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Abstract

Complex carbohydrates are widespread in all living organisms, particularly on cell surfaces, and play
a crucial role in various biological processes through interaction with glycan binding proteins.
Accessibility of structurally defined glycans is very important for structure-function studies. Even
though chemical synthesis has been improved considerably, it is still a laborious and tedious
approach to obtain target glycans because of multiple protection and deprotection steps. Enzymatic
synthesis has emerged as an alternative method, which can be also combined with chemical
synthesis (i.e., chemoenzymatic synthesis) that significantly facilitates the manufacture of diverse

complex glycans.

In this project, we initially identified active glycoenzymes for glycan synthesis. One bacterial
galactokinase from Leminorella grimontii was identified and characterised. Kinetic studies and
evaluation of substrate specificity were conducted. Subsequently, it was used to construct a panel of
substituted 6-aminogalactose-1-phosphates combined with an engineered galactose oxidase and
chemical reductive amination in a one-pot system, providing a useful chemical probe toolkit for

glycomics studies.

Furthermore, three acti ve DNeissdriagenihgitidis were gbtained.aThes f er as e s
reversible activity of two close homologs was discovered by newly synthesised ionic liquid tagged
substrates (i.e., ITag-Glc and ITag-GIcNAc), which can transfer galactose from inexpensive lactose to
ITag-Glc and ITag-GIcNAc in the presence of catalytic amount of UDP. The reaction conditions were

optimised and the practical application was demonstrated by preparative synthesis of pNP-b-LacNAc.

Lastly, our recently developed label-free glycoarray technique was utilised to identify specific
carbohydrate ligands of C-type lectins including human (DC-SIGN R, MCL, DCIR, DC-SIGN, Langerin,
MGL and DC-SIGN R-hFc) and murine (mLangerin-hFc and mDCL-hFc). MCL, DC-SIGN and MGL
bound to Lewis X, Fuc, and GalNAc respectively. Langerin could recognise Man, GIlcNAc, Fuc, Xyl
and GalNAc. DCIR was detected on spots functionalised with LacNAc and Lewis X. However, no
binding was observed for DC-SIGN R, DC-SIGN R-hFc, mLangerin-hFc and mDCL-hFc. Additionally,

our glycoarray was proven to be reusable, which allowed to recycle the precious glycosides.
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Chapter 1 Introduction

1.1 Biological functions of carbohydrates

Carbohydrates alternatively named glycans, saccharides or sugars are a class of organic compounds
composed of carbon, hydrogen, and oxygen, encompassing monosaccharides, oligosaccharides and
polysaccharides. They are one of the four ubiquitously present biomacromolecules which play crucial
roles in all living organisms (i.e., proteins, nucleic acids, lipids and carbohydrates)." In general, the
biological functions of saccharides could be categorised into mainly four aspects: firstly, structural and
modulatory functions including nutrient sequestration; secondly, extrinsic identification; thirdly, intrinsic

identification; lastly, molecular mimicry of host carbohydrates (Figure 1).2

In terms of structural and modulatory roles, glycans serve as physical structures. For example,
cellulose or chitin provide rigidity and strength to some biologically relevant structures such as fungal
and plant cell walls, as well as arthropod exoskeletons.** In addition, thick layers of carbohydrates
provide physical protection and tissue strength. For instance, mucins commonly found on numerous
epithelial surfaces and intestines, which are usually decorated by abundant various saccharides,
possess key barrier functions containing preventing lumen microbes from invading.” ** Furthermore,

glycans contribute to water solubility of biological macromolecules, lubrication, expulsion of pathogens,

etc.

As for extrinsic identification, carbohydrates on cell surfaces mediate interactions between host
species and microorganisms, which could lead to diseases, commensalism or symbiosis depending
on biological environment and interaction process.2 Glycans are involved in bacterial, fungal and
parasite adhesions. A representative example would be the identification of gastric sialoglycans that
12118

play an important role in pathogenesis of carcinoma and gastric ulcers. Additionally, sugars can

be recognised by soluble plant and bacterial toxins to carry out their biological effects. For instance,

19.20 Besides, saccharides can also be involved in host

the binding of cholera toxin to GM1 ganglioside.
immune responses regulated by parasites or commensal bacteria. As an example, polysaccharide A
from mammalian intestinal microbes contributes to increase tolerance of the host immune system

through T-reg engagement.”* Moreover, sugars play a significant role in viral agglutinins, host decoys,

antigen identification, uptake and processing, etc. Regarding intrinsic recognition, since the discovery
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of lysosomal enzyme trafficking mediated by specific P-type lectins, a number of instances that

glycan-binding proteins own an inherent function have been discribed.?

Biological Roles of Glycans

Structural/modulatory
roles

Extrinsic
recognition

Intrinsic
recognition

‘ ’ / Molecular
‘ ‘ mimicry
O-0O

<>—Q/ M

Glycan-binding Glycans Microorganism
protein or toxin

Figure 1. General classification of the biological functions of carbohydrates. A simplified and wide
categorization is shown, particularly underlining the functions of organism-intrinsic and -extrinsic
carbohydrate-binding proteins in recognition of carbohydrates. In the bottom part of the figure, binding
displayed on the left of the central "Self" cells is representative of intrinsic recognition and binding
displayed to the right of that cell is representative of extrinsic recognition. Potential functions was

complicated by adding host glycans molecular simulation. Adapted from.?

Glycans take part in intracellular glycoprotein folding and degradation. For example, sugars linked to
nascent glycoproteins play a vital function in modulating endoplasmic reticulum involved degradation.2
Furthermore, saccharides participate in the trafficking of endocellular glycoproteins. A classic example

is mannose 6-phosphate mediated lysosomal enzymes targeting.” In addition, a diverse variety of
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biological processes are involved by sugars, such as endocytosis and phagocytosis, intercellular

signalling and adhesion, cell-matrix interactions, etc.

Lastly with respect to molecular mimicry of host carbohydrates, in order to infect host cells, usually
pathogens need to develop approaches to attain molecular mimicry of host saccharides. Several
examples are available such as convergent evolution of host-like glycans, incorporation of host

glycans, etc.’
1.2 Protein glycosylation

Protein glycosylation is the addition of carbohydrate molecules to proteins, occurring either
posttranslationally or cotranslationally. Glycosylation (occurring in the endoplasmic reticulum or Golgi)
is one of the major protein post-translational modifications (PTM)22 which also include phosphorylation,
ubiquitination, nitrosylation, acetylation, methylation, proteolysis and Iipidation.23 Protein glycosylation
provides larger proteomic variety than other PTMs and affects protein folding, conformation,
distribution, stability and activity. In nature, more than 50% of proteins are glycosylated.24
Glycosylation is crucial for a wide variety of bioprocesses, including cell-cell adhesion and cell-
extracellular matrix adhesion. Glycosylation consists of different options of sugar-moiety attachment
to proteins that range from monosaccharide modification of nuclear transcription factors to extremely
complicated oligosaccharide bound to extracellular glycoproteins and proteoglycans. Glycosylation is
described by a broad variety of glycosidic bonds distributed among glycoproteins in living biological
systems ranging from eubacteria to eukaryotes.25 There are at least 41 diverse glycosidic bonds
formed by 13 distinct sugars and 8 amino acids containing glypiation (GPI anchor addition),
phosphoglycosylation and O-, N- and C-linked glycosylation.25 In general, the two main types of
glycosylation are the formation of asparagine-linked (N-linked) or serine/threonine-linked (O-linked)

glycans.
1.3 N-linked glycans

N-linked glycans are generally characterised by carbohydrates linked to the side chain of asparagine
residue through N-acetylgluc o s ami ne ( Gl c NgHengylanhide finkeigen This §lycosidic bond
is usually formed at a linear consensus sequence of Asn-X-Ser/Thr, where X could be any amino acid

except proline.26 However, not all such sequences is glycosylated, because the biosynthesis can be

