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Abstract

Protein glycosylation is an important post-translational modification that affects the protein
structure and function. Glycoengineering is the process where the glycosylation outcome of the
protein is modified for a designated purpose such as functionalisation of the glycans or
generating a glycan-defined glycoprotein. The biggest advantage of in vitro glycoengineering

methods is the controllable physical parameters that define the reaction environment.

In this dissertation, three different aspects of in vitro glycoengineering approaches were
addressed; 1) the design of a DNA-guided protein scaffold for multi-glycosyltransferase
reactions (Chapter 2), 2) immobilisation of glycosyltransferases on a stationary column for re-
usable, on-column glycosylation (Chapter 3), and 3) application of in vitro glycoengineering
principles to a cancer -specific IgM antibody which was firstly characterised for its site-specific
glycosylation (Chapter 4), the knowledge of which was used for multi-purpose conjugation of

specific IgM glycans (Chapter 5).

In Chapter 2, the design of a sequence specific DNA-binding protein with a monomeric
streptavidin fusion protein adaptor (TALE-mSA) was presented. By tailoring the DNA binding
sequence of the adaptor to a predefined custom DNA program, spatial alignment of
streptavidin-tagged glycosyltransferases can be achieved. TALE-mSA adaptor proteins were

recombinantly expressed and purified from E. coli and tested for DNA binding capacity.

In Chapter 3, recombinantly expressed human BAGALT1 containing an N-terminal His-tag was
used as a model glycosyltransferase to explore the possibility of in vitro glycosylation by
immobilised of a glycosyltransferase on Ni-NTA resin. Galactosylation of de-sialylated, de-
galactosylated bovine fetuin was found to be rapid; approximately 70% of the glycans were
optimally galactosylated within 30mins. Re-usability, and adaptability for sequential on-

column glycosylation were explored.



In Chapter 4, in-depth site specific glycosylation characterisation was performed on an anti-
cancer IgM antibody, PAT-SM6, to establish the baseline glycosylation for the in vitro
glycoengineering described in Chapter 5. As approximately 50% of the glycans contained a
free galactose, a single step sialylation by ST6GALL using an azide-labelled CMP-sialic acid
was chosen for chemo-enzymatic functionalisation of IgM glycans by click chemistry. In-depth

characterisation of the incorporation of the azide-functionalised groups was determined.

In conclusion, development and application of these platforms will provide more tools towards

understanding the details of how glycosylation affects protein function.
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Chapter 1 — Introduction



Introduction

Protein glycosylation

Protein glycosylation is a common post translational modification where carbohydrate moieties
are added to proteins by enzymatic activity of glycosyltranserases [4]. These carbohydrate
moieties can be added as a monosaccharide and subsequently built up (O-glycans), or as an
oligosaccharide and subsequently remodelled (N-glycans). On proteins, the two most common
glycosylation observed on proteins are the N-linked and O-linked glycosylation. N-linked
glycosylation (N-glycan) is characterised by the attachment of the glycan chain to the nitrogen
atom of the asparagine amino acid residue of the polypeptide chain [3], while O-linked
glycosylation (O-glycan) is via the oxygen atom on serine or threonine residues [6]. For N-
glycans, a highly conserved motif of Asn-X-Ser/Thr (X # Pro) has been shown to be the
consensus sequon for N-glycosylation to occur [3], although there are exceptions that occur at
low frequencies on Asn-X-Cys (where Cys is in its reduced form), or other sequons [8]. While
there is no consensus sequon for O-glycans, it has been shown that a Ser/Thr that has Pro at the
+3 or -1 position has a higher likelihood to carry an O-glycan [9]. Apart from protein
glycosylation, glycans can also occur on lipids to form glycolipids [10], GPI anchors [11], and
on small molecules to form glycosides [12]. Biomolecules such as peptidoglycans and
lipopolysaccharides found in bacterial membranes [13], and proteoglycans and
glycosaminoglycans found in the extracellular matrix [14] are also glycosylated with long
polysaccharide chains. Although each of these different realms of glycosylation serve different
functions in a wide range of research areas and are all biologically important, protein

glycosylation is the key interest in this work.

@ Glucose (Glc) B N-acetylglucosamine (GIcNAc)
O Galactose (Gal) [ N-acetylgalactosamine (GalNAc)
@ Mannose (Man) <> N-glycolylneuraminicacid (NeuGc)

A Fucose (Fuc) @ N-acetylneuraminicacid (NeuAc)

Figure 1. Symbol nomenclature for monosaccharides according to
SNFG [1]. This set of 8 monosaccharides make up the most common
mammalian N- and O-glycans.
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One of the most distinguishing features of glycans is that glycans form branching structures
despite not being template driven [4], while proteins are made from 20 amino acid building
blocks that form linear chains based on the corresponding DNA codons. Glycans are built from
a small set of monosaccharides; for common mammalian N- and O-glycans, 8 different
monosaccharide building blocks make up the glycan structures (Figure 1). Symbols have often
been used to simplify the complexity of the glycan structure, and the standardisation of the
symbols has been improved recently under the Symbol Nomenclature for Graphical
Representation of Glycans (SNFG)[1]. For N-glycans, there are 3 major types, high mannose,
hybrid and complex structures (Figure 2), in order of synthesis as the glycans on the proteins
are remodelled in the endoplasmic reticulum and the Golgi apparatus [3]. For O-glycans, the
attachment to the Ser/Thr of the amino acid backbone starts with a GaINAc and is extended
into 8 possible core structures for further addition of monosaccharides [6]. These O-GalNAc
glycans are known as mucin-type O-glycans. O-GIcNAc glycans are another type of O-glycan
that are found predominantly intracellularly in the nucleus and cytoplasm, unlike O-GalNAc
glycans which mostly occur on membrane bound and secretory proteins [15]. O-GIcNAc
glycans do not get extended and have gained research interest from their impact on transcription
factors such as NF-«xB and p53, both of which have known implications to cancer, by affecting
their interaction with DNA or other associated proteins [15]. Recently, extended O-GIcNAc
was found to be presented on the human leukocyte antigen class | [16], and was hypothesized
to be involved with immune recognition. There are also other types of less common O-linked
glycans such as O-Mannose, O-Fucose, and O-Glucose which can all be further extended into

short glycan chains [17].
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N-Glycan biosynthesis

Biosynthesis of N-glycans is more complicated than the biosynthesis of O-glycans. For O-
glycans, individual monosaccharides are put onto the growing glycan chain after the initial
GalNAc has been added onto the polypeptide chain [6]. The diversity and complexity is
determined by the availability and activity of glycosyltranferases and nucleotide sugar
substrates. For N-glycans, the glycans are transferred en bloc onto the asparagine via the
oligosaccharyltransferase protein complex (OST) and subsequently remodelled (Figure 3) [2,
3]. The entire process first begins on the cytosolic face of the endoplasmic reticulum (ER),
where the GIcNAc-phosphate is added onto dolichol phosphate (P-Dol) by GIcNAc-1
phosphotransferase (encoded by ALG7 gene) from UDP-GIcNAc to create GIcNAc-PP-Dol.
This is then built up to a MansGIcNAc2-PP-Dol, where the glycan is then flipped from the
cytosolic face into the ER lumen by “flippase”. In humans, the identity of “flippase” has yet to
be verified, but in yeast, this was shown to be encoded in the RFT1p gene locus [2]. The glycan
precursor is subsequently built up to the GlcsManyGIcNAc2-PP-Dol by a series of transferases,
and transferred onto the asparagine of the N-glycosylation sequon on the polypeptide chain by

OST. This leaves behind the PP-Dol, which is dephosphorylated back to P-Dol and recycled

N-linked glycans
O-linked glycans
Core structures

% l33)\ 6'3/I % p!\ f/l
1 2 3 P
113
3 6 6 3

5 6 7 8

Figure 2. Schematic representation of glycans structures according to SNFG symbol nomenclature [1]. N-linked glycans
all share a single core structure (boxed), and depending on the antenna composition, are classified into 3 major types,
high mannose, hybrid, and complex structures [3]. O-linked glycans, unlike N-linked structures, branch out from the
GalNAc that is linked to the serine/threonine of the amino acid backbone, forming 8 different possible types of core
structures [6]. Linkages between monosaccharides are denoted by the anomeric position (o or ) and the carbon position
(1,2,3,4,6) of the acceptor monosaccharide. Glycan structures were drawn using GlycoWorkBench [7].

High mannose Hybrid Complex
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Cytoplasm

AGL1
AGL2
AGL11

B A6ti3

AGl? P AGL;‘!
P P
* —

AGL3 M X-S, /T___\_)

a-Glucanase |
a-Gfucagqse I a-mannosidase |

OST

Endoplasmic reticulum

Golgi apparatus

Trans golgi network

a-fucosyltransferases a-mannosidasel
B-galactosyltransferases a-mannosidaseil
B-N-acetylglcosaminyltransferases «
B-N-acetylgalactosaminyltransferases

a-sialyltranferases CN;

High mannose

Figure 3. Schematic of the mammalian N-glycan biosynthesis pathway (adapted and modified from [2, 3]). The N-glycan
precursor GlcsMangGIcNAC: is first synthesized on a dolichol phosphate lipid anchor (Dol-P-P, yellow stroke PP in figure)
on the endoplasmic reticulum membrane. As it builds up to the MansGIcNAcz-Dol-P in the cytoplasmic face of the ER,
the glycan gets flipped into the ER lumen by RFT1 (in yeast), and gets build up to the GlcsMansGIcNAc2-Dol-P-P. The
whole glycan chain is then transferred onto the asparagine of the polypeptide chain by oligosaccharyltransferase (OST).
While the protein folds, the 3 Glc residues and the centre mannose get trimmed, and the protein moves to the Golgi. In
the Golgi, subsequent trimming of the mannose residues occurs, followed by the addition of the antenna GIcNAc to form
the basis of hybrid or complex structures. As the glycoprotein then moves to the trans Golgi network, a wide range of
glycosyltransferases act on the glycans to create the final glycosylated protein.

to build the next glycan precursor. As the now glycosylated polypeptide chain folds in the ER,
glucosidases and mannosidase act on the GlcsMangGIcNAC: to trim it down to MansGIcNAC2
before it moves into the Golgi apparatus [3]. Once in the Golgi apparatus, the glycans on the
glycoprotein can progress to form the 3 different types of common N-glycan classes, depending
on several factors. Firstly, the glycosylation site accessibility has been shown to correlate with
glycan processing [18, 19]; glycosylation sites that are not highly solvent exposed and
inaccessible to glyco-enzymes are not able to progress into the more processed states. Secondly,
the end-product N-glycan is also dependent on the relative abundance/localisation of the

different types of glycosyltransferase/glycosidases since they are the direct modifiers of the
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glycans. For instance, to progress to a complex structure, the mannosidase would have to
completely cleave off all the mannose residues above the core structure, otherwise GICNAc
transferase 11 would not be about to attach the second GICNAc to form a complex antenna
structure. Similarly, fucosyltransferase V111 (Fut8) needs to act before the galactosyltransferase
adds on the galactose onto the GIcNAc to build the core fucosylated glycans. It is this
competition of substrates (glycoprotein) amongst the glyco-enzymes that creates the
heterogeneous nature of any given glycoprotein. Glycomics, which is the area of research that
studies the glycan profile of the glycosylation of any given complex biological material, uses
this to reflect upon the state of the glycosylation machinery and to look at the possible
correlations between disease states and changes in glycosylation outcomes. This is partly

discussed in the review article written as part of this work in Paper 1.

Nucleotide sugar biosynthesis

Another important part of the mammalian glycosylation synthesis is the nucleotide sugars and
their respective nucleotide sugar transporters. In the Golgi apparatus, every glycosyltransferase
reaction catalyses the transfer of the sugar moiety of the nucleotide sugar onto the growing
glycan chain, leaving behind the nucleotide diphosphate (except sialic acids which are carried
by a monophosphate) [20]. Synthesis of the nucleotide sugars occurs in the cytosol of the cell
and involves multiple enzymes for each nucleotide sugar [5] (Figure 4), that are transported
into the Golgi lumen via their respective nucleotide sugar transporter [21, 22]. Typically, the
monosaccharide gets phosphorylated by a kinase to form a sugar phosphate, and subsequently
added to a nucleotide phosphate to form a nucleotide diphosphate. This does not apply to the
sialic acids, NeuSAc and Neu5Gc, which are synthesised via the GIcNAc metabolic pathway
to form either ManNAc (from GIcNAc via an isomerase) or ManNAc-6P from UDP-GIcNAc
via GNE, a bifunctional UDP-GIcNAc epimerase/ManNAc kinase (blue arrow head with red
dash line in Figure 4), that is the substrate for NeuSAc synthesis. It was suggested that the

6



Introduction

v v v
GIcNACc GIlcNAc-6P —» GIcNAc-1P UDP-GIcNAC » ManNAc » ManNAc-6P

1 |
GleN-6P UDP-GalNAc

Neu5Ac-9P

Neu5Ac CMP-Neu5Ac
Fructose Fructose-6P l
| Neu5Gc CMP-Neu5Gc
Glc Glc-6P -+ Glc-1P UDP-Glc + Sucrose
Gal Gal-1pP ubP-Galf » Isomerase
v —— Transferase
Man Man-6P » Man-1P GDP-Man » Kinase
Phosphatase
Fuc Fuc-1P GDP-Fuc » Oxygenase

Figure 4. Mammalian nucleotide sugar metabolism pathway, compiled from KEGG and [5]. Starting substrates can be
obtained from dietary sources or other metabolic pathways. Arrows are colour coded by classes of enzymes as listed in
the legend. The final nucleotide sugar substrate that is utilised in the glycan synthesis pathway is boxed. “P” refers to the
phosphate molecule attached to the monosaccharide, with the position specified by the number prefix. UDP — Uridine
diphosphate, GDP — Guanosine diphosphate, CMP — cytosine monophosphate

enzyme required for the synthesis of Neu5Gc and CMP-Neu5Gc, CMP-N-acetylneuraminate
monooxygenase (also known as CMP-Neu5Ac hydroxylase) was lost over evolutionary history,
resulting in humans not naturally carrying the Neu5Gc sialic acid [23]. However, evidence of
Neu5Gc presence in human glycans exists, suggesting the uptake of Neu5Gc from diet, and this
attached monosaccharide has been hypothesized to promote inflammation and cancer

progression [24].

Nucleotide sugar transporters

Nucleotide sugar transporters belong to the solute carrier family 35 (SLC35) of membrane
proteins that are further divided into 7 subfamilies SLC35A to SLC35G [21, 22]. In humans,
there are 31 known genes that have been classified as SLC35 proteins, but only about a third
have been studied in detail. The recognition of the nucleotide sugar by the transporter is a
function of both the monosaccharide and nucleotide portions, and functions as an anti-porter;

for CMP-sialic acid transporter, the import of CMP-sialic acid into the Golgi is driven by the
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corresponding export of CMP out of the Golgi. Multi-specific transporters such as HFRC1 can
transport both UDP-GIcNAc and UDP-Glc [21]. With approximately 6-10 transmembrane
domains, technical difficulties exist in the structural elucidation of the transporter [22].
Prediction of the substrate specificity by sequence homology is not reliable; in humans, UDP-
GIcNAC can be transported by 3 different transporters, each classified into a different subfamily
(SLC35A3, SLC35B4 and SLC35D2) that share very low amino acid identity [21]. Non-
functional nucleotide sugar transporters have a direct impact on the resulting glycosylation
outcome due to the shortage of nucleotide sugar substrates, and have been linked to congenital

disorders of glycosylation and several diseases such as cancer, obesity, and dysplasia [21, 22].

Glycosylation and protein function

The biological implications of glycans on a glycoprotein are not entirely predictable [4]; apart
from sialylation contributing to longer serum half-life, having the same glycan on 2 different
proteins does not equate to the same functional change, if any, of the non-glycosylated protein.
These functional changes can include protein serum half-life [25, 26], protein folding and
structure [27-30], protein-protein interaction [31, 32], and glycan-protein interaction [33-35].
For example, for erythropoietin (EPO), the well-known hematopoietic cytokine that is used to
treat anaemia, the glycans, specifically the sialic acids on the glycans, are essential for in vivo
activity affecting the serum half-life, even though they do not interfere with EPO receptor
binding [25, 26]. A well-documented example of how glycans affect protein folding was
reported for human corticosteroid binding globulin (hCBG). hCBG has six N-glycans sites and
by testing a series of hCBG glycosylation site mutants, it was found that one of the
glycosylation sites. Asn238, was required for cortisol binding [28]. Deglycosylation of the
hCBG mutant carrying only the Asn238 glycosylation site did not affect the cortisol binding
ability, suggesting that the Asn238 glycan was required only during the synthesis of the protein,
affecting the protein folding of the cortisol binding pocket [27]. Recently, it was also shown
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that the glycosylation at Asn347 affects the release of cortisol from hCBG by inhibiting the
proteolytic activity of elastase [36]. Another well-researched example of how glycans affect
protein structure is immunoglobulin G (IgG) glycosylation. The single glycosylation site of IgG,
Asn297, is located on the Fc region of the antibody and changes in the glycosylation have been
shown to affect the IgG effector functions such as complement activation and immune cell
activation [37]. A portion of human IgG (approximately 20%) also contains a glycosylation site
in the Fab region, and the presence of the glycan in the Fab region was reported to affect antigen
binding [38, 39]. Single monosaccharide differences on the N-glycan structures on the Fc
glycosylation site at Asn297 that result in glycan structural features such as core-fucosylation,
bisecting GIcNAc (Figure 5), galactosylation and sialylation have been reported to alter FcyR
binding affinity, which in turn impact the 1gG effector functions as mentioned [30, 40-43]. This
have been investigated by both computational modelling [30] and experimental data [31, 32];
absence of core fucosylation and presence of bisecting GIcNAc enhances binding affinity

between IgG Fc and FcyR.

On the other hand, changes of glycan substructures/epitopes can also cause lectin interactions
that were previously not present. Lectins are proteins that bind to carbohydrates, some of which
recognise monosaccharides, while others recognise specific glycan epitopes[44]. For example,
Pseudomonas aeruginosa expresses lectins LecA and LecB that recognise galactose and fucose
respectively, and uses them adhere to galactose and fucose containing glycans of proteins in the
mucus layer and epithelial cells of the host as part of their colonisation strategy [45, 46]. The
biological role of lectins and their involvement in several biological activities such as anti-
microbial, anti-cancer and cell signalling have been reviewed extensively [47-53]. These
reviews have discussed various aspects of where glycans which bind lectins can have an
important biological function/outcome on the relevant biological pathway. For instance, human

immune cells have been documented to express a range of lectins such as siglecs, galectins and
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selectins, which target sialic acid terminating glycans, galactose terminating glycans, and
glycans with sialyl-Lewis* structures respectively [50, 51]. These lectin-glycan interactions
play a role in recruitment and activation of immune cells such as B-cells and T-cells, and had
also been reported to be involved in cancer metastasis [51]. Non-human glycan epitopes such
as a-1,3-Gal [54], a-1,3 core fucosylation and B-1,2 xylose [55, 56] (Figure 5) on N-glycans
can trigger an immune response by the host, resulting in production of the respective anti-glycan
antibody. Hence, apart from protein-protein interactions, glycan-protein interactions can also

play a role in determining protein function/activity.
Glycoengineering

With implications on serum half-life, in vivo activity and immunogenicity, it is no surprise that
the bio-pharmaceutical industry has interest in the glycosylation profiles of therapeutic
glycoproteins [57-61]. Amongst the top 10 global pharmaceuticals in 2013 (product sales of >5
billion USD), 7 were biopharmaceuticals (6 of which were monoclonal antibodies) [62]. Of
note, Rituxan™ (Rituximab), which is the monoclonal antibody used in the treatment of CD20-
positive non-Hodgkin’s lymphoma, was ranked 3, with global sales of approximately 8 billion
USD. Recently, the western world’s first glycoengineered monoclonal antibody Gazyva™

High/Hyper Pauci
mannose mannose

Complex

| Hyper

“ﬂannose

|
| Corea-1,6
| fucose

Yeast Insects Plants Other Humans
mammals

Figure 5. N-glycans of commonly used eukaryotic expression systems. Depicted in blue boxes are functional glycan
epitopes that have been known to alter glycoprotein function. Depicted in red boxes are known immunogenic glycan
epitopes that are not present in human glycans.
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(obinutuzumab) that also targets CD20, made its way into clinical trials and has been proving
to be more effective than its predecessor [42, 63]. Obinutuzumab has been glycoengineered to
contain non-core fucosylated glycans, achieved by over expressing a galactosyltransferase
(B4GALT3) to compete with the fucosyltransferase (FUT8) for substrates. Absence of core
fucosylation has been demonstrated by many to increase affinity of the 1gG Fc towards FcyRIII
[29-31, 64-68]. It is important to note that while this is applicable to all IgG1 antibodies, it is
not known if the affinity between other glycoproteins and their respective protein receptors

would be enhanced by the absence of core-fucosylation.

