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Abstract

Poly-N-acetylglucosamine (PNAG) is a galytharidethat 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 polysaccharidesitrohas proven difficult due to the challenges of carbohydrate
chemistry, and as such access to pure PNAG of defined landthodification 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 polymerigatiovoare complex membrane
proteins, and therefore unsuitable fan vitro synthesis. It has been showthat glycoside
hydrolasescan be mutated to perform the opposite reaction, creating what is known as a
glycosynthasé Therefore, we proposed to screen mutants of a suitable PNAGase, such as DspB or
a member of new class of potentsthphylococd?NAGasedor 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
polymerisationof 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
staphylococdPNAGases 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 PkAro. PNAG can be
isolatedin vivg andcan by modified by the selective incorporation of an azide at the reducing
terminus of the PNAG polysacchaiddeacetylation, or desuccinylatiomhismodifiationof PNAG
opens the door for many avenues of further research, such as bioconjugation to something
antigenic potentially creating a vaccine candidfat®ome initial evidence shows this modification

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

1.1Part 1: N-acetylglucosamine and the biosynthesis of pobN-

acetylglucosaine

1.1.1. Carbohydrategy I 1 dzNEQa [ 9Dh of 201 &

Carbohydrates are an important building block within biological systems. They can
covalently link togetheto create what are known as oligosaccharides and polysaccharides,
depending on the chain length, which are widely ugebiological systems due to their diverse
range of properties. Through a process known as glycosylation they can aleeddently attached
to various biomolecules, such as proteins and lipids. This can serve several functions such as aiding
with protein foldind, protein stability, and immune evasidn This wide range of properties can be
attributed to the chemical structure of carbohydratda. 189, Emil Fischerin his Nobel Prize
winning work, defined method to describe thstructuresof a new class of biomolecules thvaas
emerging. Tls new system for representing carbohydrate molecules, now referred to as Fischer
Projections Figurel.11A), began to reveal the potential for structural diversity presented by
carbohydrate molecules. Fischer described 16 unique structures in 8 enantiomerjeydaes he
labelled agy/ L- defined by theside of the chain the hydroxy group on the penultimate carbon sits
on, with D- being on the right, and- the left’. This however, was only the tip of the iceberg of
carbohydrate structural diversifyas it now known that carbohydrates can also form what are

known as-ose ringsigurel.11B).
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Figurel.11: A) Fischer projections af-glucosep-galactose, an@-mannoseg and their enantiomeric pairs mglucose,
L-galactose, and-mannose B) The hexose, or pyranose, ring forms-gflucose p-galactose, and-mannose in their -

anomers.

Carbohydrates have the empirical formulxH,O),, althoughdifferent types ofsugars
regularly deviate from thisCarbohydrates can exist in an acetal or hemiacetal f¢ketal and
hemiketal for 5 membered ring sugarb) their acetal form, that being where the anomeric hydroxy
group is glycosylated in some form, there referred to as nomeducing sugardn theirhemiacetal
form, that being where the anomeric hydroxy group is unglycosylateely are referred to as
reducing sugarshe anomeric centre is definedth® carbonthat bears the acetal or hemiacetal
when itin its cyclic formhile nonreducing sugars are locked into a ring structueglucing sugars
exist in an equilibrium between their ring fosand their ring opened fornfFigurel.12). Upon
ring closing, two differentised ringsan be formed, the pyranose form (6 membered ring) and the
furanose form (5 membered ring), and further still, each fiogn O y KI @S (g2- | y 2
Iy 2 YS NI I-afidneriThiSis determined by the position of the anomeric hydroxy gioup
NBflFiA2y (2 GKS &adzoadAiddsSyid 2y GKS OFNb2y 2
(KSEQNB 2y RAFFSNBY(d FIOSa 2F (T meshsfateach v R

sugar molecule can formdifferent structural isomers.
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Figurel.12: A) The five structural isomers ofglucose that can be formed. Bing closing mechanism pfglucose

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 isomels.total then, eachheducingmonosaccharide
sugar, i.e. glucose or galactose, can be found in 10 differentisomers, 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 conferredto theugarr conjugated biomolecul€alculations made in 1994 show
there are up to 1.025 10'? possible structures of a reducing hexasaccharide if you account for
branching polysaccharides as well as lideghis 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 thleallengesof 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 capalSl€dofe sugar of particular interest

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

1.1.2. N-acetylglucosaming a ubiquitous sugar

i -D-2-(acetylaminoj2-deoxyglucopyranose, otherwise known Blsacetytb-glucosamine
(Figurel.13A), or simply GIcNAG a reducing sugathat is foundin multiple forms across the
natural world Most commonry GIcNAc is found within long polysaccharide chaisitin is the
second most abundant biopolymer in the biosphere, second only to celludoskif plays a major
role in themyceliaof fung!®!, as well as being utilisegiktensively byarthropods?**molluscé’,
and evenin some fish speciéd-irst determined in 1929 by Albert HofmafrChitin is formed of
i -1-4-linked GIcNAc monome(Bigurel.13B), in a structure that is reminiscent of éthof cellulose
This leads to a strong, chemically resistant polythat works very well as a barrier, leadingit®
usein cell wals, and within exoskeletons and shells. GIcNAc can also been found whthin
repeating units of both peptidoglycan and dlyronic acid Figure 1.1.3GD). Peptidoglycan,
sometimes referred to as murein, forms an important component of the cell wall of bactars
identified by researchers attempting to determine the method of action of peniéifin
subsequent research has shown that peptidoglycan is important to bacterial gtbithibition of
any part of the biosynthesis of peptidoglycan, for example the inhibitiobbafanspeptidases by
penicillin®®, causesell death by cytolysi&t S LJG A R2 3 & O-¥4likkadd GERANME-R 2 F
acetylmuramic acid (MurNAc), with a tetrapeptideundto the lactic acid residue of thurNAc
(Figurel.1.3C). Hyaluronic acid ifound across a wide variety of organs and tissues in manifals
and it performsseveral important functions, ranging from wound healyfubricating joint&3, and
forming part of connective tissues and cartild§é-irst described in 1934 by Meyeér hyaluronic
FOAR A& T2N¥SIW 2 yRlHinkddSgidutodicdagiddand GlcNAEigurel.13D),

and has found use in extensive use in surgery dutsiwwound healing properties.
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Figurel.1.3: A) Chemical structure dfi-acetylp-glucosamine (GIcNAg. B) Chemical structure of the repeating unit of
GKS o0A2LRf &YSNI Ok4alinked/GIcNANI&Re€RPGeNelaldi®emital structure of the repeating unit
2F GKS 0A2LRt &YSN LISiikéd B2NAE andVuyNAGE Phaldim&re af the tetrapeptide is species

specifié¢dd 50 / KSYA Ol f &GNHOGdINBE 2F GKS NBLISI-Toh yraylkiiykedp- 2 F Kel £ dzZNB y A

glucuronic acid and GIcNAc.

As well as major functions in polyme@lcNAc monomerand oligosaccharidesso find
use within biological system&-GIlcNAcylatioff2’andN-GIcNAcylatiof? are the two processes
through which GlcNAis attachedo proteins.N-GIcNAcylatiortakes placet the amide nitrogen
of an asparagine residue (Asn), and the involves a precursor oligosaccharide confaining
consecutiveGIcNAanoleculesollowed by 3b-mannose (Man) moleculdseing attached via the
reducing GIcNAc moleculBigurel.14). This oligosaccharide, known as tb@re glycan structure
forms the basisof all N-glycan modifications of protesi®2°, and thus GIcNAc is essential in

mediating protein stability and functicfi®2.
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Asn

Figurel.14: The core glycan structure ®-glycans. The reducing end of the oligosaccharide is bound to the amide
nitrogen of the asparagine residue of the protein. The core structure consists-Gf2linked GIcNAc residues following
by 3 Man residuegs K A O K-1-h NB y18 linked

O-GIcNAglation however, is the glycosylation of monosaccharide GIcNAc onto the hydroxy
groupof aserine (Ser) or threonine (Thr) residuiéis is a dynamic processth GIcNAc being
attached and removed from proteins at various poinis dynamic attachment and removal of
GIcNAchas beenshown to be important to modulating various signalling and regulatory
pathways$*35, anddisrupting the natural levels @-GIlcNAcylatiomhas ben implicated in several
different diseasest dzOK | & RA I 0 S (i3 BhE makgERGICNAcYIakidh Andl&)olB t
phosphorylatiori’, and indeed the two are heavily linkethey often share the same modification

site have been known to modulate each otffer

ThisnoRSEK Il dzAa G A PSS SELIX 2NJ GA2Yy 2 Fhbiobdic bystém@a N
demonstrates the importance of the ubiquitous sugar. However, there is another biopolymer that

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

1.1.3. PolyN-acetylglucosaming Df Ob! O0Qa S @At O2dzAAY

Several microorganisms, including pathogenic species sustegdylococcus auretisP.
aeruginosd’, Neisseria gonorrhogd and Escherichia cd#, produce a matrix of extracellular
polymeric substances (EPS), such as polysaccharides and proteins, known as*a Gibéltriofilm
performs several functions for the organism, including promoting adhesion on abiotic suffféfces
48 and intercellular adhesidfi“é, providing resistance to antibiotic and antimicrobial
compound$*48%° and giving protection from phagocytg<®. When combined, these factors alll
contribute to an improved virulence of the pathog@rBiofilm 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 eradi€atdhis coupled with the

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

In 1982 sanning electron microscopy was initially ussdChristensert aP3to reveal that
the biofilms formed during Saphylococal infectionshad a major polysaccharide component,
K26SOSNI 6KS SEIOG OKSYAOIt & NHz@tiafizNIBeywiete & y Q
investigating the polysaccharide #. epiderndisusing NMRamongstother chemical analytical
methods They were able to determine the structure to be a linear, Amnanching polysaccharide
that they called polysaccharide intercellular adhesion (PIAjthatnowgenerallyreferred to as
poly-N-acetylglucosamineor PNAGFigurel.15).L (i  A-&linked polysaccharide consisting of

purely GIcNAc monomers thatis excretgdbacteria creating thstructuralbasis for the biofilms.

HO
oo -0
AcHN [HO 0 o
c HO
n HO OH
NHAc

Figurel.15: Chemical structure of PNAG, where n =-1Q0%.

Despite having a core homopolymeric structure, preparations coukbparated into two
distinct molecular species, determined by the charge displayed by each species. Polysaccharide |
was positively charged and contained a higher percentagedéacetylationf15% of monomers
deacetylated) although this appeared to be randomly spaced throughout the structure.
Polysaccharide Il was aniolgicharged, with evidence of succinates and phosphates being present,
however, these could not be conclusively showibe part of the polysaccharide structuatthe

time.

The structural differences between PNAG taken from various different species is relatively
minor with the biggest difference being the amounitieacetylation found along the chain length
(ranging from 515% of the monomeré°9. The dher notabledifference iswhether or not the
PNAG has undergor@-succinylation of the hydroxy group at either position 3 orlditially
misidentified asN-succinylation, it has since been demonstrated in bSthepidermidf, andS.
aureu$®PNAG thatit is indee@-succinylation, howevenat the time of writingjt is unclear as to

mechanism with which these species perform this modific&fi¢Rigurel.16).
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HO
Figurel.1.6: A)N-deacetylated PNAG monomer in the polymer chairOBccinylated PNAG monomer in the polymer

chain.

Sinceits RA 8 02 FSNE Ay M@pyHXE tb! D KFra 0SSy RAa
biofilms. Thisincludes,as mentioned aboves. aureugbut alscA. baumanni®, both of which were
included in the WHO Bacterial Priority Pathogen List 202dong withE. coff?, Y. pesti&, A.
actinomycetemcomitar§, B. pertussi®, and many otherdVhilst the core structure of PNAG is the
same in Gramve bacteria, thed-succinylation appears to be limited to only Gram +ve bacteria.
There isalsosome evidence to suggest this list can be expanded to include two more pathogens
listed by the WHO as critical and high priority respectivelytuberculosi@nd N. gonorrhoeag
alongside up to 150 other speciddwever, whilst these two species, amongst others,giie: a
positive result when tested with BNAG binding antibody, thegbng with a number of the other
species testedjo not have a operonthat has been identifieds encoding for proteinsapable of

producing the polysaccharide, and this should be taken into acéaunt

This list of pathogenic bacteriavhilst not exaustive and likely to be expanded tae
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 yp@os to the time of writing, has been the subject of

many research papers, and efforts were initially focussed on determitsibmpsynthetic pathway.

1.1.4. TheBiosynthetic Pathway of PNAd®d its biomaodification

TheicaABQocus was the firshiosynthetic pathway of PNAG be discovered in 1996 i8.
epidermisby Heilmanret afé, who, via knockout mutations @enesicaA icaB andicaCshowed
that biofilm formation was disrupted and intercellular adhesion was completely lost. IcaA was
hypothesisedo be theN-acetylglucosaminyltransferag@otein of the locuglue toits sequence
similarity to otherN-acetylglucosaminyltransferaseldodC fromR. melilof*, and HasA fron®.
pyogene®. This was later confirmed by GerieaF®, alongside the discovery of the protdaal

which expanded the locus ioaADBCTheyshowed thatwhilea strain ofS. carnosugTXcaA was
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capable of producing GIcNAc oligosaccharides, howevefil§iN-acetylglucosaminyltransferase
activity, lcaD wasrequiredto be expressed alongsideaA¢ KA a g a4y QU thouglsasg K2t S aid 2 N
unlesdcaC was also expressed alongs@\D the PNAG produced would only reach a maximum
length of 20 monomers of GIcNA&Il three proteins contain several predicted transmembrane
helices (4 incaA, 2 inlcaD, and 6 incaC}%%5 which points to a three protein complex that is
involved in the biosynthesis of PNA&though the exact functiothat IcaD andicaC play in
biosynthesis wasiot determined At that time o homologues wer&nownfor IcaB however
Heilmannet almade two prediction®f possible functios it could perform, one of which was that

it might act as am-deacetylaseVVuonget allater proved this hypothesis via SEC/ES analysis

2 T icaBstmin ofS. epidermidfs, which revealed a lack of ttegnature fragmentation pattem

of partially deacetylated PNAG, which was present in the wild type.[@éEpite the exact function

of IcaD andicaC remaining unclear, these results have led to an overall hypothesis of how the
IcaADB®©peron functions becoming accepted. IcaA isMhacetylglucosaminyltransferase enzyme
that forms a complex withcaD to becomective andsynthesie the PNAG. IcaC then forms a
complex withlcaAD to allow for the translocation of the synthesis®AG across the membrane,

wherelcaB, the only notmembrane bound protein of the locus, performs parbatleacetylation.

The locus irk. colis known apga, and it contains the four genes encoding for the proteins
pgaABCE¥. Wanget al showed by deletions of all four genes, that the biofilm production was
disrupted, and intracellular adhesion was lost, as \BitlepidermigzhenicaADB@vas 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 systggd#BCldoes
not match that oficaADBCPgaA had the sequence of a large outer membrane protein suggesting
some form of membrane translocation function, makingmique from any protein in theealocus
as Staphylococcapecies lack an outer membrane. Later studies have shown that PgaA and PgaB
form a complex togethéfz gA G K | yS3lI GADSTE &-baO thdlBBKRto I NI yaYSYo!
transport the positively charged PNAG produced by PgaB across the membrane. Pg&B is a
deacetylase with a glycoside hydrolase dorffaifithat requires PgaA to be bound to it to have
maximumN-deacetylase activiyf-'*. PgaB is orthologous to IcaB, as this is alsN-deacetylase.

