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Abstract

Glycoprotein glycosylation is altered in many diseases, including congenital disorders of
glycosylation, as well as in cell differentiation. Alterations to the presence and location of
glycan biosynthetic enzymes can manifest in subtle changes to glycan profiles. To determine
which of these changes are statistically significant, analysis of multiple biological samples in
parallel is needed. Protein glycosylation is also a major consideration in the pharmaceutical
industry, with an increase in engineering of glycoprotein-based therapeutics. In therapeutic
protein development, glycan structures can influence efficacy and stability. It is therefore
important to understand glycan biosynthesis and to have a convenient means to assess the
structures of glycans in order to further understand disease and genetic disorders linked to
errors in glycosylation, as well as to potentially contribute to disease diagnostics and to

inform development of biotherapeutics.

A filter-aid N-glycan separation (FANGS) method was recently developed, to release and
isolate N-glycans, from a small number of culture whole cell lysates, for mass spectrometric
analysis. This thesis presents a FANGS-based approach, to carry out O-glycan release, using
B-elimination. Through method optimisation, O-glycan release can be achieved with 20
minutes of sonication, without loss of labile sialic acid groups, and gives comparable results
to those from well-accepted overnight incubation methods. In addition, the thesis presents a
streamlined protocol for a one-sample-one-pot approach to release N- and O-glycans from
the same sample, in the same pot, with the potential to subsequently analyse protein
remaining in the filter. Analysing both N- and O-glycans from one sample is important since
in disease it is not always only one type of glycosylation that is altered. The developed
method has been applied to mesenchymal stromal cells (MSCs), before and after
differentiation into adipocytes, as well as genetically manipulated MSCs, in addition to
undifferentiated and differentiated normal human urothelial cells. In both cell systems,
changes could be observed in both the N- and O-glycan profiles. The approach offers insight
into potential functional role of glycans in cellular processes such as differentiation and

disease.
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1. Introduction:

Glycans, by IUPAC definition, are “compounds consisting of a large number of
monosaccharides linked glycosidically”. Perhaps more specifically, glycans are often
glycoconjugates and are the carbohydrate chains that are glycosidically linked to proteins or
lipids, biosynthesised through glycosylation of proteins and lipids. Glycans coat all cell
surfaces and play a central role in cellular processes, disease and in the immune response. It
has been observed that glycoprotein and lipid glycosylation is altered in cancer"***
Alzheimer’s disease®® inflammation’, diabetes® and in congenital disorders of

9,10,11,12

glycosylation Protein glycosylation is now a major consideration in the

pharmaceutical industry with an increase in engineering of glycan/glycoprotein-based

therapeutics  (especially monoclonal  antibodies)™*, and carbohydrate-based

15,16,17,18

vaccines (against bacterial pathogens, HIV and cancer). In therapeutic protein

19,20

development, glycan structures present can influence efficacy, stability and

2122 Glycans are also important as drug targets>. It is therefore important

pharmacokinetics
to understand glycan biosynthesis and to have a convenient means to assess the structures
of glycans in order to further understand disease and genetic disorders linked to errors in
glycosylation, as well as both to potentially contribute to disease diagnostics and to inform

the development of biotherapeutics.

1.1.Carbohydrates: monosaccharides, oligosaccharides, and glycans

Monosaccharides are the basic carbohydrate monomer units. Hexoses, the most common
building block of glycoprotein glycans, have chiral centres on four of their six carbon atoms.
The substituents around each of those chiral carbons can be arranged in two
stereochemically different ways, giving 16 possible different isomeric structures. An
equilibrium exists between the open and closed ring forms of monosaccharides. The ring is
formed by an intramolecular reaction of a hydroxyl group with a carbonyl resulting in a
hemiacetal or hemiketal. For example, the intramolecular reaction of the hydroxyl group on
carbon 5 of galactose with the C1 aldehyde yields the ring form in which carbon 1 becomes a
chiral centre and can therefore exist in two stereochemical configurations. Carbon 1 in this

structure is referred to as the anomeric carbon and the position of the OH group attached to
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the anomeric carbon is designated a or B, Figure 1. The anomeric carbon is formed on the
carbonyl carbon atom. For aldoses, this is carbon 1, while for ketoses such as N-
acetylneuraminic acid, the anomeric carbon is carbon 2. Common monosaccharides found to
make up glycoprotein glycan structures are: hexoses (e.g. mannose and galactose),
deoxyhexoses (e.g. fucose), hexosamines (e.g. N-acetylglucosamine, N-acetylgalactosamine)
and sialic acids (e.g. N-acetylneuraminic acid), Figure 2. Monosaccharides are also referred
to as having D or L configuration, assignment of which is determined by the asymmetric

carbon furthest away from the carbonyl.

(N4

H—C—OH

HO—C——H

']
H——ET————OH
_CH,0H

Figure 1: Ring closure of a hexose, galactose, to give a or B configuration at the anomeric

carbon, in this case C1. Blue numbers designate the carbon atom number.
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equatorial —-OH is
Figure 2: structures of common monosaccharide units that make up glycoprotein glycan

structures.

Disaccharides are the simplest form of oligosaccharide, formed from two monosaccharides
joined through a glycosidic bond. Bond formation involves a condensation reaction between
the hemiacetal of a monosaccharide, and a hydroxyl group of another, eliminating a
molecule of water. The formation of the glycosidic bond in cells is driven by the energy
released from the hydrolysis of two phosphate bonds in a molecule of adenosine
triphosphate (ATP). This takes place in two stages. Firstly, a nucleotide sugar donor such as

uridine diphosphate (UDP)-galactose (Figure 3) is formed in the cytoplasm, as in equation 1:

2ATP + UDP + Gal - UDPGal + 2ADP + 2Pi Equation 1

UDP-Gal is then used to form a glycosidic linkage with another monosaccharide (the
acceptor). Glycosyl transferase enzymes catalyse the transfer of a monosaccharide from the
donor to an acceptor; the enzymes have specificity for donors and acceptors. For example,
in the condensation reaction between galactose and N-acetylgalactosamine-Ser (GalNAc-

Ser) in the growing O-glycan chain (Figure 4), a glycosidic linkage is formed between the C1
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of galactose and the 3-hydroxyl group of GalNAc with UDP-galactose the donor and B-1-3-

galactosyltransferase the enzyme that catalyses the reaction.