12



influenced by the protein three-dimensional structure. Structurally, all N-linked polysaccharides
include a common core pentasaccharide,l which is composed of three mannose (Man) and two N-
acetylglucosamine (GIcNAc) residues (Figure 2). N-linked glycans can be further subdivided into three

major groups (i.e., high mannose, complex and hybrid).ze'27

Fd@gw‘
‘EEIOQIl‘

L m
il
il

k1
L 0

<

High mannose type Complex type Hybrid type

Figure 2. Common structures of N-linked glycans. The core pentasaccharide is shown in a rectangle.
1.4 O-linked glycans

O-linked glycans are predominantly attached to hydroxyl group of amino acid side chains such as
serine (Ser), threonine (Thr), tyrosine (Tyr), hydroxyproline (Hyp) and hydroxylysine (Hyl) (Figure 3).
In contrast to N-linked glycans, there is no amino acid consensus core sequence.’ O-linked glycans
(typically consist of 3 to 6 monosaccharides in mammals) are structurally less diverse/branched

compared to N-linked glycans.?®

Most O-linked glycans covalently bind to proteins by forming the linkage between GalNAc and Ser or
Thr, which occurs in the Gol gi ap p dond betwsen GaiNA@ uk ar yo't

and Ser/Thr was considered as a hallmark of mucins,” which are heavily O-glycosylated. Therefore,

13



O-linked glycans are also known as mucin-type O-linked glycans. They are found in various

glycoproteins, human gonadotropins, fetuin, glycophorin and antifreeze glycoproteins.?®

SIT SIT Hyp SIT Hyl SIT SIT SIT

Figure 3. General O-linked glycans.

1.5 Chemoenzymatic synthesis of glycans and glycoconjugates

Carbohydrates and glycoconjugates are growing in significance in biological processes as well as for
a wide variety of applications in health, food, bioenergy and biomaterials. Therefore, the demand for
such organic compounds is increasing. The majority of saccharides and glycoconjugates are large
and complicated structurally, which leads to difficulties in isolation of homogeneous compounds from
natural sources. Furthermore, the quantity of nature derived glycans is usually too small to satisfy the
requirement of biological investigation. As a result, the availability of structurally defined glycans and
glycoconjugates mainly depends on chemical or enzymatic synthesis.”® Unlike proteins and nucleic

acids, there is no coding template for glycan synthesis.*>*!

Traditionally, glycans and glycoconjugates
are synthesised by chemical approaches. Due to a wide variety of possible stereo- and
regiochemistry as well as similar individual glycoside hydroxyl groups, which makes it difficult to
control regioselectivity. Thereby, chemical synthesis usually requires multistep procedures including
many protection and deprotection steps to obtain structurally defined glycans.”"' % These procedures
are usually laborious and tedious and frequently gives low yields. On the other hand, enzymatic
synthesis has become an attractive alternative method compared to its chemical counterpart, which
could control the anomeric stereo- and regioselectivity without any protecting groups as well as
function in moderate conditions.*® Moreover, most glycoenzymes work at ambient temperature at near
neutral pH in aqueous solution, and their reactions are generally compatible with each other. As a
consequence, it is possible to combine several enzymes in a one-pot system, circumventing the

isolation of intermediate products. In addition, mild aqueous reaction conditions and enzyme

biodegradability also make glycoenzyme-catalysed biotransformations environmentally friendly.37

14



Highly catalytic efficiency and well controlled regio- and stereoselectivity are also key factors that lead
to the establishment of glycoenzymes in complex glycan synthesis. However, the range of glycans
and glycoconjugates that can be formed by glycoenzymes are still limited even though directed
evolution and rational design are employed to broaden the substrate scope of the known enzymes,
especially towards modified carbohydrates. Furthermore, sometimes glycoenzymes are not good
enough or not available for target glycan fabrication particularly for oligosaccharides in glycolipids.
Therefore, the chemoenzymatic approach, combining the advantages of both chemical and enzymatic
processes, is a good option for large scale synthesis of diverse saccharides and glycoconjugates. In
nature, two families of enzymes (i.e., glycosidases and glycosyltransferases) are involved in sugar
metabolism. In vivo, glycosidases are responsible for glycan hydrolysis, while glycosyltransferases

26,38

conduct oligosaccharide biosynthesis. However, in vitro both of them have been widely employed

to assemble glycans and glycoconjugates.®
1.6 Glycosidase

Glycosidases (glycosyl hydrolases, GHs) are a class of enzymes responsible for hydrolysing
glycosidic bonds. They can be further subdivided into exo-glycosidases and endo-glycosidases. The
majority of glycosidases utilised in glycan synthesis belong to exo-glycosidases, which catalyse the
transfer of sugar to the non-reducing end of acceptor substrates. The sugar donors could be
monosaccharides, oligosaccharides as well as activated sugars, e.g. p-nitrophenyl-glycoside.
Glycosyl hydrolases are able to be classified into two subfamilies, i.e., retaining and inverting
enzymes based on whether the stereochemistry of the anomeric bond of the donor substrate is
changed or not. Reactions catalysed by glycosidases usually form a sugar-enzyme intermediate,
which can be intercepted by either a sugar acceptor to produce a novel glycoside or by water to

generate the hydrolysed products (Figure 4).

Extensive availability, highly catalytic activity, inexpensive donor substrates, and in general tolerance
to various organic solvents make glycosidases become an attractive biocatalytic tool.*° One major
shortcoming (i.e., relatively low product yield) has been addressed by constructing mutant

glycosidases, designated as glycosynthases (GSs).*"*?

Glycosynthases are unlikely to cleave the
newly formed glycosidic leakage since a non-nucleophilic residue has been placed instead of the

nucleophilic one. Consequently, the product yield was increased by promoting the reaction in the

15



synthetic direction. Glycosynthases can be obtained from both exo- and endo-glycosidases, as

demonstrated with the assembly of numerous glycans and glycoconjugates .****

Even though yields have been significantly improved by introducing glycosynthases, multiple
regioisomers can be obtained because of the low regioselectivity of glycosidase-catalysed synthesis.
Tedious and laborious compound purification step is generally required in complex oligosaccharide

fabrication. Therefore, more specific glycosyltransferases would be a better choice.*

Enz

HO N OH
m_, Glycosyl acceptor
HON\,0 mo& " Ene

0 GH 0
HO- N\ OR; HOR; + HO~\o\meEnz

Glycosyl-enzyme
intermediate

/\%

Glycosyl donor

Figure 4. Glycosidase-catalysed glycoside synthesis. Adapted from.*®

1.7 Glycosyltransferase

Glycosyltransferases (GTs) are a class of enzymes involved in the carbohydrate transfer from a donor
substrate to an acceptor molecule through assembling of a glycosidic bond. They are in charge of the

majority of glycan synthesis on cell-surface glycoconjugates in vivo. Acceptor substrates are diverse

which could be from simple monosaccharide to complex oligosaccharide, glycoprotein and glycolipid.
Glycosyltransferases can be categorised into two subfamilies (i.e., non-Leloir and Leloir GTs) (Figure

5). Non-Leloir glycosyltransferases, alternatively called phosphorylases, utilise activated glycosyl-1-
phosphates or non-activated forms like sucrose and starch-derived glycans as sugar donors, while

Leloir glycosyltransferases employs nucleotide sugars. Glycosyltransferases could also be
distinguished into inverting (f rom U to b) and retaining (from U t
whether the anomeric configuration of the donor substrate is inverted or retained. A large proportion
ofnon-Lel oir glycosyltransferases arer -glicesp-bphasphbaté,e f or
while relatively fewer enzymes catalyse the phosphorylation of galactose and N-acetylglucosamine.

