, this appeared to have just completely halted any hydrolysis activity of 

the three mutants. This would suggest that the mutants were not performing any 

glycosynthase reactions as this would also generate p-nitrophenol during the formation of 

the glycosidic bond. Another potential method that was tested for promoting 

glycosynthase activity was the introduction of azido-propyl acceptor 8, as performed with 

oxazoline 5. The rationale being that acceptor 8 was unlikely to be hydrolysed by the 

mutants, but it could potentially act as a nucleation point for the beginning of an 

oligosaccharide chain. In order to test this, the initial conditions for the pNP-GlcNAc 4 were 

repeated, however this time, the enzymes were also incubated with 1 mM of acceptor 8 

(Figure 3.2.21). 
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Figure 3.2.21: (Solid lines) UV/Vis absorbance measurements at 405 nm of 5 mM of pNP-GlcNAc 4 ƛƴŎǳōŀǘŜŘ ǿƛǘƘ м ˃a 

DspB and 1 mM acceptor 8 at 37 °C, pH 5.9, for 1 hour. (Dashed lines) UV/Vis absorbance measurements at 405 nm of 5 

mM of pNP-GlcNAc 4 ƛƴŎǳōŀǘŜŘ ǿƛǘƘ м ˃a 5ǎǇ. ŀǘ от ϲ/Σ ǇI рΦфΣ ŦƻǊ м ƘƻǳǊ. 

 Interestingly, when incubated with 5 mM pNP-GlcNAc 4 and 1 mM acceptor 8 the three 

enzyme mutants all saw an increase in absorbance at 405 nm indicating an increase in hydrolysis 

activity caused by the addition of acceptor 8, and notably, this is not observed for WT DspB. To see 

if this pattern would continue the reaction mixtures were allowed to incubate overnight and the 

absorbance was measured the next day (Figure 3.2.22) 
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Figure 3.2.22: UV/Vis absorbance measurements at 405 nm of 5 mM of pNP-GlcNAc 4 ƛƴŎǳōŀǘŜŘ ǿƛǘƘ м ˃a 5ǎǇ. ŀƴŘ м 

mM acceptor 8 at 37 °C, pH 5.9, overnight.n=3. 

 When the enzyme reaction mixtures were left overnight, it was observed that for two of 

the three mutants there was a noticeable increase in the hydrolysis activity when acceptor 8 was 

present, while again, this result was not observed for the WT enzyme. In fact, the WT enzyme 

appeared to be being inhibited slightly by the presence of acceptor 8. This could suggest that 

acceptor 8 is acting as a nucleation point for oligosaccharide production by the glycosynthase 

mutants as was initially hypothesised, but in order to test this, another TLC analysis was performed 

(Figure 3.2.23).  

 
Figure 3.2.23Υ ¢[/ǎ ƻŦ ǘƘŜ м ˃a 5ǎǇ. pNP-GlcNAc 4 + acceptor 8 assay. (Left to right) D183A, Y278N, Y278F. For all three 

TLC plates: Lanes 1-3: Reaction mixture after 1 hour. Lanes 4-6: Reaction mixture after being left overnight. Lane 7: WT 

positive control after 1 hour. Lane 8: pNP-GlcNAc 4 + acceptor 8. Lane 9: pNP-GlcNAc 4. 
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Unfortunately, the TLC analysis appeared to disprove the hypothesis as, as was the case 

with the previous TLCs, no new spots appeared in the reaction mixture lanes that would suggest 

glycosynthase activity. With the evidence gathering that suggested that the attempt to create a 

glycosynthase had failed, the third glycosynthase substrate was tested to see if this would change 

the end result. Initially, the substrate was tested with just WT DspB to confirm the results of Chibba 

et al171 where they had shown carbamate 7 to be a much more effective substrate for DspB than 

pNP-GlcNAc 4. WT DspB was incubated with 1 mM of carbamate 7 at 37 °C, in 100 mM pH 5.9 PBS, 

for 1 hour, and absorbance measurements were taken at A410 nm, the characteristic absorbance of 

the carbamate hydrolysis product, p-nitroaniline (Figure 3.2.24).  

 
Figure 3.2.24: UV/Vis absorbance measurements at 410 nm of 1 mM of carbamate 7 ƛƴŎǳōŀǘŜŘ ǿƛǘƘ рл ƴa ŀƴŘ м ˃a ²¢ 

DspB at 37 °C, pH 5.9, for 1 hour. 