NH

‘ )\uridine

N o]

OH _OH

HO
OH
0—+—
galactose

uridine diphosphate
Figure 3: Structure of uridine diphosphate (UDP)-galactose, a nucleotide monosaccharide

donor used in glycosyltransferase reactions
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OH _OH OH OH OH
o o) B-1-3 galactosyltransferase o Ho o
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OH NH OH NH Ser
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(0]
B-1-3 glycosidic linkage + upp

Figure 4: Formation of a B-1-3 glycosidic bond between galactose and N-

acetylgalactosamine, catalysed by B-1-3 galactosyltransferase.

There are two major glycan types in a glycoprotein; N-glycans and O-glycans, named
according to their linkage to the protein via an amino acid side chain. N-glycans form a
glycosidic linkage with the amido nitrogen of an asparagine side chain in the specific
consensus sequence -Asn-X-Ser- or -Asn-X-Thr- (where X is any amino acid except proline),
where the term consensus sequence refers to commonly occurring sequences found
amongst related protein sequences which are recognised by an enzyme. O-glycans form a
glycosidic linkage via oxygen in the hydroxyl group of, most commonly, serine or threonine

side chains, Figure 5.
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Figure 5: Types of glycosidic linkage in a glycoprotein. a) N-glycosidic linkage via the amido

nitrogen of Asn, b) O-glycosidic linkage via the oxygen in the hydroxyl group of Ser.

1.2.Glycoprotein glycan biosynthesis

The biosynthetic code for glycans remains enigmatic because, unlike protein and nucleic acid
biosynthesis, there is no template for glycan biosynthesis. Eukaryotic glycan biosynthesis is
managed by a large number of glycosyltransferase enzymes (located in the endoplasmic
reticulum (ER) and the Golgi apparatus) and is dependent on their expression levels, location

and activity, that, because of the lack of a template, can change under the influence of local

24,25 26,27

cellular environmental conditions such as availability of nutrients®*’, changes in
temperature®® or pH”. Consequently, the overall structure of a glycoprotein can vary quite
significantly depending on the tissue in which it is expressed and local conditions, making
analysis of glycoprotein structures both challenging and important; since structures cannot

be predicted from a template, they have to be determined in each distinct case.

The enzymes and biosynthetic pathways leading to N- and O- protein glycosylation have
been defined in a range of experimental systems, which enables an understanding of the

range of possible glycan structures for both glycosylation types.

1.2.1. Biosynthesis of N-glycans

In N-glycosylation®®, a chain of monosaccharides (GlcsManyGIcNAG;) is biosynthesised on a
lipid carrier (dolichol) in the ER. This lipid-linked precursor oligosaccharide is transferred to
the amide nitrogen in asparagine’s side chain. This transfer is catalysed by an
oligosaccharyltransferase which has specificity for the N-glycosylation consensus sequence.

Following transfer in the ER, the N-glycan undergoes trimming,
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Figure 6: N-glycosylation. A lipid—linked precursor is synthesised in the endoplasmic
reticulum (ER), followed by transfer of the resulting oligosaccharide to all asparagine side
chains in the protein. Processing of the glycan core is initiated in the ER and further
processing occurs as the glycoprotein migrates through the Golgi complex where
monosaccharides are removed, and then others may be added by glycosyltransferase

enzymes to produce that glycoprotein’s N- glycan structures.
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1.2.2. Biosynthesis of O-glycans

Biosynthesis of O-glycans is somewhat different from that of N-glycans. O-glycosylation
occurs in the Golgi complex (while N-glycosylation is initiated in the endoplasmic reticulum).
O-glycosylation is not in general directed to a consensus sequence; instead, O-glycans are
built on a range of protein-glycan linkages, classified in terms of the first monosaccharide

attached to the protein, Table 1.

Table 1: O-glycan types, classified in terms of the first monosaccharide attached to the

protein chain, where R can be H, a monosaccharide or an oligosaccharide chain

Type of O-glycan Structure Location

Mucin—type3l’32’33 R-GalNAc-Ser/Thr Gastrointestinal,
respiratory and genital

tracts

Glycosaminoglycans

(GAGs)*

GlcAB1-3GalB1-3Galp1-
4Xyl-Ser

Cartilage, skin, arteries

O-linked mannose>®

R-Man-Ser/Thr

Nervous system, yeast,

bacteria

O-linked fucose®’

Found in some secreted

R-Fuc-Ser/Thr

or cell surface proteins

O-linked R-GIcNAc-Ser/Thr Nuclear and cytoplasmic

N—acetylglucosamine38 proteins

O-linked galactosegg'40 R-Gal-Ser/Thr Plants, collagens

Mucins are large molecular weight glycoproteins (> 200 kDa) with 20 known human mucin
genes expressed in mucosal sites such as the airways and gastrointestinal tract. Mucins can
be found membrane bound or they are secreted. Mucins contain repeated amino acid
sequences“, referred to as tandem repeats, which are rich in serine and threonine residues,
the primary sites for O-glycosylation; mucins are heavily O-glycosylated. The main functions
of mucins are to provide lubrication*! and to protect from micro-organisms. Mucins possess

these functions because glycans are hydrophilic, with some sites on the proteins bearing
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clusters of sialylated glycans giving regions with negative charge and they can therefore
sequester large quantities of water to form mucus/gels which provide a physical barrier

against bacterial pathogens and proteases®.

In O-glycosylation, monosaccharides are added to the protein-linked, growing glycan chain
in stepwise reactions, where each transfer of a monosaccharide is catalysed by a different
enzyme of the glycosyltransferase family®. Similarly to N-glycosylation, as the glycoprotein
migrates through the Golgi, monosaccharide moieties are added to the growing glycan chain

by specific glycosyltransferases to give the mature glycan structure.