PgaC is th&l-acetylglucosaminyltransferase protéfnorthologous to IcaA, which, like IcaA, needs

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

The study ofpgaABCIhas led to full determination of the function of each protein
however this has also led tspeculatiorabout the accepted hypothesis of the functioncd ADBC
More specifically the role dtaCin PNAG presentingaphylococ@peciesAtkinet al performed

an up-to-date sequence analysis d€aC in 201. This revealed that in the intervening years
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between Heilmanmt al publishing their paper in 1996 and Atléhal publishing theirs in 2014, a
large family of acyltransferase&dyl_transf 3 family (PFO175ThterPro family IPR00265% had

been characterised, and their sequence analysis showed homology with this fatnilsticaADBC
orthologuescan be found among gram +ve organisms, the operons rarely contain a protein with a
homologous sequence to IcaChe orthologous operon i&. coli pgaABCDis also capable of
transporting PNAG across tliener membrane without an IcaC homologughishas led to the
suggestion thatcaCcould function as af®-succinyltransferas@responsible for the production of
PNAG with anionic character as described by MeckP*. Evidence forO-succinylation of PNAG
being found in species that contdraC, and not i&. coland others without it, leathgto the belief

that IcaC is involved in the incorporation of the succinyl groups that may be fostajdhylococci
PNAG* Itis speculated thatcaC would utilise a succir@bA substrate to transfahe 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 I¢g@Drel.17). Since this hypothesis was
made, no evidence for or against this hypothesis has been published, at the time of writing. As
describedhbove, PNAG is a key virulence factor for anumber of dangerous pathogens, and as such,
fully characterisingis biosynthetic pathway is a key challenge the path to effective treatment

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

determine whethercaC is in fact a@-succinyltransferase.
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lcaA

Figurel.17: The hypothesised biosynthetic pathway of PNAGtaphylococciThe model for the IcaADBC complex was
generated by Phil Stansfield (University of Warwick) using AlphaRéfdthd the image was produced using Chinfera

1.1.5. The Synthetic Chemistry approach to making PNAG

Anotherarea that has received a lot of attention from researchers since the discovery of
PNAG is the development of a synthetic route to make PNAEchemicakynthesis onylong
chainpolysaccharide poses unique challenges due to the structural complexity of carbohydrates.
Each monosaccharide has several hydroxy grouis istructure, and therefore it has several
possible locations where reactions can take pldtes, coupled with the fathat any reaction that
a monosaccharide hydroxy group undergoes eéher maintain or invert the stereochemistry at
that location means thatthe potential for unwanted side reactions with each additional
monosaccharide that is added to the polysaccharide chain becomes exponentially greater if not
performedcorrectly. The classic solution to this problesto utilise protecting group chemistry.
For example, ifyou were to attempt to perform a glycosylation at the anomeric position of a

deprotected GIcNAc molecule there is the potential for that bond to be formed at &iimgd other
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substituentgroups. 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 pos&icimemel.11).

OH OR
O . 0 _ .
HSES§£$L/OH RQSSEEQL/OR R = H or glycosylation product

NHAc NHAc
1
OAc OAc
AcO 0 ——> AcO O , R' = glycosylation product
ACQ/&/OAC ACO/&/OR glycosy P
NHAc NHAc
2

Schemel.11: A) General scheme of a glycosylation of an unprotected GltNAmosaccharideshowing the potential
side products. B) A general scheme of a glycosylation of a GIcNAc monosac2hiaideas been protected so only the

anomeric centre can react.

Carbohydrate mtecting group chemistry hadeveloped to thepoint it is possible to
perform individual protection of each hydroxy group in a sugar'fiagd thishas been successfully
applied in the synthesis of PNAG oligosacchafitfé$, partially deacetylated PNAG (dPNAG)
oligosaccharide$58y | j-Rpolyglucosamine (P&-89% Most recently, Tamet aP* used this
method was able to generate a library of dPNAG pentasaccharides, alongside PNAG
pentasaccharide and PG pentasaccharidgtmrting from glucosamine3 (GIcN) a precursor
molecule to GIcNAdhe amine can be selectively protecteding anisaldehyeé as it is more
nucleophilic than the hydroxy groupklext, the hydroxy groups can kaeetylated The pOMe-
phenyl group can then be removed leaving the free amine, which can be reacted with the desired
protecting groupwithout reaction occurring on any of the hydroxy gra»2 The anomeric
hydroxy group can then beelectivelyreactedto form athioglycosidedue to the anomeric effect
increasingts reactivity versus thether hydroxy groug. Theremaining hydroxy groups can then
be deacetylatedand the G6 hydroxy group can then be converted into a silyl ether via reaction
with t-butyl(chloro)diphenylsilane chloridefBDPSTIThis works due to the bulky TBDPS group
preferentially readng with the least sterically hindered hydroxy grodginally, the €3 and G4
hydroxy groups can be protecting using benzoyl grq@ehemel.12).
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OAc OAc OAc
0 0 0
A%%oé&sm e Ag‘&;&&om -4 A%%oé&om
NHR NH,

NHR

jf
OH TBDPS TBDPS
0

Hﬁoé&sm —9 . Hﬂoé&sm _h . Bﬁcz’oé&sm
NHR

0 O
NHR NHR

R = Boc, Alloc, Troc, Fmoc, or Ac
Schemel.12:. a)p-OMeGHsCHO, 1M NaOHb) AcO, Pyr, DMAPC)5N HCI, acetong d) R-Cl, base (for Ac this step is
skipped) e) TolSH, B&ELO.. f) MeONa in MeOH2g) TBDPSCI, imidazole. h) BzCI3Pyr.

This was repeated to generate 5 separate molecules where R could be Boc, Alloc, Troc,
Fmoc, or Ac respectively. Nettite TBDPS group can be removed for 4 of the 5 molecules, which
allows forthe pTolSCI/AgOTF promotor system developed by HeaaPBf to be utilised to perform
the 1,6 glycosylatiofSchemel.1.3).

OTBDPS OTBDPS
520 é@p p-TolSCI, AGOTf é&/
BzO STol then BzO O
NHR R,HN o)
1 OH 1 BZB(;&/STOI
o) NHR
Bﬁgoé&sw 2

NHR,
Schemel.13: Glycosylation utilising theTolSCI/AgOTF promotor system to create a disaccharide with two different

protecting groups.

This was repeated usirgachdifferent protecting group, generating protected PNAG
pentasaccharide with a different protecting group on each amiité the final monomer having a
handle for bioconjugation at the anomeric positidgach aminecould be selectively deprotected
leaving a deacetylated amin&ach amine can then be acetylated, @ther left deacetylated

allowing for the generation of 32 differeNAGentasaccharideéSchemel.14).
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OTBDPS
Bzoﬁ/o
BzO
BocHNBzO 0 o
zO
AllocHN Bzo/ﬁ/
BzO o
BzO
FmocHNBz0 O
BzO O

NHAc\/\/H
TN\ -sAc

aorb 0

orcor

—— R4y =H; Ry =Alloc; Rz = Troc; R4 = Fmoc; R; = H
——» R4 =Boc; R, = H; Rz =Troc; Ry = Fmoc; Rg = TBDPS
——— R4 =Boc; R, = Alloc; Rz = H; R4 = Fmoc; R5; = TBDPS

—— > Ry =Boc; R, = Alloc; R3 = Troc; Ry = H; Rg = TBDPS
Schemel.14: a)90% TFA in4®. b) Pd(PR, PhSiH ¢) Zn, AcOH. d) 20% piperidine in DE&ch deprotected amine

can be acetylated using &2 in pyridine, or left deacetylated, then a global deprotection can be performed using 20%

hydrazine hydrate in MeOH.

Whilst these strategies wonkell,theycan betime consumingoften 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 synthesif PNA®ligosaccahrideis called the acid reversion reactif:

This method involves reacting GlcNAmonosaccharidemgether withhydrogen fluoride (HF) in

pyridine (Pyr(Schemel.15). This methodas onereactionstep and can be completed in as few

as 15 hour¥, however reaction timesp to 5 daysan lead to better ratios of longer produéts
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Schemel.15: Acid reversion reaction of GIcNAt produce PNAG oligosaccharides whex§.ra)70% HF in Pyr, up to
5d.

This initially may seem appealing, with a quicker reaction time comdparable yieldto
the protecting group strategies, however, the purification can be challenging due tontheof
different oligosaccharide lengthsHomogeneity 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. Finallythere are safety concerns surroundithe use of HF. Hfan cause lethal burns, and as
well as fluoride poisoning, if not handled with the proper ¢rdt also requires extensive
guenching 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 oimachines capable atliable, automated, solid phase synthetsisapidly produce
the desired biomolecufg-8 This is a field in which polysaccharide synthesis has fallen behind. It
gl ay Qi dzy ( A bck et al publishgdkiteiy meYhdd for automatedligosaccharide or
polysaccharide synthesiserein referredto as Automated Glycan Assembly (AUSA)g a machine
they call the Glyconeer that the field had anytht@mparablé®. The Seeberger group had been
working towards this with theiwork on automated synthesis of oligosaccharides in the early
200082199 and following their creation in 2012notherother groupin the Demchenko groulpave
created similar systems that allow for AB#Aand at least one group has been able to utilise the
Glyconeer to perform AGE. 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, butthe leave the sugar attached. This can then be reacted with another
mono/oligosaccharideand 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 washe deatleat

to cleavethe sugar, which can be collected and purifi@&themel.16).
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Schemel.16: General scheme for the process of AGA.

The automated nature of this method gives it a certain appeaatl certainly has been
demonstrated to be effective, with it recently being used to creaté5tmer polysaccharidé®.
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 granghs
hasonly been able to produce PNAG oligosaccharides of a comparable segutar synthetic

routes.

From this we can see thatthere is yet to be developed a robust method for the production
of PNA®olysaccharidesomparable to biologically produced PNARBese synthetic methods
have provided substrates for the characterisation BNAGdegrading enzyme%28, as well as

showing promise in the development of vaccine technofogy

1.1.6. Immunological response towards PNAG

It has long been known thahe human immune system has natural antibodies to PNAG,
but these do not induce an effective immune response to PNAG presenting pathogenic pecies
106 1n fact in order to be able to detect any immune system activity, conjugation to tetanuaictox
(TT)was required®®4 Thiswas a known property of PNAG immunology as McKextral had
previously shown conjugation to something antigenic was essential for immune system
recognitiort®”. The initial studieautilising these TT conjugated PNAG oligosaccharides inere
determining the viability of PNAG as a vaccine antigemd they used both PNAG and PG
oligosaccharides to investigate this possibility. Thaynd that the antibodies produced by the
immune system in response to fully acetylated PNAG actually disrupted kiling &ttivity
Furthermore, they showed that PGligosaccharidesvere required to produce agonic killing
activity demonstrating the need for deacetylation in any potential vaccine candititeever, a
different study conducted by Pozti al°® 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 aureusantigens, thus suggesting that another approach was requifbdse findings informed
many attempts at producing a PNAG vaccine candidate, but as noted bst Bdinit remained
unclear whether or not using fully acetylated or deacetylated PNAG oligosaccharides rather than
partially deacetylated PNAG oligosaccharidéth this in mind, Tamt al generated a library of
different partially acetylated dPNAntasaccharidesywhich were then conjugated to antigenic
proteins and used to induce immune & aureudnfection in mice. This study demonstrated that

for the most effective vaccine @ortion of the GIcNAc monomelave to be deacetylated’hese
findings also sugest 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 humnais, so this area of research is still ongoing.

It should also be noted that no study has investigated the effeCtsiiccinylation on the immune
response, which, as with the levelsideacetylation, 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 hydrolase@GH)are carbohydrate active enzymes (CAZy) that catalyse the
breakdown of a large variety gfycans via the cleavageglcosidic bond§°. Enzymes within this
group, known as the GH group, are split into families based on sequence sifflafityese
enzymes can be furthered cla$sdinto retaining or inverting enzymes, where retaining enzymes
retain the stereochemistry of the glycosidic bond in the new anomeric centre, where inverting
Syl evySa Ay@SNI (K®i S NEKSBSOMLS Yy i NEr S&S @A &  Ndzil
residues that act as both the nucleophilic catalyst, and as the proton ddin@ major difference
between the two types of GH enzymes comes from the distance betweenthe 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 ridt} 112 It was eventually revealed that the mechanisms also

proceed throughan oxocarbenium iol® (Schemel.21).
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Schemel.21: A) Generalised scheme for the mechanism of a retainiadycoside hydrolase enzyme. B) Generalised
scheme for the mechanism ohéanvertingi -glycoside hydrolase enzym@.2 NJ 1 KS h YSOKI yAayYy FT2NJ 620K GKS
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 classifiedxasor endowhich refers to whether or not the
enzyme cleaves the first glycosidic bond of a polysaccharide chain, usually at thieduming

terminus, or if the enzyme will cleave the polysaccharide in the middle of the (fRigimrel.2.1).

Exo Endo

&E—OE&/O&E-OE&/OR

Figure1.21: 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)nechanism, where a functional group present on the sugar ring participates in
the cleavage of the glycosidic bond. This sort of mechanigheisnost common enzymes that
break down glycosidic bonds where there id\aacetyl sugar, such as GIcNAc, at the-neducing
terminus of a glycosidic bond, howevthas been shown to occur with hydroxy groups asWell
One family that perform this mechanism is the GH20 faraifgithis family contains a protein of

particular interest to this study.

1.2.2. The GH20 familyand DspersinB

The GH20 familywhich is sometimes referred to as theN-acetylhexosamidase enzymes,
characteristically cleave glycosidic bonds between a GIcNAc residue and another sugar moiety. This
A& (@ L Dihkage,dlthdughiindividual members of the family have been shown to catalyse
the hydrolysis of differenGIcNAc glycosidic linkages as Welln particular, a member of this
family isolated fromAggregatibacter actinomycetemcomitarisispersin B (DspBirst reported in
200316 has been found to cleave the GIcNBd Ob M1@linkage found in PNAG
polysaccharide's’, which until very recently was the only known member of the GH20 family to be
able to do sé&'8, alongside theonly known norRGH20 enzyme with PNAGase activity, the
aforementioned PgaB. Interestinglythough, this enzyme can act as both amdo and exo
glycoside hydrolaseith an initial preference foendoactivity’®8587.119.12 jn contrast to PgaB which
can only act in aendomanner?®. Initially, clinicalinterest in this protein was primarily focussed on
its use in biofilm disruption and detachmétto help clean medical devices and implants, and
although this approach has potential aseaavivoanti-microbial strategy, it is likely limited for use

targeting pathogens in the lungs or other orgamsvivo.

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 positiof2 forming an oxazolium ion intermedidté*?4. The DspB specific
mechanisnproceedswith EL84 acting as the acid/base catalyst of the reaction, wbil€i3 acts to
activate the nucleophilibl-acetyl group andtabilise the resulting oxazolium ion formed transition
state''® (Schemel.22).
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Schemel.2.2: ¢ K Sretaining neighbouring group participatiofNGP)mechanismof DspB.

As part of their study that allowed them to propose the DspB mecharanpelet alalso
conducted an extensive study of the residues found in and around the activVé®sifbrough
mutagenesis assays gkl identified several residues that wegssential foDspB activity. Amongst
these were the two catalytic residues, D183 and E184, and another glutamic acid residue, E332.
These threeresidues form part of alarger anionic groove on the surface of the protein first
demonstratedby Breslaweet aF°. Having previously demonstrated that DspB has faster rates of
hydrolysis ordPNAG oligosaccharidéstheynoticed 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 sideNigurel.22A). This groove contains four potential binding sites,
including the active site, which are given the numerical designatiofi df (active site), +1, and
+2, with each binding site corresponds to a GIcNAc monomer along the PNAG-adhaiel( 2 2B).
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Figurel.22: A){ dzNJF I 0SS St SOGNR &Gl GAOa aK2gAy3ad GKS I yA FofmedbyOK I NJ
the PNAG binding sitgsrhite arrow).Structure of DspB obtained from PDB entry 1H¥Tmage produced using PyMOL
Molecular Graphics Systéfi. B) The 4 GIcNAc monomers bound by each potential binding site in the anionic groove on

54 LJ Q& . Thadhshdd (N8 represents the location of the cleavage paed by theenzyme

They hypothesised that this groove was conferring the substrate preference for d&NAG
the deacetylated regions of dPNAG carry a positive charge and as such would bind better into the
potential binding sites.dtestthis,they mutatedvarious residues along this anionic binding groove
For this initial study thegelected three residues that lined the groove, DIa#42, and E248, and
mutated each residue to remove the anionic character. Then, s&egtively deacetylatedPNAG
trisaccharides with eacimutant, they were able taetermine which residues were important in
recognising deacetylated GIcNAc. Fully acetylated GIcNAc trisaccharide was used as a control, an
surprisingly, when theE248Q was incubated with the glycan, the rate of hydrolysis observed was
approximately 5 times gater than the WT. When mutated to an alanine, activity returned to WT
levels, suggesting that the E248 is important for substrate recognition of deacetylated GIcNAc, and
that the mutation at this position may afford a mowfficient biocatalyst when using fully

acetylated GIcNAc substrate over partially deacetylated substrates.