Due to no water molecule participating in the reactions, and low bond energy of sugar-phosphate, the
reactions are reversible. Glycosyl-1-phosphate is the product of decomposition process. However, it

serves as sugar donor for the synthetic direction (Figure 5B). Various disaccharides,

16



oligosaccharides and polysaccharides act as substrates of phosphorylases. All phosphorylases are

very strict in donor substrates, whereas much less specific towards the acceptor

A
m‘r 0 Leloir GT % 0
HO XDP  + HO%OR — |HO o] OR + XDPH
n 2
GDP-sugars UDP-sugars CMP-sugars
Fucose g|UCOSG Sialic acid
Mannose alactose .
N-acetylglucosamine
N-acetylgalactosamine
Glucuronic acid
Xylose
B
(0] ﬁ 0]
(0] g o
_p— + Non-Leloir GT
HON~ 0 P—OH HO N\, OR <Homo>mOR
OH n
[l
HO—I|3—OH
OH

Figure 5. Glycosyltransferase-catalysed glycoside synthesis. A, Leloir glycosyltransferase; B, non-

Leloir glycosyltransferase. Examples of XDP-sugar donors are shown in Figure 6. Adapted from. 5

substrates, resulting in a wide variety of glycans. 6148 Sucrose acts as non-activated substrate for
another class of phosphorylase, which according to the sugar moiety transferred, it could be
subclassified into glucosyltransferase and fructosyltransferase, leading to construction of glucans and
fructans respectively.49 The substrate specificity of fructosyltransferase is more relaxed than
glucosyltransferase. Non-Leloir GTs (for instance trehalose phosphorylase and sucrose
phosphorylase responsible for the synthesis of trehalose and sucrose respectively) do not require
expensive nucleotide sugars, and have been applied to produce various glycans. However, side
reactions such as hydrolysis are common and tend to limit the complete application of this type of
enzyme in glycan synthesis.*® Leloir GTs, instead, are employed for the formation of both N- and O-
linked glycans on the majority of cell-surface glycoconjugates in mammalian cells, as well as cell-wall
polysaccharides in microbes and plants. Furthermore, Leloir-type transferases show better regio- and

stereoselectivity than non-Leloir enzymes.
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Leloir GTs use nucleotide sugars (i.e., nucleotide mono- or diphosphates) as sugar donors to transfer
the corresponding monosaccharide to a sugar acceptor (Figure 5). For nucleotide sugar preparation
in general, a glycokinase is applied to carry out the phosphorylation of starting monosaccharide to
yield sugar-1-phosphate, which is subsequently utilised to manufacture target nucleotide mono- or
diphosphosugars. In mammals, GTs employ nine basic nucleotide sugars as building block for
biosynthesis of complex oligosaccharides. Sugar nucleotides are uridin e - diplosphate sugars (Glc,
Gal, GIcNAc, GalNAc, GIcA and Xyl), guanosine 5-6monophosphate sugars (Man and Fuc), and
c yt i dmamaphoSphate sugar (Neu5Ac) (Figure 6). On the other hand, nine monosaccharides are
used as sugar acceptors, which could lead to the production of 49 disaccharides when combined with
above mentioned nine sugar nucleotides in mammals (Table l).50 These 49 disaccharides are able to
act as acceptor substrates for glycosyltransferases, and the resulting trisaccharides can be the
substrates for glycosyltransferases again. Additionally, lipids and proteins can serve as acceptor
substrate as well. Consequently, an enormous diversity of glycans, glycoproteins and glycolipids

containing different glycosidic linkages can be synthesised in mammals.

Mammalian Leloir glycosyltransferases are very strict towards substrates in vivo, whereas wider
tolerance of acceptor substrates was discovered in vitro, which means some hydroxyl substituents are
less important than others in the glycosylation process. On the contrary, microbial
glycosyltransferases display broader scope of both for donor and acceptor substrates. Bacterial GTs
have some advantages over their mammalian counterparts, (i.e., broader substrate scope; better
solublility profile; simpler and easier expression in Escherichia coli; higher yield enables its application
in preparative synthesis; lower fermentation cost).45 Microbial GTs exhibit a wide variety of sugar
transfer activities. The majority of microbial glycosyltransferases are derived from human pathogenic
bacteria, and a small proportion are from symbiotic bacteria, while mannosyltransferases are mainly

cloned from yeasts.™

In preparative glycan synthesis catalysed by Leloir GTs, nucleotide by-products are generated, which
could potentially inhibit the activity of glycosyltransferases. To address this kind of issue, they can
either be reused in sugar nucleotide regeneration system, or hydrolysed by adding alkaline

phosphatase to the reaction mixture.

18



In summary, despite glycosyltransferase-mediated glycan formation offers remarkable advantages
over chemical synthesis, particularly in large scale manufacture, two main defects (activity inhibition
by nucleoside diphosphate by-products and expensive nucleotide sugar donor) are commonly
encountered. As a consequence, enzymatic sugar nucleotide regeneration systems are highly
desirable to reduce the cost and eliminate the side-product inhibition, which would certainly facilitate

the assembly of glycans particularly on large scale synthesis.*
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Figure 6. Structure of nine common nucleotide sugars in mammals.
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Table 1. Glycosidic bond synthesised by mammalian Leloir glycosyltransferases. Adapted from.*®

Acceptor

Nucleotide

sugardonor pu.c Ga  GalNAc Gl GIcNAc GIcA  Man  NeuSAc Xyl

GDP-Fuc - U1, - - g1, 3 - - - -
U1, 4
Ui, 6
UDP-Gal - U013 b1,3 b1.4 b1,3 - - - b1,4
U1,4 b1,4
01,3
UDP-GalNAc - 01,3 U1,3 - b1,4 b1,4 - - -
h1,3 U1,6
h1,4
UDP-Glc  b1,3 U1, - o1, - - U1, - -
U1,
UDP-GIcNAc  b1,3 b1,3 b1,6 - Uui,6 U1, . b12 - -
b1,6 b1,4 b1,4
UDP-GIcA - b1,3 b1,3 - b1,3 - - - -
b1,4 b1,4
GDP-Man - - - - u1l, 4 - u1, - -
b1,4 U1,
U1
CMP-NeuSAc - U2, u2,6 - - - - u2,8 -
U2,
UDP-Xyl - - - U1, - - - - U1,

1.8 Galactosyltransferase-catalysed galactosylation

Galactosyltransferases (GalTs) are a group of glycosyltransferases catalysing the transfer of

galactose from UDP-Gal to other sugar acceptors including glucose, N-acetylglucosamine, galactose,

etc. Different GalTs are responsible for the construction of two anomeric configurations viaU 1, 3, ui, 4,
U1,6 or b1l, 3, Méanmmalihn ghlactodylmagséemases are a family of most thoroughly
investigated transferases, wi t h p anr this fanmily, agaldctpse b 1, 4 g
through b1,3, b1, 4, U1, tkedto differdrt glydansyFigure )87 Rétainingp ond s |
galactosyltransferase solely identify terminal galactose or its analogues whi | e al | inverting

recognise substrates with glucose or N-acetylglucosamine termini. Bovi ne b1, 4 gal actosylt
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T1 was the first cloned glycosyltransferase from mammalian cells.® It has been used in glycan

synthesis typically b 1, 4 gl ycosidic b o n dlactdse @ard eNdacetgllactosamineh ar i d e
eptitope.”®*® Moreover, bovine U1,3 galactosyl tr ansfjdittessle was :
epitopes.® ®* Bacterial galactosyltransferases catalyset he f or mati on ofb 1013, 3andU1, 4
b1, 4 gl ycosiTdblec2)®! 9 enkeargeels bacterial Bb1,4 GalTs have b
b1, 4 Igalactasiles, which showed broad acceptor substrate specificity.**** Fur t her more, U 1
galactosyltransferase (LgtC) derived from Neisseria meningitidis was empl oyed to constr

linked glycoside containing cancer ant i gen gl obotri oGd3 and G4 |labtipen4 L ac ,