Glycoengineering is a term that only surfaced in this century, even though much of the earlier
work in the 70s looking at effects of glycosylation on protein function qualify as
glycoengineering. The techniques can include genetically knocking out [69, 70] and/or adding
in glycosylation sites [71, 72], inhibiting the glycosylation synthesis pathway [67, 73, 74],
changing expression levels of the enzymes in the glycan synthesis pathway in vivo [75-77] or
treating the glycoprotein with glycosyltransferases/glycosidases in vitro [31, 64, 78, 79],
essentially any method that can cause a bias in the glycosylation outcome. Most of such
glycoengineering work had been targeted at N-glycans, due to knowledge of the consensus
sequon, making it easier to identify and manipulate N-glycosylation sites than other types of
glycosylation. Glycoengineering approaches can be broadly categorised into in vivo and in vitro

glycoengineering.

In vivo Glycoengineering

Examples of in vivo glycoengineering can be classified into 2 types, one that engineers the

glycoprotein, the other engineering the expression host.
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Engineering the target glycoprotein

As the glycosylation process is non-template driven, apart from knocking out/adding in
glycosylation sites, not much else can be done with regards to engineering of the native
glycoprotein. Glycosylation site knock outs are commonly performed by the amino acid
mutation of the Asn, or the Ser/Thr at the +2 position, causing the disruption of the N-
glycosylation sequon [27, 69, 70]. For glycoproteins with multiple glycosylation sites,
combinations of different glycosylation site knock outs are required to investigate differences
between the functional roles of each glycosylation site. The previously described example of
hCBG illustrates this well; amongst the 6 N-glycosylation sites, only one was found to be crucial
to the protein folding after screening the various N-glycan mutants of hCBG [27, 28]. This was
also observed in human IgE, where only 1 out of the 7 glycosylation sites was entirely

responsible for the binding to the IgE receptor on mast cells [69].

Adding N-glycosylation sites into a protein sequence requires more design planning than
knocking out sites, as the location of the newly introduced N-glycan could potentially affect the
overall protein folding. For instance, most tertiary protein structures have an internal
hydrophobic structure and a hydrophilic or polar surface; if a glycosylation site is introduced
into the amino acids of the hydrophobic region, the folding of the protein would change due to
the hydrophilic nature of the added glycan. The rationale behind the addition of N-glycosylation
sites can also be purposeful. As described earlier, EPO is a glycoprotein where the glycans do
not affect the EPO receptor binding, and mainly improve the bioavailability of the protein [25,
26]. A variant of EPO, Aranesp®, is a variant of EPO carrying 2 additional N-glycosylation
sites, bringing the number of N-glycans to five [72]. These extra sites increased the theoretical
maximum number of sialic acids from 14 to 22 sialic acids, and were shown to increase the
serum half-life of EPO by approximately 3-fold, thus improving in vivo activity while requiring
a lower dose. In a more recent example, virus-like particles containing the envelop proteins of
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hepatitis virus were glycoengineered to have 2 additional N-glycosylation sites [71]. The
original envelop protein, HBsSAgQS, had only 1 glycosylation site in the major antigenic loop,
that was not always glycosylated. With the increased number of glycosylation sites, the authors
showed that the virus-like particles could elicit a higher immunogenic response from the host

that generated a better immunisation outcome and led to development of better vaccines [71].

Engineering the expression host

The alternative of engineering the expression host of a desired glycoprotein can differ in
complexity depending on the expression host, and the desired glycosylation outcome. In a
straightforward example, to introduce bisecting GICNAc onto adenylcyclase 111, both
adenylcyclase 111 and Gntlll, the enzyme required for addition of bisecting GICNAc, were
transfected into a HEK293 variant cell line [80]. This resulted in increased bisecting
GIcNAcylated glycans on adenylcyclase 11, that was found to enhance adenylcyclase 111
activity. In another example, to increase the degree of sialylation, instead of over expressing
sialyltransferases, the authors over expressed the CMP-sialic acid transporter in CHO cells [81].
By increasing the substrate availability in the Golgi, the amount of sialylation of interferon-y
increased by up to 16% and provided an alternative method of enhancing sialylation irrespective
of sialic acid linkage. In both examples, the straightforward nature of the glycoengineering
process is mainly attributed to the expression host being a mammalian cell culture that has pre-

existing mammalian N-glycosylation machinery.

However, in the biopharmaceutical industry it is paramount, apart from having a glycoprotein
that does not cause adverse reactions by having the wrong glycans, to have a high production
yield as it directly impacts sales volume. Mammalian cell cultures grow slowly, require growth
media that is more expensive and are more difficult to maintain [43, 57, 58, 82]. From the 2014

list of FDA approved expression hosts for therapeutic proteins, yeast, insect, plant and bacterial
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are listed [58]. When non-mammalian eukaryotic hosts such as yeast (Pichia pastoris) [75],
plant (carrot root cells) [83] and insect cells (Spodoptera frugiperda) [84] are used for
producing mammalian glycoprotein, multiple aspects of the N-glycan biosynthesis pathway
need to be engineered to produce glycans that are suitable for humans. Although the expression
of N-glycosylated proteins in bacteria has improved [85], this host has not yet been used to
produce glycosylated biotherapeutics. However, the other 3 hosts, which are cheaper to grow
and easier to maintain than mammalian cells, can potentially carry immunogenic glycan
epitopes (Figure 5) that could result in an immunogenic response when used in humans; for
example, hyper-mannosylation in yeast [86], a-1,3-core fucosylation in insects and plants, and
B-1,2-xylose in plants [56]. Hence, to glycoengineer non-mammalian expression hosts, apart
from introducing the necessary enzymes required for the synthesis of mammalian complex
glycans, enzymes that synthesise these unwanted glycan epitopes should be removed. For
example, in plants, to achieve a sialylated complex glycan, without the a-1,3-fucose and B-1,2-
xylose, involves knocking out the fucosyltransferase and xylosyltransferase, and transfecting
the plant with the sialyltransferase, sialic acid transporter, and the necessary enzymes for the
synthesis of CMP-sialic acid (Figure 4). This has been successfully performed in Nicotiana
benthamiana, where functional polymeric IgM with sialic acids but without xylose and core
fucosylation was synthesized [76]. In insect cells, N-glycans are normally paucimannosidic
structures (Figure 5) due to the N-acetylglucosaminidase activity present. To circumvent this,
a Golgi localised galactosyltransferase was transfected to compete for the substrate as N-
acetylglucosaminidase cannot act on galactose terminating glycans [87]. The
galactosyltransferase activity also impedes the fucosyltransferase activity, which concomitantly
reduced the immunogenic a-1,3-core fucose epitope. Combining this transfection with the
necessary enzymes for sialic acid synthesis and sialyltransferase, achieved sialylated glycans

without core fucosylation. In yeast, specifically Pichia pastoris, this process is even more
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complicated as the glycans are naturally terminating with mannose residues only, and UDP-Gal
is not naturally present in the yeast [88]. A fusion protein containing a UDP-Glc epimerase, -
1,4-galactosyltransferase and a Golgi localised protein was designed and expressed in a
mannosyltransferase deficient (ALG3) P. pastoris strain that had also been engineered to
produce GIcNAc-transferase | and Il. This resulted in the efficient formation of galactose
terminating glycans in Pichia, where UDP-Gal was synthesized and transferred onto the glycan
chain sequentially by the fusion protein located in the Golgi [88]. Enzymes required for the
synthesis of sialic acids, CMP-Neu5Ac and the sialyltransferase were subsequently transfected
into the new strain, enabling the formation of sialylated N-glycans [89]. The biotech company
GlycoFi was created based on this technology [90], and also researched increasing
glycosylation site occupancy by modifying the OST [91], as well as simulating mammalian O-

GalNAc glycosylation with sialylated O-mannose glycans [92].

In vitro glycoengineering

Within a living cell, complex networks of biochemical reaction pathways happen continuously
and are highly complicated, making targeted in vivo control of a desired pathway, in this case
the glycosylation pathway, multivariant and complex. The key difference and advantage of in
vitro over in vivo glycoengineering methods are the defined reaction environment, where
physical parameters such as concentrations of substrates and co-factors, reaction time and
temperature are defined and controllable. In vitro glycoengineering methods to produce
designed glycan structures on proteins can be broadly grouped into three main streams,
chemical synthesis, enzymatic modifications, and the hybrid of both, chemo-enzymatic

synthesis.

Chemical synthesis of protein glycosylation
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Synthesising a glycan structure from scratch is not an easy task [93, 94], with multiple reactive
hydroxyl groups in each monosaccharide and the need for defined specificity of the linkages
between monosaccharides to build the branching structure of an N-glycan. Coupled with the
requirement for different anomeric positions of certain monosaccharide linkages, multiple
regioselective reaction schemes and protective groups have been used [93, 94]. By
protecting/deprotecting specific hydroxyl groups of each monosaccharide, specific linkages and
anomers can be achieved. To reduce the need for multiple rounds of purification after each
monosaccharide addition, solid-phase synthesis methods have also been developed [93, 94].
With the increasing number of available chemical building blocks (di- and tri-saccharides
instead of monosaccharides, with various regiospecific protection groups), whole free N-
glycans with tri-antennae [95] or core fucose [96] have been produced purely by chemical
synthesis methods (total chemical synthesis). For the chemical synthesis of glycopeptides,
although solid-phase peptide synthesis has been developed [97, 98] producing long peptides
(small proteins) of approximately 50 amino acids [99], difficulties still exist with side chain
protection of some amino acids such as aspartic acid, arginine and asparagine, giving rise to
undesired by-products [100]. By combining peptide synthesis methods with glycan synthesis
methods, synthetic glycopeptides have been produced [101]. Progressing even further, through
the chemical ligation of multiple glycopeptides, homogenous, chemically defined, small
glycoproteins have been successfully synthesized completely from total chemical synthesis [99,

102].

Enzymatic glyco-modification of proteins

Enzymatic modification of purified glycoproteins is a straightforward process that has been
done for decades, using purified glyco-enzymes to either trim down or add monosaccharides
towards a certain glycan type/structure/feature [103]. Sialylation is a common addition as it is
the terminating monosaccharide in common mammalian N-glycans, and has been reported to
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be involved in glycoprotein serum half-life and protein-receptor binding [25, 68, 78, 79]. De-
sialylation by sialidases or sialylation by sialyltransferases are common methods for
investigating effects of sialylation on the targeted glycoprotein. Bisecting GICNAc, fucosylation
(core and outer-arm) and galactosylation are also functional epitopes that result in differential
protein-protein interaction affinity [29, 66, 67, 78]. While these are often straightforward
biochemical reactions, the complexity increases when more than one glyco-enzyme is involved.
Although many reports turn to in vivo glycoengineering approaches by over-
expressing/transfecting the targeted glycosyltransferases to add the desired monosaccharide,
others have employed in vitro glycoengineering means [31, 33, 64, 68, 78, 104]. Depending on
the starting material and experimental setup, the heterogeneous glycoprotein population is
sometimes trimmed down to a common base and built back up to the desired glycan structures.
For example, to introduce a bisecting GIcNAc into monoclonal IgG, de-galactosylation needs
be performed initially as the bisecting GIcNAc-transferase cannot act on galactosylated glycans
[64]. In another example, for the synthesis of sialyl-Lewis, additional sialylation was
performed in vitro prior to fucosylation to increase the amount of substrate (sialylated
lactosamine epitopes) for fucosyltransferase-6 to form sialyl-Lewis* [33]. Apart from requiring
the right precursor glycan, glycosylation by-products and substrates can also influence the
completeness of the reaction. For example, the nucleotide sugar substrates for
galactosyltransferase and N-acetylglucosaminyltransferase are both UDP-monosaccharides,
and the UDP released from the transferase reaction can act as an inhibitor of the activity of
either of these enzymes, thus requiring purification procedures between addition of the GIcNAc
and the galactose to the precursor N-glycan [64]. To achieve reaction completeness, the in vitro
glycosylation process can take up to several days (dependent on scale of production) and require

the addition of more enzymes and nucleotide sugar substrates to the reaction [33, 64, 78].

Chemo-enzymatic synthesis of glycoproteins
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As the term implies, chemo-enzymatic synthesis is the overlap between the total chemical
synthesis and enzymatic modification methods. For most cases, the small molecule N-glycan
precursor is synthesized by total chemical synthesis and is chemically conjugated to the protein
made enzymatically within the cell. One of the advantages of using chemo-enzymatic synthesis
is simplification of the process, as compared to a totally chemical synthesis or fully biochemical
reaction. One example was reported where a homogenously glycosylated ribonuclease C was
produced [105, 106] by chemically ligating a synthetic glycopeptide to the partial amino acid
chain of RNaseC made recombinantly. Recently, another chemo-enzymatic glycoengineering
method has been developed, using the transglycosylation activity of an endoglycosidase to
transfer a synthetic glycan onto the glycoprotein [107, 108]. In this method, a glycosylated IgG1
made in yeast was first deglycosylated using EndoH, leaving behind the GIcNAc attached to
the asparagine. Synthetic bisecting N-glycan core structures carrying an oxazoline functional
group instead of the reducing end GICNAc were synthesized and added to the remaining
GIcNACc on the asparagine by the transglycosylation activity of endoglycosidase A. As the
specificity of the glycosidase activity of EndoA is targeted to high mannose glycans, the
resulting bisecting glycans on the protein were not affected by the alternate glycosidase activity
of EndoA [107, 108]. Subsequently, enzyme mutants were generated to create an
endoglycosidase that can only perform the transglycosylation function [109]. This further led
to the engineering of an EndoS mutant that can specifically transglycosylate onto the Fc glycan
of IgG1, creating an active and homogenously glycosylated 1gG, a target that has been sought

by biotherapeutic regulators [110, 111].

Analysis of purified glycoproteins

Glycoprotein analysis, specifically the analysis of the heterogeneous glycoforms of
glycoproteins, can currently be broadly classified into four approaches; analysis of the native
or intact glycoprotein, analysis of digested glycopeptides, analysis of de-glycosylated peptides,
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and analysis of released glycans. Analysis of the native glycoprotein requires the least amount
of sample handling, but the outcome is highly dependent on the complexity and purity of the
glycoprotein, and does not reveal information on glycan distribution across glycosylation sites.
Analysis of glycopeptides provides information on glycosylation site occupancy (de-
glycosylated peptides) and micro-heterogeneity (intact glycopeptides), but does not yet deliver
information with regards to the detailed glycan structure on the sites. Analysis of released
glycans provides details on specific glycan structures, but loses information on the glycan
distribution across the glycosylation sites. As such, it is common for complementary techniques

to be used for glycoprotein analysis.

Intact glycoprotein analysis

There are four main methods used to analyse glycoforms of an intact glycoprotein; lectins,
isoelectric focusing, anion exchange chromatography and native mass spectrometry. Lectins,
as described above, are carbohydrate binding proteins and some are highly selective towards
carbohydrate structural targets, making them useful as analytical tools for identifying the
presence of the target glycan epitope or linkage [44, 46]. For example, Maackia amurensis
agglutinin (MAA-I) is specific to a-2,3-linked sialic acid, while Sambucus nigra agglutinin
(SNA-I) is specific to a-2,6-linked sialic acid. Using lectins, or specific anti-glycan antibodies
in some cases, the presence of specific glycan epitopes can be identified in a glycoprotein
population. Lectin affinity chromatography and lectin arrays are common examples that employ
lectins to determine specific glycosylated subsets of the glycoprotein [35, 112, 113]. Isoelectric
focusing is a gel based separation technique that resolves proteins by their isoelectric point, and
the presence of different glycoforms, especially differentially sialylated glycans, will result in
a shift in the protein’s isoelectric point [78, 114] that can be seen in an electrophoretic gel or
by chromatographic separation. Anion exchange chromatography employs the same principle,
using a shift in pH of the mobile phase to gradually elute different glycoforms of the protein
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from the stationary phase [115]. Native mass spectrometry is the only way to accurately
measure the exact molecular weight of glycoproteins and their glycoforms, although to achieve
an interpretable mass spectrum is dependent on the complexity of the glycosylation of the
protein. Large proteins and highly glycosylated proteins are currently not compatible with
native MS as the deconvolution of the charge state envelop becomes increasingly difficult.
Glycoforms of small proteins such as erythropoietin [116], or simple glycosylated proteins with
few glycosylation sites such as IgG [117] have been investigated using native MS to look at the

distribution of glycoforms of an intact glycoprotein.

Glycopeptides analysis

By digesting the intact glycoprotein into peptide fragments using specific proteases such as
trypsin or GIuC, the complexity of the analyte decreases (many short peptides instead of an
intact protein). Glycopeptide-based analysis is performed predominantly using mass
spectrometry based methods, varying in sample preparation and/or fragmentation techniques.
It is currently the only methodology that enables characterisation of site-specific glycosylation
(with glycan composition) and glycosylation site occupancy, for glycoproteins with more than
1 glycosylation site. One of the biggest hurdles for glycopeptide analysis is the poor ionisation
efficiency relative to non-glycosylated peptides [118], often resulting in ion suppression in a
complex peptide mixture. Enrichment of glycopeptides is often performed to increase the
glycopeptide signals and can be carried out using ZIC-HILIC [119, 120], lectin chromatography

[121], or by chemical capturing of metabolically labelled glycans [122].

Characterisation of glycopeptides by mass spectrometry relies on the diagnostic fragmentation
ions characteristic of glycopeptides. Different fragmentation techniques result in different
fragmentation outcomes [123]; collision induced dissociation (CID) results in partial

fragmentation of the glycan keeping mostly the peptide backbone intact, electron transfer
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dissociation (ETD) results in fragmentation of the peptide backbone only, leaving the glycan
intact, while higher-energy collisional dissociation (HCD) results in fragmentation of both the
glycan and peptide backbone. A useful characteristic of glycopeptide fragmentation in HCD
(and sometimes CID) mode is the high abundance of the Y1-ion comprising the intact peptide
backbone and a single GIcNAc, and the presence of monosaccharide ions such as m/z 204
(GIctNACc*Y). The presence of the m/z 204 ion can be used for product dependent acquisition to
trigger fragmentation of the same precursor ion by ETD to obtain the peptide identity [124,
125]. In a newer fragmentation mode, EThcD, which is the combination of ETD and HCD,
HCD fragmentation is applied to ETD fragmented ions in a single acquisition to yield a more
informative fragment spectrum [126]. While ETD and HCD fragmentation results in a higher
confidence of the glycopeptide identity, CID fragmentation provides partial glycan structural
features that provide more information than only the glycan composition provided by the MS1

spectra.
Deglycosylated glycopeptide analysis

Alternatively, the glycopeptides can be de-glycosylated using endoglycosidases such as EndoH
and EndoF3 (leaving behind a single GIcCNAC) [127] or PNGaseF in presence of 80 (resulting
in a “heavy” aspartic acid residue) [128], which ionise better than their glycosylated precursors
[118] and can be identified by standard proteomics/peptide based workflow. This can also be
coupled with enrichment strategies where the glycans of glycoproteins were first oxidised to
aldehydes for capturing using hydrazide beads. The glycoproteins were then proteolytically
digested and the glycosylated peptides released by PNGaseF [129, 130]. These techniques are
mostly used for glycosylation site identification analysis as information on glycan
composition/structure is lost, unless a prior offline separation of individual glycopeptides

before deglycosylation is performed [131].
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Released glycan analysis

The main purpose of analysing glycans after removal from the protein is to determine the
detailed structural distribution of each glycan within the glycan population. For therapeutic
glycoproteins, both structure and abundance have been found to be important. Presence of
immunogenic glycan epitopes such as NeuGc and a-linked galactose can be present when using
non-human mammalian cells such as CHO cells [132] or B-1,2-xylose and a-1,3-fucose present
when using plant expression systems [55, 56]. These epitopes can result in a host immunogenic
response, the severity of which depends on the relative abundance of these epitopes within the
glycoprotein population. Identification of these detailed structural features of a released glycan
can be performed by a number of mass spectrometric methods on reduced native glycans [133]
or derivatised glycans [134-137] for which the chromatographic separation and detection
method differ. For example, reduced native glycans can be separated by porous graphitised
carbon chromatography and detected in on-line negative ion electrospray mass spectrometry
[133], and the glycan structure elucidated by retention time, mass and presence of diagnostic
fragmentation ions [138, 139]. As another example, glycans derivatised with a fluorophore can
be separated by weak anion exchange or HILIC and detected using a fluorescence detector [134,
135], and the glycan structure elucidated by retention time and comparative analysis after using
specific cocktails of glycosidases [135, 137]. The analytical differences of these methods, and
the differences with respect to the final quantitation of individual glycan structures, has been

discussed in detail in Paper I.
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Disease Glycomics. Proteomics Clinical Applications, 9(3-4), 368-382.