D147 was revealed to form the +2 site, as hydrolysis activity of a GIcNAc trisaccharide with
an NH*group in the +2 site was decreased when this residue was mutBte4¥ 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 welis mutation of D147 did not see as dramatic of a reduction in hydrolysis
activity as mutation of other residue&245 and E248 mutants both also saw a reduction in
hydrolysis activity of a tre&charide with an N#in the +1 site, suggesting these residues form part
of this binding sité®. In a further study by Breslawetal, a further three residues were selected
to be mutated, D242, E332, and D83®242 showed similar results to D147 when a D242N mutant

was incubated with a trisaccharide with an Ngroup in the-2 position. This would suggest D242
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bindsthe substrate in this regiorf-urther to this, D242 mutants showed a significant drop off in

endodf 8 02aARS KERNRflI&asS FOUA@QAGE O2YLINBR (2 gAfR
NEO23ayAltAzy 2F RSIFIOSGetlFGSR tb! D Yenda@aci@BNE Aa gKI
Mutants of residues E332 and D333 were also mutated as part of this study, and this resulted in

complete loss of activity, which corresponds wMlanuelet aQ iavestigaton E332 which showed

this residue was essential for Dsp&iaty*!®, and equivalents residues #ireptomycesplicatus
hexosaminidas®&®andSerratiamarcescenshitobiasé? to E332 form hydrogen bonds with the C4

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

-1 site

Taken together these experimenpsint a picture of theconstituent residues of each
binding site Figurel.23A), and thepossiblemechanisnsof action of DspB. Dspfain eithemove
along a PNAG chain cleaving inexomanner(Figurel.23B), or it canbind onto the PNAG chain
so thata deacetylated monomaes inthe -2 binding sitewhere it then cleaves the PNAG inearto

manner(Figurel.23C)
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Figurel.23: 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 1H¥ Tmage produced using PyMOL Molecular Graphics Sy&teR)

Position of the GIcNAc monomers of the PNAG polymer in the binding sites during the exo mechanism of D£pB. The
binding site remains unoccupied as DspB moves down the PNAG chain cleaving one GIcNAc monomer at a time. C
Position of the GIcNAc mononeiof the PNAG polymer in the binding sites during the endo mechanism of DspB. The
deacetylated monomer binds preferentially into th2 binding site leading to multiple GIcNAc monomers being cleaved

at once.

1.2.3. PgaBcg the other fully characterisedPNAGase

DspB has been extensively studied due to the current rarity of PNAGases in the literature,
the same is also true of the other knoviurdly characterise@NAGase, Pga®hich until 2025 was
the only other known PNAGasé As discussd previously, PgaB encoded within thgpgaABCD
locus responsible for the biosynthesis of PNAG olit I . Q&4 Fdzy OG A2y gl a A
be as d\-deacetylase protein in 2008 by It@h aF®, and in this paper, they identified a second C
GSNX¥YAYydzA R2YIFAYy GKI G Kdal&tosidasF drennapSilusthsSgtbiemi &
to hypothesise that this domain was responsible for PNAG binding, as deleting this region caused a
loss ofN-deacetylation Littleet aF® further explored this hypothesis in 2012, and their analysis of

the structure of the @erminus 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 gpara-nitrophenyl GIcNAd (pNP-GIcNA@!), a commonly used substrate for
displayingGHactivity (Figurel.24).

NHAc
4

NO,

Figurel.24: Structure ofpNRGIcNA@. Thepara-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€@minus was just important for binding to the
PNAG anaiding in theN-deacetylase activity, as they also saw a complete lo$sadéacetylase
FOGAGAGE dzll2y RSt SGA2Y 2F (KAa NBdalDwreshE (KS

to show GH activityin PgdB | | Ay 3 LINR @Sy (K Semindswasinkofedinad ( K|

PNAG binding in 2034, they set out to demonstrate GH activityboth the PgaB dt coliand of

B. bronchiseptichy utilising dPNAG isolated from biological sources suéaseus and tested

both the full protein with theN-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 GIcMBICNAeGICNAC, showing this protein operated wittndo activity.
Furthermore, theyshowed that the GH domain of PgaB was cd@alf hydrolysing dPNAG
producedin situby PgaCD, but this only occurred when tieleacetylase 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
PNAGaseat the timeto 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 DspBhich is excreted by the cell.

1.2.4. Putative PNAGases $taphylococcspecies

Despite the extensive study of timADB®cus inStaphylococcapecies, b enzyme with
similar activity to DspB has beeharacterisedn anyStaphylococcapecies to dat&®. The fact
that biofilm producingstaphylococa@pecies have been shown to produce solely PNAG as the only
extracellular polymeric substance (EPS) present in their bidfimakes this an even more
apparenthole in the current understanding of PNAG within biological systé&maslket alidentified
an ORF encoding a protein with high sequence identity with DsgBlugdunensisolates IDRL
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2414 ard IDRE26643! which they hypothesisgis a novel glycoside hydrolase of the GH20 family.
Upon further investigation by Andrew Higginson, a member of the Thomas Lab (University of
York}?2, using this sequence as the query fora BLASTp search in the UniProtKB and NCBI database
a further 16staphylococaqiroteins were identified, alongside two other proteins framgoriensis

and M. lamaerespectively. A number of homologous proteins to DspB (>50% sequence identity)
were also identified via a BLASTp search. These staghylococgoroteins have high enough
4S1ljdzSyO0S ARSyGAGe gAGK 5alL) OF Hy:0 (2 ada3
further inspection, the protein sequenéelacking some key features of DspB that potentially point

to different substrate specificity.

AIANR2@S AY 5all Q& &dz2NFIFOS tSIFRAy3a Ayia2 (K
identified by Breslaweet al (Figurel.22A) has been previously shown toconfer a substrate
preference to DspBfor dPNAG, particularly whea deacetylated monomesits in the +2
positiorf>8”. D147 alongside the neighbouring residues D146 and BEi48&, revealed to form the
+2 site(Figurel.23). This residue is relatively well conserved among the 19 sequences with 95%
having a D/E residue within 2 positions of the equivalent resitiogvever the full DDE motif is not

very well conserve@Figurel.25).

The residues that form the other neactive site binding site§242, E245, and E248 form
LJ- NIi -Aélix thayfines one side of the binding grooW#hen we look at the sequence of the
putative PNAGases, we see that they all lackrésidues that make up thiishelix, and therefore
lack the residues that form two important binding sit&&is combined with the lack of the full DDE
might suggest that these proteins would show less of a preference towards dPNAG. In fact,
Breslaweet alfound through thei mutational studies of DspB that an E248Q mutant showed an
increased preference for fully acetylated PNAGnd thestaphylococcPNAGases all have a
glutamine residue withinwo residuesof the equivalent residue to E248. This perhaps suggests

these PNAGases preferentially hydrolyse fully acetylated PIRGrél.25).

These putativestaphylococd®NAGases can be further categorised by whetheggee for
the putative PNAGase is found upstreamaafAor if it is convergent witlicaC Tresetwo clades
were named afteahighlyconserved @convergentpr conserved Kupstreamjn place of the E248
residue of DspBHjgurel.25). The two separate cladémve 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 thesestaphylococcproteins would have evolved to have a substrate specificity for fully
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acetylated PNAG is unclear. There are three hypothestéén the research groupt the time of

writing.

Catalytic DE AEH
[
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Figurel.25: Sequence alignment of the 19 putative PNAGaaéth DspB and the other DspB homologueigiurecreated

by Andrew Higginsdf? reused withpermissios & LJ. Q& a4 S1jdzSy 0SS A a VYRedNQu&R148,PIMK || of | O

D245, E248 are marked withared asterisk S 559 Y2 A ¥ F2dzyR I NRdzy R 5mnT AYy 54
2 F (h&l® (AEH) are also markethe Kclade and Qclade are also marked.

Firstly, it is possible these proteins are an evolutiomargnantfrom beforeStaphylococcal
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 spec@tuced fully acetylated
PNAG, but some evolved to deacetylate their PNAG in order to disrupt other species ability to
breakdown their biofilms. TheA. actinonycetemcomitansamongst others, evolved in response
to begin producing DspB, a protein better able to hydrolglB&AG. This could also explain why
Staphylococcapecies have begud-succinylating their PNAG®, 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 becaustaphylococcspecies
beginning toO-succinylate their PNAG. The potential presence of a +2 binding site would support
this theory as this could pointa mechanism for allowing both the recognitidRNAG, whilst also
stopping complete disruption of substrate recognition by the presence @-anccinyl group. As
Staphylococcabpecies have been showo have both an Ndeacetylase and a potenti&@-

succinyltransferase within theaADBQoperon, which is responsible for the biosynthesis of PNAG
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in staphylococ@pecie8®. This theory is also supported by the fact thatactinomycetemcomitans

is a dental pathogen, whilst the two strains®flugdunensia which the initial putative PNAGase

was discovered, IDRI414 and IDRR664, were isolated from a patient with endocardit’s and

from a prosthetic joint infectiot?* 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 put&tiviegdunensBNAGase (SIHex) was found
upstream from theicaADB®peron in place of IcaR, and no further homologue could be found
within the genomé3l. 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 tf
icaADB@peron in all 19 specié¥. IcaR is a negative regulator of tr@ADBMperon-3>¥,
meaning its absence ®lugdunensiperhaps suggests another protein is fulfiling 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, posgly cleaving PNAG strands formed by a malfunctioNing
deacetylaseAlternatively, the two proteins could potentiafiyrm a heterodimer with a part of the
operon, perhaps effecting a structural change upon doingréa would mimic the dual function
of PgaB, angerhaps the putative glycoside hydrolase is required forNulleacetylase activity in

this instance as well.

One of the aims in this thesigas D testthese hypotheses, and to investigate whether or
not these proteins are in fact PNAGas@sree of the putative PNAGases were selected for
investigation, the aforementioned SIHex fr@nlugdunensjSaHex fror®. aureusand ShHex from
S. hominisThese were chosen as SIHex was the original query sequence, and SaHex and ShHex a

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. Glycosynthasgc history and theory

The various mechanisms of GHtype enzymes are well understood and extensively studied.
It was through these studies it was first noticed thalhé nucleophilic residue in the active site was
mutated to a nonnucleophilic residue, the protein still folded properly, yet had no GH acititity

This is important, as # protein being properly foldedheant the enzyme was still capable of

binding oligosaccharide and therefore monosaccharide moleculés2 6 S@SNE A é@n g ay Qi

interesting quirk of the reactionf enzymes utilising glycosy! fluoridess realised thaa whole

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

It has long been known that Géhzymes can hydrolyse glycosyl fluorides, with this being
discovered in 1961 by v. Hofstéih 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 $chemel.31A). It was quickly realised thessubstrates have a very high—
O2YLI NBR (2 20KSNJ adzoaidNIGSad ¢KAAZ O2d4J3 SR
and that they will readily react with nucleophiles in aqueous solutitinbas led to their extensive

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

the individual roles of amino acid residues via mutagenesis sttfdies

It wasduring one of these studies it wadso discovered that GH enzymes can hydrolyse
glycosyl fluorides with thancorrectstereochemistry®(i.e. ah -glycosyl fluoride being hydrolysed
by ani -GH enzyme)What was most interesting about this though, was that enzymes proceeded
via what is now known as the Hehre resynthdsiglrolysis mechanism. The enzymes binds two of
the glycosyl fluoride monosaccharides into the active site, and performs a transgatcosy!
reaction. This causes HF to be released and a disaccharide molecule with the correct
stereochemistry to be generateid situ of the active site. This disaccharide molecule being a
substiate 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
(Schemel.31B).

This transglycosylation behaviocaught the attention of Mackenziet af. They realised
that the transglycosylation only requires the residue that normally acts as the proton déstire
group had previously shown that the nucleophilic residue can be mutated and not disrupt the

protein folding, they hypothesised thdtyou mutate this residue to an alanine, and then give the
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resultingmutated enzymea glycosyl fluoride substrate, the transglycosylation reaction would
LINE OSSRS o0dzii GKS adz0aSljdzSy i ¢Sénemne3fi@. FhksavouNB | O
mean the resulting enzymes were capable of producing oligosaccharides. Mackealtiested
GKA& 6AGK | 5 a5 yromAgrotmcteriirithatzafalyded the hydrolysis gfucose

and galactose oligosacchariddghen incubated with the glycosyl fluoride substrate and an aryl
glycoside acceptor, the enzyme was successfully able to produce disacclzitigsaccharides

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

class of, synthetic, enzyme, which they called Glycosynthases
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glycosyl fluoride. B) Hehre resynthesigdrolysis mechanisi®®a K 2 ¢ O & Anyedinglengzyme 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 Mackenake

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 producigglactoses, mannoses, xyloses, and fuctf§eamongst
others. Glycosynthases allow access to the production of oligosaccharides where the corresponding
glycosyltransferase enzyme might otherwise not, for example if the glycosyltransferase enzymeis
membrane bound versus the glycosynthase whichn@ associated to any membrane.
Glycosyltransferase enzymes also often require an expensive subtedteimics the biological
precursor molecule, such as WHOAE4’, whilst glycosynthases can operate with inexpensive
glycayl derivativesHowever, the downside to glycosynthasethat 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 producesivivo.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, beingenaorane associated,
and only containing the one caydic domain.HoweverDspB acts via the NGP mechaniswhjlst
all of the previous examples of glycosynthasasédndiscussed turning a typical GH hydrolase, i.e.
one that operates via the oxocarbenium intermediaieto a glycosynthasd&GP 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 NGBahanisms, the nucleophile is theacetyl
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group(Schemel.22) and therefore cannot be removed, and glycosyl fluorides cannot be utilised
in the same wayThe development of a NGP glycosynthase was therefore slowed and progress was

not made until 2008.

The first glycosynthase of aNGP GH was crdateinekawaet alwhen they produced an
N175A mutant of EndoM?& EndoM is a GH85 enzyme that hydrolydgsldiacetylchitobiose
moieties found inN-glycans. It is known to have low levels of transglycosylation activity, but the
major product is the hydrolysis produ@¢hemel.32A). The mutationused for this enzymeiffers
from the classic method of creating a glycosynthashiasesidue is not part of the active sitayt
did still remove hydrolysis activity bgtopping the enzyme from being able to properly orientate
the N-acetyl group for oxazolium formatiohe other major difference was the choice of substrate
To circumnavigate #issueof the N-acetyl group acting as the nucleophildmekawaet al
proposed thata transition state mimica sugar with a oxazoline ringformed between the
anomeric centre and thhl-acetyl groupcan be usethstead.They hypothesised thalis substrate
couldbind intothe active site and react witAnother oligosaccharide tendergo transglycosylation
by breaking the oxazoline ring opgmgenerating theN-acetyl group. As the mutated enzyme
cannot producehe oxazolium intermediate, the new glycosidic bond cannot be hydrolysmadi
the enzyme acts a glycosyntha&xhemel.32B). Whenpresented with @ oxazolium mimicking
substrate the EndoM N175A mutant did show glycosynthase actsuigce ssfully proving NGP GH
enzymes can be converted into glycosynthaseder 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 oxa?{ehemel.32C) Since
then there have been multiple examples of glycosynthases of NGP enzymes thabattisgpes
of mutations to generate the glycosynthgdeowever the substrate scope has been expanded to

includepara-nitrophenyl sugars as wé&it153,
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Schemel.32: A) The wild type mechanism of EndoM showing both the transglycosylation and hydrolysis mechanistic
pathways.N175 is pictured hydrogen bonding to the proton of tNeacetyl group to correctly orientate it, and allow it

to act as a nucleophile for hydrolysB) The glycosynthase mechanism of the mutated N175A EndoM\-Eleetyl group

is unable to be correctly orientated to allow for hydrolysis so only the transglycosylation reaatiproceed. CExample

of the mutated GF20enzyme SpHeacting as a glyaynthase, as presented by Teghl 154 The mutated D313A residue

can no longer activate th§-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 familySantanaet al showed that the GH20 enzyme SpHex could be converted into a
glycosynthase via the traditional mutation of the active $@eremove the activating residu&.
Another study bySlamovéet al!®® investigated the GH20 enzyme TfHex from the fungus
Tessaracoccus flavuwhich is active on GIcNAc Z MGINActo see if they could create a
glycosynthase from this enzyme. They selected residue Y470 for mutation as it is involved in
stabilisation the oxazolium intermediat®, and therefore may affect hydrolysis activity, potentialy
promoting glycosynthase activity. They investigated Y470F, Y470H, and Y470N mutants and noted
that all three had glycosynthase activity when presented withitrophenytGICNAc (pNH&SICNAC),
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 residu¥470 in TfHex is conserved as resi¥@é8 in DspB-{gurel.31).

260 270 28 0 29 0 30 0
DspB|Chain RDMRV|SLIPELAK[e] TNY VPKAS D ...... K
TfHex |Chain .. .. TNNTNLDVS. -DCGYGI PRIDVMVNPDE E I .NWGG
Figurel.31: Sequence alignment of DspB and TfHex showing DspB residue Y278 and the equivalent Tyr residue in TfHex,
Y470 (marked with a *).