(Gal U1, 4)L%8 NAC

OH oH OH OH OH OH (@L ﬁw
HO
(0] (0] o (0}
HO&/OHS&NJ-OH HO&/OHE%N-OH HO o 0o KA OH
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Figure 7. Biological important galactosides in mammals.
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Table 2. Representative bacterial galactosyltransferases. Adapted from.>*

Enzyme Gene Organism

U1,3 GalT RfpB Shigella dysenteriae
5 Klebsiella pneumonia, Campylobacter coli, Serratia
U1,3GalT RfbF marcescens
U1,3 GalT Rfal Salmonella typhimurium
U1,4 GalT LgtC Neisseria gonorrhoeae, Neisseria meningitidis
U1,6 GalT AmsD Erwinia amylovora
U1,6 GalT RfaB Escherichia coli, Salmonella typhimurium
U1,6 GalT LpcA Rhizobium leguminosarum
b 1,3GalT CgtB Campylobacter jejuni
b 1,3 GalT WiaN Campylobacter jejuni
b 1,4 GalT LgtB Neisseria gonorrhoeae, Neisseria meningitidis
b 1,4 GalT LgtE Neisseria gonorrhoeae, Neisseria meningitidis
b1,4GalT Cps14G, Cps14J Streptococcus pneumonia
b1,4GalT WaaX Escherichia coli
b 1,4 GalT HpgalT Helicobacter pylori

b1, 41,3GaIT PglA Neisseria meningitidis

1.9 Fucosyltransferase-catalysed fucosylation

Fucosyltransferases (FucTs) are a class of glycosyltransferases responsible for the transfer of fucose
from GDP-Fuc to diverse acceptor substrates including glycans, glycoproteins and glycolipids.66
FucTs are extensively distributed in vertebrates, invertebrates, bacteria and plants. According to the
regioselectivity of fucose attachment, FucTs are categorised int o U11,231, 4, and
transferases. Another fucosyltransferase i.e. O-FucT catalyses the addition of fucose to serines or
threonines in proteins. FucTs are able to catalyse the transfer of fucose to a wide variety of acceptor

molecules (Table 3).
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Table 3. Various acceptor molecules for fucosyltransferases. Adapted from .°%

Glycosyl Linkages
Entry  acceptors Known acceptor specificity Enzyme name(origin) synthesised
Gal, Xyl,
Fuc, Mal, 5
1 IsoMal, Multiple FTF (B. subtilis) uiz2
Melibiose,
Cel, Lac,
L-Xyl
Lac/Lactulose/ 5
2 Gal Gal b1, 4-ankbem / T WhbsJ (E.coli) uiz2
Preferentially fucosylates 5 5
3 Gal Gal b1, 3Gl cNAc U1,2-FucT (H.pylori) uiz2

Gal b1, 4Gl c NA

4 GIcNAc Lewis antigens/LacNAc U(1,3/4)-FucT (H. pylori) U1,2/U01,3

5 GIcNAc M3/M3F/LDNT CEFT (1,4) (C.elegans) uis3
/LN-pNP/LNNT

6 GIcNAc LacNAc FucT-w @rusapiens) ui3
7 GIcNAC Gal b1, 4Gl ¢c NA FucT-V (H.sapiens) U1,3
8 GIcNAc Neu5AcU2, 3Gal b1 FucT-V (H.sapiens) U1,3
Distal GIcNAc in 5
9 GIcNAC polyactosamine chain FucT-wj(H.sapiens) ui3
10 GIcNAc Lewis antigens/ LacNAc UL,4FucT (H.pylori) U1,4
11 GIcNAC L a ¢ N A c-Hidtetyichitobiose  UL,6FucT (Rhizobium sp) U1,6
12 GIcNAc Gal b1, 4Gl ¢cNAc b Pr HhFT1 (H.hepaticus) U1,3

a 1
U2, 3Gal b1, 4083 c

Fucosyltransferases have been utilised to form various fucosides (Figure 8), including ligands of
selectins and galectins e.g. sialyl lewis X. For biotechnological applications, bacterial FucTs are
usually used more extensively over their mammalian counterparts. FucTs display broad substrate
promiscuities both towards donor and acceptor, leading to the construction of diverse fucoside
derivatives. A recombinant U1, 3 Fuc T cH. gymlewhs emplayen to fabricate several Lewis
X derivatives by transferring different GDP-Fuc analogues.® Furthermore, an U1, 2 F u cHT

pyroli was implemented to assemble Lewis antigens such as Lewis Y. Recently, a promiscuous

24

from



Ul, 3/ 4 F H.qyroli Wwas ased in a one-pot multienzyme system to manufacture Lewis antigens
including Lewis X and Lewis Y.” Another group of valuable fucose containing oligosaccharides
synthesised by FucTs are human milk oligosaccharides (HMOs). HMOs have a prebiotic function and
serve as soluble decoys for pathogens. ™ S0 far over 200 HMOs have been recognised. The reducing
end disaccharides are usually lactose, which could be generally elongated by lacto-N-biose (Gal-b 1 ;

GIcNAc) and N-acetyllactosamine (Gal-b 1 ;G{ENAc). Fucoses are generally added to galactose, N-

acetylgluco sami ne and glucose by U g kitesca fucosyi residies rom . The
acceptor sugars are commonly 2, 3 and 4 positions,
fucosyltransferases.
4 B4 o3 4
P 3 2 3 2'3 3
14 i
11
1 1A
Lewis X Sialyl Lewis X Lewis Y Sialyl Lewis Y
o 4 i 4 o4
3 3 3
P R g
2 % ]2
i 1A
i
Lewis a Sialyl Lewis a Lewis b Sialyl Lewis b

Figure 8. Common fucosides synthesised by fucosyltransferases.

1.10 Enzymatic synthesis of nucleotide sugars

Nucleotide sugars serve as glycosyl donor and play a crucial role in enzymatic glycosylation catalysed
by glycosyltransferase. Even though there are a wide variety of glycosyltransferases involved in the
biological synthesis of glycans and glycoconjugates in mammals, only nine nucleotide sugars are
found to act as sugar donors: UDP-Glc, UDP-Gal, UDP-GIcNAc, UDP-GalNAc, UDP-GIcA, UDP-Xyl,

GDP-Man, GDP-Fuc and CMP-Neu5Ac (Figure 6). & Currently, nucleotide sugars can be synthesised
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on preparative scale either chemically’® or enzymatically. Three reaction routes are used to generate
nucleotide sugars (Figure 9). Reaction A is the most common requiring a glycokinase and a
nucleotide sugar pyrophosphorylase. For example, in UDP-Gal synthesis, galactose is
phosphorylated by galactokinase first, then converted to UDP-Gal by UDP-sugar
pyrophosphorylase.”* Reaction B is an epimerization of nucleotide sugars based on an epimerase
(i.e., UDP-GIc/GIcNAc-4- epimerase), which can take a readily available UDP-sugar and afford a
more complex or more expensive epimer’” The last approach (reaction C) is a nucleotide
interconversion reaction or transuridylylation. For instance, galactose-1-phosphate uridylyltransferase
(GalU) utilises Gal-1-P and UDP-Glc to synthesise UDP-Gal and Glc-1-P.”® CMP-Neu5Ac is the only
nucleotide sugar c o mmon |l y empl oyed i n t h-enondplosphate dngteadn af

diphosphate and is formed directly from Neu5Ac by CMP-sialic acid synthase.”’