 Carbamate 7 was found to be difficult to solubilise, hence the lower reaction concentration 

than pNP-GlcNAc 4, however, initial experiments seemed to confirm Chibba et alΩǎ ǊŜǎǳƭǘǎ ǘƘŀǘ 

carbamate 7 is indeed a better substrate for DspB. In these initial experiments, the higher enzyme 

concentration managed to reach substrate depletion, which it had not been able to do with pNP-

GlcNAc 4, and the lower enzyme concentration had a noticeable higher signal than it did with pNP-

GlcNAc 4. These results however could be due to the lower substrate concentration, so to fully 
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confirm the results, a kinetic analysis had to be performed. This, however, ran into a problem, the 

aforementioned solubility issue. Normally, to determine Michaelis-Menton enzyme kinetics with a 

substrate, the substrate concentration is varied to above and below the KM. 

Wang et al.88 designed a similar compound to carbamate 7, opting to utilise a disaccharide 

instead of a monosaccharide. They also found issues with solubility, however, they were able to use 

substrate depletion kinetics to circumnavigate this issue. Substrate kinetic depletion kinetics 

describe the relation between V0 and  when KM ḻ [S] (Equation 3.2.1). 
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Equation 3.2.1: Derivation of the 1st order rate equation of substrate depletion kinetics 

Equation 3.2.1 is a 1st order rate equation. Therefore, by measuring the initial rate of 

reaction at a known substrate concentration, where that concentration is much smaller than KM, at 

different enzyme concentrations, you can obtain a 1st order plot for the reaction. In such a plot, the 

following is true: 
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Equation 3.2.2: Equation to determine  from a plot of V0 vs [E]T 

 Therefore, a value for  can be determined without having to calculate both individually 

by measuring the initial reaction velocity of several enzyme concentrations. To do so, the WT DspB 

was assayed as before, but the absorbance was converted to concentration of p-nitroaniline (pNA) 

via the Beer-Lambert Law, using ʁ = 5450 M-1 cm-1 at 410 nm171 (Figure 3.2.25).  

 
Figure 3.2.25: Substrate Depletion Assay for WT DspB using 0.5 mM carbamate 7. 

 IŀǾƛƴƎ ŀǎǎŀȅŜŘ ǾŀǊȅƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ²¢ 5ǎǇ. ǿƛǘƘ рлл ˃a ŎŀǊōŀƳŀǘŜ 7, V0 can be 

determined for each concentration of WT DspB by monitoring the first 5 minutes of the assay and 

applying a linear fit to each data set (Figure 3.2.26). 
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Figure 3.2.26: First 5 mins of the data sets for each enzyme concentration of the WT DspB substrate depletion assay. The 

Solid black lines are the lines of best fit plotted by Origin. The equations to the right are the equations for each line of 

best fit. 

 Having done this, the equation for each line of best fit gives the value for V0 for each enzyme 

concentration except 50 nM which had too low of an initial rate to be detectable after 5 minutes. 

Then using Equation 3.2.2, the  can be determined by plotting these values against the 

corresponding enzyme concentrations (Figure 3.2.27). 
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Figure 3.2.27: A plot of the V0 values determined experimentally during the substrate depletion assay for carbamate 7 

plotted against enzyme concentration. The red line is the line of best fit plotted by Origin.  

 Plotting a line of best fit on this graphs gives a value for m of 98.38 s-1. Dividing this number 

by the concentration of carbamate 7 in mM (0.5 mM) gives a value of 190.76 mM-1s-1. This is  two 

orders of magnitude higher than the literature value given by Chibba et al of 6.1 mM-1s-1 185 and 

several orders of magnitude higher than for the  of pNP-GlcNAc 4, which Manuel et al119 found 

to be 0.021 mM-1s-1. This assay confirmed the findings of Chibba et al, and demonstrates how 

efficient of a substrate of DspB carbamate 7 is. Having experimentally determined that carbamate 

7 is a better substrate for DspB, it was then assayed against the three potential glycosynthase 

mutants using the same conditions as the WT assay (Figure 3.2.28), however the concentration of 

carbamate 7 was increased to 2 mM as some success had been had in getting more of it into 

solution following the SEC described in section 3.1.2. (Figure 3.1.4). 
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Figure 3.2.28: UV/Vis absorbance measurements at 410 nm of 2 mM of carbamate 7 ƛƴŎǳōŀǘŜŘ ǿƛǘƘ рл ƴa ŀƴŘ м ˃a ƻŦ 

the DspB mutants and WT DspB at 37 °C, pH 5.9, for 1 hour. 