Paper I is a review of the current methodologies available with respect to the analysis of glycans
released from proteins for glycomics analysis and is particularly focused on the quantitative
aspects of the various methods, and the advantages and disadvantages of each method of choice.
The relevance of relative and absolute quantitation in glycomics analysis is also discussed with

respect to clinically relevant matters in this review.
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Thesis Aims

Thesis Aims

Having discussed the importance of protein glycosylation and the usefulness of gaining control

of the glycosylation process by glycoengineering, this dissertation develops on three challenges

of in vitro glycoengineering; the multi-enzymatic nature (aim 1), the expense arising from

single use and need for subsequent purification (aim 2), and the application of in vitro

glycoengineering on IgM therapeutic antibodies (aim 3).

Thesis aims

47

1. Using the in vitro expression of glycosyltransferases to modify glycans on glycoproteins

is a method currently used for glycoengineering, but the use of multiple enzymes in a
sequential fashion poses technical challenges. A novel scaffold-mediated in vitro
metabolic engineering method is designed, aiming to create a self-assembling, DNA
guided multi-enzymatic protein scaffold that can spatially align multiple enzymes in

vitro (such as for the possible creation of an “artificial Golgi”). — Chapter 2

. The single use nature of applying external glycosyltransferases for in vitro modelling of

protein glycosylation decreases the efficiency of glycoengineering. The possibility of
using glycosyltransferases sequentially immobilised on a resin to glycosylate proteins
is explored, targeting the reuse of the bound enzymes and the possibility of creating an
“artificial Golgi column”. — Chapter 3

In vitro glycoengineering efforts have largely been channelled to the IgG
biopharmaceutical research space, while other medically useful antibody classes have
been unexplored. In collaboration with a biotech company, Patrys Ltd., an anti-cancer
IgM antibody will be the target for in vitro glycoengineering to develop a way to use

the IgM as a diagnostic antibody for cancer cell detection. — Chapter 4 & 5



Chapter 2

Chapter 2: In vitro protein glycosylation using scaffold mediated metabolic
engineering

A novel method of addressing multi-enzymatic reactions in vitro is described. By employing
principles from protein scaffolding, a self-assembling DNA guided protein scaffold is designed

for in vitro glycoengineering with multiple glycosyltransferases.
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Introduction

Benefits of in vitro metabolic engineering

Many biological processes within the cell involve multiple enzymes. From a yield-driven
perspective of a metabolic engineer, optimising the product formation in vivo often involves
introducing novel enzymes, disrupting/knocking out competing/conflicting pathways to create
a favourable bias towards product formation [1, 2]. Metabolic flux analysis, high-throughput
screening methods and large genetic libraries are commonly part of this strategy for finding the
one clone that would become the workhorse for the desired product production, whilst being

viable enough to replicate continuously and pass on the identical genetic traits.

A simplified alternative to in vivo metabolic engineering is to work in a controlled in vitro
format, where the individual enzymes involved in the product formation are recombinantly
expressed and purified [2], and applied sequentially. While this can also be a highly laborious
process, it requires less technical expertise to express, purify and characterise individual
enzymes, and provides the capacity to regulate the biochemical properties of each enzyme. For
this process to become cost effective, the balance between a “low cost” primary substrate and

the shortest possible enzymatic pathway is required.

Recent developments in cell-free protein synthesis procedures come as a bridge between the in
vivo and in vitro format. Cell-free protein synthesis bypasses the experimental procedures
required for the transformation/transfection of the enzyme containing genetic construct and
instead synthesizes the enzymes using the protein production machinery of the cell extracts [4].
Depending on the source of the cell extract (bacterial, yeast, insect, mammalian etc.), the
genetic elements of the DNA encoding material (promoter type, DNA/mMRNA format), the yield
and the post-translational modifications such as glycosylation and disulphide bond formation

will result in differing protein products. In addition, starting from a plasmid DNA encoding for
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the enzyme, it would require at least 2 days for conventional in vivo methods
(transform/transfect cells, induce protein expression, harvest) to achieve a crude enzyme
mixture as compared to cell-free synthesis that only require a few hours [4]. By decreasing the
amount of time required to obtain small quantities of enzymes for in vitro tests, the selection of
the right enzyme combinations for possible subsequent in vivo expression can also be

streamlined.

Substrate channelling

Substrate channelling describes the process where sequential enzymes of a pathway pass the
intermediate products through a line of enzymes at close spatial proximity, thereby increasing
the reaction speed of the whole enzymatic pathway [5-7]. This is commonly achieved through
induced close proximity between enzymes via a common interacting protein or location [8].
One naturally occurring example can be found in the MAP-Kinase pathway, where multiple
kinases are normally anchored onto a scaffold protein, STES5, and phosphorylation of the first
kinase rapidly triggers the phosphorylation of subsequent kinases [9]. For biochemical
pathways with multiple enzymes, substrate channelling is a desired outcome that improves

overall reaction kinetics which results in faster product formation.

To mimic and recreate micro-environments where substrate channelling can occur, several
methods have been developed [5, 10-17]. These include localising the targeted enzymes into a
specific location such as a bacterial micro-compartment [18], liposomes and synthetic vesicles
[16], or tethering a protein domain that is capable of self-assembly/targeted interaction as a
scaffold to bring different enzymes next to each other [5, 8, 9, 11, 15, 19]. Apart from anchoring
onto lipids and other vesicles, anchoring onto DNA via sequence-specific DNA binding
proteins has also been exploited for these scaffolding purposes [11, 17] and benefits from the

high specificity of the sequence-specific DNA binding proteins and the low cost of synthesis of
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designer DNA sequences. The sequence-specific binding properties of DNA binding proteins
enable spatial alignment of the enzymes based on the corresponding target DNA sequences.
One of the more prominent examples of such a sequence-specific DNA binding protein is the
transcription activator-like effectors (TALES). TALEs were originally found in the plant
colonising bacteria Xanthomonas sp., for use in modulating the gene transcription levels in their
host. The sequence specific binding properties come from the 34 amino acid helix-loop-helix
repeats (Figure 1, A) where specific amino acids in the 12" and 13" position determine the
binding nucleotide, and by combining specific TALE monomers together, sequence specific

targeting can be achieved (Figure 1, B) [20-24].

The modularity of these systems is highly valued in synthetic biology as it enables streamlined
assembly methods of the corresponding DNA sequences to create custom, sequence-specific
DNA binding proteins relatively easily [25-27]. Using TALES as a sequence specific binding
domain of a fusion protein has been proven previously as a sequence-specific nuclease by fusing
a nuclease (TALEN) against a target gene [20, 25, 28-33]. Similar work was performed using
multiple sequence-specific zinc-finger proteins [34], but due to proprietary rights on zinc-
fingers [35] and relative ease of customising TALES, TALEN became the more popular genome

A 13 B Repeat region
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) J LTPAQVVAIASHDGGKQALETVQRLLPVLCQAHG
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Figure 1. Schematic representation of TALE repeat region adapted and modified from [21, 24]. Each TALE monomers
comprises of a 34 amino acid sequence that folds into the helix-loop-helix motif, where the 12" and 13™ amino acid (RVD,
repeat variable diresidue) at the loop region varies between each monomer (overlay of 20 TALE monomer from [24],
dependant on the nucleotide it is specific towards (A). By discovering the RVD specific for each of the 4 nucleotides
(represented by the 4 colours), combining the TALE monomers in a user defined fashion enables the targeting of specific
sequences of DNA (B).
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editing tool until CRISPR-Cas9 was discovered. Apart from fusing with nucleases, transcription
factors and transcription inhibitors have also been coupled with TALESs to work as gene specific
activators or inhibitors [20, 22]. The idea of coupling enzymes to sequence-specific DNA
binding proteins first surfaced in 2010, at the international Genetically Engineered Machine
(iIGEM) competition, an international synthetic biology competition for undergraduates (at
which | represented Macquarie University, as a member in 2011, and as team advisor in 2012-
2016), presented by a team of students from Slovenia (https://2010.igem.org/Team:Slovenia).
The team created a series of zinc-finger proteins fused to 4 different enzymes to target a specific
series of DNA sequences that self-assembled in vivo in E. coli to produce the coloured
compound violacein. This work was subsequently published, showing the production of three
other metabolic products, resveratrol, 1,2-propanediol and mevalonate, by this approach [11].
The application of this system was also shown to work in vitro by a separate group in Korea,
who improved the yield of L-threonine production in E. coli [17]. A parallel approach using
TALE fusion proteins instead of zinc-finger proteins was reported by a more recent iGEM team,
NUDT China 2015, to produce indole-3-acetic acid from  L-tryptophan

(http://2015.igem.org/Team:NUDT_CHINA).

For the application of this approach to the glycosylation pathway which occurs naturally in the
Golgi apparatus, specifically the trans-Golgi network (TGN), a diverse population of
glycosyltransferases are necessary for the synthesis of the glycans on each glycoprotein [36].
The majority of these transferases are type Il transmembrane proteins, anchored in the TGN via
an N-terminal transmembrane domain, and the sequential reaction order of the enzymes is
relatively well defined. For example, on an N-glycan, a galactose can only be attached after the

antennary GIcNAc had been added; similar for the terminal sialic acid on the galactose.
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Applying the synthetic DNA-protein binding scaffold could possibly improve and control the
efficiency of the glycosylation pathway, and has the potential for creating an artificial Golgi
system for in vitro glycoengineering. For this purpose, in this thesis a synthetic DNA-protein

scaffold using TALESs with a monomeric streptavidin (mSA) was designed.

Experimental approach used for the design of a synthetic DNA-protein scaffold for

glycosylation enzyme attachment

In all the previous work on DNA aligning protein scaffolds [11, 17], the DNA binding domain
was fused directly to each enzyme. This means that for every enzyme involved, a new fusion
protein would have to be created. To bypass this issue here, mSA was selected as a fusion
partner to the TALE protein, thus creating a general fusion protein for any biotinylated or
streptavidin-tagged protein to be aligned onto a defined DNA sequence. This TALE-mSA

fusion protein will be referred to henceforth as the “adaptor protein”.

mSA is an engineered variant of streptavidin, which is naturally a tetramer [12, 37]. Using
streptavidin (tetramer) and rhizavidin (dimer) as a base, several amino acids were replaced
around the binding pocket and dimerisation interface, and non-essential variable loops were
truncated, resulting in a soluble and stable monomeric streptavidin variant. The monomeric
nature of mSA enables a 1:1 stoichiometric binding between a tagged enzyme and the adaptor
protein, which is essential for controlling the relative abundance of enzymes in the pathway.
For the enzymes attached to the adaptor protein, mono-biotinylation can be achieved by
expressing with a BirA ligase tag for site specific biotinylation [38], or by protein N-terminal
selective chemical conjugations [39]. Alternatively, a streptavidin purification tag (strep-tag)

could also be used to attach the enzyme to the mSA of the adaptor proteins.

To aid in the visualisation of the overall design concept, a schematic of the final design is shown

in Figure 2. Glycosyltransferases involved in the desired glycosylation outcome will first be
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Figure 2. Schematic representation of how the final design would function. Biotinylated or Strep-tagged
glycosyltransferases (GT) would be first attached to their individual adaptor protein, and subsequently aligned onto the
DNA program. The glycoprotein precursor will then be introduced to the complexed DNA program for in vitro
glycoengineering.

individually expressed and purified. The Resource for Integrated Glycotechnology has
established a repository of glyco-enzyme expression constructs
(http://glycoenzymes.ccrc.uga.edu/), where individual human glycosyltransferases are cloned
into plasmids for transfection purposes. Multiple construct designs are available, one of which
is the His-strep-tag purification tag that can be directly applied to this design. By coupling the
glycosyltransferase with their individual adaptor protein, the complex can be aligned onto a

customised DNA sequence (DNA program) based on reaction order for scaffolding purpose.

A total of four different TALE-mSA were designed, each TALE targeting a unique 9 base pair
sequence, CAGAATGAG, ACTTGGCAA, ACGCGTGAA and TTCCAGCGA, that were
selected based on the corresponding amino acid codon, QNE (1), TWQ (2), TRE (3) and FQR
(4), for naming purposes only. While previous TALE fusion proteins were made to target longer
sequences (between 12-25) [11, 20, 21, 24], the adaptor proteins used here were designed for
in vitro use only on a 125 base pair custom DNA sequence, disregarding the need for high
sequence specificity. Each adaptor protein has an approximate molecular weight of 46kDa; the
molecular weight was kept low to increase the chance of proper folding. Between the TALE
and mSA, three glycine residues (GGG) were added to achieve some structural flexibility based

on the zinc-finger protein scaffolds that had a linker of ten amino acids (GGSGGGSGGS) [11],
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Figure 3. A theoretical protein 3D model of the adaptor
protein using RaptorX, an online freeware that predicts
protein 3 dimensional structures by sequence homology from
other known structures [3]. The TALE domain is coloured
pink and the mSA domain yellow.

which was reduced in this case to decrease the degrees of freedom. A theoretical protein
structure was generated using RaptorX (Figure 3), a free online protein structural prediction
tool, based on protein threading and homology modelling [3], to approximate how the protein
folds. However, as the basis of RaptorX is by modelling against known protein structures, and
as both domains of the adaptor protein are known, the predicted output will simply be the
addition of both known structures in a single protein chain, and might not truly reflect how the

protein finally folds.

On the custom DNA sequence, a number of design features were also incorporated (Figure 4).
A 125 base pair custom DNA sequence was designed, and will be referred to as the DNA
program. The DNA program was designed with four 9 base pair target DNA binding sites, with
an 11 base pair spacer between each binding site. As the double stranded DNA exists in a helical
format, the twists in the DNA would be expected to change the axial alignment of the bound
adaptor proteins. Since the twists in the double stranded DNA re-align approximately every 10-
10.5 base pairs [40], the length of the spacer plus DNA binding site should be in multiples of
10-10.5, to ensure proper axial alignment. Every 10 base pairs of DNA have a length of
approximately 34 A, or 3.4 nm. With the design of the adaptor proteins to target 9 base pair

sequences, if a one nucleotide spacer was used, there might be steric hindrance between the
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GCTCAGAATGAG 6CCGGATCCAATACTTGGCAAGCCGAATTCAATACGCGTGAAGCCGCTAGCAATTTCCAG CGAGCT;m::umm:mw.»ﬁ.»

QNE TWQ TRE FQR Random

sequence to
make up 125bp

Figure 4. Sequence features of the DNA program. The targeting sites for the 4 scaffold adaptors are marked in larger font
and bold. In the 2 red boxes are the Nsil and Pstl cut sites that can be used to create a longer DNA program. Random
sequences at the 3’ end was included as the minimum length of double stranded DNA that could be commercially
purchased was 125 bp.

adaptor proteins or between the enzymes that attach to the scaffold, hence 11 base pair spacers
were selected to create a total 20 base pair gap. This is similar to previous zinc finger scaffolds
designed as 12 base pair target with 8bp spacers [17], and 9 base pair targets with 12 base pair
spacers [11]. Spacers that were shorter and resulted in axial off alignment (9 base pair target
with 4 base pair spacer) [11], or longer (12 base pair targets with 18 or 28 base pair spacers)

[17], were shown to have a reduced yield.

Apart from the four DNA binding sites, restriction endonuclease sites were also included in the
DNA program to facilitate increasing the number of enzymes that could be anchored on to the
DNA program, while keeping the number of adaptor proteins the same. On the 5’-end of the
DNA program is a Nsil cut site, while the 3’-end has a Pstl cut site (Figure 4, red boxes). The
two enzymes create compatible overhangs (TGCA) that ligate to ATGCAG, a site that has no
known restriction endonuclease. Primers for the DNA program can potentially also be
functionalised for immobilisation of the DNA on a surface to act as a stationary phase for

streamlined removal of enzymes from products/substrates.
Materials and Methods
Insertion of scaffold DNA into pET-15b

Protein sequences coding for individual TALEs specific for the four different nucleotides [22]
and for mSA [37] obtained from published data [22, 37] and were combined to create the four
scaffold adaptor proteins, all with a 6x-His tag at the N-terminus and a Gly-Gly-Gly linker in-

between (sequence information in Appendix I11). Codon optimisation for E. coli expression was
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performed using the vendor’s (Genscript) in-house algorithm at the time of purchase. Primers
targeting the 6x-His tag and the C-terminus of the protein was used to introduce a 5’ Ncol site
and a 3’ BamHI site for cloning into the pET-15b expression vector. To increase the efficiency
of the insertion, an Ndel linearisation (only targeting non-insertions) was performed prior to
transformation. Transformation of the E. coli BL21 (DE3) was performed via heat shock at
42 °C for 35s. Colony selection was bypassed by screening the total plasmid population from a
liquid culture directly from the transformation. Plasmids were isolated using GenElute
Miniprep kit (Sigma Aldrich, Australia), and were screened by restriction mapping using EcoRl
and Xbal restriction enzymes. If the intensity of the band corresponding to successful insertion
was lower than that of a non-insertion plasmid, the plasmids were linearised by Ndel and
transformed again. Otherwise, the plasmids were re-transformed and 2-3 single colonies were

selected for confirmation of the insertion.

Protein expression and Ni-NTA purification

Protein induction was performed using IPTG induction (1mM) when OD600nm of the culture
was between 0.4-0.6, at room temperature for at least 16 hours. The cells were harvested by
centrifugation and resuspended in 10% (v/v) of the original culture volume of 10mM Tris-HCI,
pH 7.5, 0.5M NaCl, 20mM imidazole (wash buffer). Cell lysis was carried out by probe
sonication (2X 10s at 60% amplitude), and the “soluble fraction” was collected after
centrifugation at 5000g for 30 mins. The pellet was resuspended in the wash buffer containing
4M urea (denaturing buffer), and the “insoluble fraction” was collected after clarification by
centrifugation at 14,0009 for 20 mins. Purification of the adaptor proteins was performed using
Ni-NTA magnetic beads (for small scale cultures of 50ml) (Genscript) or His-Gravitrap (for
larger cultures of 200ml) (GE Healthcare). The Ni-NTA beads were pre-equilibrated with the
fraction respective buffer prior to sample loading. For the insoluble fraction, after sample
loading, the sample was washed with 10 column volumes of the denaturing buffer, followed by
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a step decrease in urea concentration by passing through 2 column volumes of wash buffer
containing decreasing concentrations of urea (3M urea, 2M urea, 1M urea, no urea). This on-
column refolding method was adapted from [41], for use on a gravity flow column. The His-
tagged proteins were washed with another 5 column volumes of wash buffer before elution with
3 column volumes of wash buffer containing 300mM imidazole, and presence of adaptor

proteins was verified by SDS-PAGE and mass spectrometry.

Adaptor protein identification by RP-LC-MS

From the SDS-PAGE gel, the 46kDa band from the His-tag purification eluate corresponding
to the molecular weight of the adaptor protein was excised for protein identification by mass
spectrometry. The gel pieces were prepared using standard protocols for protein in-gel digestion
as described in Paper Il [42]. In brief, the gel pieces were destained, reduced with 10mM DTT
and alkylated with 25mM IAA, and digested with 1pg of trypsin (Promega) overnight at 37°C.
Digested peptides were then extracted, dried and reconstituted in 10ul of de-ionised water for
loading onto the RP-LC-MS/MS. Theoretical tryptic peptide masses generated in silico were

used to verify the identity of the adaptor protein.

Size exclusion chromatography

The His-tagged adaptor proteins were then concentrated 3 fold by evaporation in a Speedvac
before loading onto a SuperDex 200 10/300GL size exclusion column (GE Healthcare) for size
separation. The column was equilibrated with phosphate buffered saline (PBS tablets, Amresco)
prior to sample loading. Fractions (1ml) were collected during the elution window of 0.3 to 1
column volume, monitoring the absorbance at 215nm, 260nm and 280nm, and fractions
corresponding to peak signals were concentrated using a 10 kDa cut-off centrifugal filter
(Merck Millipore) to approximately 100 ul volume. An SDS-PAGE (of 10% of the sample)

was performed to determine the purity of the fraction.
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Circular Dichroism

Circular dichroism (CD) was performed using a Jasco 810 circular dichroism spectrometer,
flushed with nitrogen at 10L/min. The protein sample (approximately 0.15mg/ml, dissolved in
PBS), was loaded into a quartz cuvette with a Imm path length. The CD spectrum was measured
at wavelengths from 190-260nm, with a spectral bandwidth of 1nm, at 100nm/min, at room

temperature. The spectrum acquired was averaged over 4 measurements.