Biosynthesis of mucin type O-glycans involves addition of GalNAc from uridine diphospho-
GalNAc to Ser/Thr residues, catalysed by a family of UDP-GalNAc:polypeptide N-
acetylgalactosaminyltransferases (pp-GalNAc-Ts)*, each with its own specificity for amino
acid sequences around the glycosylation target site®. There are around 20 ppGalNAc-Ts in
humans; some are expressed in a range of tissues, whilst others are restricted to a specific
location. GalNAc-Ser/Thr is then the substrate for synthesis of core 1 (bearing a f1-3 Gal
linkage), catalysed by B1,3-galactosyltransferase (C1GalT-1) and core 3 glycans (bearing a B1-
3 GIcNAc linkage), catalysed by B1,3-N-acetylglucosaminyltransferase (B3Gn-T6). Core 1 and
core 3 glycans can then be modified to core 2 and core 4 glycans respectively, catalysed by
B1,6-N-acetylglucosaminyltransferases (B6GIcNAc-T). There are three isoforms of B6GIcNAc-
T in mammals, two of which can catalyse core 2 formation and the third can either catalyse
core 2 or core 4 production. Once the core structures are formed (Figure 7), they are further
modified by numerous glycosyltransferases, such as fucosyltransferase and

sialotransferase®.
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Figure 7: O-glycosylation: mucin-type. Biosynthesis is initiated via addition of GalNAc to
the hydroxyl group of serine or threonine side chains in the protein, forming the substrate
for formation of either core 1 or core 3 O-glycans. Enzymes involved in synthesising each
of the core structures are displayed. (C1GalT1, core 1 B1,3-galactosyltransferase; B3Gn-T6,
core 3 PB1,3-N-acetylglucosaminyltransferase 6; core 2 or 4 B6GIcNAc-T, PB1,6-N-
acetylglucosaminyltransferases). The number of isoforms present for each enzyme is

shown as either (1) or (3). Adapted from Tran et al*.

1.2.3. Glycan biosynthesis: the role of the Golgi

Whilst we know the repertoire of glycan structures of both protein glycosylation types, and
the consequences for glycosylation of deleting the enzymes that directly synthesise the
glycans are evident, it is very difficult to predict the consequences of enzymes for glycan
biosynthesis not localizing correctly in the cell. There has been a range of research into how
glycan processing in the Golgi occurs, in particular trying to understand the vesicle tethering

process*>*®.
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Most glycan processing occurs in the Golgi complex, a secretory organelle in the mammalian
cell, made up of flattened stacks of cisternae. The cisternae are divided into three
compartments; cis, medial and trans, containing many different enzymes all competing for
the growing glycan chain. Enzyme distribution between cisternal sections is controlled by
vesicle transport, a complex process involving multiple signals, and protein interactions
between the vesicle transporting the growing glycan chain and enzymes, with the cisterna
that the vesicle will fuse to. Vesicle budding (the initial stages of vesicle transport), how the
vesicles migrate through the Golgi complex, and vesicle fusion with the target membrane
have all been studied, but the exact mechanism underlying the process and how the Golgi
manages to maintain the correct distribution of enzymes for correct glycosylation is not fully

understood.

There are a number of models that suggest how the transport vesicles migrate through the
Golgi complex. One model is cisternal maturation****°, This model states that cis cisternae
continually form from clusters of vesicles that bud off and arrive at the Golgi, from the ER.
Each cisterna matures through cis to medial to trans Golgi cisternae. Golgi enzymes are
recycled through retrograde transport as vesicles bud off from Golgi cisternae and travel
back down in the direction of trans cisternae through to cis, returning the enzymes to their
correct Golgi compartments (Figure 8). A second model suggests that the Golgi cisternae do
not move and instead vesicles travel from cis to trans Golgi cisternae®. As in the cisternal
maturation model, there are also vesicles travelling backwards (trans through to cis), taking
the enzymes that were transported with the forward moving vesicles (cis through to trans)
back to the correct Golgi compartments. A third model suggests that once the contents of
the transport vesicle are delivered to the Golgi they are quickly distributed around the Golgi
and sorted into those for processing and those to be removed®. Of the three models,

cisternal maturation appears to be the most accepted.
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Figure 8: retrograde trafficking in the Golgi, showing transport vesicles and how they are

involved in the retrograde transport of enzymes in the Golgi. Adapted from Cottam et al>.

In all of the described models, transport vesicles continuously bud from one membrane and
fuse with another, carrying the maturing glycoprotein chain(s). Vesicle formation is initiated
by coat proteins which select what is to go into the vesicle (e.g. glycoproteins or enzymes),
by interaction with lipid and membrane proteins, and they also bend, shape and deform the
membranes of the ER or Golgi to form a vesicle, trapping the contents inside®*****, Figure 9
(1). Two types of protein-coated vesicles involved in transport of glycoproteins through the
Golgi are coatomer protein complex-1, COPI, and coatomer protein complex-2, COPII,

vesicles. COPII vesicles bud from the ER and COPI vesicles bud from the Golgi compartments.

During or soon after vesicle formation, Rab proteins, a subfamily of monomeric GTPases, are
recruited and bind to the transport vesicle, Figure 9 (2). Rabs act as molecular switches and
regulate the reversible assembly of protein complexes on the membrane. Once bound to a

vesicle, Rab proteins can bind to other proteins, Rab effectors®®, such as motor or tethering
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factors, Figure 9 (3), to help either move the vesicle along or to aid tethering of the vesicle

with the target membrane®>®

. The vesicle moves by diffusion towards the target
membrane. When the vesicle-bound Rab proteins bind to a tethering factor, the protein
coat around the vesicle is shed in preparation for fusion with the target membrane, Figure 9

(4).