This produced some promising results, as D183A and Y278N showed significant increase in 

activity with carbamate 7 over pNP-GlcNAc 4, with D183A almost reaching substrate depletion. To 

see if this increase in activity was due to any glycosynthase activity, another set of TLC assays were 

ran (Figure 3.2.29). 

 
Figure 3.2.29: ¢[/ǎ ƻŦ ǘƘŜ м ˃a 5ǎǇ. ŎŀǊōŀƳŀǘŜ 7. (Left to right) D183A, Y278N, Y278F. For all three TLC plates: Lanes 1-

3: 50 nM enzyme reaction mixture. Lanes 4-6: м ˃a ŜƴȊȅƳŜ Ǌeaction mixture. Lane 7: WT positive control after 1 hour. 

Lane 8: Carbamate 7. Lane 9: p-nitroaniline. 
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 However, as happened with the previous TLC assays, no evidence could be found to support 

ǘƘŜ ƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘ ǘƘŜ Ƴǳǘŀƴǘǎ ǿŜǊŜ ŀŎǘƛƴƎ ŀǎ ƎƭȅŎƻǎȅƴǘƘŀǎŜǎΦ ! ƴŜǿ ǎǇƻǘ ŘƛŘ ŀǇǇŜŀǊ ƛƴ ǘƘŜ м ˃a 

D183A reactions, however, this spot had a higher Rf than carbamate 7 suggesting a less polar 

substance, and given that each additional monomer that is added to an oligosaccharide 

dramatically increases its polarity, it is unlikely this spot is an oligosaccharide. At this point, 

oxazoline 5 had been successfully purified, and so, in a final effort to produce glycosynthase activity 

from the three mutants, the previous assays utilising oxazoline 5 and acceptor 8 were repeated 

using a higher concentration of oxazoline 5. The three mutants and WT DspB were incubated at 37 

°C, pH 5.9, overnight with 5 mM of acceptor 8 and 25 mM of oxazoline 5 (Figure 3.2.30).  

 
Figure 3.2.30: Full MS trace of all three DspB mutants and WT DspB after being left overnight with 5 mM acceptor 8 and 

25 mM oxazoline 5. 

 Upon analysis, only one new peak appears in comparison to the WT and no enzyme across 

the three mutants at 1.4 ς 1.6 mins in the Y278F chromatogram. MS analysis of this however reveals 

this to just be GlcNAc 1 (Figure 3.2.31). 
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Figure 3.2.31: MS Spectra for retention time 1.4 ς 1.6 mins of the Y278F 5:1 oxazoline 5 reaction chromatogram. 

 In fact, D183A and Y278F both showed no activity at all as their chromatograms are just 

repeats of the no enzyme control, and Y278N is a repeat of the WT, suggesting no glycosynthase 

activity either. This was confirmed via extracted ion chromatogram analysis which showed no 

evidence for any ŘƛǎŀŎŎƘŀǊƛŘŜ ŦƻǊƳŀǘƛƻƴ ƛƴ ŀƴȅ ƻŦ ǘƘŜ ŜƴȊȅƳŜΩǎ LC-MS traces (Appendix 34). 

Furthermore, upon increasing the amount of oxazoline 5 to 20 equivalents, Y278N also lost all 

activity (Figure 3.2.32).  
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Figure 3.2.32: Full MS trace of all three DspB mutants and WT DspB after being left overnight with 5 mM acceptor 8 and 

100 mM oxazoline 5. 

 This would suggest that oxazoline 5 is acting as an inhibitor of the DspB mutants. To test 

this, D183A was incubated with 5 mM pNP-GlcNAc 4 alongside 25 mM oxazoline 5 at 37 °C, pH 

5.9, for 1 hour to determine if the reduction in activity would be repeated with a different 

substrate (Figure 3.2.33). 
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Figure 3.2.33: UV/Vis absorbance measurements at 405 nm of 5 mM of pNP-GlcNAc 4 ƛƴŎǳōŀǘŜŘ ǿƛǘƘ м ˃a ƻŦ 5муо! ŀǘ 

37 °C, pH 5.9, for 1 hour with and without 25 mM oxazoline 5. 