Electrophoretic mobility shift assay (EMSA)

The 125 base pair DNA program was synthesized commercially (IDT Australia) and amplified
by PCR in a 25l reaction volume. 10ul of the adaptor protein containing fraction, verified by
SDS-PAGE, was added to 1ul of PCR product and incubated at room temperature for 10 mins.
The samples were mixed with 2ul of 6x gel loading dye (NEB) and loaded into a 2% (w/v)
agarose gel for gel electrophoresis at 60V for 1.5 h. The gel was then post-stained with GelRed

for 30 mins for visualisation under UV.

Results

Selection by linearisation of plasmid DNA

Colony selection without the use of reporter markers can be a very tedious and chance based
process. While reporters greatly simplify the selection process, it can create unnecessary
production of fluorogenic or chromogenic products that are not required for other downstream
activities. pET-15b contains a Ncol restriction site at the 5° end of the intrinsic His-tag, an Ndel
restriction site at the start of the multi-cloning site, and a BamHI site at the 3’-end of the cloning
site. By insertion of the target gene using Ncol/BamHI restriction sites, successful insertions

would abolish the Ndel site. Selection by linearisation is not a common selection method, but
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Figure 5. Agarose gel electrophoresis of the plasmids undergoing verification by restriction mapping. A non-
insertion plasmid would have a 430 base pair fragment, and a successful insertion would have a 1.7 k bp fragment.

it worked well in this case. By screening the whole plasmid population at once instead of
screening multiple individual clones, the chance based process of screening colonies is
eliminated. E. coli does not take up linear exogenous DNA as efficiently as circular plasmid
DNA [43], hence, linearisation of the non-insertion plasmids creates a bias in the transformation
process (Figure 5). From the initial screening of the total plasmid population, while the desired
band size (approx. 1.7kbp -> 1.3kbp gene product + 430bp flanking sequence to the
EcoRI/Xbal site) could not be seen with the EcoRI/Xbal digest, the presence of multiple bands
in the Ndel digest indicated the presence of the inserted plasmid. Following 2 rounds of
transformation with linearisation, the band intensity showing the insertion of the target gene
was greatly increased, reducing the number of colonies that would be required for screening to

select for the successful insertion.
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Identification of scaffold adaptor proteins in the inclusion bodies
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Figure 6. His-tag purification of the 4 scaffold adaptor proteins (QNE, TWQ, TRE, FQR, pET-15b as empty vector) in
native (soluble fraction, A) and denaturing (insoluble fraction, B) conditions, using Ni-NTA magnetic beads (U —unbound
proteins, E — elution fraction). The single band found in the elution fraction of the denaturing condition corresponded to
the correct size of the TALE-mSA adaptor protein of approximately 46kDa. While a lot of the adaptor proteins were found
in the unbound fraction of the denaturing condition, it was due the saturation of the Ni-NTA magnetic beads (for 100pl of
magnetic beads used, it had a capacity of approx. 60-200ug of protein). (C) Unique peptide from the TALE domain of the

adaptor protein was identified by RP-LC-MS/MS, verifying that the purified protein was indeed the adaptor protein.
Based on a previous report of the developers of the mSA approach, it was found that expression
of mSA as an individual protein in E. Coli forms inclusion bodies [44]. This problem was not
present when mSA was expressed as a fusion protein with soluble proteins such as maltose
binding protein and glutathione-S-transferase [45]. Expression of TALEs in E. coli has been
previously reported and the TALES were found as soluble proteins and not in inclusion bodies
[21, 24]. It thus was surprising that, when expressed together as TALE-mSA, the resulting
fusion protein was expressed as inclusion bodies in E. Coli as evidenced by the appearance of

the correct molecular mass only after denaturation (Figure 6, B); the pure protein band at 46kDa
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was only observed in the eluate under denaturing conditions. This was found to occur in both
small (50ml) and large (200ml) scale inductions. The identity of the 46kDa band was further
verified by RP-LC-MS/MS (Figure 6, C) where the unique peptide QALETVQR (residue 17-
24 of the 34 amino acid TALE monomer) was found by manually searching against theoretical

tryptic peptides of the adaptor proteins generated in silico.
On-column re-folding of the adaptor proteins verified by circular dichroism

On-column refolding is a procedure where the environment of a denatured protein is gradually
changed from a denaturing to a non-denaturing environment, as opposed to the traditional re-
folding via dialysis under low protein concentrations [41]. The main aim of these methods relies
on removing the solubilised denatured protein from an environment where aggregation, that
promotes mis-folding, could occur. On-column refolding uses the immobilisation of each
solubilised denatured protein to prevent interactions between each other, which in turn prevents
aggregation. By gradually decreasing the concentration of the denaturant (urea in this case) in
the environment, the immobilised proteins refold individually without interference from each

other [41]. Analysis of protein secondary structure by circular dichroism is a quick way of

CD analysis of Scaffold Adaptor protein
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Figure 7. CD spectrum after fitting using the online webtool BeStSel. The experimental data (blue) is a representative trace
of scaffold adaptor protein FQR. The fitted CD spectrum estimated that the protein was 49.3% a-helix, 20.2% anti-parallel
and 12.2% parallel (which comes to 32.4% B- sheet structures).
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estimating the relative proportions of a-helix, B-sheet and random coils in a refolded protein
[46, 47]. While the general CD spectra for a-helixes are highly consistent, CD spectra of -
sheet structures vary quite significantly, due to the presence of parallel and anti-parallel B-sheets,
and are hard to distinguish by previous CD spectral fitting algorithms. A recent CD fitting tool
that was developed 2 years ago (mid 2015), used pre-existing protein 3D structures obtained
from X-ray crystallography and NMR to develop a new algorithm to solve this issue [47]. As
of early 2017, it had already been cited 80 times (Google Scholar) and the fitting tool is freely
available on the web (BeStSel, http://bestsel.elte.hu/index.php). Based on the CD spectrum fit
using this tool (Figure 7), it was estimated that the scaffold adaptor protein had 49.3% a-helix,
20.2% anti-parallel and 12.2% parallel -sheet structure. For the 46kDa scaffold protein, the
TALE domain which is pre-dominantly a-helix makes up approximately 33kDa and the mSA
domain which is a B-barrel makes up 13kDa. Within the TALE domain, approximately 75% of
the polypeptide chain is in an a-helix secondary structure, accounting for about 54% a-helix of
the TALE-mSA adaptor protein, which is quite similar to the CD spectrum fitting analysis.
Correspondingly, the B-barrel structure of mSA accounts for approximately 28% of the whole
protein, which is in relatively close agreement with the CD spectrum fitting result. This

suggested that the protein was refolded by the on-column refolding procedure.

Testing DNA binding capabilities of the expressed scaffold adaptors

Electrophoretic mobility shift assay (EMSA) is a common method for testing of whether a
protein has the capacity to bind to DNA [48]. While it is common to perform EMSA using
polyacrylamide gels, higher percentage agarose gels (2%) have been used for resolving the
mobility shift after protein binding. In the previous work by the 2010 Slovenia IGEM team, the
binding of a 9 base pair targeting zinc-finger protein produced a significant mobility shift of a
70 base pair DNA (https://2010.igem.org/Team:Slovenia/PROJECT/proof/studies/emsa).
Therefore, for the scaffold adaptor proteins produced here that target a 9 base pair sequence of
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the 125 base pair DNA program, it could be expected that the mobility shift after binding should
be resolvable on a 2% agarose gel. However, a shift in electrophoretic mobility was not
observed, suggesting that the scaffold adaptors were not binding to the DNA program (Figure
8); migration of the 125bp DNA program was unchanged despite presence of the adaptor
proteins, indicating that no DNA-protein interaction occurred. While changing the binding
conditions of temperature, buffer ionic strength and salt additives to stabilise the complex have
been used for binding optimisation [48], this was not attempted here as the final use of the
scaffold adaptor was designed for anchoring of enzymes which require physiological conditions

for activity.

An alternate approach was attempted to verify the DNA binding capability of the adaptor
proteins by separating the DNA-protein complex using size exclusion chromatography. Five
major peaks were observed from the chromatographic separation of the DNA-protein mixture,
and the fractions were collected, dried down and ran on both an agarose gel and SDS-PAGE to
identify the elution of the DNA program and the scaffold adaptor proteins. Theoretically, if the
adaptor proteins could complex with the DNA program, the adaptor proteins would be present

in the same fraction as the DNA (Figure 9, peak 1). Unfortunately, the scaffold adaptors eluted
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Figure 9. DNA-protein complex purification using Superdex200 size exclusion column chromatography using PBS as
mobile phase. A: The protein signal was monitored at 215nm as the number of aromatic residues in the scaffold adaptors
were very low for measurement at 280nm. B: From the observed peaks in A, the fractions were dried and run on an SDS-
PAGE and an agarose gel for protein and DNA visualisation respectively. The red arrow marks the presence of the scaffold
adaptor protein in peak 3, which was consistent with the size exclusion elution carried out during purification (data not

shown). The absence of scaffold adaptor proteins in the peak 1, where the DNA elutes, suggests that there is no interaction
between the two.

at the same retention volume in physiological PBS buffer as they did for their purification using
the same column (data not shown) (Figure 9, peak 3), and no signs of the adaptor proteins were
found in the same fraction as the DNA program (Figure 9, peak 1). Based on this data, it

appeared that while the adaptor proteins were likely to have refolded, the TALE-mSA fusion
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protein designed to target the 9 base pair DNA unfortunately did not have DNA binding

capability.

Discussion

From this entire process of designing gene to protein to function, many lessons were learnt; the
most obvious being the incorrect assumption that it would be possible to create a
gain/combination of function by simply expressing two functional protein domains together.
Protein folding is still a process that baffles many; even with the vast amount of knowledge on
how to express and purify a protein, the actual process of how a protein folds is still not fully
understood [49, 50]. For the scaffold adaptors, many improvements can be made to the entire
process in the future to increase the chance of creating a functional adaptor protein for

anchoring and aligning enzymes onto a DNA program. These include:

In house genetic construction

One of the major lessons learnt was purchasing of the TALE-mSA genetic construct as a fully
synthesized gene product (4x TALE-mSA), instead of purchasing the genes for individual
TALE monomers (4 monomers targeting the 4 different nucleotide bases) and mSA to combine
them in house via genetic engineering. The original idea of purchasing the synthesized construct
was to save time and resources for the construction of the adaptor protein gene from scratch.
One of the benefits of construction from scratch would be to allow for design changes such as
increasing the number of TALE repeats to target a longer sequence, having a different linker
between the TALE and mSA, changing the mSA to other high affinity binder pairs such as
protein G/1gG-Fc, or adding localisation tags for periplasmic expression, many of which could

have changed the resulting unsuccessful outcome.

Avidity based binding of TALE to DNA
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The helix-loop-helix repeat motif of TALES is not the same as the typical helix-turn-helix DNA
binding motif. For the helix-turn-helix motif, the DNA interaction occurs inside the turn and
between the helixes [51], while the helix-loop-helix motif of TALEs interacts with the DNA in
the loop region [21, 24]. Due to the larger interaction interface, helix-turn-helix motifs can
target a longer sequence of DNA than the individual TALE helix-loop-helix motif. This raises
the possibility that TALE-DNA interaction is avidity driven, and a certain level of avidity has
to be achieved for TALE to strongly attach to the target the DNA sequence. The shortest
recombinant TALE reported in literature targets 12 base pairs [21, 22], longer than the 9 base
pairs designed in this work. Apart from being 3 TALE repeats longer, the 12 base pair targeting
also represents that the TALE could completely wind around the double helix, which has twist
repeats of approximately 10-11 base pairs [40]. This difference could have been the reason for
the inability of the adaptor proteins to not bind the DNA strongly enough during the interaction

experiments.

Folding of mSA

The presence of TALE-mSA in the insoluble fraction which suggests the formation of inclusion
bodies was an unexpected hurdle, as described previously. From the published work on mSA,
it was reported to be soluble when expressed in yeast and humans [44, 45], even when expressed
as a single protein. In E. coli, it required a soluble fusion partner to be expressed as a soluble
protein. As part of the monomerisation process of mSA from streptavidin and rhizavidin, a
single disulphide bridge was introduced to maintain the mSA structural integrity. The
disulphide bridge, which could not be formed in the intracellular space of E. coli, could have
resulted in the aggregation process in which the mSA domain failed to fold, thus forming
inclusion bodies. The developers of this technique had to supplement with biotin during the
refolding process of the individual mSA to aid in protein refolding [44], a procedure which
would be counter-productive in this case as the bound biotin would have to be subsequently
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removed to allow the binding of the tagged enzymes to occur. Periplasmic localisation could
be a way to solve this issue in the future. Signal peptides that result in periplasmic localisation
are known and the periplasm environment allows disulphide bond formation. A previously
insoluble enzyme when expressed intracellularly was found to be produced at high yields and

in a soluble format when expressed with the periplasmic localisation signal peptide [52].

Conclusion

As described above, there are many ways to improve the design of the proposed scaffold adaptor
proteins, some of which were attempted here, in order to design a sequential in vitro synthetic
machine for the glycosylation of proteins i.e. a potential artificial Golgi. The scaffold adaptor
protein idea and design of a self-assembling, multi-enzymatic protein scaffold by metabolic
engineering for in vitro protein glycosylation as described here was not successful, although it

shows future promise given more time and resources.

The following Chapter 3 describes an alternate approach of a simplified system where
individual expressed glycosyltransferases are immobilised on a stationary phase resin to create

the potential of an immobilised enzyme reactor (IMER) for in vitro glycoengineering.
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Chapter 3

Chapter 3 - In vitro protein glycosylation using immobilised

glycosyltransferases

A different approach towards in vitro glycoengineering of proteins by immobilising
glycosyltransferases onto a stationary phase resin is presented with the aim of enzyme re-use

and creation of an artificial Golgi column
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Introduction

Galactosylation is an important part of mammalian N-glycan biosynthesis as it forms the
precursor monosaccharide substrate for sialyltransferases to add terminal sialic acid to glycan
structures [1]. Sialic acids on glycoproteins have been shown to affect glycoprotein serum half-
life, inflammatory response, and receptor binding [2-6]. Galactosylation of IgG1 was also
shown to be involved in anti-inflammatory activity by promoting association of FcyRIIB with

C-type lectin dectin-1 [7], and thereby enhancing FcyRIlla binding affinity [8].

B-1,4-galactosyltransferase 1 (B4GALT1) is one of the galactosyltransferase family of
enzymes that transfers the galactose from UDP-galactose onto the GIcNAc of a growing glycan
structure. BAGALTL is a type Il transmembrane protein that is localised in the trans-Golgi
network (TGN), and over-expression of BAGALT1 results in increased galactosylation and
subsequent sialylation of proteins expressed by CHO cells [9]. Enzymatic galactosylation of
glycans in vitro using BAGALT1 had been reported by many [7, 8, 10-13], although no-one had
considered the recycling of the BAGALT1 enzyme for re-use after purification of the product
glycoprotein. The once-off use of glycosyltransferases in in vitro glycoengineering methods is

one of the disadvantages that limits this approach in practice from a commercial perspective.

Immobilisation of enzymes onto a stationary phase such as micro- or nano-particles, resins or
functionalised surfaces can enable the recovery of the enzyme for re-use after the reaction [14,
15] and potentially allows the construction of a reusable enzyme machine. These enzymes
conjugated stationary phases are collectively termed immobilised enzyme reactors (IMER) and
different methods such as passive physical adsorption, chemical conjugation and engineered
affinity tags have been used for the immobilisation of enzymes [14-17]. By being able to re-use
the conjugated enzymes, use of excess enzyme also becomes possible, increasing the overall

reaction Kkinetics and lowering the reaction time. Immobilisation also provides an easy
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purification procedure to remove the enzyme from the product, unlike conventional single pot
reactions. It also enables the aligning of sequential enzymes of a reaction pathway with multiple

IMER, either on- or off-line, to create multi-enzyme reactors [17, 18].

An attempt at using this type of enzyme immobilisation specifically for in vitro
glycoengineering has been performed using a microfluidic device, creating a single function
“Golgi-on-a-chip” that was able to add the sulphates onto heparin sulphate chains by D-
glucosaminyl 3-O-sulfotransferase isoform-1 enzyme activity [19]. The heparin sulphate was
first biotinylated and attached to a streptavidin conjugated magnetic particle. Oil droplets
containing the enzyme were “moved” to merge with another droplet containing the heparin
sulphate chains by the fluidics device for the reaction to occur. After the reaction, the heparin
sulphate chains were held in place by the magnet and wash extensively to remove the enzyme
[19]. This approach at creating an artificial Golgi apparatus is not applicable if the modified
protein is desired as a standalone product; immobilising the target protein facilitates the analysis
of the modification, but the product remains conjugated to the nanoparticle. Recently, a
theoretical design for a multi-glycosyltransferase large scale reactor was published, detailing
the possible effects of different physical parameters on the overall glycosylation “completeness”
starting from a MansGIcNAc: glycan to produce a bi-antennary di-galactosylated glycan [18].
While there is no experimental evidence on the actual feasibility of the design, it has provided
models containing physical parameters that can be experimentally optimised to gain control of

the glycosylation process, which is currently not possible in an in vivo setting.

As mentioned in Chapter 2, the Resource for Integrated Glycotechnology has set up a repository
of glyco-enzyme expression constructs (http://glycoenzymes.ccrc.uga.edu/), where plasmids
containing individual human glycosyltransferases can be purchased from the DNA repository
DNASU (https://dnasu.org/DNASU/Home.do). These constructs are available in different
formats, varying by the purification tag (8x-His-Strep tag or 8x-His-AviTag), location of
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purification tag (protein N- or C-terminus), and fusion domain (no fusion, GFP fusion, or GFP,
IgG-Fc fusion). The construct containing the human BAGALT1 with N-terminal 8x-His-Strep

tag was obtained for this work.

In the preliminary work presented here, we trialled the possibility of galactosylating a
glycoprotein in vitro using a recombinantly expressed His-tagged human B4GALT1
immobilised onto Ni-NTA resin, as a proof of concept of creating a mini-Golgi column for in

vitro designer protein glycosylation.
Materials and Methods

BAGALTL1 containing plasmid (HsCD00522338) was purchased from the DNASU plasmid
repository, deposited by the Repository of Glyco-enzymes Expression constructs
(http://glycoenzymes.ccrc.uga.edu/). Culture media and HEK293FT cells were purchased from
ThermoFisher Scientific, Australia. Plasmid Midiprep kit was obtained from Promega,
Australia. Ni-NTA Gravitrap purification columns were purchased from GE Healthcare. All

other chemicals, otherwise specified, were obtained from Sigma Aldrich, Australia.

Transient transfection of HEK293FT cells with B4GALT1 plasmid

B4GALT1 plasmid (pGEnl1l-DEST) was cloned into competent E. coli cells for plasmid
amplification, and purified using a midiprep kit. Transient transfection protocol was based on
that supplied by the Glyco-enzymes repository [20], with modifications to adapt for adhesion
of HEK293FT cells used for expression. HEK293FT cells were cultured in DMEM GlutaMAX
supplemented with 10% (v/v) foetal calf serum with penicillin/streptomycin (10000 U/ml) at
37°C with 5% CO2, and passaged when confluent by trypsinisation. For the transient
transfection, the cells were cultured in 150mm cell culture dishes until approximately 50-60%
confluency. The cells were washed once with PBS, before introducing 15ml of transfection

medium containing 3ug/ml of plasmid DNA, 9ug/ml of 25 kDa polyethylenimine (Polysciences)
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in Freestyle293 medium, pre-incubated at 37 °C for 15mins. After 4 hours of transfection, the
culture medium was added to 25ml of Freestyle293 medium containing valproic acid (final
concentration of 2.2mM), and left to incubate for 6 days before harvesting. When harvesting,
culture medium was collected, clarified of any cells by centrifugation, and stored at -30°C until

used.