R 3) Rab proteins bind to Rab effector
? proteins such as tethering factors

Lo tar
. . get
1) Vesicle formation v
membrane

2) Rab proteins bind to
transport vesicle

4) Once vesicle-bound Rabs are bound to a
tethering factor, the protein coat around
the vesicle is shed

< target
-
membrane
Rab GTPase Joodpd{ Golgin (tethering factor) -\
®  vesicle ~  protein coat
—— t-SNARE \
— Vv-SNARE

Figure 9: Vesicle transport at the Golgi. 1) Vesicle formation: vesicles buds from the Golgi
cisternae, initiated by coat proteins by interacting with membrane proteins to bend, shape
and deform the membrane to form the vesicle, trapping inside the contents to be
transported. 2) Rab proteins, e.g. Rab GTPase, bind to the transport vesicle. 3) Rab
proteins bind to Rab effector proteins such as tethering factors (known as golgins in the
Golgi) to aid tethering of the vesicle to the target membrane. 4) Once vesicle-bound Rab
proteins are bound to a tethering factor, the protein coat around the vesicle is shed to

prepare for fusion with the target membrane. Adapted from Ungar et al*’.

Tethering factors such as coiled-coil proteins, (known as golgins at the Golgi) are long rod
shaped molecules that project from membrane surfaces, opening up interaction sites on the
Golgi cisternae®. Golgins help to hold vesicles in position for fusion, a process interactions of
tethering complexes, such as the conserved oligomeric Golgi (COG) complex, RabGTPases,

and SNAREs>? between the transport vesicles and target membrane .
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A protein complex, the conserved oligomeric Golgi (COG) complex, has been shown to play a
central role in maintaining glycosylation stability in all eukaryotic cells***. COG is thought to
coordinate the retrograde transport of transport vesicles*®. COG has eight subunits, named
Cogl-Cog8, arranged into two distinct lobes. Subunits Cogl-Cog4 make up lobe A whilst
subunits Cog5-Cog8 make up lobe B. Subunits Cog2,3,4 and Cog5,6,7 form trimers

connected by the dimer formed from Cogl and Cog8, Figure 10.

Lobe A Lobe B

Figure 10: COG complex structure schematic, showing connections of each of the subunits.
Subunits Cogl-Cog4 make up lobe A of the protein complex and Cog5-Cog8 make up lobe
B. Cog2,3,4 and Cog5,6,7 are trimers, and these are connected via the dimer of Cogl,8.

Adapted from Miller et al*.

COG mutant cell lines have shown changes in glycosylation, which can be attributed to
mislocalization of the Golgi-resident enzymes. What this does not suggest is exactly where
and how COG functions. Protein interactions have been observed between COG* and
coatamer protein complex-1 (COPI), the Rab GTPases®"®* and SNAREs®*®*, suggesting an
involvement of COG in the final stages of tethering just before fusion of the vesicle and
target membranes®. However there is also evidence to suggest that COG is involved in the

. .. . . . 2
earlier stages, via interaction with golgins®®®°>,

Although not fully understood, there are two mechanisms for how the COG-golgin

interactions aid the vesicle tethering process. The first is that COG could be anchored to
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both ends of the golgin®, bending the golgin and pulling the vesicle and target membranes
together. The second is that COG promotes movement of the vesicle along the length of the
golgin chain using interactions with Rabs and SNAREs to help pull the vesicle towards the

target membrane®, Figure 11.

target
membrane target
membrane

1) COG anchored to both ends of the 2) COG promotes vesicle movementalong the
golgin, bending the golgin to pull the golgin, using protein interactions, to help pull
vesicle and target membranes together the vesicle and target membranes together
Rab GTPase = —— t-SNARE a0 golgin
® vesicle — v-SNARE @ coG

Figure 11: Two proposed mechanisms for COG—golgin interactions involved in vesicle
tethering. Adapted from Ramierez et al®,

Once a transport vesicle is tethered to the target membrane, SNARE proteins catalyse
membrane fusion. SNAREs are present on the transport vesicle (v-SNARE) and the target
membrane (t-SNARE). The two SNAREs wrap around each other®, securing the membranes
in place” as well as pulling the membranes close enough to fuse and unload the vesicle

contents, Figure 12.

target
membrane

target
membrane

—

® vesicle — t-SNARE —— v-SNARE

Figure 12: Vesicle fusion with the target membrane catalysed by SNAREs. SNAREs on the
vesicles (v-SNAREs) wrap around the target membrane SNAREs (t-SNAREs) securing the
membranes in place and pulling them close enough to fuse and unload the vesicle

contents®’
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In glycosylation, transport vesicles need to be accurate in targeting and fusing with the
correct membrane to ensure the correct glycan is biosynthesised by unloading both the

Golgi-resident enzymes and the glycoproteins in the correct place.

1.3.Glycans in disease and biological therapeutics

1.3.1. Congenital disorders of glycosylation

Congenital disorders of glycosylation, CDGs, first described by Jaak Jaeken in 19847°, are a
family of rare genetic disorders that present abnormalities in glycosylation”, and are not
well diagnosed. Glycosylation defects may be due to mutations in the enzymes building the
glycan, or those enzymes not localising correctly in the ER or the Golgi complex of the cell.
While mutations in the enzymes directly synthesising the glycans have predictable
outcomes, the outcome of enzyme mislocalisation is difficult to predict in terms of the

structural consequences for glycosylation.

CDGs can be separated into four groups: those with errors in N-glycosylation, O-
glycosylation, glycolipid and GPl-anchor protein glycosylation, and those which present
errors in multiple glycosylation pathways. CDGs, although rare, make up around 100 genetic
disorders known to be caused by glycosylation-related mutations'®, and effects are
expressed in most organ systems, particularly the central nervous system. The disorders
present a vast array of abnormalities’” such as developmental delay in infancy and
childhood, muscular dystrophy, strokes, seizures, immune dysfunction and cardiac failure. It
is this breadth of symptoms, together with the rarity of the diseases that makes them slow

and difficult to diagnose.