Manuelet al!'®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 thgpevild t
(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 furthertwo studiesinvestigating GH20 enzyrarom Bifidobacterium bifidurpknown as
Bdhland LnbBfoundboth could be converted into a glycosynthase via mutation of an active site
oxazolium stabilising aspartic acid resiétté®2(equivalent to D183 in DspB). Howevieoth of
these studieshowed that the more effective mutation for &separticular enzymewas in fact an

DirbEmutation, rather than aiblbA. It also revealed thathilstan oxazoline substrate was superior
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to pNP-GIcNAcpNR-GIcNAc 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 PNAI[B.this thesisthe mutants that were selected were D183A, Y27&hd]

HTYC® 'y 9unyv ¢l & Ffa2 aStSOGSR FT2NJ addzRe

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

5

acetylated substrates, sowas 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 PNAGsyntha8e

Figurel.3.2: A) General structures oflifferent substrates that have been ustxstudy varioussH enzymefom multiple
families (Left to right) glycosyl fluoride, glycosyl azide, aryl glyco®jeSubstrates more specific to GH families that
utilise theNGPmechanism(Left to right) GIcNAc oxazolifiepNRGINAc4

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

and mechanisms of CAZy enzymes. Glycosyl fluoriiggrél.32A) are often used as fluoride is

an excellent leaving grod¥, leading to substrates with high— values which makes these

substrates excellent probes for kinetic studies for glycoside hydrolésé$ and for
glycosynthasée§’ 1% Glycosyl fluorides have proven to be a useful substrate in many previous
studies of glycosynthase activity®1% howeveras previously mentioned, it would be likely be
ineffective as a substrate for GH20 enzymas to theNGPobserved in the mechanism of the
GH20 family Anysubstratethat is being used to study the activity of a NGP GH enzymits or
corresponding glycosynthasgould 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 condftitimat would likely hinder

enzyme activity.

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

glycosynthasée§?1%3(Figurel.32A), 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 celick,
chemistry®4can be used to analyse the products of the reactiétfproviding useful insight into

the mechanism of the protein. However, caution must be taken with substrates containing azides,
a study by Liwet al*®”’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 substrateclassthat has found plenty of applications with all GH
enzyme$°t016817 including within the GH20 famif}1¢°17% is aryl glycosides, as seenHigure
1.32A 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 theligid byproduct 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 formatiorvia monitoring UV/\6 absorbance at a particular wavelengtéhich can
give an insight into enzyme reaction kinetics. A commuenosaccharide that issed for this
purposepNP-GIcNA@ (Figurel.32B), whereRis ap-nitrophenolgroup(pNP6). 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 ammiuof time to monitor enzyme reactions, meaning
background hydrolysis is not a big issEmally,pNP-GIcNAetis also commercially available and

doesnot require synthesising, which makes it an ideal substrate for any glycosynthase experiments.

DspBspecifically however, catalyses the hydrolysis of-lirtkages, and therefore, pNP
GIcNAd may not be the most effective mimic of the forward reactions substrates is due to the
fad that the oxygen atom connecting tieNPmoiety to the sugar ring connects directly to the
phenylring, whilst a-B-linkage has an extra carbon sepangthe oxygen and the next sugar ring.
Chibbeet all’*decided to investigate this further, through the design and synthesis of a carbamate
substrate that better mimicked the 1;hkage Figurel.33).
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Figurel.3.3: pNRGIcNAet (left) in comparison to the substrate Chibbaal. designed for DspBcarbamater (right). The
extra two atoms between the GIcNAc anomeric oxygen and the aromatic ring better mimic theka@e hydrolysed by
DspB

When WT DspB was screened with carbanTatbey observed a 26fbld improvement in

the — value for the new substrate compared to the pXECNAG, indicating the enzyme

preferentially hydrolyses substrates that better mimic the-lin&age.

Finally, as previously mentioned, oxazolifieigurel.32B), which act as a transition state
mimic, work effectively as a glycosynthase substrate. The major downsides of the ox&zoline
substrate is the inability to measure the kinetics of the reaction as unless you are able to tag this
molecule, itis hard to observe its depletion during the course of the reaction, and that the oxazoline

is sensitive to acid hydrolysis during synthestisrage ,analysisand the glycosynthase reaction.

The effect of PNAG substrate length on hydrolysis kinetics has also been investigated for
DspB. Fazekast all?° 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 Ms!in comparisonto 7.11 NMs*forthe tetramer, and

6.07 M's?for the trimer. This indicates that to achieve maximal efficiency ojpomtein PNAG
polymerisation using a DspB glycosynthase in the future, PNAG oligosaccharides primers may be
required.As discussed previoushaemical synthesis of pentasaccharides or longer for such activity

is potentially extremely challenging-solution due to multiple steps, and therefore diminishing
returns.AGAsynthesis of oligosaccharides, developedinjcket al®®, is a potentially attractive
solutionto circumnavigate this issue, howevas 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 projectwould utilise only monosaccharide substrates for the investigation of turning DspB into

a glycosynthase.

For this purpose three substrate targets were chosen for chemical synihébis thesis
Those were GIcNAc carbamai&sIcNAc oxazolirkg and an alkyGIcNAc derivative herein referred

to as N-propy+tGIcNA@or acceptor8 (Figurel.34).
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Figurel.34: The synthetic targets selected for screening of DspB mutants for glycosynthase activity. (Left to right) GIcCNAc
carbamate?7, GIcCNAc oxazoling Ns-propyFGICNAGS.

NO,

pNPR-GIcNA@was also sourced commercially to be usedjpgsitive control substrate. N
propy+tGIcNA®@ 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
0KS OAOAYyAGE 2F GKS I O0GAGS aAadsS a2 Ad Olyy2i KAYRS
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2. Project Outline and Aims

The overall aim of this project was to expand the scope of knowledge surrounding\poly
acetylglucosamine, both through furthering the understanding its biosynthetic and

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

polysaccharide.
Theproposed methods thatvere to be utilised to achieve these aims were

A2 BPIEKSoaO O ND2KBNRBI 1S  I0ReE/N0aMIONERIO 2M RIS (
T2NJGKS tb! DFaS 5aL) © ¢KS&aS adzoaidNy i§Sa O:
Ydzi I yGa F2NJ d3tedz2aeyikKlIasS | Oa@Aled /AAYOA
GAGINR RdzOa 2y 2F tb! D 2fA32al OOKIFNARS 27 )
dza S 2F (KSaSi2f{ A AMNAKORNKIKNBERSE®21IS 2F 1y26

AAd2 A&2tF0GS YR LJzNATayt BWRDONGSIHGEGSoFa YISN]
OKI NI} O B HIKSI a02Ay2 Y2 RAUOlI a2y a GKFEG tb! D dzy
ALISOAUOI Tt & himkdE ORI D2y 2AF ol OGSNAI 02y
O2dzf R GKSy 0S5 dzaSR L dzORRG St HE &Sy N#XIS 2KS
2T ade@OAYREXKAOAa g2dzf R 0SS &adeyiKSarasSR 2y
adzo a @NJ G Sa

AAA2D Ay @SaedlGS YyR OKINIYOGSNRAS BOYRWEE 2D
aLSOASa @Al (GKS dzasS 2F Syl evy$S | amiuDe Ob A OK
ns2Ay3 a2 ¢2dzd R AYONBFaS G(KS ydzyoSNI 2F t
Fft286 F2NJ 6KS LINPRdzOea2y 2F 20GKSNJ 3teodz2ae

AWK DYAOLEte Y2RAFE tb! D Aaz2fl SR FNRBY 0AGZ
2F Iy FTARS i GKS NBRdAzOAYy3 GSN¥YAydza G2

gact2 dzefAasS |y Ayl Oe@S YdzblHeDEyRXYy 3 aLo @ Kik &
y2@St tb! D aLISOAUO ofz2ky3 3ASyliod ¢KAA &
of2ky3 SELISNAYSyGaz +a ¢Sttt & AYLNROAY
LIN2 RdzOSR o6& alyO@@SNINRE Odzf ( dzNB a
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3. Results and Discussion

3.1 Chemical Synthesis

3.1.1. Introduction

As described in sectioh.3.3 three synthetic substrate targets were identified at the
beginning of this project for use in glycosynthase assHysse were carbamaig oxazoline, and
acceptor8 (Figurel.34). Carbamater was identified by Chibbet al’*as a more effective DspB
substrate than the commercially available, and more traditional glycoside hydrolase sulpsitigte,
GlcNAet (Figurel.24). Thisisd SOl dza S 5aLJ.  OF (I f-126dinkedl GIINAS ank @ RN2 f @ 3 A &
thereforeits natural substrate contains an extra carbon between the anomeric oxygen, and the

sugar ring of the second GIcNAc. CarbanTabetter mimics this linkage and so was found to be

significantly better substrate for DspB, an over 200 fold improvemenrtin Interestingly, an
FRRAGAZ2YLFE &adzwadNYdS sl a GSai-§RinkagéexadyNigueA y @S a G A3t
3.11), butDspB showed no activity when incubated with this substrate, so this substrate was not

selected as a synthetic targedarbamate7 was selected for synthesis

OH
HO 0
HO @
NHAC\/O
SRR

NO,
Figure3.11: Aryl glycosid® that was proposed by Chibbat al'’! as a potential substrate for DspB. The alkyl linkage

between the anomeric oxygen and the oxygen of het 3 N dzLJ S E | Oliélitkag¥ of PNAG.A (KS |

Oxazoliné (Figure3.13)is atransition state mimic of the neighbouring group participation
mechanism displayed by DspB, as discussed in sec@h GIcNAc oxazolines have been used
successfully in the literature as substrates for enzymatic transglycosylations catalysed by chitinase
mutants'’?, as well as Endo A and End&’M’4 More recentlymutatedGH20 enzymes have been
shown to be capable of performing as glycosynthases utilising an oxazoline sulsiratalyse
the formation of a glycosidic boAt*%4. It was for these reasons that oxazolbwas also targeted
as a synthetic substrate for use in the glycosynthase assays. However, as discussed ih.8et:tion
oxazolineSR2 Say Qi LINBRdzOS |y SraArfe RSGSOGFIofS aArdayl ft
containing glycosides likeNP-GICNAct or carbamate7 do. It is also difficult to detect via
techniques such akCMSas it is liable to degrade during the analysis into GICMAEhis is

problematic as the presence of GIcNIAn a glycosynthase assay could be indicative of enzymatic
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hydrolysis activity, which could be causing the breakdown of any successfully synthesised
oligosaccharidesesulting in a false negativearger 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 reactiinvas therefore decided that a suitable
acceptor molecule was required, onthat could be used to attach a MS tag onto any
oligosaccharides produced to improve ionisation and therefore detection. Acc8ffayure3.13

was chosen for this purpose.

Acceptor8is an azide containing aryl glycoside. The incorporation of the azide allows for
the utilisation ofClickchemistry to attach a MS tag, such as an imidazolium based tag like the one
developed by Sittekt al’® or a fluorescence tag as demonstrated by Richatsl’6, while
ensuring the azide is far enough removed from the active site to avoid the disruption to enzyme
activity described by Lugt al®’. Acceptor8 was therefore selecteds the final glycosynthase

synthetic target fotthis project.

Finally,one of the other aims of this project was to probe the functionaC within the
biosynthetic pathway. IcaC had previously been identified as a member dhatpe family of
acyltransferasesXcyl_transf_3family (PFO175WterPro family IPR00265% by Atkiret aF°. One
of the most studied proteins within this family has been shown to utilise acg@d as a cofactor
in its catalysis of the €cetylation of peptidoglycdr’, which has led to the hypothesis thiaaC
utilises a similar molecule, such as sucefdgA ints acyltransferase mechanism. Previous work by
Keenaret al’®has shown thaPseHan enzyme that is a membelifferent family of very similar
enzymes known as th&cnbrelated Nacetyltransferasé$® (GNAT), can utilise synthetically
generated acetylCoA mimiknown as SNAI) (Figure3.1.2) to incorporate an acetyl group into a
sugar known as pseudaminic acid, and that SMAcould be chemically modified to allow for

incorporation of an azide into the sugar to allow fdickchemistry to be performed.

O
H
N\/\S)J\
T

Figure3.12: Structure of SNAEO

It was hypothesised thdtaC, given the likelihood it utilises succi@gA as its cofactor,
could also utilise a similar molecule to perform its succinyltransferase reaction, and therefore an
azide tag, or a fluoro tafpr *°F NMR could potentially be smuggled into the PNAG chain via the

succinyl groups. This would perform two tasks, one, it would prove the hypothesikt@ts a
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succinyltransferase protein, and two, it would generate PNAG molecules WitkaBGle tags
presentin the chain for further study. For this purpose, the remaining synthetic targets of the

project were selected, thioesterkl¢ 15(Figure3.1.3).

OH OH OH
HO o HO HO o
NHAC ) o NHAG ™ \_N,
2.0 O TS
NO, 5

’ o) H o) ’ o)
N H N H N H
\/\S)J\/\[(O W \/\S)WO \[( \/\S)WO
0 0 Ny O 0 F O
1 12 13
H o H O RF
N OH N OH
g $S)5(Y g $3%
0] FF O 0] F F O
14 15

Figure3.13: The complete selection of target molecules selected for synthesis during this project. (Left to right, top to

bottom) Carbamater, Oxazoline5, Acceptor8, Thioesterll, Azido Thioestel2, Monofluoro Thioesterl3, Difluoro

Thioesterl4, Tetrafluoro Thioestet5.

3.1.2. Carbamate Substraté

The synthesis of the carbamate substrateadapted fromChibbaet all’?, is depicted in
Scheme3.11.

OH
HO 0 AcO AcO

NH,*HCl NHAc AcHN)
3 2
lc
OH OAc
0 d 0
Hﬁoé&o \ -~ A%%oé&o §
NHAG )7~ NHAG )~
A R

NO, NO,

Scheme3.11: a) AgO (excess), cat. DMAP, Pyr., 16 hr, R.T., 52%. b) Dimethylaminopropyl&tbrex).) THF, 2 hr, R.T,,
65%. c)p-nitrophenyl isocyanatd 9, cat. TEA, Tol., 5 hr, R.Tz, 89%. d) NeNH.&® O, MeOH, 6 hr, R. 42%.

Initially commercially sourced glucosamine hydrochloBeleas acetylated by reaction with
acetic anhydride in the presence of catalytiedihethylaminopyridine (DMAP), yielding the
peracetylated GIcNAZ This was then selectively deacetylated at the anomeric position by the

addition of 5 equivalents of dimethylaminopropylamine (DMAPA). Hemiatéwehsthen reacted
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with 2 equivalents ofp-nitrophenyl isocyanate in the presence of catalytic triethylamine (TEA)
yielding the carbamat&?. This was then deacetylated by addition of 3.3 equivalents of hydrazine

monohydrate in MeOH affording the final GIcNAc carbamate subsitateapaleyellow solid.

The first step of the reaction gave a low yield of the monosaccharafter 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 temperatarcould potentially improve solubility of the compound,
and therefore improve yield, however as enough of monosacch&nwdes 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!® and successfully performed by Chibéal!™ in their synthesis of this compound.
However, when this was performed on monosacchafdelarge impurity was presentin 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 indate 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 steqtaken.

First reported by Anderseet alt8'in 2015, anomeric deacetylation of monosaccharides can also
be achieved through the addition of DMAR&t0 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 doesiot need column chromatography for its purificatioBgheme3.12).

\T/\/\NHz ROAc \ITI/\/\NH HY L SRS
+
I
o
0
18 20 20 (H*)

Scheme3.12: Generation and subsequent protonation of the-fmpduct acetylated amin0

Exces®MAPAL9, and the byproduct acetylatedcamine 20, can be easily protonated by
washing the reaction mixture with 1M HCI, 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 impity could be seenin the spectra. However, NMR also confirmed
what Jenseetal NS LI2 NIISR F62dzi GKS aiSNB2asS t-dhdnerbf@A (&
hemiacetall6 was formed as confirmedby the coupling constant of the anomeric proton in tié
NMR @ppendix 2, & 2 LI AaSR G2 GKS 1 Fy2YSNIaNBRI2 NI SR
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bl GdzNF £ t b! D LI2-inked; &ddo itis theBfoteldeNdSsary that carbamate
7Aa aeéyiKSaiaadnRr. Leandelst allFaieBously investigated stereoselectivity of
the reaction between reducing monosaccharides with isocyanates, and observed complete
a0 SNB2aSt ipayhishdydanate ana@niélds ivhen using toluem the solvent, with a
catalytic amount of TEAEhemes.13).