B4GALT1 purification by immobilised metal affinity chromatography

Culture media (harvested from 1 culture dish) containing the secreted BAGALT1 was spiked
with imidazole (final concentration 10mM) to reduce non-specific binding to the Ni-NTA resin
before adding to 400ul Ni-NTA resin (90um 6% agarose beads, Sepharose 6 fast flow,
unpacked from a His-Gravitrap column and loaded into a disposable 6ml capacity
polypropylene column, Qiagen). The resin was pre-equilibrated with 10mM HEPES buffer, pH
7.5, containing 0.5M potassium chloride, 20mM imidazole and 5% glycerol (His-tag wash
buffer). After sample loading, the resin was washed with 10 column volumes of His-tag wash
buffer, and stored in 50mM HEPES buffer, pH 7, containing 0.25M potassium chloride, 20mM
manganese chloride, 2.5% (v/v) glycerol (reaction buffer) at 4°C until use. An aliquot of resin
(20ul) was mixed with 50ul of His-tag wash buffer containing 300mM imidazole and 20l of

the supernatant run on an SDS-PAGE gel to verify BAGALT1 expression and purity.

B4GALT1 activity assay after immobilisation on resin in Eppendorf tube

To test BAGALTL activity, de-sialylated-de-galactosylated bovine fetuin substrate was
produced by incubation of bovine fetuin (100ug) with 5mU of sialidase A (Prozyme) and 5mU
of B(1-3,4) galactosidase (Prozyme) in 50 mM sodium phosphate, pH 6.0, incubated at 37°C
overnight. De-sialylation-de-galactosylation of the bovine fetuin was verified by SDS-PAGE
and mass spectrometric analysis of the released glycans, and is referred to as Fet-SG (Figure 2,

B and C). To immobilise the recombinantly expressed enzyme, 30ul of Ni-NTA resin bound
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BAGALT1 was equilibrated with 50pul of reaction buffer in a 500ul Eppendorf tube, and the
resin was collected by centrifugation using a benchtop centrifuge at 20000 rpm for 30 seconds.
20pl of reaction buffer was removed and replaced with 20ul of reaction buffer containing 5ug
of Fet-SG and UDP-galactose (final concentration of 1mM, reaction volume of 50ul). The
reaction tubes were placed on a weighing boat and left on an orbital shaker at 200rpm ina 37°C
room for 2 hours. At various collection time points, the supernatant was collected by
centrifugation, and pooled with 3 washes (250l each) of His-tag wash buffer. To test for resin
reusability, the resin after the 30min reaction time point was re-used another 3 times (total of 4
rounds) by re-equilibrating with the two substrates by the same procedure. To test the enzyme
reaction by analysis of the released product glycans, the pooled supernatant was slot blotted
onto a PVDF membrane using a 96-well vacuum manifold, and the glycans released and

analysed using the method described in Paper Il1.

B4GALT1 activity assay after immobilisation on resin in column format

For the “on-column” galactosylation, 100ul of Ni-NTA bound B4AGALT1 resin bed was loaded
into a 6ml polypropylene column (bed dimension ~ 7mm diameter X 2mm height) with volumes
estimated by markings made with known amounts of liquid, or onto a 1ml syringe (bed
dimension ~ 4mm diameter X 5mm height), blocked with a 4mm diameter filter disc (Figure
1). The measured flow rate (time taken to flow through 1ml of buffer), assisted by capillary
action (i.e. tip of column and syringe was in contact with the walls of the collection tube), was

approximately 40s/ml for the column and 100s/ml for the syringe. As flow is directed by gravity,

Figure 1. Photo of resin bound BAGALT1 packed onto a column (left) and a syringe (right). 200pl
of bed volume was estimated by markings made using known volumes. The inner diameter of the
syringe (bed dimension ~ 4mm diameter X 5mm height) is approximately half that of the column
(bed dimension ~ 7mm diameter X 2mm height), resulting in a longer resin bed. The measured flow
rate, assisted by capillary action (i.e. tip of column and syringe was in contact with the walls of the
collection tube) was approximately 40s/ml for the column and 100s/ml for the syringe.
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the flowrate increases with the amount of liquid in the column due to increased pressure and
slows down as liquid volume decreases. All materials, including columns and pipette tips, were
pre-warmed in the 37°C room for 30mins before the assay. The stationary phases were
equilibrated with 4 column volumes of reaction buffer, followed by 1 column volume of
reaction buffer containing 0.1mM of UDP-galactose. One column volume of reaction buffer
containing 10ug of Fet-SG or IgG and 1mM UDP-galactose was added to the stationary phases
and the flow through collected and pooled with a subsequent wash of 4 column volumes of His-
tag wash buffer. As before, the pooled flowthrough samples were blotted onto PVDF for glycan

release with PNGaseF as described in Paper Il1.
Results
SDS-PAGE of enzyme BAGALT1 and substrate Fet-SG

Human B4AGALT1 is a type Il transmembrane protein that is anchored in the Golgi apparatus

of the cell. The BAGALT1 construct used in this work was designed such that the synthesized
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Figure 2. SDS-PAGE gels of (A) purified His-tagged BAGALT1 and (B) de-sialylated-de-galactosylated bovine fetuin. (A)

The amount of recombinantly expressed BAGALT1 loaded into the gel was equivalent to approximately 2% of the total
amount of resin, and is seen to be of high purity. The theoretical molecular weight of the His-tag BAGALT1 construct is
approximately 44kDa, and contains 1 N-glycosylation site, resulting in the slower migration. (B) Migration differences
between native fetuin, de-sialylated fetuin (Fet-S) and de-sialylated-de-galactosylated fetuin (Fet-SG) (5ug each) was
visible by SDS-PAGE separation. The extent of glycan trimming was also confirmed by mass spectrometric analysis of
released glycans (C). Averaged mass spectrum of the released glycans clearly showing the loss of sialic acid after sialidase
treatment, and the majority of the galactose after galactosidase treatment. (D) Nomenclature of the glycans based on SNFG
and Oxford notation for N-glycans, the latter of which describes only the features apart from the core structure, that is used
in the text for subsequent glycan structure descriptions.
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enzyme is secreted into the culture medium. This was done by replacing the protein N-terminal
transmembrane domain with a secretion signal peptide, along with purification tags (8x His-tag
and Strep-tag), and a TEV protease cut site, should the purification tags be undesired
downstream. Secreted BAGALT1 was enriched by IMAC affinity chromatography and the
enzyme was isolated at high purity as estimated by band intensity as shown in the SDS-PAGE
gel (Figure 2, A). It was also observed that His-tag wash buffer supplemented with 0.5M
potassium chloride resulted in a better purity compared to the traditional 0.5M sodium chloride
used in His-tag purifications (data not shown). Resin bound BAGALT1 was then used for all

subsequent experiments.

Concurrent de-glycosylation of bovine fetuin by sialidase and galactosidase was evident, shown
by clear migration differences between untreated fetuin, de-sialylated fetuin and de-sialylated-
de-galactosylated fetuin (Figure 2, B). Released glycan analysis showed galactosidase activity
was incomplete, with approximately 40% of the fetuin glycans still containing 1 galactose
(A3G1) (Figure 2, C and D). As A3G1 could still be galactosylated with 2 more galactoses and
remains as a possible substrate for BAGALT1, complete degalactosylation was not pursued and

this batch of Fet-SG was used for all subsequent experiments.

Due to the limited amount of resin bound B4AGALT1 per purification and de-sialylated-de-
galactosylated fetuin substrate, time point measurements and experimental format differences

was pursued using an experimental setup of n=1 as a proof-of-concept experiment.

Resin bound B4GALT1 activity on Fet-SG

His-tagged BAGALT1 bound to Ni-NTA was tested for activity by incubating the resin with
Fet-SG and UDP-galactose in an Eppendorf tube, incubated in a 37°C warm room, lying flat in
aweighing boat, on an orbital shaker. From experimental observations, the 90um resin particles

were prone to “sticking” on the walls of the tubes, resulting in temporary drying of the resin if
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Resin bound B4GALT1 activity on Fet-SG

% relative abundance

0 20 40 60 80 100 120
Time (mins)

Figure 3. Time course measurement of resin bound B4GALT1 activity on Fet-SG. Each time point measurement,
15min, 30min, 1h, 2h, was an individual reaction tube. The abundance of the 6 major glycoforms were calculated
as a relative abundance of the total glycan structure intensities.

the tubes were placed on a rotary or inverting shaker. The gentle rocking of the tubes in the
weighing boat provided gentle stirring (the small resin particles were very buoyant) and the
surface tension of the liquid kept the body of liquid intact. A time course measurement was set
up for four time points, 15min, 30min, 1h and 2h, in individual reaction tubes, and the resulting
relative abundance of the precursor and product glycans compared (Figure 3). The appearance
of the fully galactosylated tri-antennary glycan (A3G3) from the de-sialylated and de-
galactosylated precursor Fet-SG was observed in high abundance after 15min, with a
corresponding decrease in the precursor tri-antennary glycans (A3 and A3G1). An identical
trend was observed for the bi-antennary glycans, where the precursor glycan A2 was quickly
depleted and the final product A2G2 formed within 15 mins, and showed that the resin bound
BA4GALT1 enzyme was active and fast acting in this experimental setup. Approximately 68%
of the glycans were fully galactosylated (A2G2 and A3G3), but approximately 20% of the
glycans could have been further galactosylated with one more Gal (A2G1 and A3G2), 6% with
2 more Gal (A2 and A3G1) and 6% with 3 more Gal (A3). This reduced final galactosylation
may possibly be caused by product inhibition as the UDP released from UDP-galactose is a

known inhibitor of BAGALTL activity.

80



Chapter 3

Re-using resin bound B4GALT1
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Figure 4. Relative abundance of released glycans, after repeated galactosylation reaction with the same resin bound
BAGALT1. R1-R4 refer to the re-use number of reactions, and data point R1 is from the resin activity at the 30min time
point in Figure 3. The subsequent reactions were also carried out for 30mins.

Re-using resin bound BAGALT1

One of the advantages of using immobilised enzymes is the ability to re-use the enzymes after
the separation of the product. The resin was centrifuged after the 30min time point in Figure 3
and was tested for re-use activity for another 3 rounds of reaction after washing and re-
equilibration as detailed in the Methods (Figure 4). BAGALTL activity was overall decreased
after round 2 with less fully galactosylated tri-antennary glycan A3G3 observed. It is possible
that the loss of activity was not due to the loss of enzyme functionality, but rather due to the
leeching and loss of the bound enzyme into the solution. Non-fetuin glycans, evident by the
presence of core fucosylation, were detected in the second round of reaction, and is
characteristic of glycoproteins produced in the HEK293 recombinant expression system (data
not shown). This reinforces the suggestion that some bound BAGALT1 could have detached
from the resin, resulting in less activity in reaction round 3 and 4. The loss of enzyme from the

resin could have been caused by shear forces during the washes and centrifugation steps, or by
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exposure to excess manganese during re-equilibration that may have interfered with the

interaction between the immobilised nickel ion and the His-tag.
B4GALT1 activity in a stationary phase column format

Considering the fast reaction outcome of resin bound BAGALT1 in solution, the ability to
“instantaneously” galactosylate proteins was investigated by packing the resin bound

B4GALT1 as a stationary phase in either the purification column (Figure 5, Col flow) orinal
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Figure 5. Relative abundance of released glycans from (A) Fet-SG and (B) I1gG, after reacting with bound BAGALT1
in a packed resin format. “Col” denotes column, and “Syr” denotes syringe, as shown in the Figure 1 in the methods.
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ml syringe (Figure 5, Syr flow) (Figure 1 in Methods). As the flow rates were not controlled
via peristaltic pumps, but by gravity, the physical parameters of the tubes containing the enzyme
conjugated resin directly affects the flow rate. The syringe has a smaller inner diameter (bed
dimension ~ 4mm diameter X 5mm height) than the column (bed dimension ~ 7mm diameter
X 2mm height), resulting in a longer resin bed (for approximately 100ul resin). The main forces
affecting the flow rate by gravity are the weight (pressure) of the liquid, surface tension and
friction between the liquid and the walls of the receptacle. The flowrate decreases in relation to
the loading volume, thus the weight of the liquid decreases as the liquid flows through. With
the pressure exerted by the liquid in the syringe higher than that of the column due to the
difference in receptacle diameter, the interacting surface area between the liquid and the walls
of the receptacle in the syringe is higher than the column, resulting in higher friction and surface
tension. This resulted in a slower flow rate of liquids in the syringe (~100s/ml) as compared to
the column (~40s/ml), assisted by capillary action (by placing the end of the stationary phase
in contact with the walls of the collection tube). It was observed that without capillary action,
flow rates at low volumes became inconsistent, as the droplet formation at the outlet lacked the
weight to overcome surface tension and ambient air pressure. In testing the ability of the
stationary phase of the column to galactosylate proteins “instantaneously”, Fet-SG and human
serum IgG (10pg in 100ul volume) were flowed through the stationary phase sequentially, with
a wash and re-equilibration step in-between. Human serum IgG is used here as an example of
a glycoprotein with a less exposed glycosylation site than fetuin with approximately 60% of

IgG glycans as possible substrates (FA2, FA2G1, FbiA2, and FbiA2G1) for galactosylation.

Based on released glycan analysis of the product glycoproteins, it was shown that the packed
syringe was highly efficient in galactosylating fetuin, with the precursor glycans (A2 and A3)
completely depleted (Figure 5, A), forming predominantly fully galactosylated glycans (A2G2

and A3G3). The packed column was less efficient, but galactosylation activity was also present,
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with approximately 43% of the glycans fully galactosylated (A2G2 and A3G3). With human
serum 1gG, galactosylation was only observed using the packed syringe (FA2G1 to FA2G2,
and FbiA2 to FbiA2G1). For both protein substrates, the packed syringe galactosylated the
proteins better than the packed column. This could be attributed to a slower flow rate of liquids
in the syringe, and a higher resin bed height resulting in a higher number of chromatographic
theoretical plates. Leeching of immobilised BAGALT1 was not observed in these column
configurations compared to the solution assay as no non-fetuin glycans were detected in the
flowthrough of the Fet-SG samples, and the relative abundance of sialylated 1gG glycans were
consistent with the control 1gG. Although this current data set was derived from an experimental
acquisition of n=1, the observed trend of the higher galactosylating capacity of the immobilised
BAGALTL1 syringe configuration for galactosylating both Fet-SG and human serum IgG
provided an interesting proof-of-concept that IMER in column format could be applied to future

rapid in vitro glycoengineering applications.

Discussion

Herein, the galactosylation of protein substrates by an immobilised glycosyltransferase
demonstrates that this type of in vitro glycoengineering of proteins is controllable. Time and
format have been tested showing that these parameters can modulate outcomes. Likely, other
physical parameters such as enzyme-substrate ratio, temperature, incubation time, stirring speed,
concentrations of co-factors and chemical additives can also be modulated to optimise reactions
in this format. Use of non-endogenous enzymes is also readily optimised this type of in vitro
glycoengineering, as there is little risk of problems that might occur from mis-folding,
degradation or aggregation arising from expression of non-endogenous enzymes by metabolic
engineering as described in Chapter 2. In addition, bacterial glycosyltransferases, that carry out

the identical linkage transfer of nucleotide sugars onto glycan terminal monosaccharides, can
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be used this type of in vitro glycoengineering, thus allowing an easier bacterial expression

system to be used to express the transferase enzymes instead of a mammalian expression system.

Comparing the galactosylation outcome between the resin bound BAGALTL in solution (Figure
2, T=15min) and the stationary phase packed BAGALT1 in the syringe (Figure 4, A), showed
that the galactosylation reaction was more efficient in the packed resin syringe than using a
solution based reaction in an Eppendorf tube. Despite a shorter contact time of 15 mins for the
free resin bound enzyme compared to approximately 2 mins (including washing steps) for the
syringe based reaction, approximately 20% more fully galactosylated glycans (A2G2 and A3G3)
of Fet-SG was observed for the syringe format than the free resin. Although the resin:substrate
was not identical (30ul resin:5ug Fet-SG for Eppendorf tube reaction, 100ul resin:10ug Fet-
SG for syringe reaction), it is likely that product inhibition was less apparent in the stationary
phase packed format. With the free resin, the buoyancy of the beads and shaking speed affects
the mixing efficiency of the reaction that in turn may affect the enzyme exposure to the
substrates. From experimental observations, in this small-scale Eppendorf tube reaction, the
mixing efficiency was not optimal as much of the resin remained aggregated at the bottom of
the Eppendorf tube or stuck to the wall of the tube which would reduce the exposure of the
enzyme to the substrates. In a large-scale format, this might be optimised in reactors with proper
stirring mechanisms; it was reported that 1kg of human IgG was galactosylated in a 40L
bioreactor, achieving approximately >90% fully galactosylated I1gG in 24h, using
approximately 4g of purified B4AGALTL1 [13]. By packing the resin in a column, the active flow
of the elution liquid brings the substrate to the enzyme, creating a local environment of high
enzyme concentration [17]. The flow of the liquid also elutes the reacted products and released
by-products from the enzyme reaction to reduce the interference of product inhibition.
Regulation of the flow rate is an important factor for micro-fluidic based IMER as it directly

impacts the contact time (reaction time) of the substrate with the enzyme [17, 18].
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The lower efficiency of the galactosylation of human serum IgG as compared to Fet-SG was
expected. Bovine fetuin is normally synthesised with highly sialylated glycans, with highly
accessible glycosylation sites. Human serum 1gG is commonly glycosylated with FA2 (also
known as GOF) and FA2G1 (also known as G1F) glycans, and the glycosylation site is less
exposed compared to the attachment sites of glycans on fetuin. Glycosylation site accessibility
was not considered in the recently published theoretical model [18], but is a known factor

affecting the degree of glycan processing of glycoproteins [21, 22].

Re-usability of the enzymes is one of the key advantages of enzyme immobilisation [14, 15, 17,
23], but is affected by enzyme stability on the immobilisation platform and the enzyme half-
life. Leeching of bound enzymes was observed when the Eppendorf tube resin was re-used
(Figure 4). Immobilisation by IMAC of the His-tagged recombinant enzyme might thus not be
the best choice for glycosyltransferases as metal ions such as manganese are often required as
a co-factor for glycosyltransferase activity and might interfere with the nickel binding of the
His-tag. The B4GALTL construct designed by the Repository of Glyco-enzyme constructs
(http://glycoenzymes.ccrc.uga.edu/) also contained a Strep-tag, enabling immobilisation of the
transferase on streptavidin conjugated resins. However, streptavidin resins are protein based
which will degrade over time and are costlier than Ni-NTA resins. Hence, optimisation with
regards to the choice of immobilisation methods and co-factor (manganese) concentration
should be considered for subsequent trials of using BAGALT1 on IMER stationary phases. The
half-life of B4AGALT1 is not known, and the activity of bound BAGALT1 was only tested up to
3 days post purification. While free enzymes can be stored in freezing conditions to prolong
storage, immobilised enzymes, especially agarose resin bound enzymes, cannot be frozen as
freezing results in the breakage of the resin (manufacturer guidelines). Ni-NTA magnetic beads

could be used as an alternative, but comes at a higher cost. Storage buffers are another parameter
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required for optimisation to prolong the lifespan and re-usability of the enzyme immobilised on

resins.
Conclusion

In this work, the possibility of using an IMER stationary phase for rapid in vitro glycosylation
of glycoproteins was shown using galactosylation as an example. Each step in the process
required optimisation to promote higher enzyme activity and cost-effectiveness but its success
demonstrates the feasibility of using such an in vitro system for sequentially derived
glycosylation of glycoproteins using a packed resin column enzymatic format. Larger scale
tests, and subsequent configurations involving other transferases are required in the future to
truly create an in vitro “Golgi column” where the glycosylation processes can be regulated to

produce designed glycans on proteins.

87



Chapter 3

References

10.

11.

12.

13.

14.

15.

16.

88

Geisler, C., H. Mabashi-Asazuma, C.W. Kuo, K.H. Khoo, et al., Engineering betal,4-
galactosyltransferase | to reduce secretion and enhance N-glycan elongation in insect
cells. J Biotechnol, 2015, 193, 52-65.

Varki, A. and R. Schauer, Sialic Acids, in Essentials of Glycobiology, A. Varki, et al.
2009, Cold Spring Harbor Laboratory Press: Cold Spring Harbor (NY).

Sola, R.J. and K. Griebenow, Effects of glycosylation on the stability of protein
pharmaceuticals. J Pharm Sci, 2009, 98, 1223-1245.

Bertozzi, C.R., H.H. Freeze, A. Varki, and J.D. Esko, Glycans in Biotechnology and the
Pharmaceutical Industry, in Essentials of Glycobiology, A. Varki, et al. 2009, Cold
Spring Harbor Laboratory Press. : Cold Spring Harbor (NY).

Shade, K.-T. and R. Anthony, Antibody Glycosylation and Inflammation. Antibodies,
2013, 2, 392.