There are two main types of CDGs, CDG-I and CDG-II. The first type typically presents normal
N-glycans attached to glycoproteins but the sites of attachment are not fully occupied. This
is caused by defects in the assembly of the precursor oligosaccharide” and its transfer to the

protein. The most common defect of this type, PMM2-CDG’*7>7®

(previously known as CDG-
1a’”’), is in phosphomannomutase, the enzyme that catalyses isomerisation of mannose 6-
phosphate to mannose 1-phosphate, required to build the lipid-linked precursor in N-

glycosylation. A less common form, MPI-CDG (previously known as CDG-1b’’), results from
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defects in the phosphomannose isomerase gene, the product of which generates mannose
6-phosphate from fructose 6-phosphate’®. Freeze et al” reported a treatment for this defect
by administering high levels of mannose in the diet, which was shown to be sufficient to

restore normal levels of the dolichol donor, preventing hypoglycosylation.

In CDG-II, almost all of the usual glycosylation sites are used but the glycans attached are
truncated®. This is a result of defects further along the glycosylation pathway during
processing of the protein-bound glycans, and can therefore affect N-glycans, O-glycans or

12,81,82

both simultaneously . CDG-lIs may also be caused by defects in the COG complex; CDGs

83,84 85,86

have been reported with defects in Cog7°>*", or Cogl where some also show reduced
expression of Cogl-4 and Cog8%. Such COG defects are considered to interfere with the

accurate localisation of glycan processing enzymes, and thus to cause glycan truncation®’.

A range of analytical tools is needed to help improve diagnosis, understanding, and
treatment of these complex multisystem disorders. The main test carried out in the clinic for
N-glycosylation defects is monitoring of serum transferrin by isoelectric focussing. This
allows charge separation of transferrin isoforms that differ in the number of sialic acids®.
There is an increase in the use of mass spectrometry to monitor glycosylation defects, with
some of the earlier applications using electrospray ionisation in 1992% and MALDI in 1994%,
where changes in glycan profiles between normal and CDG-I samples could be observed in
mass spectra of serum transferrin. There is now a range of mass spectrometric applications
for monitoring changes to glycan profiles in serum®°**® for CDG studies, including analysis

of glycopeptides in serum to look at site specific glycoforms®.

1.3.2. Biologics: glycoengineering, vaccines and drug targets

Glycans have a major significance in the pharmaceutical and medical industries because of
the importance of glycan/glycoprotein/carbohydrate-based therapeutics. There has been a

significant rise in the engineering of glycan components for creation of new therapeutics.

A major landmark in glycobiology and medicine was the discovery that glycans were the

95,96,97,98

structurally-defining constituents of the A B O blood group substances . The main

component of H antigen (blood type O) is fucose, to which the addition of GalNAc produces
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the A antigen or the addition of Gal produces B antigen. This has been of major importance

in matching blood donors for blood transfusions.

Glycan-based drug molecules have been around for many years. Heparin, the carbohydrate-
based natural anticoaglulent, was first discovered in 1916 by J. Mclean. Isolated from animal
sources, mainly from porcine mucosa, has been used in the clinic to treat thrombosis since
the 1940s’. Heparin has its effect through a structurally specific pentasaccharide

99,100,101,102

constituent of heparin (identified in the 1980s) binding to antithrombin to stop

blood clotting'®'®,  Figure 13. Since then there have been synthetic forms of this
pentasaccharide unit produced, such as Arixtra. Relenza'® is an antiviral drug, based on a
monosaccharide structure (Figure 13); the drug works by binding to the viral
neuraminidase’® preventing neuraminidase from binding to the sialylated glycan on the

197 and therefore deactivating the virus and preventing entry into cells. In addition,

host cells
antibiotics such as neomycin'®, an aminoglycoside, binds the 30S ribosome, so interfering

with protein synthesis.

Neomycin NH,

Relenza (Zanamivir)
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Figure 13: Pentasaccharide of heparin, the anticoagulant used for the treatment of
thrombosis; it contains a sulfated iduronic acid and sulfated glucosamine. Neomycin
antibiotic and Relenza, an antiviral drug.
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Biopharmaceuticals, therapeutics often produced through genetic engineering of animal,
plant or bacterial cells, is a major and still growing area in the pharmaceutical industry. The
first biopharmaceutical, approved in 1982, was Humulin, recombinant human insulin. Since
then over 200 biopharmaceuticals have been approved'®, with monoclonal antibodies
(which are glycoproteins) dominating the biotherapeutics area, alongside hormones,
enzymes, and other (glyco)proteins. Humira (adalimumab) is a monoclonal antibody used to
treat rheumatoid arthritis, Crohn’s disease and chronic psoriasismg. Gazyva (Obinutuzumab),
approved for treatment of chronic lymphatic leukaemia'®, is one of the first approved
glycoengineered monoclonal antibodies, and targets the surface protein, CD20, associated
with B lymphocytes. In clinical trials Gazyva was found to be more effective than the wild-
type, non-glycoengineered form, Retuximab''}, illustrating the importance of glycans in the
success of biotherapeutics. In contrast, Taliglucerase (Elelyso) is a recombinant
glucocerebrosidase, produced from an engineered carrot root cell line, used to treat
Gaucher disease, a lysosomal storage disorder. Elelyso contains terminal mannose residues

on its glycans, helping uptake to its target macrophages**.

Surfaces of bacteria, viruses and parasites are covered with glycans, which are distinct from
those on the host and so carbohydrate-specific antibodies are responsible for protection by
being able to provide an immune response against carbohydrate antigens, resulting in
target-cell death. Certain individuals lack such antibodies and are therefore more vulnerable
to infections and so need vaccinating. For example, infants are immunized against meningitis

and the elderly against Streptococcus pneumoniae.

Carbohydrate vaccines were first derived from natural sources containing glycans however
there is increasing work on synthesising carbohydrate-based vaccines. For example, the fully
synthesised haemophilus influenza type b (Hib) vaccine based on the capsular
pentasaccharide antigen structure from Hib. The polysaccharide is conjugated to tetanus
toxin'™. In addition a vaccine has been developed by Huang et al'® against a breast cancer-
associated carbohydrate antigen, Globo-H. The vaccine uses Globo-H conjugated to
diphtheria toxoid, co-administered with a-galactosylceramide analog adjuvant, and has been

shown to induce a good antibody response against Globo-H on breast cancer.