H,O NDP NTP PPi
Reaction A Sugar + NTP M Sugar-P M Sugar-NDP

Reaction B Sugar(A)-NDP - Sugar(B)-NDP

@RESGIGAIED) Sugar(A)-NDP + Sugar(B)-1-P ~—=  Sugar(B)-NDP + Sugar(A)-1-P

Figure 9. Principle for nucleotide sugar synthesis. Adapted from."®
The nucleotide sugar synthesis processes briefly described above can be combined with
glycosyltransferases in one-pot multienzyme (OPME) system to construct glycans, glycoconjugates
and their analogues efficiently from simple monosaccharides and acceptors.77 This combination
avoids the use of expensive nucleotide sugars, which is especially useful for preparative scale
synthesis of target glycans. The accessibility of sugar nucleotide synthesis glycoenzymes (such as
kinases, sugar nucleotide pyrophosphorylases and epimerases) has significantly promoted the
exploitation of simple and efficient one-pot system for the formation of glycans. Furthermore, the
promiscuity of those enzymes has allowed the synthesis of sugars with naturally occurring post-
glycosylational modifications such as O-sulfation, O-acetylation, N-sulfation and their non-natural

analogues by utilising modified carbohydrates as precursors.”’

Chen and co-workers have developed efficient OPME systems for the construction of sugar

nucleotides and glycans. Except for sialylations, glycosyl transfer reactions generally utilise

26

cleotid



nucleoside diphosphate sugar synthesised by a glycokinase and a sugar nucleotide
pyrophosphorylase’ (alternatively nucleotidyltransferase) from monosaccharide, ATP and UTP/GTP.
87 |n order to drive the synthesis of nucleotide sugar forward, usually the addition of one inorganic
pyrophosphatase is required (Figure 1Oa).79 Regarding sialylation, nucleoside monophosphate sugar
(CMP-Sia) produced by CMP-sialic acid synthase from sialic acid and CTP serves as donor substrate
of sialyltransferases(Figure 10b). However, before CMP-Sia synthesis, the sialic acid itself is
fabricated by sialic acid aldolase from pyruvate and a six-carbon precursor such as N-
acetylmannosamine  (ManNAc).®®  Collectively, one-pot multienzyme systems including
glycosyltransferases and nucleotide sugar biosynthetic glycoenzymes are a powerful approach for
the production of structurally defined glycans and glycoconjugates.

0
O GT Q o]
a HO%OH fiGIYK > HO% 0 %» HO% ﬁ HON v O\ .- OR
|

S \P o ONDP
ATP  ADP —P—O" NTP PP o
L. PpA HOmOR NDP

Monosaccharide Monosaccharide-1-P 2P Nucleotide sugar Oligosaccharide

HO
HO—.  NHAc Aldolase ~ HO__ | OQHHOOC G=S wo S on ocwp siaT o S onHooc o
b HO%OH ———= HC. NH Q7 M TN e m\‘COOH HC m\omma
. 3
HO o § Ho CTP  PPi I HO ; : T o
Q o
ACOOH lPPA HON~\-OR CMP

ManNAc Sialic acid 2P CMP-Sialic acid Sialoside

Figure 10. The synthetic approach for one-pot multienzyme synthesis of glycans. Adapted from."’
1.11 Kinase-catalysed sugar-1-phosphate synthesis

Kinases are a family of enzymes catalysing the phosphate transfer from a donor substrate, usually
nucleoside triphosphate such as ATP to acceptor molecules including proteins, lipids and sugars
(Figurell).81 Phosphorylation conducted by kinase acts as the first step of monosaccharide
metabolism in vivo. In general, such reaction is composed of the addition of a phosphate group to
either 1- or 6- position of the monosaccharide substrate. The most important sugar kinases are
hexokinases and galactokinases. Hexokinases are responsible for the attachment of phosphate at the
6 hydroxyl of glucose, while galactokinases perform the phosphorylation at the 1- position of

galactose, a crucial step in the Leloir pathway of galactose metabolism.
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Figure 11. Kinase catalysed sugar phosphorylation. Adapted from.®*

Apart from the role played by kinases in sugar metabolism in vivo, this class of enzymes could also be
employed to synthesise sugar phosphate building blocks for chemoenzymatic synthesis of glycans

and glycoconjugates in vitro .5

Galactokinases (GalKs) are thoroughly investigated glycoenzymes which have been utilised in
chemoenzymatic synthesis of galactosides and their derivatives. Substrates specificity of a couple of
galactokinases from both eukaryotic and prokaryotic origins have been well studied.®" It shows that
GalKs are able to tolerate the modification at 2-position despite poor tolerance of bulky group
decoration. In addition, N-acetylhexosamine kinase (NahK), belonging to GHMP small molecule
kinase family (galactokinase, homoserine kinase, mevalonate kinase and phosphomevalonate kinase),
is responsible for the ATP-dependent phosphorylation of N-acetylhexosamines, i.e., GIcNAc and
GalNAc. NahKs are another group of kinases widely used in sugar-1-phosphate fabrication, being
able to phosphorylate a variety of monosaccharides containing GIcNAc, GalNAc and their

derivatives.®* %

To sum up, sugar kinases, especially those bacterial origin have a huge biotechnological potential in
the biosynthesis of oligosaccharides and glycoconjugates. They are extensively used in OPMEs for

expensive nucleotide sugar regeneration.77
1.12 Carbohydrate-protein interaction

Carbohydrates interplay with different kinds of proteins including antibodies, enzymes and lectins.
Glycan-protein interaction is the main method for deciphering biological information contained in
glycan structures. Carbohydrate-protein interactions were mediated by glycoproteins, glycolipids or
proteoglycans displayed on cell surfaces. They play an important role both in fundamental and
applied study.87 Many biological processes including cell-cell interaction, ligand-receptor recognition

and inflammation are mediated by carbohydrate-protein interactions. Additionally, pathogen infections
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are often initiated by the recognition of carbohydrates on host cell surfaces by viral proteins such as
influenza hemagglutinin, or bacterial proteins such as cholera toxin. Carbohydrate-binding proteins
and antibodies are widely employed as diagnostics and therapeutic agents to identify, recognise and

target glycans.

1.13 Glycan-binding proteins (GBPs)

Glycan binding proteins (GBPs) are discovered in all living organisms, and categorised into two main
subfamilies (i.e., sulfated glycosaminoglycan-binding proteins and lectins). Sulfated
glycosaminoglycan-binding proteins bind to sulfated glycans through clustering positively charged
amino acids. The majority of those proteins are evolutionarily unrelated. On the contrary, according to
the similarities of primary or three-dimentional structure of carbohydrate-recognition domains (CRDSs),
lectins can be further divided into evolutionarily-related groups (Figure 12). CRDs classically
recognise terminal sugars on glycans, which are suitable for shallow but structurally well-defined
binding pockets. Considerable efforts have been devoted to the study of the biological functions and

specific ligand identification of lectins.

Galectins C-type lectins Siglecs

W

Figure 12. Representative architectures of three main mammalian lectin families. Adapted from.%

Lectins play a crucial role in cell-cell communications in multicellular organisms, as well as in
recognitions between host and microorganisms. Furthermore, it is linked to cytokines and binding
growth factors. Lectins function in targeting, trafficking and clearance of proteins in a variety of
organisms. For example, in yeast a few families of lectins play a significant role in construction and

intracellular movement of glycoproteins. Moreover, lectins are important in cell adhesion. For example,
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various microbes adhere to host cell glycans by lectins, preventing them from washing away. In
addtition, lectins participate in immune responses. For example, macrophage lectins binding to

microbial carbohydrates leads to phagocytosis.

In mammals, more than 70 glycan binding proteins have been found. They are mainly classified into
C-type lectins, Siglecs and Galectin families (Figure 12).5°' C-type lectins are Ca** dependent
glycan-binding proteins, which are the largest family of glycan-binding proteins. They are
predominantly expressed on immune cells such as dentritic cells, macrophage cells, playing vital role

in regulating innate and adaptive immune responses.*%

They are classified in two families, further
subdivided into 17 groups (e.g., selectins, collectins, endocytic receptors, etc.) and their carbohydrate
ligands are very different. Siglecs are a subfamily of I-type lectins, which are an immunoglobulin
superfamily containing a N-terminal Ilg domain binding to sialosides.”® The majority of them are
distributed in white blood cell types and they play an important role in cell signalling. The glycan
ligands have been well investigated in vitro by glycoarrays. Lastly, Galectins are a group of
homol ogous proteins t hat car bohydr-gatadose rcentaimiggn i t i on

93

saccharides, which are the most extensively expressed lectins in all living organisms.™ 15 members

have been discovered mainly existing in the form of covalent or noncovalent dimers.