Liu, L., H. Li, S.R. Hamilton, S. Gomathinayagam, et al., The impact of sialic acids on
the pharmacokinetics of a PEGylated erythropoietin. J Pharm Sci, 2012, 101, 4414-
4418.

Karsten, C.M., M.K. Pandey, J. Figge, R. Kilchenstein, et al., Anti-inflammatory
activity of IgG1 mediated by Fc galactosylation and association of Fc[gamma]RI1B and
dectin-1. Nat Med, 2012, 18, 1401-1406.

Kurogochi, M., M. Mori, K. Osumi, M. Tojino, et al., Glycoengineered Monoclonal
Antibodies with Homogeneous Glycan (M3, G0, G2, and A2) Using a Chemoenzymatic
Approach Have Different Affinities for FcyRIIla and Variable Antibody-Dependent
Cellular Cytotoxicity Activities. PLoS One, 2015, 10, e0132848.

Weikert, S., D. Papac, J. Briggs, D. Cowfer, et al., Engineering Chinese hamster ovary
cells to maximize sialic acid content of recombinant glycoproteins. Nat Biotech, 1999,
17,1116-1121.

Hodoniczky, J., Y.Z. Zheng, and D.C. James, Control of recombinant monoclonal
antibody effector functions by Fc N-glycan remodeling in vitro. Biotechnol Prog, 2005,
21, 1644-1652.

Thomann, M., T. Schlothauer, T. Dashivets, S. Malik, et al., In Vitro Glycoengineering
of IgG1 and Its Effect on Fc Receptor Binding and ADCC Activity. PLoS One, 2015,
10, e0134949.

Raju, T.S., J.B. Briggs, S.M. Chamow, M.E. Winkler, et al., Glycoengineering of
therapeutic glycoproteins: in vitro galactosylation and sialylation of glycoproteins with
terminal N-acetylglucosamine and galactose residues. Biochemistry, 2001, 40, 8868-
8876.

Warnock, D., X. Bai, K. Autote, J. Gonzales, et al., In vitro galactosylation of human
IgG at 1 kg scale using recombinant galactosyltransferase. Biotechnol Bioeng, 2005, 92,
831-842.

Care, A., P.L. Bergquist, and A. Sunna, Solid-binding peptides: smart tools for
nanobiotechnology. Trends Biotechnol, 2015, 33, 259-268.

Puri, M., C.J. Barrow, and M.L. Verma, Enzyme immobilization on nanomaterials for
biofuel production. Trends in Biotechnology, 2013, 31, 215-216.

Jia, F., B. Narasimhan, and S. Mallapragada, Materials-based strategies for multi-
enzyme immobilization and co-localization: A review. Biotechnol Bioeng, 2014, 111,
209-222.



17.

18.

19.

20.

21.

22.

23.

89

Chapter 3

Meller, K., M. Szumski, and B. Buszewski, Microfluidic reactors with immobilized
enzymes—Characterization, dividing, perspectives. Sensors and Actuators B: Chemical,
2017, 244, 84-106.

Klymenko, O.V., N. Shah, C. Kontoravdi, K.E. Royle, et al., Designing an Artificial
Golgi reactor to achieve targeted glycosylation of monoclonal antibodies. AIChE
Journal, 2016, 62, 2959-2973.

Martin, J.G., M. Gupta, Y. Xu, S. Akella, et al., Toward an artificial Golgi: redesigning
the biological activities of heparan sulfate on a digital microfluidic chip. J Am Chem
Soc, 2009, 131, 11041-11048.

Subedi, G.P., R.W. Johnson, H.A. Moniz, K.W. Moremen, et al., High Yield Expression
of Recombinant Human Proteins with the Transient Transfection of HEK293 Cells in
Suspension. J Vis Exp, 2015, e53568.

Thaysen-Andersen, M. and N.H. Packer, Site-specific glycoproteomics confirms that
protein structure dictates formation of N-glycan type, core fucosylation and branching.
Glycobiology, 2012, 22, 1440-1452.

Lee, L.Y., C.H. Lin, S. Fanayan, N.H. Packer, et al., Differential site accessibility
mechanistically explains subcellular-specific N-glycosylation determinants. Front
Immunol, 2014, 5, 404.

Care, A., K. Petroll, E.S. Gibson, P.L. Bergquist, et al., Solid-binding peptides for
immobilisation of thermostable enzymes to hydrolyse biomass polysaccharides.
Biotechnology for biofuels, 2017, 10, 29.



Chapter 4 — Characterisation of the glycosylation of Immunoglobulin M

For the in vitro glycoengineering of the IgM antibody, PAT-SM6, site-specific glycosylation
analysis of the immunoglobulin M needed to be performed for the first time in order to
understand the underlying glycosylation profiles at each glycosylation site of the heavily
glycosylated antibody. This provided the potential glycan targets that can be modified and
functionalised for the development of PAT-SM6 as a diagnostic and possible therapeutic tool

for the treatment of cancer.
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Introduction

Antibodies play an important role in immunity, as part of the adaptive immune response that
clears foreign entities from the host. In humans, there are 5 major types of antibodies, 1gG, 1gA,
IgM, IgE and IgD, in order of natural abundance. Typically, each antibody monomer comprises
of two heavy and 2 light chains (x-light chain or A-light chain), where the 1% N-terminal domain
makes up the Fa region of the antibody, binding to the antigen, and the remaining the F region
that binds the specific antibody receptor (Figure 1). For IgA and IgM, a J-chain joins the
monomers (2 for IgA, and 5 for IgM) to form a polymeric antibody. All antibodies are
glycosylated proteins, with different numbers of glycosylation sites on the heavy chain of each
antibody type. Glycosylated k-light chains have been reported in isolated cases of multiple
myeloma [1] and amyloidosis [2]. With IgG, glycoengineering approaches have shown that
core-fucosylation, bisecting GIcNAc, sialylation and galactosylation all affect 1gG FcyR
binding to various degrees [4-10]. With IgM and IgE, it has been demonstrated that the naturally
high mannose glycosylation site at Asn402 on IgM [11, 12] and Asn394 on IgE [13] is crucial

for antibody Fc effector function. For this thesis, as part of a collaboration project with Patrys

Figure 1. Schematic of the 5 types of human
antibodies and their N-glycosylation sites adapted
and modified from [3]. The light chain is coloured
purple, and the heavy chain blue. N-glycosylation
sites are marked red (predominant hybrid/complex
glycans) and green (predominant high mannose
glycans). O-glycans are present on the hinge region
of IgAl and IgD, and are marked yellow. Secretory
IgA is naturally found as a dimer, joined by a J-chain,
which is also seen on IgM (oval). For simplicity
purposes, the two IgA types that are differentially
glycosylated are shown together as a dimer;
biologically, 1gA dimers are homodimers of either
IgAl only or IgA2 only. While there are 4 subclasses
gD IgE of IgG, they are all glycosylated in the same way,

190,68 differing only in the sequence of the Fc region [14].
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Ltd in Melbourne, Australia, who have developed 3 different IgMs for anti-cancer diagnosis

and therapeutic targeting, IgM will be the main antibody of interest.

Biological role of IgM

In humans, IgM not only plays a role in adaptive immunity, but also in innate immunity [15].
The 1gMs involved in innate immunity are termed natural IgM and are germline encoded
antibodies that exist without any antigenic stimuli from a foreign biological substance. These
natural IgMs have been reported to target self-antigens to facilitate clearance of apoptotic cells
and cell debris, and pathogen-associated molecular pattern (PAMP) molecules such as bacterial
lipopolysaccharides, fungal cell wall and viral DNA/RNA to strengthen the mucosal defence
against pathogenic micro-organisms [16-18]. The counterpart, adaptive immune IgM, is the
first antibody that B-cells produce against a foreign antigen. This leads into the subsequent

isotype switching and affinity maturation of the corresponding IgG in memory B-cells.

Prior to the elucidation of a polymeric IgM specific Fc-receptor (FcuR) [19], C1qg was thought
to be the main interacting partner of IgM based on the fact that upon binding of the antigen,
IgM can activate the complement pathway, either via the classical pathway by C1q binding [20]
or via the lectin pathway by mannose binding lectin (MBL) binding [21, 22]. Due to its
polymeric nature, IgM is more efficient at C1q activation than IgG; one molecule of IgM can
interact with one molecule of C1q, whereas at least 2 molecules of IgG would be required for
C1q binding. Polymeric IgM is most often found as pentameric forms (5 IgM monomer + 1 J-
chain, but in certain situations such as lipopolysaccharide stimulation [23] or cold agglutinin
disease [24], hexameric IgM (6 IgM monomer without J-chain) can also be found in increased
abundance. Hexameric IgM is also a better binder of C1qg than pentameric IgM presumably
because C1q is also a polymeric protein with 6 arms, resulting in a better binding symmetry

[25]. However, since the identification of FCUR as an IgM receptor, there has been growing

92



Paper 11

evidence to suggest IgM plays a role in B-cell development and immune homeostasis [26-29].
The binding and internalisation of IgM by FcuR have been exploited as a target for treatment
of chronic lymphocytic leukaemia, which over expresses the FCuR [30]. A cytotoxic drug
chemically conjugated to an IgM Fc scaffold reduced the tumour size by >60% over one week

in a xenograft model.

Unlike 1gG, which binds to its target antigen with high affinity, the affinity of IgM towards its
antigen is low. This is compensated by a high avidity interaction, where polymeric IgM binds
to multiple copies of its target antigen on a cell/pathogen, resulting in an overall high binding
strength. While this means that IgM requires a high concentration of the target antigen within
a locality, it also serves as a threshold for normal cells; based on tumour biomarker studies such
as HER?2 in breast cancer [31], where it is the over expression and not the unigque presence of a
certain biomarker that distinguishes between a cancerous and normal cell. This can be seen in
examples of natural IgM being able to distinguish between normal and cancerous cells/tissues
[32-34], as part of their immune surveillance and quality control capabilities. There have also
been examples where an IgG has been engineered into an IgM isotype to result in high affinity
and high avidity binding, thereby increasing the therapeutic potential of the antibody. This
engineered hybrid has been demonstrated with the anti-HIV antibody, 2G12 to 2G12IgM [35,
36], and an anti-TRAIL receptor 1, TR-1 1gG to TR-1 IgM [37], where the resulting IgM variant
was more efficient at neutralising the HIV virus (2G12IgM) or killing the cancer cells (TR-1
IgM). It is also of interest to note that majority of the known anti-carbohydrate (anti-glycan)
antibodies are of IgM isotype [38-40]. For instance, monoclonal IgM L612, an IgM being used
in Phase I clinical trials for treatment of metastatic melanoma, targets the ganglioside GM3 [41].
Another monoclonal IgM, HigM12, was shown to have positive effects on treatment of multiple
sclerosis and central nervous system injuries, and has been identified as binding to polysialic

acid [42].
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Structure-function relationship of IgM

Secretory IgM predominantly exists as a pentamer with a single J-chain, without which it forms
into a hexamer [43], making it the largest known antibody isotype so far. The structure of
polymeric IgM is held together by 3 disulphide bridges at Cys337, Cys414 and Cys575 with
the corresponding Cys in the neighbouring IgM heavy chain [44]. Cys337 forms the disulphide
bridge within the IgM monomer, Cys414 and Cys575 forms disulphide bridges between the
IgM monomers. Two of the Cys575 in the pentameric IgM forms the disulphide bridge with
the J-chain; substitution of Cys575 results in the formation of predominantly hexameric IgM
[43, 44]. From mutagenic studies, it was shown that substitution of Cys414 with Ser,
dramatically decreases complement activation, suggesting that the disulphide bridge at Cys414
is critical to maintaining structural integrity of the polymeric IgM. IgM is also the most
glycosylated antibody known, with five N-glycosylation sites per heavy chain, totally to 50 N-
glycosylation sites (+1 on the J-chain) on a pentameric IgM and 60 N-glycosylation sites on the
hexameric IgM. The effects of glycosylation on IgM structure and function has been discussed

in my Paper |1 [45].

Anti-cancer IgM PAT-SAMG6

PAT-SAMG6 (PAT-SMG) is a proprietary monoclonal natural IgM licensed by Patrys Ltd for the
treatment of multiple myeloma [46, 47] (Patent no. — W02005047332A1). PAT-SM6 was
originally isolated from a patient suffering from stomach cancer using hybridoma technology,
where the spleen cells from the patient are immortalised and screened for antibody production
against a target cancer cell/tissue [34]. The reactivity of PAT-SM6 was found to recognise a
wide range of cancer tissues, showing positive immunohistological staining of cancerous breast,
liver, oesophageal, colon, stomach, bone marrow (multiple myeloma) tissue/biopsy sections

[48-52], while having non-detectable staining against normal cells. A cancer variant of the
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78kDa glucose regulator protein (GRP78) was identified to be an antigen of PAT-SM6, and the
binding epitope was found to be O-glycosylated as treatment of cells with O-glycanase, an
enzyme that removes Gal-GalNAc O-glycans, removed the binding affinity of PAT-SM6 to the
pancreatic carcinoma cell BXPC-3 [49, 50]. Cell surface localisation of GRP78 is known to be
a sign of cellular ER stress [53, 54], which is a characteristic of cancerous cells. Apart from
activating complement dependent cytotoxicity, PAT-SM6 was reported to be able to
simultaneously bind to the target GRP78 antigen and human LDL, resulting in the
internalisation of LDL into the cell [52], which has been reported to cause the accumulation of

lipids within the cell, resulting in apoptosis [48].

To produce PAT-SM6 at large scale for use as a potential therapeutic antibody, PAT-SM6 was
recombinantly expressed in the FDA approved cell line, PER.C6, which was derived from
human embryonic retinal cells [55]. Expression in PER.C6 cells enabled compatible human N-
glycosylation, and produced yields of up to 2 g/L of functional polymeric IgM. PAT-SM6 has
been subsequently tested in Phase | clinical trials and shown promising diagnostic results for
multiple myeloma patients [46]. However, the Phase 1l clinical trials have now been halted due

to production problems.

Technical challenges of use of IgM for disease diagnostics and therapeutics

One of the reasons IgG is so widely researched and utilised is largely due to the availability of
well tested and streamlined protocols with regards to expression [9, 56-58], purification [59]
and characterisation [60-62]. An intact monomeric 1gG is approximately 150kDa, usually has
two N-glycosylation sites, and is relatively stable in a range of buffer conditions.
Characterisation of 1gG and the resulting glycoforms using mass spectrometric methods can be
performed on intact 1gG [63], IgG glycopeptides, or released glycans [60-62], all of which

correlate with the single glycosylation site at Asn297, with the exception of some IgGs with
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Fab [64, 65] or x-light [1, 2] chain glycosylation . An intact pentameric IgM has a molecular
mass of approximately 950kDa, has 51 N-glycosylation sites, and is quite sensitive to the buffer
environment; low salt concentrations (<50mM, experimental observation), low temperature
(4°C, cryoglobulin IgM, [66]), low pH (< pH 5) [67] can result in IgM aggregation and
precipitation. The hydrophilic glycans contribute to the IgM solubility; de-sialylation by
sialidase or deglycosylation by EndoF3 results in precipitation of IgM (personal experimental
observation). It was also reported that purification of IgM after desialylation of human serum
IgM only recovered 27% of the original starting amount [68]. For small scale purifications, IgM
can be purified by size exclusion chromatography following a prior IgM enrichment by
ammonium sulphate precipitation [66] or by affinity pull downs using anti-IgM antibodies [68].
For large scale, IgM purification has been performed using ion exchange chromatography on
hydroxyapatite monolithic columns [69]. In the case of PAT-SMS6, clinical trials were halted
due to a failure in the PAT-SM6 purification after the chromatographic column formulation
was changed (personal communication from Patrys Ltd). New chromatographic methods have
been developed in recent years, such as steric exclusion chromatography [70] and affinity
purification using protein L, which targets the A-light chain (but only works on IgMs with a A-

light chain) or using a llama expressed antibody which targets the IgM heavy chain [71, 72].

The characterisation of IgM is thus also more complex than of 1gG. Even though IgM is most
commonly found as a pentamer, monomeric and hexameric IgM also exist, and different levels
of polymerisation have been found to affect IgM complement activation (hexamer > pentamer,
monomer does not activate complement) [73, 74]. To characterise the different levels of
polymerisation of IgM is also problematic. Visualisation by electron microscopy [43, 75] or
atomic force microscopy [76] has been successful but is not readily available, and separation
by non-reducing gel electrophoresis requires low salt concentrations that can cause IgM to

precipitate (personal experimental observation). The overall glycosylation profile is contributed
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to by 51 glycosylation sites in the pentamer plus J chain and the glycans have been shown to
be unevenly distributed across the 5 glycosylation sites on each heavy chain [77, 78] (further
discussed in Chapter 4 [45]). This means that released glycan profiles lose information related
to the site-specific glycosylation which may have functional implications on IgM activity.
Analysis of intact IgM by mass spectrometry is still an unavailable challenge. An unsuccessful
attempt was made to achieve the mass spectrometric measure of intact PAT-SM6 when
Professor Albert Heck kindly invited myself to visit his lab at Utrecht University, in the
Netherlands, to use his custom Q-TOF [63]. With native MS, the importance of being able to
resolve the charge state envelope of the protein is key to determining the molecular mass of the
protein [79]. Heterogeneous glycosylation increases the heterogeneity of the protein population,
thereby increasing the difficulty of resolving different charge states of different glycoforms,
and the difficulty increases as the number of glycosylation sites increase. Unfortunately, we
were unable to resolve the charge state envelope of intact PAT-SM®, although we could show
that the aliquot of PAT-SM6 we analysed contained fragments corresponding to the Fab region

of PAT-SMB®, suggesting some level of degradation of the intact PAT-SM6 (data not shown).
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Paper Il — Site specific glycosylation characterisation of IgM

E.S.X. Moh, C.H. Lin, M. Thaysen-Andersen, N.H. Packer. (2015). Site-specific N-
glycosylation of recombinant pentameric and hexameric human IgM. Journal of American

Society of Mass Spectrometry, 27(7), 1143-1155.

Paper Il comprises the detailed characterisation of the IgM used in this work, PAT-SM6. Site-
specific glycosylation was performed on intact glycopeptides of tryptic and GIluC digested
PAT-SM6, and the data analysis was performed manually with high stringency on glycopeptide
identity. Glycosylation site occupancy and the site-specific glycosylation profile differences
between pentameric and hexameric variants of PAT-SM6 was compared and this work had
been published in Journal of American Society of Mass Spectrometry [45]. The glycopeptide
data have also been submitted to a developing database project on immunoglobulin
glycosylation, IgCarbKB [80]. The possible glycan isoforms of the identified glycopeptides for
the pentameric PAT-SM6 were also characterised and presented in the additional

Supplementary section.
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Additional Supplementary data for Paper Il

Determination of the glycan structural isoforms on the IgM glycopeptides

The data shown in the above Paper 1l [45], because of current technology limitations, shows
the monosaccharide compositions of the glycans attached to the glycopeptides of the pentamer
and hexamer forms of IgM. This section describes the determination of the possible structural
glycan isoforms that correspond to these compositions on the glycopeptides. The detailed
linkages and sequences of the glycan structures can best be performed after the release of the
glycans from the protein and subsequent analysis by PGC-LC-ESI-MS/MS by the method as
described in my Paper I11. The results are presented as the relative abundance of each glycan
isoform, if any, for each glycan composition to directly complement the glycopeptide data in

Paper II.

The assignments of the glycan structures are based on porous graphitised carbon
chromatographic retention time rules and tandem MS diagnostic fragment ions [81-83]. Some
of these retention time rules include a-2,6 sialic acid modified glycans eluting earlier than those
terminating in a-2,3 sialic acid, core fucosylation eluting later than outer-arm fucosylation, and
sialylated glycans eluting later than neutral glycans. Some of the tandem MS fragment ions
used as diagnostic for certain structural glycan features include m/z 350 and 368 for core fucose,

m/z 290 and 655 for sialylated glycans and m/z 510 for outer arm fucose [82].