In addition to carbohydrate-based vaccines, glycans are also important as drug/vaccine

targets. There is often aberrant glycosylation found on cancer cells. The protein MUC1 is
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found to be over expressed in cancer cells and MUC1 glycosylation shows increased
branching and sialylation'**. In addition MUC1 on tumour cells contain core 2 O-glycans that
promote metastasis'”. These factors make MUC1 and the tumour-associated glycan

antigens a good target for cancer vaccines™*®

. Developing vaccines for cancer is useful
because they can raise antibodies against tumour-associated carbohydrate antigens from
tumours that remain after a primary treatment, such as chemotherapy, to try to prolong

survival free from the disease.

Therapeutic glycoproteins are often produced as a mixture of glycoforms, each of which will
have different properties, effecting solubility, stability and efficacy. Isolating individual
glycosylated products and determining their in vivo and in vitro functions is an almost
impossible task. The human antibody IgG (discussed in more detail in chapter 5) contains
one glycosylation site but can display up to 500 glycoforms™®. To try to simplify and create a
more homogenous display of glycoforms in therapeutics, cell lines (expression hosts) are

engineered to produce specific glycosylation structures™’

and through studying these
engineered systems a greater understanding of the glycan functions can be established.
Chinese hamster ovary cells have been engineered to express [-1,4-N-
acetylglucosaminyltransferase Il which adds a bisecting GIcNAc to the N-glycan core. This

18119 \which was later found

result lead to increased antibody dependant cellular cytotoxicity
to be caused by the GIcNAc blocking core fucosylation and it was the absence of the fucose
causing the desired effect. This has led to development of more de-fucosylated protein

therapeutics.

In addition to engineering cell lines to produce controlled glycan structures, glycans can be
altered after expression in the cell lines. This is used for treatment of lysosomal storage
disorder where a glucocerebrosidase enzyme is used that is degylcosylated in vitro using a-
neuraminidase, PB-galactosidase and B-N-acetylglucosaminidase to expose mannose'”,

improving targeting and internalization.

Cell surface glycan remodelling is used to create non-natural sugars where a reactive
functional group is added to the glycans to help to target antibodies or drug delivery
vehicles, such as nanoparticles. For example, Gartner and Bertozzi*** used azide-containing
glycans to add complementary DNA strands to different cell types to assemble microtissues,

useful for studying organ development and disease progression. In addition, the Bertozzi
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group found that immunizing rabbits with a ketone-containing sialic acid bound to a protein
carrier led to production of antibodies capable of binding to cancer cells to promote cell

lysis**.

1.4.Methods for glycosylation analysis

Early work in glycomics sought to define the major glycan structures present on single,
isolated glycoproteins, often from large quantities of samples, where the information
gathered provided detail on composition of the glycans, the linkages, anomericity (a or B)
and configuration (p or ). In 1967, Carlson was the first to report an oligosaccharide to
contain both a fucose and a sialic acid in porcine submaxillary mucin*?. In 1982 Spik et al***
reported the primary structure for glycans obtained from human lactotransferrin structure
was determined by methanolysis, methylation analysis, hydrazinolysis (to release glycans
from the protein), enzymatic cleavage, such as desialylation with neuraminidase, GC-MS and
'H-NMR analysis. The combination of all the different sample preparation and analytical
methods allowed distinction of four different oligosaccharides all fully characterised in terms
of monosacchirdes unit present, their linkage position, branching and anomericity.

30,125
d )

As the knowledge of glycan biosynthesis increase with further structural investigation,

a knowledge of the possible repertoire of glycan structures also increased, leading into work

which focussed on glycan profiling using mass spectrometry'?®1?7:128129

to determine glycans
present in tissues and whole systems. If further structural analysis was required to
determine particular isomeric forms present, especially for studies investigating disease,
then methods previously developed for composition, linkage analysis etc could be used. For

example, glycans from different populations of porcine stomach mucins%"' were

investigated where there was found to be regional differences in the glycan structure®****>.

Cell culture is useful to study changes to glycosylation and the effects of these changes
through disease, mutations, cell differentiation, and drug treatments, under controlled
conditions. Cell culture offers the advantage over having to use human/animal tissues,
serum or biopsies which are harder to manipulate and less readily available. However, a lot
of glycomic studies using cell culture carry out deep glycan profiling which requires large
numbers of cells (10 — 100 million)***", limiting the feasibility of replication. Since
glycosylation changes during cell differentiation and disease, batch-to-batch variations in

biotherapeutics, including variation between cell types and growth conditions used, the lack
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of replicates hinders the ability to report such differences to glycosylation. To study glycan
biosynthesis and to try to understand the effects of biosynthetic enzyme mislocalisation that
can manifest in subtle changes to glycan profiles, methods are needed to detect differences
that are biologically relevant against a background of normal biological variation between
individuals. To determine which of these glycan profile changes are significant, and which
are just low-level biological variation, analysis of multiple biological samples in parallel is
needed. It is not necessary to carry out ultimate deep glycan profiling to make this
assessment, but rather to profile reproducibly enough to uncover overall shifts in relative
glycan proportions. This makes it possible to avoid the use of very large numbers of cells
that would be necessary for very deep profiling, but that at the same time limit the
feasibility of analysing sufficient numbers of replicates.

There are reports of studies that use fewer cells such as Nakeno et al**®

who reported N- and
O-glycan analysis on isolated membranes from 10’ cells of a leukaemia cell line. This
however, was for a detailed glycome analysis involving fluorescent labelling and LC-MS, not
applicable for medium through-put analysis with primary cell cultures and expensive
reagents. Other studies also involve complex sample preparation for the goal of deep glycan

profiling even though the sample amounts were reduced from using three 10 cm dishes per

136 137
)

sample™ to one 10 cm dish (1-2 million cells)™’. A study was also reported to analyse N-

glycans from human embryonic stem cells**®

which, although it reported only using 100 000
cells, again had multistep sample preparation not suited for a medium through-put,

glycomic profiling that would enable generation of biological replicates.