-Ph
\

0 -0
HOG - wOoH * 9 —2 , HOR -\ 0o H
O "Ph

0]

Schemes.13: Leenderetal.& & y (i K S-&atbamat2sfrom glycosyl donor with complete stereoselectivity. a) Tol., TEA
(0.3 eq), 20 °C, 2 hr.

Leenderset al. hypothesised this stereoselectivity was a result of TgAmoted
Ydzii F N2 GFGA2Y 2F | NI OSYAO YAEZDNVARD 20FK &+ NG YI vk i
anomeris too sterically hinderedo reactwith the cyanate and so -carbamate formation is
LINEY2(GSR a GKS G2 | y2YSNE | NaBomeryil & lpréskrit A 6 NA dzY' =~ |
2 KAfald baw RI {hemidcatabupoh AddiNoh ¢f YHA®f tHe hemiacetal in various
solvents supports this hypothesis, it is likely jusaggerating the difference the nucleophilic
OKI NI OG0 SNJ 6ISyiYSSNR Gi KkS& R N&RroraerichidPorylgroup.yDie tb the
FY2YSNAO STFFSOGZ GKS i KKy RiNSESS Is dréadyididEactivezOf S 2 LIKA £ A
¢CKS GNIXyaradGAzy adrdsS F2NJi FaGdrO1 Aa rftaz2 ftA1Ste s
Ay G S NI Ol Ateaysition dtafe ThiskisSan example of @urtinHammettkinetic scenarié*
(Scheme3.14).

OAc OAc
17a Slow AcO 0 ACO/&&/ Fast 17p
Minor product <—— AcO ==—AcO OH —= Major product
AcHN
OH
16

NHAc
16p

SchemeB.14: Demonstration of the Curtih  YYSGG 1Ay SiA 0O a0 k&bafatedi7heing foim&dinRa G2 GKS |
preference

¢KS G(2tdSyS az2t@Syid tA1Sfe KStLA G2 SEIFIISNFGS
IANRdzL) 2F GKS A&a20@lylidS RdzZNAYy3I GKS N&onmeri A2y > LINR D
RdzZNAyYy 3 GKS NBI Ol A 2 y-Zarbamat® datianAT BypaihSsis 8 @ilfareddh G & T2 NJ |
in a solvent screen performed by Leendetsakd ¢ K S NB (i 2 f daBoyh&rs wittFthe2 NRS R |
highest selectively. Chible al. used these conditions in the synthesis of carbantétand they
reported complete stereoselectivity e formation of the carbamatéd? , when starting from

hemiacetall6 .
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To investigate if the stereoselectivity of this step would promote complete stereoselectivity
02 (K2 ¥YS NI g K-&gmerloKHemidcetalle was used, the reaction was initially
performed on a small scale using 80 mg of hemiad@®al & A S f R A-gathan2aili7id a 15% S i
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
hemiacetaltl6 was of low solubilig 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 withigroup, if
the reaction was allowed to run for longer times to allow more of the starting material to enter into
az2fdziAz2ys GKS aG§SNB2aSt SOl catbaniagel7 dfationk Bis NS | O
likely due to the lability of the carbamate the basic environment leading to generation of
deprotonated hemiacetdl6, which can mutarotate and reeact with thep-nitrophenyl isocyanate
195 & A S Rarhamateli7kS8hernel.15).

BH
OAc ( OAc OAc

AcO O H Acoé& ] :on AcO O

ACQ/&/% S <93 o~ Mutarotation ASOJ
AcHN NHAc AcHN | _
- o
178
|

OAc OAc ~
AcO 0 AcO O H-BH
AcO AcO
AcHN - ACHN, | )

Scheme3.15Y t 20 Sy GAlf YSOKI yAa YcarBatnM@1TAASE  Fi2KNSY | ¢ligh!2 yO I2{F I £(18KaSS R
carbamatel?7, subsequent mutarotation of hemiaceth® yielding hemiacetal6", and final TEA catalysedreaction
with isocyanatel9é A St Rdrhamatell 7.

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 88%IMR
FyFfeara NBJIYI2YSRI KK IRG FiR2KNSr-éhétnetirf aingsHal ZRafo il K S
FlL @2dzN) 2F GKS 1 & 2Keé GKA&A ¢gla 20aSNBSR 6KS
G261 NRa GKS I A& dzyOf SI NE odzi Y &6 GtBerelBd I (i S
hemiacetall6 in solution for the TE to react with, it will attack the carbamate, as depicted in

Scheme3.155 @& A S f Rearyamateliniidly, i 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
O2yaidlyld A0GANNARY3I TF2N |y -akoindeisHightly knSre dalubleAr2 v I £ S 41 &
toluene, as implied by Chib8&> & 2 -afiokh& might potentially enter solution at this

G S Y LIS NI (i dzNBaromérkinigtit doti This Kitkal suspension was then filtered by gravity to

F @2 AR LINB OA LI G | G-Andryler ddigFto d vilcBumATAig initial Avésh iaS successful
AYLINRGAY3I GKS hYi NI (G MNMRB, 80 tHiswisHepeated, bedg leR BIES NY A Y SR ¢
K2dzNBR GKAA GAYS® ¢KA&a adzOO0$abadef &RISRBNREPSRSELSEYH &
anomerin a 6% vyield. Knowing the aforementioned issthessynthesis was repeated at 35°C,

giving significantly improved yield of 49%. Future attempts at this synthesis might benefit from

NBRdzOAY 3 GKS [ Y2 énbier Brmatien9as TEA & curréhitly baihg hsed in vast

excess of hemiacetab .

Finally, a global deprotection was performed on carbanigteDue the carbamate lability,
this could not be performed under standard Zegapiconditions (NaOMe/MeOH), and acidic
conditions would also likely trigger the degradation of carbam&fe yielding hemiacetals.
Therefore, the reaction had to be performed by suspending carbarbate MeOH, and carefully
adding 3.3 eq. of hydrazine monohydrate, whilst monitoring the reactioftHMMR. This yielded
the deprotected carbamat& as a yellow solidhowever, further analysi®f the NMR spectra
revealed contamination wittp-nitrophenyl isocyanate from the third step of the reactioho
remove this contaminatiorGephadex LH20 resin was used for size exclusion chromatod@pay

and the resulting fractions were analysed using negative mode -HIEMS Figure3.14).
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HILIC-LC-MS Trace of Purified Carbamate
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Figure3.14: A) HILIZGMS chromatogram of the purified carbamale B) Negative mode MS spectra of the purified

carbamate?.

The resulting fractions were combined, and lyophilised yielding carbamai® 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 carbamases synthesised

for the planned experiments.

3.1.3. Oxazoline Substratg

Oxazolines had been synthesised in a synthetic route previodsigcribed by LRaiottaet

al.188 starting from monosaccharid2(Scheme3.16).
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AcO OAc --=-> "Aco ~°-> HO
NHAc
9 N§<O N§<O
21 5
Scheme3.16: a) TMSOT( (1.6 eq), dry DCM, overnightt®5) NaOMe, dry MeOH, 3 hr, R.T2, N

Monosaccharide2 was dissolved in dry DCM, placed under &hd reacted with
trimethylsilyl trifluoromethanesulfonate (TMSOTTf) at reflux overnight, yielding peracetylated
oxazoline2l Following purification, a global deacetylation of oxazoRievas proposedto afford
oxazolineb. However this purification proved to be challenging as oxazoBdeappeared to
degrade during column chromatograpt@onsidering the challenging purification, tvatiernative
one-step reaction schemes for the synthesis of oxazdirdescribed by Nogucht al187188 using
either 2chloro-1,3-dimethylimidazolinium chlorid@2 (DMC22) (Scheme3.18), or 2chloro-1,3
dimethylt1Hbenzimidazel3-ium chloride23(CDMBR3)(Scheme3.1.10), was considered.

Cl cr

+

c Cr TNSNT

e 3
/

22 23

Figure3.15: Structure of DMC vs CDMBI

DMC22 and CDMBR3 both act as a 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 toperform a neighbouring group participation mechanism to form the oxazoline
ring (Schemes.17).
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Scheme3.17: Mechanism for the formation of anomeric activation and oxazoline ring formation when GlcN Aeated

with DMC22, as proposed by Noguchi etdl

CDMBR3 is a benzene derivative of DMX2(Figure3.15) that is more stable in air, one
of the major drawbacks to working with DMZ2. Noguchiet al also speculate that DM2
hydrolyses into 1,@limethyt2-imidazolidin2-one, DMI 57, which is soluble in water, and a
potentially potent inhibitor of enzymatic transglycosylation. CDBtanalso 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 assaye @Ns#glcNAe!
in the presence of a DMZ2 solution in water, activity via detection of releaspP6 at 405 nm
was still observedHigure3.26). CDMBR3is also not available commercially, unlike DRACand
requires a 3step synthesis with an overall yield of only 13%. Therefore, it was initially decided to
proceed with the use of DMZ2over CDMB23.

OH OH
HO 0 a _ HO 0
H&/OH 2, H&)\
NHAc
N> 0
1 \<
5
Scheme3.18: a) DMQ2(3 eq.), TEA (9 eq.)26, 15 mins, 0 °C, 78%.

Commercially sourced GIcNAc monosacchatigasdissolved in BO and TEA at 0 °C, and
reacted with DM@2, yielding oxazolingin a 78% yield. The yield was determined via addition of
a 1M sodium formate solution in,D to act as an internal standard. This yielded some promising

results asoxazolines was successfully synthesised from monosacchatidesing DMQ2 as a
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reagent. Attempts to purifyoxazoline5 via both column chromatography, and gel filtration
chromatography resulted in hydrolysis @tazoline5into monosaccharidé, so it was decided to
directly use the reaction mixture in enzyme assaylswever, upon attempting this, it was
discovered that the TEA used during the synthessxaizolines was overpoweringthe buffer,
leading to a basic reaction solutiolccording to Manuedt al, thiswill lead to complete loss of
enzyme activityfor DspB A further alternative was therefore required. The synthetic route
proposed by La Paiottt al%®was briefly reconsidered, but it was decided to attempt to synthesis
CDMBR3following the synthetic pathway described by Noguetafs® (Schemes.19).

. i i _fe

2

©/NH2 L HNTONH 0 NTONT . TN
25 26 24 23

Scheme3.19: a) Urea (1.31 eq.), ethylene glycol, 48 hr, 135 °C, 88%. b) Mel (2.20 eq.), Na@B+, B& hr, 60 °C, 39%.
c) (COCH)(4.02 eq.), Tol., 168 hr, 80 °G, R9%.

Diamine 25 was converted todiamide 26 via the transamination reaction with urea.
Diamide26 was then methylated via addition of methyliodide (Mel) in the presence of NaOH and
catalytic tetrabutylammonium bromide (BNBr) yieldingliamide24. This was then chlorinated via
addition ofoxalylchloride ((COG)) to afford the CDMB23as a beige solid.

The first step of this synthesis proceeded with little difficulty, however the reaction was
guenched 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 theadehigh 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, Sclilzeret al*' 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 synthes.

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 mateeatained, 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 amourtdbtoluene remained on the product which couddt be removed

under reduced pressuteThis was solveldy dissolving the product in water, flash freezing to
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prevent hydrolysis, and then lyophilising. This worked to remove the toluene, and theredid
appearto be any noticeable hydrolysis product in the NMR, but the process likely caused some loss

of product.

Following successful synthesis of CDREBLhe compound was then used in the synthesis
of oxazoline5 (Scheme3.110).

OH OH
HO 0 a _ HO 0
HO OH —— "Ho
NHAc

0]
N~
1 \<
5

Scheme3.110: a) CDMB23(3 eq.), NaPQ (7.5 eq.), RO, 1 hr, 0 °C, 56%.

Commercially sourced GIcNAc was dissolved® with 3 eq. CDMEZ3. To this solution,
0.3 M NagPQwas added and the reaction mixture was cooled to 0°C for 1 hour. After 1 hour, NMR
confirmed formation ofoxazolines in a 56% yield. Noguceki al88 suggest that before addition of
the enzyme, the reaction solution should be neutralised via addition of HCI, whilstt&enet
al**'suggest that you need only separate the oxazoline from the reaction mixture via filtering with
C18 absorbent. Recently, C18 reversed phase chromatography cohadrizeenacquired from
Teledyne, so an attempt was made to try and separate the oxazoline from the reaction mixture via

reverse phase chromatographlyigure3.16).
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Figure3.16: A)HILIQ.GMS chromatogram of fractions-80 of the purification via reverse phased HPLC of oxazbline
B) MS trace of retention time 4.8.7 minutes

LCMS analysis of the fractions of the purification revealed two major peaks. Upon further
investigation into the large peak thatutes at an approxiate retention time 2 mins, no peaks of
recognisable mass appearin the MS trace, whilst the second peak contains only one peak of mass
243.85, which corresponds to the hydrolysed oxazglame confirmed byH NMR which showed
that the sample contained no left over starting material which would have the same.mbss
initial peak was therefore put down to artifacts from the-MS rather than impurities, which was
alsolater confirmed by*H NMRas no observable impurities were presentin the samfleis
purification wagerformedon 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 reactipref@sned,and this yielded 51

mg of pure oxazolin8which @uld be used in glycosynthase assays.

3.1.4. Synthesis of Accept@

Due to its lack of UV/Vis absorbance, oxazdliienot a suitable substrate for traditional
plate reader assays, therefore a different assay neededto be designed to screen oXaegsiimest
the DspB mutants. Previous work in our lab had designed an assay system that could be monitored
via TLC (see secti@®R2.3. This assay required a suitable enzyme acceptor subsamatefor this

purpose, N-propytGIcNAc accept@was selected.

AcceptoiBwas selected for two reasons, 1) to allow for post glycosylation modification via
dick chemistry at the azide group; and 2) as it was hypothesised that the azide group could
potentially partially mimic the size of GIcNAc monomer in a PNAG polymer. Initially, it was proposed
a glycosylation could be performed using either scandiumt(ifijte (Sc(OTE), or bismuth (11I)
triflate (Bi(OTH)), as proposed by Christensenal®®, and Rasmusseat al°° (Scheme3.111).

OAc OAc OH
AcO O a__ AcO O b _ HO O
ACO/&/OAC . Ac&/o A H&/O
\/\/N3 c\/\/N3

NHAc NHAc NHA
2 27 8

Scheme3.111: a) 3azidopropanl-ol (1.69 eq.), Sc(OE{0.15 eq), dry DCM, N45 °C, 24 hr llaOMe, dry MeOH, N

overnight

This method, whilstinitially appearing promising, when tested proved to be exceptionaly
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 jusvali®%, at which point, the
reaction appeared to halt, and so the reaction was quenched. This experiment was also repeated
with 3-bromopropani-ol with the view to perform a nucleophilic substitution on the resulting
bromo glycoside, but no product was atb be recovered from this reaction. Therefore, a different

approach was required.

When GIcNAc undergoes a glycosylation, it proceeds via a neighbouring group participation
mechanism, where thil-acetyl group reacts with the anomeric carbon, creating an oxazoline ring,
and kicking out the group at the anomeric positidheoxazoline ring that forms is quite stable and
can slow the rate of product formatidPf, leading to slow and arduous reactions. A method to
combat this is to perform amN-protection of the GIcNAc molecule before proceeding with the
glycosylation.The proposed method would proceed via aw-phthalimido GIcNAc derivative,

depicted inScheme3.112
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Scheme3.112: a) Phthalic anhydride (2.07 eq.), NaOH (1.29 eq.), Naf23J eq.), HO:MeOH:Acetone (1:2:4), RdT.