In an overview, the glycan structures identified were similar to the glycosylation profile of other
proteins synthesized by the Per.C6 cell line [84, 85]. As a cell line derived from embryonic
human retinal cells, the glycosylation profile was human-like and has abundant outer-arm
fucosylation (Lewis epitopes), similar to proteins found in secretory fluids such as tears [86]
and saliva [82]. Both a-2,3 and a-2,6 sialylation was present, similar to previous reports of other

Per.C6 expressed proteins [84, 85].
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Chapter 5: Chemo-enzymatic in vitro glycoengineering for functionalisation

of IgM

In vitro glycoengineering of PAT-SM6 IgM anti-cancer antibody was carried out, following the
characterisation of the site-specific glycosylation profile of PAT-SM6 in Chapter 4. A chemo-
enzymatic method was used to modify PAT-SM6 IgM specific glycans with an azide group
followed by the click chemistry addition of a functional group, thus enabling site-specific,

potentially quantitative, labelling of IgM whilst not affecting the antigen binding domain.
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Introduction

Antibodies as research tools

As discussed in the previous chapters, antibodies are biologically important proteins that have
high specificity and high affinity towards their target antigen. Apart from using antibodies in
biological settings as therapeutic biopharmaceuticals, they are highly sought after as a research
tool. Many biomolecular methods exploit the specificity of antibodies towards their target;
ELISA, western blotting, immunoprecipitation, immunohistochemistry and flow cytometry are
some of the common molecular tools that use antibodies. The common feature of these
experimental setups relies on the antibody binding to the target antigen for detection or
visualisation to correlate with the presence of the antigen in question. This can be achieved by
either detection of the bound antibody with a labelled secondary antibody, or by using a

fluorescently labelled primary antibody for direct detection.

Direct detection of the antigen is a more straightforward process than detection using a
secondary antibody, requiring less handling and experimental steps; for secondary detection,
another set of controls showing the specificity of the secondary detection antibody towards the
primary antibody is required. The advantage of secondary antibody detection lies in keeping
the primary antibody in its native state, reducing complications in which the label used for direct
detection might alter the primary antibody’s specificity towards the target. Secondary antibody
labelling on the other hand has general applicability since it targets the Fc region of any primary
antibody. There are many ways to directly label an antibody, and many have been applied to
IgG type antibodies [1-3]. These include direct chemical conjugation to the reactive functional
groups on the protein backbone such as primary amines, carboxylic acids and thiols, or by
genetically engineering functional domains such as green fluorescence protein, phycoerythrin

and horseradish peroxidase onto the 1gG. The genetically engineered functional domains are
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more commonly used for secondary detection antibodies, as the approach labels the detection

antibody during synthesis, rather than post purification.

Conjugation strategies for antibodies

Chemical conjugation of 1gG antibodies has been performed with a wide range of compounds,
from small fluorescent molecules such as FITC and Cy5, to surfaces of nanoparticles such as
gold nanoparticles [4] and quantum dots [5]. Amine coupling is the most commonly used
strategy for conjugating 1gG antibodies to the desired probe as at physiological pH, primary
amines on lysine and arginine of the protein backbone can be reacted with many functional
groups such as carboxyl, aldehydes and sulphonyl chloride to name a few. However, as the
coupling reaction is non-discriminatory, the reacted primary amine could come from any lysine
or arginine residue in the protein, and could result in disruption of the antibody binding to the

antigen if the Fab region was affected.

Site specific labelling of 1gG antibodies has thus been developed, targeting cysteine residues
that are specifically introduced into the antibody [2, 6, 7], or targeting the glycans in the Fc
region [8-10]. Site-specific cysteine labelling is performed by introducing cysteine residues
onto the exposed surface of the IgG Fc region, increasing free, non-disulphide bonded cysteine
residues that can be employed for thiol reactive conjugation chemistries [2, 6, 7]. However, the
chemical conjugation step requires the partial reduction of the intermolecular disulphide bonds
of the 1gG, which would become problematic for the conjugation of polymeric IgM as it would
reduce into monomeric IgM and result in loss of avidity. While the glycans on IgG have been
shown to affect Fc effector functions, the antigen binding ability has not been found to be
affected (except for a subset of antibodies that contains a glycosylated Fab region). 1gG glycan
functionalisation has been performed either by chemical means or by glycosyltransferase

enzymes transferring functionalised nucleotide sugars to the glycan chains [8-10]. Chemical
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modification of glycans involving the oxidation of the vicinal diols of the component
monosaccharides into aldehyde groups can subsequently be ligated with amines or hydrazides
following the formation of a Schiff’s base [11]. By adjusting the periodate concentration,
selective oxidation of the sialic acids can be achieved. This conjugation approach has been
demonstrated in IgG, where sialic acid was introduced onto the 1gG glycans by sialyltransferase
activity before selective oxidation in which the aldehyde groups were conjugated with an amine
functionalised anti-cancer drug [8]. However, the oxidation under the required mild acidic
conditions (pH 5.6) might cause IgM denaturation and result in loss of function [12]. An
alternative glycoconjugation approach using glycosyltransferases to add a functionalised
nucleotide sugar substrate such as azide labelled CMP-sialic acid [13] or azide labelled UDP-
GalNAc [9, 10] provides an easily reacted target for subsequent Click chemistry addition of
any alkyne. The transfer of the azide-labelled nucleotide sugar by its respective
glycosyltransferase is biologically compatible, but is dependent on the terminal
monosaccharide presenting on the pre-existing glycan substrate on the antibody. This approach
has been used with a modified B4AGALT1 enzyme (Tyr289Leu) that transferred azide labelled
UDP-GalNAc onto GIcNAc terminating glycans on 1gG [9, 10]. To achieve higher
incorporation efficiency, the 1gG was first de-galactosylated to increase the available GICNAc

moieties prior to the addition of the azide-labelled GalNAc.

To date, published applications of direct labelling of IgM have mostly been performed via
chemical conjugation methods [14-16], as the polymeric nature of IgM makes engineering
genetically incorporated tags difficult. Like 1gG labelling, primary amines have mainly been
targeted for conjugation, as pentameric IgM contains approximately 400 lysines and arginines
in total (41 lysine and arginine per IgM p chain, UniProt P01871). However, the non-
discriminatory nature of chemical conjugation to amines may result in antigen binding issues

as described before. Site-specific functionalisation of IgM via the glycans was first reported in
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1984 [17], by reacting hydrazide-biotin with aldehydes generated from periodate oxidation of
monosaccharide vicinal diols. Attempts at applying this approach to PAT-SM6 were met with
excessive sample loss due to protein precipitation during the periodate oxidation and buffer
exchange (Dr Nima Sayyadi, experimental observation). Unlike 1gG which predominantly
contains galactose or GICNAc terminating glycans on a single N-glycosylation site, IgM is
heavily glycosylated and we have shown that PAT-SM6 contains approximately 35% high
mannose terminating glycans, 45% sialic acid terminating glycans and 20% galactose

terminating glycans (Paper Il, and partly in Table 1 below). To apply the modified

Identified glycan composition  No. of free Glycopeptide site
that are potential substrates  galactose for 1gM heavy chain J-chain
for STEGAL1 ST6GAL1 Asn171 Asn332 Asn395 Asn563 Asn71

man5A1G1 1 2.71 0.83

F man5A1G1 1 6.13

Al1G1 1 0.72

FA1G1F1 1 1.08

A2G2S1 1 2.16 24.18

FA2G1 1 4.34 7.87

FA2G1F1 1 2.25 2.47

FA2G2F1S1 1 16.08 15.62 10.86

FA2G2S1 1 19.15 34.81 16.84 1.25 9.97

A3G3S2 1 0.51

FA3G2 1 0.90 2.92 6.84

FA3G2F1 1 1.05 1.50

FA3G2F1S1 1 0.44

FA3G2S1 1 1.60 1.74

FA3G3S2 1 2.69 2.06

A2G2 2 0.89 20.02

FA2G2 2 4.74 5.04 13.25 20.02

FA2G2F1 2 5.35 5.39 9.99

A3G3s1 2 4.77

A3G3S1F1 2 0.10

FA3G1 2 3.21 5.04

FA3G3S1 2 7.75 2.46

A3G3 3 13.08

FA3G3 3 1.28 1.12 1.22

FA3G3F1 3 2.52

A4G4 4 1.95

% non sialylated glycans 20.91 28.01 48.08 2.43 43.22

% Total at each glycosylation site 56.58 90.48 82.04 6.45 95.21
% contribution in Pentameric IgM 111 17.7 16.1 1.3 19

Table 1. Summary of glycan compositions and their relative abundance on the respective glycopeptides that are potential
substrates for ST6GALL based on glycopeptide quantitation data from Paper 1l (Supplementary S5). Glycan compositions
are listed in Oxford nomenclature as described in Paper Il (Supplementary S5); prefix F = core fucose, man = no. of
mannose, A - no of antenna GlcNac, G - no. of galactose, F = no. of outer arm fucose, S = no. of sialic acid. %
contribution in pentameric IgM was calculated by scaling the summed abundance against the total number of glycosylations
sites in pentameric IgM.
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Alkyne
functionalized
probe

Azido-CMP-sialic acid

OH OH

Figure 1. Schematic representation of the overall functionalisation procedures. The azide functional group is first transferred
onto the IgM glycans by sialyltransferase activity, and can be specifically ligated with the cyclic-octyne functionalised probe
by copper-free click chemistry

galactosyltransferase BAGALTL1 enzyme method as used on IgG to add azide labelled UDP-
GalNAc onto GIcNAc terminating glycans on IgM would require an additional sialidase
treatment to first expose the galactose for further galactosidase activity, which has been seen to

result in PAT-SMG6 precipitation (personal experimental observation).

Building from the glycopeptide analysis of PAT-SM6 in Paper Il (Supplementary figure S5),
approximately 48% of the glycans of the attached N-glycans are potential candidates (i.e.
contain a terminal galactose substrate) for sialylation (Table 1). The aim of the next part of the
thesis was to use the detailed knowledge gained on the glycosylation of PAT-SM6 to
specifically engineer these glycans in a single step by using sialyltransferase ST6GALL to
incorporate azide labelled CMP-NeuAc onto the galactose terminating glycans. The azide
functional group can then be conjugated with any alkyne terminating label, such as a fluorescent

probe or anti-cancer drug, using the efficient Click chemistry (Figure 1).

Materials and Methods

Azide incorporation into IgM glycans using Azido-CMP-sialic acid and ST6GAL1 enzyme

50ug of PAT-SM6 (Patrys Ltd, produced by Patheon), was mixed with 2.5ug of recombinant
human ST6GALL (R&D systems) in a 50l reaction mixture containing 10mM HEPES pH7.5,

10mM MnCl,, 5mM CaClz, 5mM MgSO4 and 1mM of azido-CMP-sialic acid (R&D systems),

129



Chapter 5

and incubated overnight at 37°C. An aliquot of the reaction was used for confirmation of the

azide-sialic incorporation on to the IgM glycans.

Click reaction of azide-sialic labelled glycans with Cy5-DBCO

The excess azido-CMP-sialic acid was removed by buffer exchange using a 10kDa molecular
weight cut-off centrifugal filter (Millipore) with 3 rounds of washing with 10mM HEPES, pH
7.5, 150mM NaCl and 10% (v/v) glycerol, resulting in a final volume of approximately 100pul.
Cy5-Dibenzocyclooctyne (DBCO)(Lumiprobes) was resuspended in 1ml DMSO to a
concentration of 0.93mM, and 10ul was added to the PAT-SM6 solution and incubated
overnight at room temperature in the dark. Excess Cy5-DBCO was removed by a 10kDa
molecular weight cut-off centrifugal filter. An aliquot corresponding to approximately 5ug of
IgM was run on an SDS-PAGE gel for fluorescent visualisation of the conjugation. The SDS-
PAGE gel was first fixed in 50% (v/v) ethanol, 10% (v/v) acetic acid for 15 mins, washed twice
with distilled water and visualised using the Typhoon Trio imager (GE Healthcare) at 633nm
with the photomultiplier tube set at 250V. Subsequently, the same gel was stained with

Coomassie Blue for detection of protein corresponding to the Cy5 fluorescence.

Confirmation of azide-sialic incorporation into IgM glycans

Approximately 15ug of labelled PAT-SM6 was reduced in 10mM DTT at 50°C for 1h, and
alkylated with 25mM IAA in the dark for 1h. The mixture was split into 3 (5ug each) for 1)
glycan analysis by release with PNGaseF (Promega), and glycopeptide analysis using 2)
Trypsin (Promega) or 3) GIuC (Promega). Glycan analysis was carried out as described in my
Paper Ill. In brief, the reduced and alkylated IgM was dot-blotted onto a PVDF membrane and
glycans released with 5U of PNGaseF overnight at 37°C. The glycans were then collected,
reduced and desalted for analysis by PGC-LC-MS. Glycopeptide analysis was carried out as

described in my Paper Il. Briefly, the reduced and alkylated IgM was added to 0.1ug of trypsin
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or 0.1ug of GluC constituted in 200mM ammonium bicarbonate, pH 8, in a reaction volume of
19ul. Digested glycopeptides were added to a solution of 80ul of 100% ACN and 1pl of 100%
TFA to create a final concentration of 80% ACN, 1% TFA for glycopeptide enrichment using
ZIC-HILIC as described in Paper I1[18]. The enriched glycopeptides were then dried and
reconstituted in 0.1% (v/v) formic acid for analysis by nLC-ESI-MS/MS on the Thermo
QExactive as described in Paper 1V, with slight modifications to the acquisition mass range and
separation gradient; acquisition m/z 600-1800 and a gradient of 0-30% (v/v) ACN in 0.1% (v/v)
formic acid over 75min. The acquired MS/MS spectra were searched using Byonic (Protein
Metrics), using a protein database containing human Ig p chain (Uniprot P01871), human Ig J-
chain (Uniprot P01591) and human ST6GAL1 (Uniprot P15907) with peptide modifications of
Cys carbamidamethylation (fixed), variable modifications of Met oxidation, Met
dethiomethylation, Asn and GIn deamidation, and the corresponding proteolytic cleavages of
trypsin and GIuC. As the azide-labelled sialic acid used in the labelling has an additional mass
of 25Da compared to non-derivatised sialic acid (the azide group of 42Da replaces the hydroxyl
group of 17Da on the 9™ carbon on the sialic acid [13]), a custom glycan database containing
the modification mass was created for the Byonic search. The Byonic output of identified
glycopeptides was then manually curated with multiple criteria as described in Paper 1V such

as Byonic score (>150), presence of glycopeptide oxonium ions, and peptide retention window.
Results

The non-discriminatory nature of chemical conjugation usually results in random chemical
conjugation of the targeted functional group on the protein (excluding targeted thiol labelling
of engineered cysteines [6]), that may cause problems in labelling reproducibility. Targeting an
exact location of a modification provides the potential of quantitation and better understanding
of interactions. In this work, the glycans of PAT-SM6 IgM were functionalised by the
enzymatic addition of an azide-labelled sialic acid for multipurpose labelling by alkyne
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functionalised compounds using the well-known specific chemical ligation strategy of the
“click” reaction between an azide and alkyne. As shown in Table 1, approximately 48% of the
glycans on PAT-SM6 are potential substrates for ST6GALL, which could lead to a theoretical
maximum of 25 azide additions per PAT-SM6 pentamer (assuming 1 azide per potential glycan
substrate, regardless of number of free galactose). The potential precursor glycans and

glycopeptides and the final labelled products were characterised to confirm the reactions.
Characterisation of released glycans from IgM before and after azide-sialic acid labelling

After the reaction of PAT-SM6 IgM with ST6GALL and azido-CMP-sialic acid, the N-glycans
released from the IgM by PNGaseF showed a significant decrease in the relative abundance of
the digalactosylated, biantennary glycan structure FA2G2 (approximately 7.5% to 0.77%),
which is a substrate for ST6GAL1 (Figure 2). An observable decrease in relative abundance
was also observed for other non-sialylated glycans such as FA2G1, FA2G2F1 and FA2G2F2.
Interestingly, the relative abundance of the mono-sialylated, bi-antennary glycans were
unchanged, suggesting that either the ST6GALL:PAT-SM6 ratio of 1:20 was insufficient to

catalyse the transfer of azido-CMP-sialic acid to glycans with a pre-existing sialic acid and a
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Figure 2. Averaged MS spectra showing relative abundance of released glycans, across the retention time where bi-
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free galactose, or that ST6GALL could not act on the monosialylated biantennary glycan as a
substrate. A recent publication on large scale in vitro glycoengineering of 1gG by enzymatic
additions reported the use of a sialyltransferase (in development by Merck) that preferentially
forms di-sialylated glycans [19], suggesting that the latter is more likely to be the case for
ST6GALL. Surprisingly, the azide labelled product glycan (additional +25Da, resulting from
the substitution of the -OH group on the 9" carbon to N3 [13]) was not detected in the mass
spectrum after the reaction of the IgM with ST6GAL1 and azido-CMP-sialic acid. Initially, it
was hypothesized that the azide labelled glycan was lost during the clean-up procedures (strong
cation exchange and enrichment on carbon resin), or that it was retained in the PGC column. It
was discovered, in retrospect, that the azide functional group had been lost during the reduction
step of N-glycans by sodium borohydride [20] during the preparation of the sample for PGC

separation, resulting in the formation of an amine group and resulting in an overall loss of 1Da
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compared to the precursor reduced glycan structures. Evidence for this is based on the tandem
mass spectrum of the postulated reduced product FA2G2S1-NH, (observed m/z 1038.8%),
where several of the fragment ions containing sialic acid were 1 m/z less (~0.5 m/z for doubly
charged ions) than the corresponding ion of the sialylated equivalent FA2G2S1-OH (Figure 3).
However, the relative abundance of the product FA2G2S1-NH: (approximately 1%) was lower
than the decrease of the precursor FA2G2 (decreased by approximately 7%), suggesting that
there might be differences between the two in negative mode ionisation. We hypothesize that
the -NH> group resulting from the reduction of the azide group may remain protonated under
the separation conditions of pH 8.0, resulting in some of the ions gaining less charge in negative
ionisation mode, thereby remaining as singly charged ions, outside of the acquisition window
of 600-2000 m/z (singly charged FA2G2S1-NH: is 2078.8 m/z). For accurate quantitation of
glycan relative abundance, quantitation of all identified charge states of the same glycan is

important, and had been discussed in Paper I.
Characterisation of glycopeptides of IgM before and after azide-sialic acid labelling

Based on the site-specific glycosylation analysis on PAT-SM6 described in Paper I, it is known
that the incorporation of the azido-CMP-sialic acid could only predominantly occur at three N-
glycosylation sites, Asn171, Asn332 and Asn395, which carry complex-type N-glycans as well
as on a small proportion of Asn563 and the J-chain (Table 1). From the released glycan analysis,
the greatest decrease in precursor relative abundance was found to be the bi-antennary di-
galactosylated glycan (FA2G2). The relative abundance of FA2G2 was highest at site Asn395
(Table 1) and indeed, the mass of the Asn395 glycopeptide with the azide-sialic acid
incorporated onto FA2G2 was found (Figure 4) where a decrease in the precursor Asn395 with
FA2G2, and appearance of the azide labelled FA2G2S1 at a delayed retention time was
observed (Figure 4, A). Azide-sialic labelled glycopeptides of other glycan galactosylated
structures such as FA2G2F1 and FA2G2F2 were also observed at lower abundance with a
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Figure 4. (A) Representative extracted ion chromatograms of triply charged GluC glycopeptides, Asn395 peptide, showing
the successful incorporation of the azide from the transfer of azido-CMP-sialic acid by ST6GAL1, using Byonic assisted
identification. The presence of 2 peaks at 1054.4%* is due to the small mass difference between 1 sialic acid and 2 fucoses
(1 sialic acid = 291Da, 2 fucose = 292 Da). (B) Byonic identification of the azide labelled Asn395 glycopeptide, with
identical b- and y-ions, differing by the precursor mass and the presence of azide labelled sialic fragments (arrow).

similar delayed retention relative to the non-azide containing sialylated analogue (data not

shown). HCD fragmentation of the azide labelled glycopeptides showed similar fragmentation
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profiles to the sialylated, non-azide containing glycopeptides. This was expected as HCD
fragmentation yields mostly peptide backbone ions (b-/y-ions, Y-ions) that are do not contain
the terminal glycan fragments (Figure 4, B). The azide containing sialic acid fragments could
also be detected as m/z 317 (NeuAcNz) and m/z 299 (NeuAcNz-18) in the MS/MS of the azide
labelled glycopeptides. By area under curve quantitation of Asn395 glycopeptides,
approximately 15% of the Asn395 glycopeptides had the azide-sialic acid group incorporated,
corresponding to 1-2 labelled Asn395 per pentameric IgM. Presence of the azide label was also
found on Asn171, at approximately 5% incorporation (data not shown), that corresponds to 0O-
1 labelled Asn171 per pentameric IgM. No azide labelled glycopeptides were identified on
Asn332, Asn563 and Asn71 (J-chain). For Asn332, it could be because Asn332 contained a
higher percentage of already sialylated glycans (approximately 70%) than Asn395
(approximately 40%) (Paper I1), and had less possible substrates for ST6GAL1 (28% non
sialylated glycans for Asn332, compared to 48% for Asn395, Table 1). For Asn563 and J-chain
Asn71, low abundance of the glycopeptides could have hindered the detection of azide labelled
glycopeptides; Asn563 only had 2.4% non-sialylated glycans, while J-chain is ten-fold
intrinsically less abundant than other glycopeptides (1 J-chain per 10 IgM heavy chain). The
incorporation of azide-sialic acids thus sums to be in the order of 1-3 azide functional groups

per pentameric IgM.