 This assay provided preliminary confirmation the fact that oxazoline 5 was acting as an 

inhibitor of the DspB mutants. It is likely most prominent in D183A due to the fact that this mutant 

has an altered active site, and so cannot break down the oxazoline ring as easily as the WT or Y278N. 

This, however, was the final attempt at utilising these mutants as glycosynthases. Given all the 

evidence gathered over the course of the project, it was concluded that these mutants do not act 

as glycosynthases, and further study would be required to find a mutant that could. 

3.2.4. Conclusions and Future Work 

Over the course of the project, a large amount of evidence was gathered that suggested 

that none of the three mutants were capable of utilising the four chosen substrates to act as 

glycosynthases. In fact, the gathered evidence would suggest that the three mutants are just less 

efficient, or even non-active glycoside hydrolases. This led to the direction of the project moving 

away from DspB and glycosynthases in general, however, these results do reveal an interesting 

avenue for further research.  
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Consistently throughout the enzyme assays, Y278N was more efficient than Y278F. Manuel 

et al119 surmised from their results that Y278 acts to orient the substrate into the active site in WT 

DspB, however, how it does this was left unanswered. Given that tyrosine and asparagine are both 

capable of forming hydrogen bonds, whereas phenylalanine is not, this perhaps suggests that 

hydrogen bonding is important to substrate orientation. To investigate this, a fluorinated version 

of tyrosine could be incorporated into DspB using unnatural amino acid mutagenesis211. Fluorine is 

an electron withdrawing substituent, and so its presence on the phenyl ring would increase the 

acidity of the -OH group of the tyrosine, potentially increase its hydrogen bonding efficiency. This 

would cause a noticeable increase in enzyme efficiency that could be measured utilising the 

methods used during this study. 

There are also a few other methods that could be attempted to produce glycosynthase 

activity from DspB. Schmölzer et al151 were able to generate glycosynthase activity utilising a DE 

active site mutant, while Wang et al88 showed that a disaccharide version of carbamate 7 is a highly 

effective substrate of DspB. These two findings could be combined in order to potentially generate 

a glycosynthase from DspB, however, that was beyond the scope of this project, and so was not 

attempted. 
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3.3. Putative PNAGase enzymes in staphloccocci 

3.3.1. Introduction 

Given the lack of an apparent PNAGase in the staphylococcus genus, one of the aims of this 

project was the to identify, express, purify, and characterise a PNAGase from a staphylococci 

species. This would address a gap in the current literature, and could create additional avenues for 

the generation of new glycosynthases that could be used to generate PNAG oligosaccharides. Frank 

et al initiated the work towards identifying a new staphylococci PNAGase in 2007131 when they 

discovered an ORF that describes a protein within S. lugdunensis isolates with high sequence 

identity with DspB. Utilising this sequence as the query in 2022, Higginson132 was able to perform a 

BLASTp search in the UniProtKB and NCBI databases, which revealed a further 16 staphylococci 

proteins that could be PNAGases, alongside proteins in a variety of other species that were revealed 

ǿƘŜƴ ǳǘƛƭƛǎƛƴƎ 5ǎǇ.Ωǎ ǎŜǉǳŜƴŎŜ ŀǎ ǘƘŜ ǉǳŜǊȅ όFigure 3.3.1).  

 
Figure 3.3.1: The results of the two BLASTp searches performed by Higginson. The sequence of DspB (*) revealed the 

sequences not in the K or Q clade.. The search using the sequence discovered by Frank et al (**) revealed the sequences 

of the putative staphylococci PNAGases. The black arrows denote the proteins selected for expression and 

characterisation. 

Recent work from Males et al118 also corroborates this work as their phylogenetic analysis 

identified several potential GH20 PNAGases within the same staphylococci ǎǇŜŎƛŜǎ ŀǎ IƛƎƎƛƴǎƻƴΩǎ 

work did. This evidence prompted the selection of three of the identified staphylococci proteins, 

SlHex, ShHex, and SaHex, for expression and characterisation to determine whether or not these 

proteins are PNAGases. 














































































































































































































































