50 °C, 48 hr. b) Acetic anhydride, DMAP (cat.), Pyr., R.T., 24 hr, 29%. c) I8{BR4.), THF, R.T., 2 hr.RBU (0.06

eq.), GICCN (4.9 eq.), dry DCM, O-FCT., M. e) 3-azidepropan1-ol 34 (10 eq.), TMSTOf (0.12 eq), dry DCMRN--10

°C, 25 mins. f) MINH-H20, 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 hydrochlorilavas Nprotected via addition of
phthalic anhydride in basic conditions giving phthalimido glycaggiehichwasthen O-acetylated
via addition of acetic anhydride with a DMAP catalyst yielding phthalimido glycastéfe'°2
Glycoside9 would thenbe anomerically deacetylated by the addition of 5 equivalents of DMAPA
18 giving hemiaceta80'8!. HemiacetaBO would thenundergo base catalysed glycosylation using
CECCN in the presence of catalytic DBU giving acetimi@#f&. Acetimidate31 would then be
glycosylated usingazidopropan1-ol 34 yielding azido glycoside?**. Glycoside32 would then
be N-deprotected using hydrazine monohydrate in MeOH giving arB@®. Amine33would then
be N-acetylated via addition of acetic anhydride with a DMAP catalyst, yielding aZidehich

couldthen be deO-acetylated using NaOMe in MeOH resulting in acceftor

TheN-protection, and subsequent glob@tacetylation was successfully performed yielding
glycoside29 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 theafimiblo group
of glycoside29 resulting in Ndeprotection rather than anomeric deprotection. An alternative
method for this step is described by Justgal*°® using ethylene diamine in acidic conditions that

gives hemiacetaé80. A further alternative would be to conveglycoside29 into thioglycoside35
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(Figure 3.17) via a thioglycosylation reaction with-methylbenzenethiol in the presence of
BR-OE}®". This can then be used insteadlog imidate 31 for the glycosylation, or the STol group

can be removed, giving hemiacegl

OAc
o
Ag%oé& STol

NPhth
35

Figure3.17: Structure of thio glycosidas.

However, neither of these methods were required as simultaneously to these attempts, a
different method was being explored utilising trichloroacetimid&4cNAc derivative known as
TCAGIcNACc, or acetimidat86. Acetimidate36 is well known to act asmefficientdonor for
glycosylation reactionsThe TCA group acts as an excellent leaving group, which under acidic
conditions is rapidly cleaved, leading to a quick build up of oxazalinEhis rapid increase in the
concentration of oxazolin@1 K S LJA 2 @SND2YS GKS aftz2¢ NBIF OGA:
stability, allowing for a glycosylation reaction to proceed. Acetimi@étean be synthesised from

hemiacetatl6asdepicted inScheme3.1.13.

OAc OAc
AcO O a  AcO O
AcO —> AcO
AcHNS,, AcHNS
16 36 7
CCls

Scheme3.113: a) DBU (0.06 eq.),sCCN (4.9 eq.), dry DCM, O-.T., M, 90%.

Hemiacetall6é undemwentbase catalysed glycosylation using trichloroacetonitrilgGCN)

in the presence of catalytic dazobicyclounde@-ene (DBU) giving acetimidaB&'°:.

The reaction mixture had to be cooled to 0 °C before th€ CN was added to avoid a
runaway reaction occurring upon addition, however once added, the reaatamwarmed to room
temperature, and it proceeded without complication. Following purification via column
chromatography (2:1 ED:EtOAc) acetimidatg6was yielded as a brown foam. Acetimid&t&ran
then be used for a glycosylation reaction to form acetylated accepirThe initial synthesis
involved reacting acetimidatg6 directly with 3azidopopan-1-o0l34 (alcohol34), however, before
this could be attempted, the supplier of this compound discontinued the product. This led to the
proposed route depicted irScheme3.114, whereinalcohol 24 is synthesised from-Bromo-

propan1-ol 37 (alcohol37).
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Scheme3.114: a) NaN (excess), DMF, R.T., 4d, 83%. b) TMSTOf (0.12 eq), dry R&VE, 40 °C, 25 mins. c) NaOMe,
dry MeOH, M, R.T., 24 hr.

Commercially sourcealcohol37 was converted to alcohoB4 via nucleophilic substitution
of the bromine by sodium azid&. Alcohol34 wouldthen be used to perform a glycosylation of
acetimidate 36 yielding azide27. This would then be globally deprotected using Zerapl

conditions, yielding acce pt@°°.

The nucleophilic substitution of alcor#¥ was successfully performed affording alcoBél
as a yellow oil in an 83% vyield. This was left to react @2dmwas 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 DMHAeading 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
2F Ffteoz2acet !l GA2yViar2 yI12eP0v82N foryhationhof aflgcokl! intermediate
(Scheme3.115).
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step was attempted. However, this time, the wash wit®OHppeaedto 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 atte mjittedlcohol37,

as depicted irschemes.1.16.

OAc OAc OAc
AcO O AcO O b Acoé&
Ac(&‘ L AC&/O

— AcO O
AcHNG 1 NHAc ™ \_-Br NHAC ™ \_-N,
36 T 38 27
CCly
lc
OH
"Ho 2 &
NHAC ™\ N,
8

Schemes.1.16: a) Alcohol37 (10 eq.), TMSTOf (0.12 eq), dry DCW RN--10 °C, 25 mins, 24%) NaN (5 eq.) DMF, 60
°C, 3 hr, 44%) NaOMe, dry MeOH 2NR.T., 24 hr83%.

Acetimidate36 wasglycosylated using alcoh8F yielding bromo glycosidag!®*. Bromo
glycoside88wasthen convertedto azid@7via nucleophilic substitutiorAzide27was then globally

deprotected utilising Zemph conditions yielding acceptd. The first stepproceeds with few
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complicationsyielding bromo glycosid@8 as a colourless solitowever a large amount of product

appeared to be lost during purification by column chromatography.

The nucleophilic substitution of bromo glycosi@8 into azide27 proceeded with few
complications yielding azid&7 as a colourless solid. The aqueous wash of &ideppeared 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 alBgéhobwever, this
was deemed unnecessary as enough product was made to 27Zidas synthesised to proceed to

the next step.

The global deprotection was then successfully performed on &ide yield acceptoB.
This required no further purification and was concentratedacudeaving 15 mg of accept@as

a red solid that could be used for glycosynthase assays.

3.1.5. SucciniCoA Mimis

The synthesis of the succinyl CoA mimics depended on a route being developed for the
formation of the thioester bond. For this purposanhydride40 was targetedinitially. The
anhydride structure is important as it forms a key intermediate species in the synthdsihof
azido thioesterl2, and the fluoro thioesters. Therefore, a reliable method for synthesising the

succinic anhydrides was required. ManetaP°?described the method depicted Bicheme.1.17.

O
HONOH a_ o{/v/o
© 39 40
Scheme3.117: a) AgO (excess), 80 °C, 2 hr, 97%.

Commercially sourcedcal 39 wasring closed to yield anhydrid40. Thiswasachieved
using an excess of acetic anhydride and proceeds with no complications, and anm@ivids
produced in a 97% vyield. Next, amethod for producing the thioester bond from the anhydride was
required.A patent filed in 201%3° described a method for synthesising thioestéfrom anhydride
40 (Scheme3.118).

’ o)
(0] (0]
40 1

Scheme3.1.18: a) N-acetylcysteamingl (1 eq.), TEA (1 eqDMAP (0.1 eq.)THF, 70 °C, 16 hr.

In this method, ahydride 40 undergoes base catalysed thioesterificatiovith N-

acetylcysteamindlto produce thioestefll Initiallyin our handsthis appeared to produce some
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positive results, as a peak corresponding to the sodiated mass of thiogk{en/z = 242.0463)
could be seenin MS analysis of the reaction mix{&igure3.18). However, the peak was dwarfed
by a much larger peak at/z = 259.0542, and the compound could not be identified in an NMR of

the crude reaction mixture.

Intens.

maf111727jf_P1-A-1_01_49801.d: +MS, 1.4min #82
x10%

259.0542

343.0753

242.0460 275.0280
174.0012 7?7077‘5 J sw.lubu
| . I

o 376 .0809

175 200 225 250 275 300 325 350 375 miz
Figure3.18: ESIMS spectra of the reaction mixture for the synthesis of thioeskt&r The potential product mass is

marked with a yellow circle.

This peak coulahot be assigned to any sort of adduct of thioesidr 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 beacetylcysteamine dithiol, dithial2

(Figure3.19A), via ESMS analysis of the sample Nfacetylcysteamindlused for the reaction
(Figure3.19B)
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Figure3.1.9: A) Structure of dithioi2, the impurity found in theN-acetylcysteamindlused during the thioesterification
reaction. B) ESMS spectra of thd&-acetylcysteamind1sample showingeaks corresponding td-acetylcysteamindl
(m/z =142.0299), and dithidR (m/z = 237.0723). The mass that appeared in theNESAnalysis of the thioesterification

at m/z = 259 can also be seen and this corresponds to the sodiated dithiol

This would also explain why there was so little product formation, as d#Riisl unable to
undergo thioesterification. In an attempt to counter this, a new bottleNsacetylcysteaminell
was purchased and placed undextd prevent oxidation. However, MS analysis of this new batch
also revealed large amounts of dith#f, so in an effort t@wounter this issueDMAP was added to
the reaction mixtureo act as a nucleophilic catalyst to accelerate the thioester formaama the
reaction was repeateddgain, initial ESVIS analysis of the reaction mixture showed a large peak at
259 and an additional peak m/z = 34Fiqure3.110A), which suggesid a potential double
esterification givinglithioester43(Figure3.110B)
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Figure3.110: A) ESMS spectra of the reaction mixture for the synthesis of thicedtewutilising DMAP to break the
disuffur bond in dithiol42. Whilst a peak still exists for dithid can be still be seen, a peak for thioesidris also present
(m/z =242.0469), alongside a peak at m/z = 343.0771 which corresponds to a potential thio#fle&pStructure of the
potential thiodiester43.

The presence of this mass alongside that of thioe$1erould suggest that the DMAP was
able to successfullyccelerate the reactiorbut in doing so also catalysed the thioesterification of
the second carboxylic acid groupsulting in the dithioesterificatioof thioesterll NMR analysis
of the reaction mixture confirmed product formatiorand the reaction mixture was purified
utilising column chromatography. NMR of the purified fractions appeareldaee significantly
better defined peaks, howeverJEMS analysis showed that dith#2 and dithioester43were 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 sue@oy@ mimics. It was
reasoned that the addition of functional groufmsthe succinic acid wouldcrease the reactivity of
G§KS OFNbP2E&fAO | OAR-pituR afziahd théréfare, ilhgtadSeithe lcdkdrsidn y
of each acid tats corresponding thioesteryvhile decreasing the amount of thioesterification on
the second carboxylic acitt.was also hypothesisedthat any contaminating thiodiesters or dithiols
would be unlikely to interfere with the incorporation of the modified succinyl groups into PNAG.

First azidothioester12was targeted §cheme3.119).
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Scheme.119: a) NaN(excess)H0, 60 °C3d 84%. b) AeO (excess), 80 °C, 2 lm)N-acetylcysteamindl1 (1 eq.), TEA
(1 eq.), DMAP (0.1 eq.), THF, 70 °C, 16 hr.

In this proposed route ammercially sourcetiromoacid 44 wasconverted intcazidoacid
45 via nucleophilic substitutiof?*. Azido aid 45 then undergoes ring closure to yielkido
anhydride4&°2. Azido anhydride46is then converted tazidothioesterl2via thioesterificatiod®
The first step of this reaction is basefd of work performed byFreudenbergt aP®4in 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 3days, the TLCs showed
no starting material remaining so the re@mmn mixture was lyophilised and analysed via NNMHR.
NMR analysis showed an approximately 84% conversion inmmo acid 44 to azidoacid 45.
However, due to the polar nature of the two compounds, purification attempts proved difficult.

Therefore, it was decided take the crude product forward to the next step without purification.

The ring closure adizidoacid 45 to anhydride was also described in FreudenbetrglQ a
work, wherein they utilise thionyl chloride to achieve the ring closure. However, as acetic anhydride
was successfully able to perform the conversion of @8itb anhydride40, it was decided to use
this method forazidoacid45. This proved tbbe unsuccessful. No evidence could be found in either
ESIMS analysis, or iHNMR analysidt is unclear what caused this, however, as this reaction step
was being attemptedanother method for the synthesis afidothioester12was being developed

utilising dicyclohexylamine sa¥ (Scheme3.120).
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Scheme3.1.20: a) Amberlite IR170R.T.H20, qual. b)N-acetylcysteamind1(1.1 eq.), DCC (1.1 eq.), DMAP (1 eq.), DCM,
R.T., 16 hr. c) 85% w/wPQ, DCM, R.T., 16 hr.

In this proposed route ammercially sourced dicyclohexylamine galivas converted into
azidoacid48via protonation of the carboxylic acid functional grougid® aid48can then undergo
a Steglichthioesterificiation to yield thet-butyl protected thioeste #9829 t-putyl thioester49
can then be deprotected via acid cleavage of thmutyl group to yieldazidothioester122%, This
method avoided the need tperform 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 stejis 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 ds&tigin 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 increasedactivity 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 availabldN-acetylcysteaminell, thereby also increasing conversidtowever, several
attempts at this synthesis showed this not to be the case. No evidence of thioesterfication could be
found in ESMS analysis, antH-NMR analysis appeared to show that the two starting compounds,
azidoacid 48 and N-acetylcysteamindlhad 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, fluorosuccinyCoA mimicsvere also considered as targets, includihg tmono, di,
and tetra fluoro versionsDifluoro succinic aci®0 and tetrafluoro succinic aci®1 can both be

acquired commercially, and so a Steglich esterification was attempted with Bateme3.121).

EF O H 0]

HO N OH
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50 14
FF O H O K F

HO N OH
P on b N
o F F e} FF O

51 15

Scheme3.1.21: a and b)N-acetylcysteaminell (1.1 eq.), DCC (1.1 eq.), DMAP (1 eq.), DCM, R.T., 16 hr.

The proposed route would se@eh acid undergo a Steglich thioesterificatioryield the
correspondingluoro thioesters,14and 15. However, as with the azido thioester attempts to use
this method, no evidence of thioesterification could be detectesihg fluorosuccinic acid® and
51, and further attempts at making the difluoro and tetrafluoro thioesters were abandoned in

favour of the monofluoro thioestet3(Scheme3.122).
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Scheme8.122: a)Amberlite IR120H Resin, MeOH, R.T., 48 hr, 74%. b) DASTIDCR;, R.T., 1 hr, 48%. c) 1M NaOH,
MeOH, 0 °C, 2 hr. d) TFA#fyropyl acetatef0 °C, 2 hr. d)-acetylcysteamind1(1 eq.), TEA (1 eq.), DMAP (0.1 eq.), THF,

70 °C, 16 hr.

In the proposed route,ammercially sourced malic ackR was converted into dimethyl
malate 53 via an acid catalysed double esterification. Dimethyl mal@Bthen undemert
fluorination of the hydroxy group via the fluorination reagent diethylaminosulfur trifluoride
(DASTP"to yield fluoro dimethyl malat&4. Fluoro malate 54 would then be deprotected via an

acid catalysed hydroylsis to yield fluoro succinic &¥3’. Fluoro &id 55 wouldthen undergo a
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cyclisation to produe fluoroanhydride56°°8. Fluoro ahydride56 would thenbering opened and

thioesterified to yieldnonofluorothioester13°,

The initialstep procee@dwith few complications and requiceno purification. Dimethyl
malate 53 wassynthesised in a good yield as a light red solid. The seconaisigproceededto
completion according to TLC analysis, and following neutralisation, the product réquire
purification via column chromatographyhis is likely the source of the lower yield, however,
enoughfluoro malate54 was obtained to move forward to the next step of the synthesis as a light

red solid.

The third step was attemptechowever, NMR analysis showed that the methyl groups
remained, suggesting that the reaction conditions weeotbasic 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 ansugar molecule, rather than on a alkyl
carboxylic acid, and thereforituoro malate54 might be able to withstand a more concentrated
base. lItis also possible a stronger base could leed, such as KOH, but neither option was
attempted. At this point the synthesis of all succiBdA mimics was abandoned diaghe project

coming to an end.

3.1.6. Conclusions and Future Work

In conclusion, carbamafé oxazoliné, and accepto8 were successfully synthesised in a
high enough yield to be taken forward for biological assdywe yield of arbamate 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.

Oxazolines was successfully synthesised alongside CI@@Blacceptable yield. Yield of
oxazolinescould potentially be improved viaincreasing the reaction time, or increasing the amount

of CDMBR3but this was deemed unnecessary.

Acceptoi8 was successfully synthesised via the use of acetimi@@tes a glycosidic donor
for the glycosylation with alcoh@7. This reaction was low yielding but proved effective enoughto

proceed with the nucleophilic substitution and subsequent deprotection to yield accé&ptor

None of the proposed succin@loA 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 thioestefl2 was produced via the thioesterification of anhydrid@ 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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3.2Glycosynthase Assays

3.2.1. Introduction

Glycosynthases were first described in 1998 by Mackesizad 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 generatioaf oligosaccharideand polysaccharidethat previously had been
unobtainable due to the nature of the synthesis involved, or the fact that the enzymes responsible

for their productionin vivowere too difficult toproducein vitro.