Fluorescence visualisation of labelled IgM-Cy5 by SDS-PAGE

To verify that the azide functionalised PAT-SM6 was labelled by the “click” chemistry addition
of an alkyne to the azide —sialic acid, Cy5-Dibenzocyclooctyne (DBCO) was used to ligate a
fluorescent small molecule by copper-free click chemistry, for visualisation by SDS-PAGE.
Cy5 label is commonly used in two-dimensional fluorescence difference gel electrophoresis

(2D-DIGE) and is not sensitive to conditions used in SDS-PAGE (boiling temperatures and
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A Native Azide B Native Azide
1gM labelled IgM 1gM labelled IgM
t 4DTT D1 +DTT -DTT  +DTT -DTT
I ‘ Figure 5. SDS-PAGE of azide labelled
PAT-SM6 under reducing and non-
reducing conditions, visualised by
Coomassie blue (A) or Cy5 fluorescence
(633nm) (B). “Click” reaction between
- Hechain DBCO-Cy5 and azide labelled sialic
acid was performed on azide-sialic
labelled and unlabelled IgM. Cy5
fluorescence was observed for the
labelled 1gM on both the heavy chain
and the J-chain.
L-chain
J-chain
cys

visualisation
reducing agents) [21]. PAT-SM6 was run in both reducing and non-reducing conditions to
verify that the polymeric nature of IgM was preserved during the labelling procedures (Figure
5, A, — DTT). Both the intact IgM and the IgM heavy chain were highly fluorescent under
detection at 633nm (Figure 5, B). The J-chain, which was not visible under Coomassie stain
due to the much lower abundance (1 J-chain for every 10 IgM heavy/light chain), was also
observed as being fluorescently labelled, suggesting that although azide-sialic incorporated into
the J-chain glycopeptide was not detected in the mass spectrometric glycopeptide analysis,
azide incorporation did occur on the galactose—terminated J-chain glycans. As there is only 1
glycosylation site on the J-chain, and non-azide labelled J-chain Asn71 glycopeptide in the
labelled sample was identified by Byonic (data not shown), it suggests that the incorporation of
azide onto J-chain would be 0-1. This brings the theoretical number of labels to 1-4 per IgM

pentamer (1-3 on IgM heavy chains, 0-1 on J-chain).

Discussion

Functionalisation of proteins with azide groups serves as a useful tool for small molecule
targeting by chemical specific ligation [13, 22-24]. In the natural biological system, azide

functional groups are not present thus reducing background interference as compared with
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lysine or thiol targeting methods. Development of copper-free click chemistry reactions such
as azide coupling to the small molecule alkynes, cyclic-octynes and phosphine probes, have
enabled biologically compatible chemical ligation environments suitable for cell labelling of

metabolically labelled glycoproteins in vivo [13, 23, 25].

In this work, the possibility of specific—site glycoengineering for labelling of IgM by chemo-
enzymatic means has been demonstrated. Specific site functionalisation of the PAT-SM6 IgM
glycans was enabled by transfer of azido-CMP- sialic acid using ST6GALZ1 under biologically
compatible reaction conditions. Labelling of IgM on these Fc-glycans should not affect the
antigen targeting capacity, as has been shown with IgG, making this labelling method generally
useful for targeting any cellular IgM antigens. Based on the analysis of azide labelled PAT-
SM6 glycopeptides, a range of 1-4 azide functional groups was introduced onto the pentameric
IgM glycans. By knowing the number of azide functional groups on the IgM, provides a
theoretical maximum of the number of subsequent conjugates, which could either be a
fluorescent molecule as shown in this work, or an anti-cancer drug, for example, to create IgM-
antibody-drug conjugates. Knowing the number of conjugates for antibody drug conjugates is
important as it affects the drug concentration and dosage and in turn the efficacy of the treatment
[2]. Validation of the final antibody-drug conjugate still poses a technical challenge for IgM
analysis; native mass spectrometry can be employed to measure conjugation outcomes of intact
IgG [26], a technique still unavailable for pentameric IgM. For fluorescent probes or small
molecule drugs with distinct spectroscopic properties, UV-Vis/fluorescence spectrometry
methods could be used to quantitate the concentration of conjugates based on known standards

as a ratio against the IgM amount offers a verification and quantitation method.

While the final estimated number of labelled molecules per IgM was quite low for such a large
antibody (ranging from 1-4), more labels could potentially be incorporated by addition of a
different monosaccharide using azide-labelled GDP-fucose and fucosyltransferase 111 or VI,
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resulting in glycan outer-arm azide-fucosylation. Fucosyltransferase VI can accept sialylated
glycans as substrates [27], and could result in the functionalisation of the Asn332 glycans,
which was unable to be labelled by ST6GAL1. Combination of a sialyltransferase with a
fucosyltransferase could form Sialyl-LewisX epitopes which may contain up to 2 azide
functional groups per epitope (NeuAcNsFuciGaliGIcNAc:1, NeuAciFucNsGal:GIcNAcy or
NeuAcNsFucNsGaliGIcNAc1). Another approach would be to engineer the azide label into the
glycan using metabolic labelling of the cells; producing the IgM by feeding with ManNAz, an
azide labelled ManNAc, which would be converted into CMP-Neu5Ac-azide in vivo, and
subsequently transferred on to proteins as NeuAc-azide [28]. This approach is currently used
as a cell based labelling technique to visualise differences in the glycome and has been used on
live cells [25] and even zebrafishes [29]. As this approach is non-discriminatory of the protein;

any glycoprotein that normally carries the sialic acid would be labelled in this manner.

It is important to note that while labelling antibodies at the glycans on the Fc region of IgM
should not affect antigen binding, interaction between IgM Fc glycans and cell surface receptors
of white cells has been shown to be affected by sialylation of the IgM glycans [30] as de-
sialylation of human serum IgM removed the internalisation response to IgM by T-cells. In that
study, by testing human serum IgM, it was not known which receptor on the T-cell mediated
the IgM-T-cell interaction. The human serum IgM was also not complexed with an antigen.
Hence, the it is unclear if this difference only impacts free IgM or if it is T-cell and white cell
specific. Nonetheless, the potential of this site-specific labelling of IgM in medical applications
is very high in such uses as quantitative discriminating diagnostic tools and as a means of

forming targeted drug conjugates.
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Conclusion

In conclusion, the possibility of functionalising and conjugating small molecules site
specifically onto IgM glycans under biologically compatible conditions was shown. By
functionalising the IgM via the glycans, which are away from the Fab region, the specificity of

IgM should not be altered, and further experiments would be carried out to verify this aspect.
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Thesis summary

In this dissertation, 3 different aspects of in vitro glycoengineering were addressed.

To deal with the problem of requiring multiple enzymes to remodel glycoproteins in vitro, a
self-assembling, DNA guided protein scaffold, aimed to spatially align multiple
glycosyltransferases was designed to mimic the sequential enzymatic reactions of
glycosyltransferases in the Golgi apparatus (Chapter 2). Although it was not proven to work in
the current design, the design flaws identified from this exercise highlight potential
improvements for the next attempt at creating these adaptor proteins that could conceivably be

adapted for any multi-enzymatic pathway reactions in vitro.

To deal with the problem of the “once off” use of glycosyltransferases in in vitro
glycoengineering a method using purified enzymes, applicability of an immobilised
glycosyltransferase in a resin-based column stationary phase format was designed (Chapter 3).
Based on the preliminary data, a functional proof-of-concept was created, showing the ability
to galactosylate glycoproteins by simply applying the glycoprotein onto the immobilised
enzyme column and harvesting the column output. To further this work, multiple physical
parameters of the reaction conditions need to be controlled and optimised. This approach
provides a basis for joining multiple immobilised glycosyltransferases sequentially to create a

synthetic Golgi apparatus.

With current in vitro glycoengineering efforts, the biomedical potential of IgG has been
improved upon and developed as a research tool and for advanced treatment drugs. IgM, as
described, has been largely overlooked due to the technical challenges that come with its size
and complexity. With the advancements in mass spectrometric techniques, site-specific
glycosylation characterisation of IgM is now possible (Chapter 4), and served as a basis for an

in vitro glycoengineering application in this thesis. PAT-SM6, a natural IgM that has been
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commercially developed for detection of cells in multiple cancer types, can, with the work
described here, now become potentially useful as a diagnostic tool for direct cancer imaging,
cancer cell tracking and drug delivery using the functionalised IgM. Targeted addition to IgM
glycans, away from the antigen binding site, of azide functional groups by chemo-enzymatic
means (Chapter 5), provides the potential for many applications such as site-specific addition

of small molecule probes that are MRI reactive or have anti-cancer properties.

Conclusion

It has always been about the dollars

While it might not be plainly evident, cost effectiveness is a major underlying theme of this
dissertation, and is a driver of the research ideas that were put forward. Immobilisation of
glycosyltransferases onto the DNA mediated multi-enzymatic scaffold is designed with cost
effectiveness in mind. Without the presence of a protein scaffold, to glycosylate a protein in
vitro can only be performed by either sequentially introducing glycosyltransferases and their
nucleotide sugar substrates into the reaction, or by mixing all the transferases and substrates
together in a single pot reaction. The former takes a long time to complete and requires
purification steps between reactions, and the latter results in a population of “under-
glycosylated” proteins caused by reaction Kkinetic differences between enzymes.
Implementation of the TALE-mSA scaffold can produce the substrate channelling effect and
enhance the overall reaction kinetics by disregarding diffusion of the reaction “intermediate”
into the solution environment for the subsequent enzyme to use as a substrate (Chapter 2). The
scaffold orientation would reduce the overall reaction time, and “force” the reactions to
completion. The use of DNA as the foundation is not just for the spatial alignment of the
individual scaffold adaptors, but also to lower the cost of the design. Custom double stranded

DNA and custom DNA primers with functional groups such as 5’-biotin or 5’-NH2 can now be
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readily purchased at low cost, as compared to protein based scaffolds that require expression
and purification procedures. Amplification of DNA by polymerase chain reaction using the
functionalised primers produces a steady supply of DNA programs that can be immobilised
onto a stationary phase such as streptavidin resins or carboxyl functionalised surfaces and
particles. The combination of these would lead to a single pot or column, re-usable, multi-
enzymatic immobilised enzyme reactor that is theoretically able to perform like an artificial
Golgi apparatus. Even though the current scaffold design had flaws that require revisiting, a
simpler alternative, where the individual glycosyltransferases could be separately immobilised
(Chapter 3) and lined up as consecutive IMERS, could be more readily implemented for simple
glycan modifications. From a practical perspective, consecutive IMERs would likely to be more

cost effective in implementation when only 2-3 transferases are involved.

As a counter argument, it is likely that an in vivo system which would continuously express and
supply the transferases, substrates and the desired glycoprotein may be a more viable option,
reducing the requirement for purification of the individual transferases required. This is
contrasted with the in vitro systems where cost increases proportionately with the number of
glycosyltransferases required. However, in vivo systems come with their own set of
complexities. The choice of expression system matters greatly to produce a homogenously
glycosylated glycoprotein; mammalian systems are more expensive to maintain, yield less
product, and contain multiple “unwanted” glycosyltransferases that requires knocking out,
while non-mammalian systems such as yeast or insect require the knocking in of transferases,
nucleotide sugar metabolic enzymes, and nucleotide sugar transporters, which compete with
the synthesis of the desired glycoprotein for cellular resources. In these in vivo systems, “under-
glycosylated” proteins can still be present and require subsequent in vitro glycosylation to
achieve homogeneity. Furthermore, for every glycan structure desired, a separate strain of the

cells would be required for the entire production process.
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In the in vitro systems described, by selecting the right precursor glycoform of the glycoprotein,
the number of glycosyltransferases required can be optimised. For example, by using an insect
expression system with the a-1,3-fucosyltransferase knocked out, to make the precursor
glycoprotein, the resulting glycans would only be the N-glycan core structure of MansGIcNAC:.
To then achieve a bisecting, biantennary glycan with sialyl-Lewis* glycan would require six
transferases to be synthesised and immobilised; GlcNActransferase 1, II, III, B-
galactosyltransferase, fucosyltransferase (except FUT8) and sialyltransferase. By only
knocking out the one enzyme in the insect cell, instead of the in vivo synthetic approach that
needs to introduce/remove many enzymes, more cellular resources can be directed towards the
over expression of the desired precursor glycoprotein. The glycosyltransferases required for
immobilisation could then be expressed in other systems separately. Non-mammalian
glycosyltransferases from bacteria or fungi, which can be produced more efficiently, or
mutant/directed evolved enzymes that are faster or more stable, can be more readily adapted
into the in vitro systems described here. Furthermore, different glycan structures can be built
by simply switching the glycosyltransferases, which when produced individually, also allows
optimisation of the overall reaction kinetics for each enzyme. Taken together as a whole, it is
my belief that the development of the “Golgi-like” sequential in vitro glycosylation systems
could become a cost-effective process while gaining valuable basic scientific data that would

benefit glyco-related science.

With regards to the IgM glycan in vitro functionalisation work, cost effectiveness is also an
important factor. For IgM, an underexplored antibody that has tremendous potential, recent
technological developments in IgM production and purification have started to increase the
research interest for applications in medicine and therapeutics. Although antibodies are bi-
functional, binding the target antigen at the Fab region, and triggering immune related responses

in the Fc region, it is the former that gives it its greatest therapeutic value. The ability to target
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specific biological molecules is one of the most sought after uses in medicine as it reduces
undesired implications from off target activities. Structure-based drug design can achieve this
to a certain extent, but the pre-requisite of needing to have a known molecular structure of the
target makes it difficult to become as powerful as an antibody. Exploiting the antibody’s
targeting ability while successfully using it as a biological tracker or carrier is every antibody
related biotechnology company’s most prized possession. By using the chemo-enzymatic
method described in this work (Chapter 5) to functionalise IgM on the glycans, three major
aims were achieved. Firstly, by performing the functionalisation in a biocompatible
environment loss of IgM was avoided; loss of antibody during production is monetary loss for
a biotech company. Secondly, functionalisation of IgM with a biologically “transparent” azide
functional group enables the use of targeted ligation reactions with any alkyne as the click
chemistry used is well known, efficient and reproducible. Most importantly, by
functionalisation on the glycans, the Fab antigen binding region is undisturbed, reducing the
probability of the antibody losing its targeting abilities. Similarly, this functionalisation method
could be performed in vivo through metabolic engineering by feeding azide labelled ManNAc,
but would result in a lot of waste as the azide labelled sialic acid would be present on all
sialylated proteins produced by the cell and not just the IgM. Keeping cost effectiveness in
mind, this method would increase the cost of production. The knowledge of the number of azide
functional groups on the IgM is also important as an optimal amount of small molecule alkyne
can be used, thus reducing wastage. In the same vein, for small molecule drugs, it also enables
quantitative calculations of the directed chemical load, which in turn affects the dosage of the
IgM required. The potential applications of this simply and specifically functionalised IgM are

numerous and will provide researchers with more tools for IgM related biological studies.

Although it is evident from this work that a personal preference for in vitro systems of protein

glycosylation is present, the point was never about developing a completely in vitro
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glycosylation process, but rather at finding the least complicated pathway, such as has been

evidenced by the IgM glycoengineering example.
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Appendix

Appendix 111 — Sequence information

TALE monomers

Nucleotide specificity Protein sequence
LTPEQVVAIASNIGGKQALETVQRLLPVLCQAHG
LTPEQVVAIASNGGGKQALETVQRLLPVLCQAHG
LTPEQVVAIASHDGGKQALETVQRLLPVLCQAHG
LTPEQVVAIASNHGGKQALETVQRLLPVLCQAHG

QO (>

mSA protein sequence

AEAGITGTWYNQSGSTFTVTAGADGNLTGQYENRAQGTGCQONSPYTLTGRYNGTKLEWRVE
WNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGPATEQGQDTFTKVKPSAAS

Protein sequence used for reverse translation and codon optimisation
Scaffold QNE -> target sequence CAGAATGAG

MGHHHHHHLTPEQVVAIASHDGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNIGGKQAL
ETVQRLLPVLCQAHGLTPEQVVAIASNHGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNI
GGKQALETVQRLLPVLCQAHGLTPEQVVAIASNIGGKQALETVQRLLPVLCQAHGLTPEQVV
AIASNGGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNHGGKQALETVQRLLPVLCQAHG
LTPEQVVAIASNIGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNHGGKQALETVQRLLPV
LCQAHGGGGAEAGITGTWYNQSGSTFTVTAGADGNLTGQYENRAQGTGCQONSPYTLTGRY
NGTKLEWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGPATEQGQDTFT
KVKPSAAS*

Scaffold TWQ -> target sequence ACTTGGCAA

MGHHHHHHLTPEQVVAIASNIGGKQALETVQRLLPVLCQAHGLTPEQVVAIASHDGGKQAL
ETVORLLPVLCQAHGLTPEQVVAIASNGGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNG
GGKQALETVQRLLPVLCQAHGLTPEQVVAIASNHGGKQALETVQRLLPVLCQAHGLTPEQV
VAIASNHGGKQALETVQRLLPVLCQAHGLTPEQVVAIASHDGGKQALETVQRLLPVLCQAH
GLTPEQVVAIASNIGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNIGGKQALETVQRLLPV
LCQAHGGGGAEAGITGTWYNQSGSTFTVTAGADGNLTGQYENRAQGTGCONSPYTLTGRY
NGTKLEWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGPATEQGQDTFT
KVKPSAAS*

Scaffold TRE -> target sequence ACGCGTGAA

MGHHHHHHLTPEQVVAIASNIGGKQALETVQRLLPVLCQAHGLTPEQVVAIASHDGGKQAL
ETVQRLLPVLCQAHGLTPEQVVAIASNHGGKQALETVQRLLPVLCQAHGLTPEQVVAIASHD
GGKQALETVQRLLPVLCQAHGLTPEQVVAIASNHGGKQALETVQRLLPVLCQAHGLTPEQV
VAIASNGGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNHGGKQALETVQRLLPVLCQAH
GLTPEQVVAIASNIGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNIGGKQALETVQRLLPV
LCQAHGGGGAEAGITGTWYNQSGSTFTVTAGADGNLTGQYENRAQGTGCQNSPYTLTGRY
NGTKLEWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGPATEQGQDTFT
KVKPSAAS*
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Scaffold FQR - target sequence TTCCAGCGA

MGHHHHHHLTPEQVVAIASNGGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNGGGKQAL
ETVQRLLPVLCQAHGLTPEQVVAIASHDGGKQALETVQRLLPVLCQAHGLTPEQVVAIASHD
GGKQALETVQRLLPVLCQAHGLTPEQVVAIASNIGGKQALETVQRLLPVLCQAHGLTPEQVV
AIASNHGGKQALETVQRLLPVLCQAHGLTPEQVVAIASHDGGKQALETVQRLLPVLCQAHG
LTPEQVVAIASNHGGKQALETVQRLLPVLCQAHGLTPEQVVAIASNIGGKQALETVQRLLPV
LCQAHGGGGAEAGITGTWYNQSGSTFTVTAGADGNLTGQYENRAQGTGCQONSPYTLTGRY
NGTKLEWRVEWNNSTENCHSRTEWRGQYQGGAEARINTQWNLTYEGGSGPATEQGQDTFT
KVKPSAAS*

* denotes stop codon

DNA program sequence

GCCATGCATAATCAGAATGAGGCCGGATCCAATACTTGGCAAGCCGAATTCAATACGCGTGAAG
CCGCTAGCAATTTCCAGCGAGCCCTGCAGAATGAGTTCCAAGTTGAGTACAGTGAAGCCTC

Location of adaptor protein binding sites are marked out in bold.

Primers used

Purpose Primer Sequence Length | Tm used for
PCR [°C]

Cloning into | Scaffold-F | GTAACCATGGGTCACCATCACCATCACC | 28

PET-15b plasmid | Scaffold-R | AAGGATCCTTAGGAGGCCGCACTC 24 52

DNA  program | Scaffold-F | GCCATGCATAATCAGAATG 19

amplification Scaffold-R | GAGGCTTCACTGTACTCAAC 20 52
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