1.14 Glycoarrays

As mentioned in the previous section, numerous glycan-binding proteins have been discovered in
living organisms. Their carbohydrate binding ligands, binding affinity and kinetics are rather diverse.
Carbohydrate-protein interactions have been identified and quantified by various physical techniques.
The biological functions of glycans and glycan-binding proteins were obtained by elucidating the

differential affinities between different carbohydrates and different GBPs.

A diverse variety of techniques have been developed for investigating carbohydrate-protein
interactions. Each method has its own merits and demerits regarding to analysis speed,
thermodynamic rigor, and protein/glycan amounts required. In general, methods are classified into
two subgroups. Kinetic and near-equilibrium approaches include titration calorimetry and equilibrium
dialysis. Non-equilibrium approaches include agglutination, enzyme-linked immunoabsorbent assay

(ELISA)-based methods and glycoarrays.
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Glycan microarrays, an extension of DNA and protein microarray, since their development in 2002°*' ¥’

have been used in studying of carbohydrate-protein interaction both qualitatively and quantitatively so
far. Glycoarrays are composed of a diverse variety of carbohydrates densely and orderly immobilised
on a solid surface such as glass, gold and polymeric membrane. This technique enables multiple
parallel analysis of carbohydrate-protein binding events simultaneously while utilising extremely small
amounts of glycan materials.®® Additionally, the exhibition of carbohydrates on solid surface is in a

multivalent manner, %12

which could fabricate multivalent complexes with GBPs leading to the
increase of binding affinity. Furthermore, in solution weakly binding proteins were able to bind to
glycans on array strongly. As a consequence, the glycoarray technique is a very suitable tool for fast

assessment of carbohydrate-associated binding events.
Immobilisation

Glycoarray assembly mainly depends on the efficacy of the carbohydrate immobilisation method on
the array surface. A wealth of distinct immobilisation approaches have been developed, represented
in Figure 13. They can be primarily categorised into covalent and noncovalent immobilisation

depending on the type of glycan attachment.

Noncovalent saccharide immobilisation on array surface depends on the adhesion of intact or tagged
sugars to modified or unmodified array surfaces without forming covalent bonds. Polysaccharides,
glycoproteins, proteoglycans and plant cell-wall extracts were immobilised on black polystyrene
(Figure 13a).97 Furthermore, microbial polysaccharides have been attached on nitrocellulose-
functionalised glass slides.®® Even though this approach results in random orientation of sugars on the
array, the glycans in both methods maintain their antigenic properties when screened with diverse
specific antibodies. In addition, different glycosaminoglycans could be used to construct

103 However, this method is

polysaccharide microarrays by electrostatic interactions (Figure 13b).
hurdled by the requirement of large molecular weight saccharides for tight adherence to array surface.
For lower molecular weight glycans, a long-chain alkyl linker such as a lipid chain is demanded for
arraying on solid surface by hydrophobic adsorption (Figure 13c). Feizi and colleagues have
successfully immobilised sugars on hydrophobic surfaces by utilising neoglycolipids (NGL).** A
number of different types of glycans including N-glycans, O-glycans, glycosaminoglycans have been

96,1051 108

attached utilising the NGL technique. Similarly, fluorous (CgF7)-modified sugars were
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attached on CgFi;-coated glass slides (Figure 13d) to fabricate glycoarray by Pohl and coworkers.'®

Moreover, biotin-streptavidin interaction was utilised by consortium for functional glycomics to form

110

glycoarray (Figure 13e).” Furthermore, the newly developed DNA-directed attachment strategy was

also used to assemble noncovalent glycoarray (Figure 13f). In this method, glycans are covalently
linked to a DNA probe by ficl i ¢ k ¢ Whemas satcomplementary oligonucleotide fragment

attached on the array surface is applied to generate the DNA-glycans for detection by a lectin.***

The majority of covalent immobilisation methods for glycoarray fabrication are the formation of amide

bond between an amine-tagged saccharides and an activated ester-functionalised solid surface,®?

114,116i 118 1191

15 click chemistry between an azide and alkyne and thiol-maleimide ligation (Figure 13).

122 Maleimide-modified sugars and thiol-functionalised solid surface were utilised to construct glycan

94,121

microarrays by Shin and co-workers (Figure 13g). The opposite conjugation was also used to

manufacture high-mannose constituted glycoarray (Figure 13h).122

Rewritable glycoarrays and glycan
surface plasmon resonance glyochips were assembled by disulfide exchange reactions (Figure
13i).”*** Amide bond formation was extensively employed to form glycochips containing heparin,

98,113,114,125i 127

Globo H-associated glycans and sialosides (Figure 13n). In addition, glycoconjugates

such as glycoproteins can also be immobilised on solid surface by forming amid bond (Figure 130).128
ACIl i ck c¢hemi widelyysed tavimmobilisé asdiverse variety of glycans on array surfaces to

generate glycochips (Figure 13l). 18129132

Furthermore, cycloaddition reactions through Diels-Alder
chemistry were applied to immobilise an array of monosaccharides on a self-assembled monolayer
(Figure 13k)."*® Even though the glycoarray assembled by covalent immobilisation described above is

very stable, the main disadvantage is the requirement of sugars bearing a chemical linker, which are

synthesised chemically by tedious, laborious and low-yielding multistep procedures.

To address this issue, by taking advantage of the reactivity of reducing end aldehyde groups, free
oligosaccharides were able to be attached directly to amine, hydrazide or oxyamine modified surfaces
(Figure 13p).134'135 Lastly, another method of attaching underivatised sugars is based on light-
mediated photoreactive reactions, requiring modified solid surfaces bearing photoreactive molecules.
Plant xyloglucans, bacterial glycans, mammalian glycoproteins and crude cell extracts have been
136

successfully attached to aryl-trifluoromethyldiazirine dextran modified array surface (Figure 13r).

Furthermore, dextrans and bacterial polysaccharides could be attached to phthalimido groups
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Noncovalent immobilization methods
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neoglycoprotein

Biotin
®® @)

Streptavidin
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Figure 13. Sugar immobilisation approaches on solid surfaces. Letters correspond to examples

mentioned in the text. Adapted from .

33



functionalised self-assembled monolayers (Figure 13s)."*"*%®

Conversely, photoreactive group
derivatised saccharides were attached on PEGylated surfaces also generating effective glycochips

(Figure 13t).139
Detection method

In general, there are three mainly used detection approaches for binding events and enzymatic
reactions occurred on glycoarrays (i.e., MS detection, fluorescence detection and surface plasmon
resonance (SPR) imaging). Amongst them, fluorescence detection was the most widely utilised

approach in the early days. Fluorophores such as rhodamine, indodicarbocyamine and fluorescein

94,97,111,133,135,1401 143

isothiocyanate

labeled proteins were directly or indirectly bound to carbohydrates

MS detection

ad
o

Do
I

o)

(0]

0

Fluorescence detection Glycan microarrays SPR imaging

Figure 14. Readout approaches for glycoarrays. a, Fluorophore-labelled proteins detection by a
fluorescent scanner. b, Enzymatic reaction on glycoarray analysis by mass spectrometry. c,