Glycomic workflows frequently use separate protocols and samples for looking at N-glycans,
O-glycans and for proteomic studies. A study reported release of N- and O-glycans from

mesenchymal stem cells™

, and although the O-glycans were released from the de-N-
glycosylated protein, after recovering the protein through a precipitation-extraction step,
the O-glycans had to be pooled together before O-glycan analysis and so again, replicates
were not possible. To understand the effects on total glycan profiles, it would be ideal to
analyse both N-glycans and O-glycans from the same sample in an integrated protocol, i.e. a
one-sample-one-pot method, making the best use of samples. Since some genetic diseases
can occur as a result of a genetic defect that affects both N- and O-glycosylation

simultaneously, whereas some defects only affect one glycan type, analysis of both N- and

O-glycans from the same sample is ideal. A one-sample-one-pot pot method also has the
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advantage of reducing the amount of material needed to carry out such studies, and would
offer the potential, after N- and O-glycan release, enabling a complementary proteomic

comparison between samples.

Recently, a paper was published describing a method to amplify the cellular O-glycome for

in-depth glycan profiling using around 80 000 cells**

. This study addresses the challenge of
cutting down on sample size, however this protocol is exclusively for studying O-glycan, and
although O-glycans are important, it does not allow for simultaneous study of both N- and

O-glycan from the same sample.

Methods are therefore needed to solubilise and extract glycoproteins from small numbers of
cultured cells and to release and isolate their glycans for mass spectrometric analysis.
Recently, a method has been developed for the release and isolation of N-glycans from
glycoproteins solubilised from whole cell lysates, using a centrifugal filter. The method has

141

been named filter-aided N-glycan separation, or FANGS™". The simple protocol makes use of

a filter-aided sample preparation (FASP) approach for SDS removal, first described by Manza

12, and then by Wisniewski et al'* for exchange of SDS with urea. In FANGS, following

et a
SDS exchange, the glycoprotein extract is then incubated with PNGase F to release the N-
glycans. N-glycans are collected after centrifugation, Figure 14. FANGS has been successful
using only 3.5 x 10° cells, equivalent to one well of a six well culture plate and so this
method is very useful, being applicable to low cell numbers and therefore can be used to

analyse multiple samples in parallel. In the literature there is no equivalent method for the

release of O-linked glycans.

1 2
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Figure 14: Filter-aided N-glycan separation (FANGS): 1) cell culture, 2) cell lysis,
solubilisation in SDS, 3) transfer of solubilised cell lysate to filter, exchange of SDS for
ammonium bicarbonate buffer, filter centrifuged to remove SDS, 4) PNGase F added to
sample in the filter to release N-glycans from the glycoproteins, filter centrifuged to collect

141
|

the released glycans in the filtrate. Modified from Rahman et al™™, and from Millipore

Amicon filter user guide.
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1.4.1. Release of O-glycans from glycoproteins

For O-glycosylation, there is no enzyme that shows a broad specificity for O-glycan release to
compare with PNGase F for N-glycan release, so that chemical methods are the most
appropriate for pan-specific O-glycan release. PNGase F, first reported by Plummer et al in
1984, has broad substrate specificity and cleaves the N-glycans from the asparagine side

144

chain at the glycosylamine linkage, leaving the N-glycan structure intact™". It can cleave

high-mannose, hybrid, bi- tri- and tetra-antenary N-glycans.

5 146
d™,

Hydrazinolysis, originally described by Matsushima and Fuji'* and later by Bayar
releases O-glycans as hydrazones which are then converted to reducing glycans by exchange
with acetone. However, these procedures use high temperatures (60 — 90 °C), which can also
lead to peeling (where monosaccharides are successively cleaved from the reducing
terminus of the released O-glycan, Figure 15). Although recently peeling has been found to
be significantly reduced by adding ethylenediaminetetraacetic acid (EDTA) directly to the
hydrazine'”**®, Hydrazinolysis is also inconvenient as it requires anhydrous conditions, there
can be numerous by-products formed and hydrazine is toxic. Hydrazinolysis can also release
N-glycans and through controlling the condition either N-glycans, O-gycans or both N- and
O-glycans can be released®. N-glycan release requires stronger conditions, 85-100 °C**, 5-
16 h, compared to milder conditions for O-glycan release (60 °C, 6 h)*°. The exact
mechanism for hydrazinolysis of glycans is not fully understood. There is suggestion that the

reaction occurs by an initial B -elimination type reaction followed directly by reaction of the

glycan with hydrazine to form a hydrazone™®.

B-elimination involving treatment of the glycoprotein with NaOH can be used to release O-

123131 However, the strongly alkaline conditions can result in

glycans from glycoproteins
peeling reactions™2. Inclusion in the reaction of NaBH, (reductive B-elimination) helps to
prevent peeling by converting the O-glycan’s reducing terminal residue to an alditol, Figure

16.
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Figure 15: Peeling reaction*: monosaccharides are eliminated from the reducing residue

of the released glycan.
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Figure 16: General mechanism for B-elimination and inclusion of NaBH, to prevent peeling

by converting the reducing terminus of O-glycans to alditols.

Alternatively, glycoproteins can be treated under similar conditions with NH,OH, releasing
O-glycans and adding NH; across the double bond of the amino acid residue left behind, in a
Michael-type addition reaction (Figure 17). This method uses milder conditions than
reductive and other non-reductive elimination methods, and it does not require a desalting
step prior to MS analysis, as NH4;OH is volatile and so is easily removed under reduced

1 . . .
pressure™, making it a convenient method to use.
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Figure 17: Non-reductive B-elimination, adapted from Rademaker et al**

Novotny et al** have reported a B-elimination protocol based on the Rademaker method,
that uses NH;OH and ammonium carbonate rather than just NH,OH. These reagents used
together are stated to help to prevent peeling by blocking the reducing terminus of the
released O-glycans; the ammonium carbonate converts the reducing glycans to
glycosylamines which can then react with boric acid, yielding reducing glycans after removal

of the base. Rademaker does not make use of ammonium carbonate nor does the study
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suggest that peeling is observed when using NH,OH. Since NH,OH is a weaker based than
NaOH commonly used in the B -elimination of O-glycans, it is tempting to assume that if
peeling is observed it would be to a lesser extent, further so as the Rademaker method also
uses a lower temperature. The study by Novotny did not investigate whether using NH,OH
resulted in peeling before they came up with a solution. Instead, they just made the

assumption that peeling was observed. Likewise it is not necessary to treat with boric acid.