One such polysaccharide that has proven difficult to mekeitrois PNAG. The two
characterised biosynthetic pathways of PNAG both contain mostly membrane bound proteins
which makesheiroverexpression and purificatiatifficult24¢:5¢ Therefore, it would advantageous
if a glycosynthase could be developed that produced PNAG. In orderto do so a glycoside hydrolase
must first be able to break dowPNAG, 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 an®-Pga®r this
project, DspB was chosen to attemptto 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 fustpurposé!®. Two, DspB is solely a glycoside
hydrolase protein that doesot rely on other proteins for its activity, as opposed to PgaB, which is
a dualfunction protein; also acting as Bl-deacetylas®; which requires dimer formation for
maximumN-deacetylase activifi}, and therefore could be reliant on said dimer for glycoside
hydrolase activity as welFinally PgaBs amembraneprotein®® 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 purificatipmften requiring strong detergen¥2%
Additionally, the process of synthesising the PNAG oligosaccharides might be disrupted by the
present ofdetergents, 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 wlasisad is to
mutate one of the acidic residues in the active site into an alanine to remove the hydrolysis’activity
and this method has previously been utilised to create a glycosynthase out of GH20 enzymes before
when Schrilzeret almade glycosynthases from Bdhl and LndB utilising this mutati&i It has
also been shown that mutation of the equivalent residue to Y278 in DspB can create glycosynthases

in GH20 enzymes wheréB8lovaet al utilised YHN and Yo~ mutations to generate glycosynthase
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activity ina fungal GH20 called TfH&% 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 GenSatgtlasmid encoding for the mutant
E248Q was then also purchased in order to confirm the results of Bres@aétthat 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 efferating 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 anBurification of WTDspBand DspBJViutants

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, 4Rd@8F278N, were
overexpressed in BL21 DE3 chemically competent cells. Overexpression was performed by addition
of isopropyd -b-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 w&aalysed byi2% acrylamide SBS
PAGE geHigure3.21)
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Figure3.21: 12% acrylamidéDs | D9 38t N}y S6AGK |+ wn >[ YR wmn >[ A

lysate of each of the three mutant protein cell pellets. All molecular weights are approximate.

DspB has a lybf 40 kDa, and the overexpressed bdred boxesappears justafter 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 cokiguré3.2.2).
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Figure3.22: A) Chromatogram of the purification of DspB Y278Ne fractions selected for analysis by ST¥SE are
marked.B) 12% acrylamide SIPRGE showing the fractions from the purification of DspB Y278N. All molecular weights
shown are approximate

Fractions wereghen collatedtogether,and the enzyme was dialysed iniél 5.9 100 mM
phosphate buffer salindRB$. This process was repeated for both D183A and Y2&8pgndix 25
and Appendix 2). Upon purchasing thelasmids for WT DspB and E248Q, this process was
repeated for these enzymes too. E248Q proceeded exactly as the other mutanisgpah(ix 28
however the WT produced an interesting reqiiftgure3.2.3).
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Figure3.23: A) Chromatogramof the purification of WT DspB.The fractions selected for analysis by ST¥SSE are

marked.B) 12% acrylamide SIPRGE showing the fractions from the purificationVdT DspB. All molecular weights
shown are approximate

In the gel of the purificationeach fraction of the purification contained two other large
bands that were potential contaminants. Howevepan inspecting the sequened DspBt was
noticed that a Nterminus construct had been leftin the sequenégpendix 2224). This construct
contained &ysCys pair which it was theorised could be forming disulfide boftus.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 respectivelylo test this, a small sample of the protein was incubated with 100

mM DTTo break down any potential disulfide bon@Sigure3.2.4)

100 mM DTT

M

w
Marker - +

116.0 kDa

66.2 kDa

45.0 kDa
35.0kDa

25.0kDa

18.4 kDa
14.4 kDa

Figure3.2.4: 12% acrylamide SEFAGEomparing 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 completelp 2 KAf ad Al & | -dercdpyoéifiafol (BMEpiKthe reléciBy |

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 Enzykseays

In order to determine if the selected mutants weaetiveas glycosynthases, several assays
were designed and performed utilising the various substrates synthesised in sgdtias well as
commercially obtaine@NP-GIcNA@l. The first thing that needed to be determined was whether
or not 1,3-dimethyt2-imidazolinone PDMI 57, Figure3.25), the byproduct product of DMC22
catalysed oxazoline formatiomould act as an inhibitor of Dspdrolysis activityNoguchit al*#
state in their 2012 paper that DNBI7 strongly inhibits transglycosylation activity when attempting
to perform a onepot transglycosylation utilising DME2 for oxazoline formation.This was
important as at this initial stage, oxazolif& | Ry Qi 06 SSy &adz00SaaftdA t &
ustilise oxazolines as a donor substrate, the unpurified reaction mixture containingl BrMvould

have to be used.
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Figure3.25: Structure of DMb7, a potential inhibitor of glycosynthase activity
It was rationalised that if WT DspB could still successfully hydrpN8eGIcNAet in the

presence of water solubilised 15 mM DKZ 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-or the purpose of this assay, WT DspB was donated by Dr
Alexandra Males from the Davies Ll(&miversity of Yorkiywhichwas truncated compared to the WT
DspB overexpressedsection3.2.28 Y R R A RY Q (i-tefmihys donstry(FigureS 2 6p This

construct was used as this was before the WT DspB had been successfully overexpressed an

purified.
Effect of 15 mM DMC on WT DspB hydrolysis of pNP-GIcNAc
1.6 — L L ®
| °®
1.4 —
1.2 —
i B 50nM DspB
1.0 — ® ® 1.MDspB
< i
0.8 —
0.6 —
0.4 <
0.2 -
I -I T L] * L] I I T I I L] T 1
0 5 10 15 20 25 30
Time (Mins)
Figure3.26: 9 yT @YS | OlA@gAGe L aale 2F 2¢ 54 G pn ya 6NBR &

pNRGIcNA@ and 15 mM DM@2in100 mM pH 5.9 PBSL5 mM DMQ2 s the reaction concentration usesynthesis

of oxazolines as detailed in sectioB.1.3

From this assay, it is clear that the WT DspB was still capable of performing the hydrolysis

of pNP-GIcNAC, as an absorbance signal was still detecteghatA indicating hydrolysegdNR
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GlcNAeL With this knowledge, it was determined that unpurified oxazobeeuld be utilised as

a glycosidic donooir glycosynthasassays going forwaré.cce ptol8was selected as the glycosidic
acceptor for these assaysitially the reactions were performed ata 2:1 equivalence of oxazoline
5 (10 mMin dHO) to acceptor8 (5 mM in dHO). Eachsample was kept at room temperature in
100 mMpH 5.9 PB&nd a time point was takeand quenched in MeCidom each sample after 15
mins, 1 hour,as well as beindeft overnight. The samples were thenanalysed bythin layer

chromatography (TLGJigure3.27).

e

Figure3.27: TLC plates run after 15 mins and 1 hour of the Y278F oxabadding acceptoB assayThe TLC plates were

run using a 2:1:1,-Butanol:HO:AcOH, solvent system, and stained using anisaldehyde stain.
TLC analysis proved to be ineffectivethese assaysione of the three enzymeshowed
any sign of glycosynthase activity, and the sugars themselvestitain particularly well. This led
to some initial speculation that perhaps newf the mutants were in fact glycosynthaséjpon
HILIGLCMS analysis of the overnight samples, some potential evidence for glycosynthase activity

was discoveredHigure3.2.8).
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Figure3.2.8: Full MS trace of all three DspB mutants after being left overnight with 5 mM accg@ptat10 mMoxazoline

5. Further analysis revealed a mass that matches that of a potential disaccharide in this peak.

These LIS chromatograms appear to mostly be a combination of the chromatograms for
acceptor8 and donor5 (Appendix 3}, however,m the LCMS chromatogramfor the overnight
D183Asample (blue ling)a small peaklutes(5.6¢ 5.9 minsd SF2NBE G KS I NASNJ
(Figure3.28, marked by a black arrowExtracted iorchromatogram (El@nalysis of the D183A
MS trace revealed that this peak contained two peaks at 508 andFa@0re3.2.9).
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Figure3.29: A) Extracted ion chromatograno the overnight D183A sampkhowing masses 508 and 530. B) Mass

spectra for retention time 5.4.9 mins of the D183Avernight sample

These two masses correspond to the [M#{tdand [M+(N&)] adducts of the disaccharide
(Figure3.210).
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Exact Mass: 507.2177

Figure3.210: Structure and exact mass of disaccha®@formed from the glycosylation of acceptBrand oxazoline.

These results were repeated for both the Y278N and Y278F mutaptseOdix 2%nd
Appendix 3). Thee is a small potential peak in the same placeiire of the threeno enzyme
control reactions(Figure3.211), however this was notpresentin the two repeats of theno
enzymes control§Appendix 31sothis 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 formatiomever, due to the
unknown effect of increasing the DNBF concentration past the tested 15 mM, the oxazolie

concentration was left at 2 eq. while other variables could be tested.

No Enzyme Control Reaction 1
= Extracted lon Chromatogram 508
Extracted lon Chromatogram 530

. N A
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Figure3.211: A) Extracted ion chromatograms of the overnight no enzyme sample showing masses 508 and 530. B) Mass

spectra for retention time 54.9 mins of the no enzyme overnight sample.

Temperature waghe first variable thatwaschangedn an attemptto improve any potential
disaccharide formatiorirhe reaction was repeated but the samples were incubated 4C8Figure
3.212). For these assays, D183A was focussed on as it appeared to have the most disaBénaride

formation in the previous assays.
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Figure3.212: 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 correspondigaccharid&8, however, the relative size of the
peak didnot increase, perhaps suggesting that the amount of disacch&&g®oduced during the
reaction was unaffected by the increase in temperat@eazolineis quite acid sensitive and can
break down into GIcNA& under acidic conditions. It was therefore speculated that perhaps
changing from pH 5.9 to pHcbud potentially allow for more oxazolingéto be available during
the reaction. Manueét al demonstrated that while pH 5.9 is the optimum pH for DspB, it can
perform enzymatic hydrolysis at pF¥ and so therefore it was assumed that any glycosynthase
activity would also be possible at this pHhis hypothesis was tested by repeating the enzyme assay

in pH 7100 mMPBSFigure3.213). The temperature was left at 37 °C for comparison purposes.
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Figure3.213: Overlaid EIC for the mass 530 for the pH 7 D183A glycosynthase activity assay.

From these results, it can be seen thagain the mass of the potential disacchari®& could be

found within the LEMS trace, and thereforeit can be concluded thdd183A is also potentially
capable of performing as a glycosynthase at pHH@wever, vhen the intensity of this peak is
compared tothe previous assays at pH 5.9, the size @ geakhas actually decreased from the

original pH 5.9 room temperature assdidure3.214).
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Figure3.214: 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 initigésults are promisinghey areneitherconclusivenor
guantitative. As disaccharidé8 contains an azido grouglickchemistry can be used to attach a
reliably ionisable group to make the results more quantitative ek chemistry can only be
performed with molecules containing an azide, anything that gets tagged during the process of
performing thedick chemistry mustlso therefore contain an azigland therefore if the mass seen
throughout the previous assays s in fact disacchasile will be tagged and will be visible rC
MS. Similarly to work performed by Sittetial 1”5, imidazolium tag (ITAGRis attached vi&Copper
(1) catalysed azidalkyne cycloaddition (CuAAG)s described by Koéi al®* (Figure3.215A).
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Figure3.215: A) General scheme for th€EuAAGTAG reaction. a) CuaBH0O (10 eq), THPTA (10 eq), Na ascorbate (20

eq.), R.T., 2 hrB) The structure and exact masses of the mordi, 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 disaccharids8 could be found for any of the three mutants when analysed by reverse
phased L&MS Figure3.216).
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Figure 3.216: A) Reversephase L@S chromatogram for the ITAGed TLC assay for D183A including two EIC
chromatograms for masses 4@he mass of the GIcNAJ2M+Na] adduct) and 602(monosaccharidé0). B) Reverse
phaseLCMSchromatogram for the ITAGed TLC assay for D183A including tefmEtasses 80fdisaccharidé&l) and
1008(trisaccharides2). C) Mass spectra from£23.1Y A ya 2 T ElGevealing Iflé to no disaccharide8 present

The ITAGed samples reveal a large amount of unreacted ac&pov'z: 602.39 Figure
3.216A,0Q, but show no signs of the potential disaccharide at m/z: §ure3.216B). This led to
the conclusion that the mass seen throughout the previous assay was in fact not disac&aride
but an artifact of in theLGMS perhaps coming from the oxazolibereaction 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 oxaz(#eetior8.1.3 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 oxazolinéwould require a purified compound, so these assays wemgorarily haltedand
attention was turned towards assays utilising the other glycosynthase substrates that at this point
had been successfully purifiest this pointthe WT DspBenewas also purchased an expression
plasmid to be utilised as a positive control in all future assays, alongside E248Q which was to be
tested to confirm Breslaweet aQd NB & dzf G6a GKI G akKz2g GKFG GKAA Ydzi+
glycoside hydrolas@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 wadlP-GIcNAeL 5 mM ofpNP-GIcNA@ was incubated
GAGK (62 RATFSNByYyG O2y 0OS yaiNFQnpHR5OE0 AMPBSail). oHp Ya |
hourr YR GKS NBIFOGA2Y 6l & GNIY Ol SR GAl | tkxAa YSI &adzNB)
of the hydrolysis product gfNP-GIcNA&, p-nitrophenol6 (Figure3.217).
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Figure3.217: A) UV/Vis absorbance measurements at 405 nm of 5 mpN&GIcNAct incubated with 25 nM DspBt
37 °C, pH 5.9, for 1 hauB) UV/Vis absorbance measurements at 405 nm of 5 mpAIBIGICNA&A y Odzo F 6 SR A GK ™M >a
DspBat 37 °C, pH 5.9, for 1 hour

These initial results confirhe observations oBreslaweet al with E248Q acting as a
much more efficient glycoside hydrolyase than WT Dsgough interestingly they seem to
suggest that this is concentration dependent as the WT is more efficient at the lower
concentrations. They also show thawo of the three glycosynthase DspB mutants dofact
catalyse the hydrolysis @NP-GICNAd, as an increase in absorbance can be seen for both D183A
and Y278N. D183wasthe most effective of the two, but neither mutant shows comparable
hydrolysis activity to WT DspB. Y2#8H notappear 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 leffeetive glycoside hydrolases. This

was initially performed via NS §Figure3.218).
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Figure3.218: A)LGa { / KNR Y| {i 2 3 NI Y & pNREIcNAK &sayB) M3 spestéalal. the major peaks that

appear in the WT chromatogram

The LEMS analysigppeared to show that no glycosynthase activity had occurred. The
three mutants had nmew peak that wasiot in the WT chromatogram or theo enzyme control
(Figure3.218A), and none of the peaks that appebhut were not presenin the no enzyme contrpol
could be assigned to an oligosaccharide of any le(fgitiure3.218B). 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 GléNsxalthese 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 an#&ligrise(.219)

D183A Y278N Y278F

pNP-GIcNAC J
4 — !

GlcNAcl —»

e —

i !

Figure3.219Y ¢ [/ & 27F pNeSIc\a assay(Bedt tolright) D183A, Y278N, Y2786r all three TLC plates:
Lanes 13: Reaction mixture after 1 hour. Laness4Reaction mixture after being left overnight. Lane 7: WT positive
control after 1 hour Lane 8: GIcNAE Lane 9pNRGIcNAGL.

Againin the TLCs, no new spots appear at a lonthaRpNP-GIcNA@, other than GIcNAc
1, and for all three enzymepNP-GIcNAc! remained in the reaction mixture after 1 hour in
comparison to the WT lane wher® spotis observedThis 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 opMie GIcNAet assay
was changed to pH 7(400 mM pH 7.4 PBB)an effort to see if this wouldromote glycosynthase
activity from the three mutantgFigure3.220). 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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DspB pH 7.4 Activity Assay with 5 mM pNP-GIcNAc

5 WT pH
Blank AT P
p _WT //
, | —D183A 7
Y278N _ WT pH
{ ——v278F 7 7.4
~ - - WTpH5.9 7

A405 nm

60

Time (Mins)

Figure3.220: UV/Vis absorbance measurements at 405 nm of 5 mMNRGIcNA&t A y Odzo F G SR gAGK m >
°C,in 100 mM PB$H 7.4, for 1 hourUV/Vis absorbance measurements for WT DspB in 100 mM PBS pH 5.9 included for

comparison (dashed red line).