Unlabelled protein binding detection by SPR imaging. Adapted from **
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on microarray and detected by a fluorescence scanner (Figure 14a). Thoroughly established systems
and easily available reagents are the two main advantages of such method. However, it has some
disadvantages. First of all, glycan-binding proteins modification can decrease the activity and change
binding specificity.144 Furthermore, fluorophore-coupled secondary reagents are limited particularly for
newly found lectins. Moreover, some secondary reagents can recognise sugars by themselves. Lastly,
the majority of fluorophore groups are photosensitive and easily undergo oxidative degradation. To
overcome those limitations, label-free detection methods such as MALDI-ToF (Figure 14b) and SPR
(Figure 14c) would be the alternative approaches. MALDI-ToF mass spectrometry was initially used
by Mrksich and co-workers to study protein binding and enzyme activity on a carbohydrate and

133,145

peptide attached on alkanethiols self-assembled monolayers (SAMSs), and further applied to

investigate many different glycosyltransferases activity against glycoarrays and glycopeptide
arrays.***'*’  SPR imaging allows real-time monitoring glycan-protein binding events, and could

provide measurements of binding kinetics and thermodynamics on glycochips. It has been

successfully used to investigate lectin binding and screen potential inhibitors of toxin.**®
Applications

Glycan-binding proteins (GBPs) mediate humerous biological processes. As a result, the glycoarray
technique has been widely employed to investigate binding specificities of diverse GBPs (Figure 15).
In theory, all GBPs are able to be studied by glycochips in combination with any readout method
particularly fluorescence detection. Since the first discovery of lectins in plants, they have also been

discovered in the majority of microorganisms and mammals. The information on binding specificity of

94,98,128,133

a number of plant lectins has been obtained by glycoarray analysis. Nowadays, plant lectins

are often used to confirm sugar attachment before binding experiments or as standard systems.******

Mammalian lectins are more interesting as they play a significant role in a variety of biological
processes. C-type lectins, Siglecs and Galectins are three types most investigated animal lectins.
Carbohydrate binding specificities of a couple of C-type lectins including DC-SIGN, Langerin and DC-

98,108,110,152i 157

SIGN R have been surveyed by glycoarrays. The binding specificities of several Siglecs

including Siglec-2, Siglec-8 and Siglec-F have been probed by carbohydrate microarrays.98 Galectins

98,1581 160

have been shown to recognise both terminal and internal galactose molecules. Glycoarrays

could also be used to identify carbohydrate ligands of microbial GBPs, as well as reinvestigating
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binding profile of thoroughly studied microbial members of the family. The carbohydrate binding

1617 164

specificities of many viruses with protein capsids have been probed by glycochips. Binding

properties of bacterial adhesins and toxins were surveyed on carbohydrate array as well. *°*''®
Furthermore, glycoarray could be employed to identify new carbohydrate binding proteins (Figure 15)
and assign putative protein functions. Additionally, binding specificities profiles of carbohydrate-
specific antibodies are increasingly studied by glycoarrays. Glycan microarrays are the ideal
implement for detecting antibodies binding to a wealth of carbohydrates in a high-throughput manner.
Apart from the utility of glycoarrays in identification of carbohydrate ligands of lectins and antibodies,
glycochips are also a very powerful tool for the determination of activity and substrate specificities of
glycoenzymes. Through immobilising a variety of sugars on array surfaces, more detailed substrate
specificity information of glycosyltranserases could be obtained, greatly expanding the
biotechnological applications. The products synthesised by enzymes on microarray could be detected

121,140,143,169,170

by fluorophore labelled lectins or antibodies. An alternative detection method for

monitoring enzymatic reactions was using matrix-assisted laser desorption ionization (MALDI) mass
spectrometry to detect functionalization on solid surfaces such as SAMs on gold plates. This readout

approach has been utilised to analyse activity and substrate specificity of known and putative

146,171i 174

glycosyltransferases, as well as polypeptide GalNAc transferases. Finally, glycoarray can be

utilised to survey binding of viruses and whole-cells (Figure 15). Carbohydrates on array surface
provide multivalent presentation which could simulate interactions at cell-cell interfaces. As a

consequence, carbohydrate microarrays have been broadly used to probe specificities of different

161,1751 180 16,115,135,167

viruses, as well as pathogenic bacteria.

1. Lectin specificity
2. Antibody specificity

3. Discovery of new carbohydrate
binding proteins

:> 4. Glycoenzyme activity and specificity

5. Diagnostic applications
6. Cell adhesion

7. Pathogen identification

Figure 15. Biological applications of glycoarrays. Adapted from.™®*
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Chapter 2 Objectives of the project

Numerous glycans and glycoconjugates coat the cell membranes. They participate into a wide variety
of biological processes via GBPs which recognise carbohydrates as ligands. Glycoarrays were
extensively used to identify specific ligands of GBPs in vitro because of the advantages of this
technique as mentioned in 1.14. For glycoarray assembly, the availability of structurally well-defined
glycans and glycomimetics is crucial. However, it is difficult to obtain large amounts of homogeneous
glycans from natural sources, as well as via chemical synthesis. Glycoenzymes have been widely
used to synthesise glycans, in particular for large scale synthesis. As a result, we have two main

aims for this project.

The first aim is to obtain active glycoenzymes for biosynthesis of biologically important glycans and
their derivatives e.g., Lewis X. As Leloir glycosyltransferases require nucleotide sugars as donor
substrates which are generally very expensive, and kinase catalysed sugar-1-phosphate assembly
serves as the first step for nucleotide sugar synthesis. Consequently, one bacterial galactokinase was

cloned and expressed in E.coli. Its substrate specificity and biosynthetic applications were

investigated. Furthermore, several recombinantpr ok ar yoti c b1, 4 gal anddtlas3yl t r an

fucosyltransferase were also recombinantly expressed in E.coli, and their enzymatic activity was
determined by ionic liquid tagged substrates. Subsequently, they were employed to form biologically

relevant glycans both in solution and on solid phase.

The second aim is to use our label-free glycoarray platform to identify specific carbohydrate ligands of
C-type lectins, a family of important GBPs in mammalian cells. In order to expand the glycan library
on array, as well as to obtain more glycosyltransferases working on solid phase like gold surface,
bacterial GalTs and FucTs were applied to perform galactosylations and fucosylations directly on

glycoarray.

48



Chapter 3 Characterisation of a Bacterial Galactokinase with High Activity and Broad
Substrate Tolerance for Chemoenzymatic Synthesis of 6-Aminogalactose-1-Phosphate and

Analogues

This chapter is composed of one published article and its supporting information.

Huang, K.; Parmeggiani, F.; Pallister, E.; Huang, C. J.; Liu, F. F.; Li, Q.; Birmingham, W. R.; Both, P;
Thomas, B.; Liu, L.; Voglmeir, J.; Flitsch, S. L. Characterisation of a Bacterial Galactokinase with High
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This article describes the enzyme characterisation of a bacterial galactokinase, and it was further
used to synthesise 6-aminogalactose-1-phosphate analogues in one-pot three steps

chemoenzymatically.
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Abstract

Glycosyl phosphates are important intermediates in many metabolic pathways and are substrates for
diverse carbohydrate active enzymes. There is a need to develop libraries of structurally similar
analogues that can be used as selective chemical probes in glycomics. Here we explore
chemoenzymatic cascades for the fast generation of glycosyl phosphate libraries without protecting
group strategies. The key enzyme is a new bacterial galactokinase (LgGalK) cloned from Leminorella
grimontii which was produced in Escherichia coli and shown to catalyse 1-phosphorylation of
galactose. LgGalK displayed a broad substrate tolerance, being able to catalyse the 1-
phosphorylation of a number of galactose analogues, including 3-deoxy-3-fluorogalactose and 4-
deoxy-4-fluorogalactose, which are first reported substrates for wild-type galactokinase. LgGalK and
galactose oxidase variant M; were combined in a one-pot two-step system to synthesise 6-
oxogalactose-1-phosphate and 6-oxo-2-fluorogalactose-1-phosphate, which were subsequently
utilised to produce a panel of 30 substituted 6-aminogalactose-1-phosphate derivatives by chemical

reductive amination in a one-pot three-step chemoenzymatic process.
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Introduction

Glycosyl phosphates are critically important in carbohydrate metabolism, and participate in primary
(e.g., gluconeogenesis and glycolysis)[l] and secondary metabolism (e.g., glycosylated natural product
synthesis).? Furthermore, they can be involved in the regulation of metabolic processes.” In glycan
biosynthesis, glycosyl-1-phosphates are key precursors to complex glycans, acting as natural

glycosylation agents.

Galactose-1-phosphate (Gal-1-P, 2) is a key intermediate in the metabolism of galactose (Gal, 1). It
can be used as an activated sugar donor to synthesise uridine diphosphate galactose (UDP-Gal, 3)

either by UDP-sugar pyrophosphorylase (USP) (Scheme 1a) in the salvage pathway,["'G]

or by
galactose-1-phosphate uridyltransferase (GalU) and UDP-glucose-4-epimerase (GalE) in the Leloir
pathway (Scheme 1b).[7] The resulting product 3 is a sugar donor for diverse galactosyltransferases.
Phosphate 2 can also be used by phosphorylases to produce galactosides (Scheme 1c) in vitro. For
example, BiGalHexNAcP is able to utilise 2and it s anal og ulk3slinkedgalagtesiesr at e b

and their derivatives containing T-antigen and galacto—N—biose.[B] Therefore, stereoselective glycosidic

phosphorylation can be considered as the key activation step for glycosylation.

The chemical synthesis of glycosyl phosphates is possible, but it requires several protection and

I°1 and overall

deprotection steps. In addition, regio- and stereoselectivity can be difficult to contro
yields are generally low. On the other hand, enzymatic synthesis requires only one step from the free
sugar, and is generally highly regio- and stereoselective. Enzymatic phosphorylation can also be
utilised in one-pot enzymatic and chemoenzymatic cascades, which have become of great interest

recently. 23
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Scheme 1. The role of galactokinase in sugar synthesis as a gateway enzyme for the production of
Gal-1-P (2), which is a precursor of multiple biosynthetic pathways: (a) salvage pathway biosynthesis,

(b) Leloir pathway biosynthesis; (c) phosphorylase catalysed galactoside synthesis.

Galactokinase (EC 2.7.1.6, GalK), which belongs to the GHMP kinase (galactokinase, homoserine

[14]

kinase, mevalonate kinase and phosphomevalonate kinase) family,” " catalyses the ATP-dependent

phosphorylation at the anomeric carbon of 1 to produce 2 (Scheme 1).[15] A variety of galactokinases

16201 and prokaryotes?® that exhibit different biochemical properties and

from diverse eukaryotes
substrate specificities have been identified and characterised. Several bacterial galactokinases,
including EcGalK,” spGalk,”? BiGalk,”! and MtGalK,* showed robust catalytic activity and
demonstrated their use in the biocatalytic synthesis of nucleotide sugars,[e] as well as biologically

B2 however, the substrate range has been limited to

significant glycans and their analogues,
analogues that are structurally closely related to the parent sugar, often differing by only a single

substitution.

Herein, a novel bacterial galactokinase from Leminorella grimontii (LgGalK) was overproduced and
biochemically characterised. Investigation of its substrate specificity revealed a broad tolerance that
makes it suitable for the synthesis of several analogues of 2. We also demonstrated its use in the
synthesis of a panel of substituted 6-aminogalactose-1-phosphate in one-pot chemoenzymatic
cascades, in combination with a galactose oxidase (GOase) variant and a chemical reductive
amination step. We showed that a diverse library of complex sugar phosphate analogues can be
generated in a simple three-step procedure, thus providing a useful chemical probe toolkit for

glycomics studies.
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Results and Discussion

Cloning, expression and purification of LgGalK

The galactokinase gene (1167 bp) was amplified from the genomic DNA of L. grimontii. A
phylogenetic analysis (Figure 1) revealed that the closest characterised homologue of LgGalK is
EcGalk from E. coli (68% identity), followed by MtGalK from Meiothermus taiwanensis (42%),
whereas BiGalK from Bifidobacterium infantis was found to possess the lowest identity (32%).
According to the amino acid sequence alignment (Figure S1 in the Supporting Information,), all three
typically conserved glycine-rich functional motifs of GHMP superfamily members were found in

LgGalK; this is consistent with GalK belonging to this class.

L. grimontii
0,
| 68% E. coli
0,
42% M. taiwanensis
35% L. lactis
38% S. pneumoniae
0,
32% B. infantis
—
0.05

Figure 1. Phylogenetic tree of characterised galactokinases.

The open reading frame coding for LgGalK was cloned into a pET-30a vector with N-terminal His-tag.
The recombinant protein was produced in E. coli BL21(DE3) cells (induced with 1 mM isopropyl-1-
thio-b- -galactopyranoside (IPTG) at 18° for 20 hours) and purified by nickel affinity chromatography.
The overall yield of active purified protein was 32.8 mg/L cell culture (purification factor 12.3). SDS-
PAGE analysis (Figure 2) indicates that the purified LgGalK has an apparent molecular weight of

around 40 kDa, matching with the theoretical molecular mass of 42 kDa.
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Figure 2. SDS-PAGE analysis of LgGalK. M: molecular weight marker; 1. before induction; 2: after

induction; 3: supernatant; 4: flow-through; 5: purified LgGalK.
Biochemical characterisation of LgGalK

In order to characterise the properties of LgGalK, its activity against 1 was measured by the 3,5-

dinitrosalicylic acid (DNS) assay"”!

under a range of different conditions. The optimal temperature was
found to be 50Awu, with high act i Enzymgtic &cevityvgeadually 4 0
increased from pH 6.0 to 9.0, but sharply decreased at pH 10.0 (Figure 3b). Similar to other
characterised galactokinases, LgGalK requires Mg2+ as a cofactor, and the effect of several other
divalent metal ions was also tested (Figure 3c). Cu® and Zn®* decreased kinase activity considerably,
while Ni** and Fe** could substitute Mg2+ as cofactor with almost no reduction of activity. Furthermore,
the optimal Mg2+ concentration was determined to be around 1 mM, with a very modest decrease in
activity as the Mg>* concentration increased (Figure 3d). The apparent kinetic constants of LgGalK
towards 1 and ATP were determined with the DNS assay by varying the concentration of 1 (1, 2, 4, 6,
8 mM) with a saturation concentration of ATP (20 mM), and altering the concentration of ATP(1, 2, 4,
6, 8mM) with a saturation concentration of Gal (10mM), respectively. The initial velocity was obtained
by measuring the slope of the linear phase in the progress curve. The Michaelis-Menten plots

(Supporting Information Figure S2) were generated to obtain the kinetic parameters for 1 (Ky =

1.3+0.4 MM, Keg = 23.7+1.8 S'*, keo/Ky = 18.1 mM''A'Y) and ATP (Ky = 1.5£0.4 mM, key = 32.940.2
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s'! kea/Ky = 21.3 mM''A'). LgGalK has better affinity and higher catalytic efficiency towards both 1
and ATP than EcGalK (Gal, Ky = 2.1 mM, kea/Ky = 0.552 mM™s™; ATP, Ky = 2.5 mM, kea/Ky = 0.464
mM''A'Y) 21 However, BiGalK has a lower Ky value and higher Kea/Ky towards 1 (Ky = 0.895 mM,
Kea/Ki = 164 mM'*A'1).12 Overall, kinetic data of LgGalK towards both 1 and ATP are comparable

with those reported for other GalKs, including EcGalK, BiGalK and SpGalK.
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Figure 3. Biochemical characterisation of LgGalK: (a) temperature-activity profile, (b) pH-activity

profile, (c) effect of divalent metal ions, (d) effect of Mg2+ concentration.
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