However, this appea&dto have just completely halted any hydrolysis activity of
the three mutants. This would suggest that the mutants wewe performing any
glycosynthase reactions as this would also genepatérophenol during the formation of
the glycosidic bond. Another potential method that was tested for promoting
glycosynthase activity was the introductionazidopropylacceptor8, asperformedwith
oxazolineb. The rationale being that accept8rwas 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 fopiN&-GIcNA&were

repeated, however this time, the enzymes were also incubated with 1 mM of acc8ptor
(Figure3.221).
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1 uM DspB Assay with 5 mM pNP-GIcNAc

5 o
-==-- Control e
Control + N;-propyl-GlcNAc 'r'
T — WT + N,-propyl-GlcNAc ’/
—D183A + N;-propyl-GlcNAc ,/
4 ¥278N + N;-propyl-GlcNAc - ’
— Y278F + N;-propyl-GlcNAc -
.
---- WT -
1 ---- D183A Lo
Y278N e
---- Y278F
3 -
E
c
L
a3 4
<
<C
2
1 4
0 —
0 10 20 30 40 50 60

Time (Mins)

Figure3.2.21: (Solid linesPV/Vis absorbance measurements at 405 nm of 5 mMNRRGICNA&A y Odzo F 6 SR A GK ™m >a
DspB and 1 mM accept8rat 37 °C, pH 5.9, for 1 houiDashed lines) UV/Vis absorbance measurements at 405 nm of 5
mM of pNRGIcNAGtA y Odzo 6 SR 6AGK ™M >a 5ald Fd o1 ¢/ LI podphI F2NI m Kz2dd

Interestingly, when incubated with 5 mpNR-GIcNAet and 1 mM accepto8 the three
enzyme mutants all saw an increase in absorbance at 405 nm indicating an increase in hydrolysis
activity caused by the addition of accep&rand 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 d&jg(re3.222)
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1 UM DspB Assay with 5 mM pNP-GIcNAc Overnight
16 - s *

12 4

€
g 87
<
4 -
0- T T
N;-propyl-GlcNAc - + - + - + - + - +

-ve Cont. WT D183A Y278N Y278F
Figure3.2.22: UV/Vis absorbance measurements at 405 nm of 5 miNRGICNA&AA y Odzo | G SR A GK m >

mM acceptor8 at 37 °C, pH 5.9, overnight3.

When the enzyme reaction mixtures were left overnightyésobserved that fotwo of
the threemutants there was a noticeable increase in the hydrolysis activity when accé ptas
present, while again, this result was nobservedfor the WTenzyme In fact, the WTenzyme
appeared to be being inhibited slightly by the presence of acce@tdrhis could suggest that
acceptor8 is acting as a nucleation point for oligosaccharide production by the glycosynthase
mutants as was initially hypothesised, bubiler to test this, another TLC analysis was performed
(Figure3.223).

D183A Y278N Y278F

pNP- il
GlcNAc—» S ¢ ® s a A Acceptor
4 : : *% BV s
GlcNAc—» Y )
1 ‘,.,\..,_,,?‘ PN S

I %3 & ¢ % 2 ¢ ) /V' ’J 1

.—d

Figure3.223Y ¢ [/ a 2¥F pNRSIcNwel +amceffioB BQsEy(Left to right) D183A, >\~(278N,Y278l6r all three
TLC plates: Lanes3l Reaction mixture after 1 hour. Lane$4Reaction mixture after being left overnight. Lane 7: WT

positive control after 1 hour. Lane BNRGIcNAG! + acceptor8. Lane 9pNRGIcNAGL.
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Unfortunately, the TLC analysis appeared to disprove the hypothesis as, as was the case
with the previous TLCRO new spots appeared in the reaction mixture lanes that would suggest
glycosynthase activity. With the evidence gathetiihgt 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 al’*where they had shown carbamaio be a much more effective substrate for DspB than
PNR-GIcNA&. WTDspB was incubated with 1 mM of carbamadtat 37 °Cin 100 mMpH 5.9PBS$S
for 1 hour, and absorbance measurements were takenyat £ the characteristic absorbance of

the carbamate hydrolysis produgi;nitroaniline Figure3.224).

1 mM GlcNAc-Carbamate + WT DspB Activity Assay

4.0 No Enzyme Blank
|— 50 nM WT DspB

35— 1 uM WT DspB

0.0 v ! ' ! ' I ' ! v I v 1
0 10 20 30 40 50 60

Time (Mins)

Figure3.2.24: UV/Vis absorbance measurements at 410 nri ofM of carbamate7A y Odzo | § SR ¢AGK pn ya FyR ™
DspB at 37 °C, pH 5.9, for 1 hour.

Carbamater was found to be difficult to solubilise, hence the lower reaction concentration
than pNR-GIcNA@, however, initial experiments seemed to confirm ChiiaalQda NB adzf G a4 G KI
carbamate7is 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 dgWkh
GIcNAd, and the lower enzyme concentration had a noticeable higher signal than it diggWRh

GIcNAGdL. These results however clolbe due to thelower substrate concentration, so to fully
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confirm the results, a kinetic analysis had to be performed., Tbiwever,ran into a problem, the
aforementioned solubility issue. Normally, to determidéchaelisMentonenzyme kinetics with a

substrate, the substrate concentration is variedaimove and below the K

Wanget al®® designed a similar compound to carbama@tepting toutilise a disaccharide
instead of amonosaccharide. 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 betweenjand—when K, I [S] Equation3.21).

o w Y
v Y
® ko6
o QM 0 Y
0 Y

oW 1 Yrm gD You

() . o Y
)
Equation3.2.1: Derivation of the % order rate equation of substrate depletion kinetics

Equation3.21 is a ' order rate equation. Therefore, by measuring the initial rate of
reaction at a known substrate concentration, where that concentration is much smaller that K
different enzyme concentrations, you can obtairteotder plot for the reactioninsuch a plotthe

followingis true:
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Equation3.2.2: Equation to determine— from a plot of \§ vs [E}

Therefore, a value for— can be determined without having to calculate both individually

by measuring the initial reaction velocity of several enzyme concentratitmdo so, the WT DspB

was assayed as before, but the absorbance was converted to concentrapemtodaniline ENA)
via the BeeiLambert Law, using= 5450 M cnmr!at 410 nni”* (Figure3.2.25).

Substrate Depletion Assay with 0.5 mM Carbamate 7

0.075 - No Enzyme Control
—— 1000 nM WT DspB
—— 500 nM WT DspB
| 250 nM WT DspB
—— 125 nM WT DspB
50 nM WT DspB
0.050 —
=
E
<
pd
=
0.025 -
0.000 | : i : . | . | . |
0 600 1200 1800 2400 3000 3600
Time (s)

Figure3.225: Substrate Depletion Assay for WT DspB uBiBgnM carbamate?.

| @Ay3 FaadleSR OFENEAYy3a 02y OSy N7 Wcahypes 2F 2¢ 543
determined for each concentration of WT DspBnlgnitoringthe first 5 minutes of the assay and
applying a linear fito each data setKigure3.226).
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Substrate Depletion Assay with 0.5 mM Carbamate 7 over the First 5 Mins

0.030
— 1000 nM DspB
| —— 500 nM DspB y =8.55x107 x + 0.012
250 nM DspB R?=0.999
0.025 125 nM DspB
50 nM DspB
S 0.020
£
< ;
2 0.015 y = 1.58 x10” x + 0.009
R?=0.991
1 y=5.16 x10° x + 0.010
R?=0.946
0.010 y=1.76 x10° x + 0.009
] R®=0.838
0.005 T T T T T T T T T T T T
0 50 100 150 200 250 300

Time (s)

Figure3.2.26: 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 gthe value for ¥for each enzyme
concentrationexcept 50 nM which had too low of an initial rate to be detectable after 5 minutes.

Then usingequation3.22, the — can be determined by plotting these values against the

corresponding enzyme concentratiorfsigure3.227).
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Carbamate Substrate Depletion Assay V, vs [E];

1x107% =

8x10™> —

6x107° =
*.'m |
=
£ 40 - y=98.38 x-1.91 x10°
= R? = 0.898

2x107° —

0 — e
T I T I T I T I T I 1
0 2x1077 4x1077 6x1077 8x1077 1x107°

[El; (mM)

Figure3.227: A plot of the Y values determined experimentally during the substrate depletion assay for carbamate

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 valuerfof 98.38s™. Dividing this number
by the concentration of carbamaftéin mM (0.5 mM) gives a value 890.76mM-s?. This istwo

ordersof magnitude higher than the literature valugiven by Chibbat alof 6.1 mM!s!8 and
several orders of magnitude higher théor the— of pNR-GIcNA@, which Manueét af'°found

to be 0.021 mMs?. Thisassay confirmed the findings of Chibbtal, and demonstrates how
efficient of a substrate of DspB carbamates. Having experimentally determined that carbamate

7 is a better substrate for DspB, it wdsen assayed against the three potential glycosynthase
mutants using the same conditions as the WT agbagure3.228), however the concentration of
carbamate?7 was increased to 2 mM as some success had been had in getting more of it into

solutionfollowing the SEC described in sect®h.2 (Figure3.14).
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1 uM DspB Assay with 2 mM GIcNAc-Carbamate

5 S
4
Control
——WT1uM
— — -WT 50 nM
——D183A1uM
34 — — -D183A50nM
E ———Y278N 1 uM
= ~ — -~Y278N 50 nM
<:r ———Y278F 1 pM
2 4 ~ = =7 = = -Y278F 50 nM
1 4
0 I 1 I ! I 1
0 10 20 30 40 50 60
Time (Mins)

Figure3.2.28 UV/Vis absorbance measurements at 410 nm of 2 mM of carbafhatg’ Odzo I 6 SR A GK pn Y
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 significantincrease ir
activity with carbamate’ overpNR-GIcNAd@, with D183A almost reaching substrate depletion. To
see if this increase in activity was due to any glycosynthase activity, another set of TLC assays wer

ran (Figure3.229).

D183A Y278N Y278F

<«—Carbamate
7

Figure3.229: ¢ [ / & 27F KS m =% deftSoxighit) DIBIANR TSN, IY Zi786r all three TLC plates: Lanes 1
3:50 nM enzymeeaction mixture. Lanes-&:m > a S ydctibrymlixtuNd Lane 7: WT positive control after 1 hour.

Lane 8Carbamater. Lane 9p-nitroaniline.
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However, as happenedwith the previous TLC assays, no evidence could be found to support
0KS KeLRiKSaAra UGKIG GKS Ydzilyda ¢SNBE | OdAay3 F+a 3te
D183A reactions, however, this spot had a higheth@Rn carbamate/ 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 oligosacchdid#his point,
oxazolines had been successfully purified,&s0, in a final effort to produce glycosynthase activity
from the three mutantsthe previous assays utilising oxazollhand acceptoi8 were repeated
using a higher concentration of oxazoleThe three mutants and WT DspB were incubated at 37
°C, pH 5.9, overnight with 5 mM of accep8and 25 mM of oxazoling (Figure3.230).

== \\T 5:1 Oxazoline Reaction No Enzyme Control
Ax10° == D183A 5:1 Oxazoline Reaction No Acceptor 8 Control (D183A)
3:183 E Y278N 5:1 Oxazoline Reaction No Oxazoline 5 Control (Y278F)
2x108 ===Y278F 5:1 Oxazoline Reaction
1x10° 4

Intensity

4x108

3x10°
2x10°
1x10° .
0 . . S—

4x10°
3x10°
2x10°
1x10° 4

Intensity

Intensity

6x10°
4x10°
2x10°

Intensity

4x10° 7 cceptor 8 Oxazollne 5

3x10° 4 K n Z GlcNAc 1

2x108

1><10B

4x10c3) I - ' ' ' ' ‘ '
3x10°

2x10°
1x10°
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Intensity

8x10° R’

6x10°

4x10°

2x10°

0 : : ' , ' ,

0 1 2 ) ) 3 4 5
Retention Time (Mins)

Figure3.230: Full MS trace of all three DspB mutants and WT DspB after being left overnight with 5 mM a8capdor

Intensity

25 mM oxazoline.

Upon analysionly one new peak appears in comparison to the WT and no enzyme across
the three mutants at 1.4 1.6 mins in the Y278F chromatogram. MS analysis of this however reveals
this to just be GIcNAt(Figure3.231).
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Retention Time 1.4 - 1.6 mins
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Figure3.231: MS Spectra for retention time 1&1.6 mins of the Y278F 5:1 oxazolleeaction chromatogram.

In fact, D183A and Y278F bathowedno 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 foranyRA & OOKF NARS T2 NX I (i A PQMStlages fpyeddix 3F (0 K
Furthermore, upon increasing the amount of oxazolkmé 20 equivalents, Y278N also lost all

activity (Figure3.232).
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Figure3.232: Full MS trace of all three DspB mutants and WT DspB after being left overnight with 5 mM a&cemdor
100 mM oxazoliné.

This would suggest that oxazolibés acting as an inhibitor of the DspB mutants. To test
this, D183A was incubated with 5 mdilP-GIcNAet alongside 25 mM oxazolireat 37 °C, pH
5.9, for 1 hour tadetermineif the reductionin activity would be repeated with a different
substrate(Figure3.233).
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Oxazoline Inhibition of DspB D183A Assay
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Figure3.2.33: UV/Vis absorbance measurements at 405 nm of 5 mENRGICNAGA y Odzo F 6 SR A GK M > ¢
37 °C, pH 5.9, for 1 hourith and without 25 mM oxazolins.

This assaprovided preliminary confirmatiothe fact that oxazoliné was acting as an
inhibitor of the DspB mutants. Itis likely most prominentin D183A due to the fact that this mutant
has an altered active site, and so nahbreak 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 mutantst dat

as glycosynthases, and ther 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 fadhe gathered evidence would suggest that the three mutants are just less
efficient, or even noractive glycoside hydrolases.i3ted to the direction of the project moving
away from DspB and glycosynthases in general, however, these resuttsela an interesting

avenue forfurther research.
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Consistently throughout the enzyme assays, Y278N was more efficient than Y278F. Manuel
et al*® 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 tyrosinaspadagine are both
capable of forming hydrogen bonds, whereas phenylalanine is not, this perhaps suggests that
hydrogen bonding is important to substrate orientatiofo investigate this, a fluorinated version
of tyrosine could béncorporatedinto DspBising unnatural amino acid mutagenesisFluorine is
an electronwithdrawing substituent, and so its presesion the phenyl ring would increase the
acidity of the-OH group of the tyrosine, potentially increase its hydrogen bonding efficidinisy
would cause a noticeable increase in enzyme efficidhay could be measured utilising the

methods used during this study

There are also a few other methods that could ddeemptedto produce glycosynthase
activity from DspB. Schifzeret al*! were able to generate glycosynthase activity utilising a DE
active site mutant, while Wargf aF®showed that a disaccharidesrsion ofcarbamate? is ahighly
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.

120



3.3Putative PNAGase enzymessitaphloccocci

3.3.1. Introduction

Giventhe lack of an apparent PNAGase irstlaphylococcugenus, one of the aims of this
project was the to identify, express, purify, and characterise a PNAGase fstaphylococci
speciesThis would addressgap in thecurrent literature, and could create additional avenues for
the generation of new glycosynthasesthat could be used to generate PNAG oligosaccharides. Franl
et alinitiated the work towards identifying a nestaphylococd?NAGase in 206 when they
discovered an ORF that describes a protein withinugdunensisolates with high sequence
identity with DspB. Utilising this sequence as the query in 2022, Higdiisas able to perform a
BLASTp search in the UniProtKB and NCBI databases, which revealed a fustiaghifcocci
proteins that could be PNAGases, alongside proteinsin a variety of other species that were revealed
GKSY dziAfAaAy3d 5aL) Fpare3®B.ljdzSy O0OS +a GKS |j dzSNE

Figure3.3.1: The results of the two BLASTp searches performed by Higginson. The sequence of DspB (*) revealed the
sequencesiot in the K or Q cladeThe search using the sequence discovered by Fatal**) revealed the sequences
of the putative staphylococci PNAGasékhe black arrows denote the proteins selected for expression and

characterisation.

Recentwork from Malest al*®also corroborates this work as their phylogenetic analysis
identified several potential GH20 PNAGases within the sstaghylococci LIS OA Sa | a | A
work did. This evidence prompted the selection of three of the identifitegphylococgproteins,

SIHex, ShHex, and SaHex, for expression and characterisation to determine whether or not these

proteins are PNAGases.
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