Conditions for releasing glycans from glycoproteins/peptides generally involve overnight or
longer treatment. We are unaware of reports in the literature describing faster release of O-
glycans. A shorter incubation time for glycan release would be very convenient for
enhancing the through-put of analyses. There are reports of using microwave assistance to
speed up incubation times in a range of chemical and enzymatic reactions. Domestic
microwaves have been used to assist in trypsin digestion of proteins, and recently a method
has been described™ using a domestic microwave to release N-glycans from purified
glycoproteins such as bovine fetuin and complex glycoprotein mixtures, using PNGase F, in
20 minutes (using 20% of the maximum power of the microwave). This method was
reported to be just as effective as overnight incubation and microwave irradiation at low
power was found not to affect the released glycans, leaving labile sialic acid residues intact.
Sonication, used widely in industry and research, is also used to accelerate reactions in
organic synthesis, stimulate enzymes in enzymatic synthesis, sonication has been used to

156

extract proteins out of SDS-PAGE gels™, and is also used to disrupt cell membranes without

157

damaging the cell contents™’. However, there appears to be nothing in the literature to

suggest sonication has been assessed for use in the release of glycans from glycoproteins.

Sonication is ultrasound, sound energy of a frequency beyond what the human ear can hear.
Sonication works by a series of compression and refraction waves induced by the molecules
of the medium through which the sonication passes. Bubbles form, which are unstable from
interference of other forming bubbles close in space, causing sudden expansion and collapse
of the bubbles, releasing energy as a result'”’. In a water bath sonicator, samples are placed
in a reaction vessel and the reaction vessel is placed into the water bath and so the energy is
transferred from the water, through the reaction vessel walls and so the energy, which

17 This is in contrast to an ultrasonic

reaches the sample, is relatively low (1-5 W cm?)
probe, which is placed directly into the reaction vessel inducing energy of several hundred

W cm™. Temperature control of the water bath is generally poor.

57



1.4.2. Derivatisation and quantitation of glycans

Carbohydrates tend to produce a poor signal response in mass spectrometry because they
do not have many sites for protonation and so they do not ionise efficiently, unlike other

biological molecules such as protein/peptides. Carbohydrates are therefore frequently

161,162,163,164 165,164

derivatised™®"***® by permethylation , peracetylation or reducing terminal

189 t0 help improve the sensitivity of detection, the rate of change of response, by

tagging
enhancing the analyte’s surface activity in the matrix in MALDI, and in ESI, improving mass

spectrometric response.

Permethylation produces methyl ethers on the carbohydrate hydroxyl groups, converting
the glycan to a more hydrophobic species. The resulting decrease in intermolecular
hydrogen bonding increases the surface activity of the glycan sitting on the MALDI matrix
surface, or in an electrospray droplet, leading to an increase in the ion signal intensity'®. In
addition, permethylation can stabilise sialic acid linkages™’ by eliminating negative charge
associated with acidic groups. The permethylation method that is now routinely used is
catalysed by sodium hydroxide through reaction with slow addition of iodomethane®®"*%*1%?
Figure 18). This method has been shown to produce higher yields of permethylated products
in a shorter time than the original Hakomori'®® permethylation method reported in 1964,
catalysed by methylsulfinyl carbanion in dimethyl sulfoxide. As a result of permethylation,

tandem mass spectrometry can yield diagnostic fragmentation patterns to help determine

the glycan structure (discussed in Chapter 2).

OH _OH OH _OH

CH;

0] DMSO 0 | -

B ‘/
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MeO OMe
—_— OMe

Figure 18: Permethylation of carbohydrates.

An important aspect of glycan profiling is obtaining reliable quantitative information about

relative glycan abundance to compare across sample replicates and across different samples
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such as wild-type cells and diseased or differentiated cells. Quantitative methods using mass
spectrometry include spiking an internal standard, such as maltoheptaose™®'”°, into
samples. This method is useful since sample and the standard are simultaneously analysed.
Internal standards such as maltoheptaose are useful for relative quantitation of glycans
since they are similar chemically and are around the correct mass range. Stable isotope
labelling is also used for relative quantitative glycomic analyses. This involves addition of
different species of isotopes onto chemically similar analytes, which will generate a
measurable mass difference on the mass spectrometer. In addition, relative quantitation of
glycans has been carried out using *CH;l and *>CH,DI to permethylate the glycans prior to
analysis by mass spectrometry and can be used for both N- and O-glycan analysis*’"*/%*73174,
Other methods for glycan quantification include "0 labelling of the reducing end of N-

72175 Relative quantitation of glycans has also

glycans released by PNGase F in heavy water
been carried out by peak height measurements in mass spectra where peak smoothing has
been carried out to remove isotopic resolution, or by summing the peak heights of all the

isotopes'’®.

1.5. Aims of the thesis

The aim of the work in this thesis was to develop a method to release and isolate O-glycans
from glycoproteins, from a small number of cultured whole cell lysates for analysis by mass

spectrometry.

This thesis presents a FANGS-based approach, making use of a centrifugal filter, to carry out

O-glycan release using non-reductive B-elimination, as well as exploiting the advantages of

142,143 177

an optimised FASP approach, eFASP™"’, which uses alternative reagents to FASP.
Method optimisation reveals how O-glycan release can be achieved with a total of 20
minutes of sonication, without loss of labile sialic acid groups, and giving comparable results
to the well-accepted overnight incubation methods. In addition, the thesis presents a
streamlined protocol that has been developed for a one-sample-one-pot approach to
release N- and O-glycans from the same sample, in the same sample pot, with the potential
to subsequently analyse the protein remaining in the filter. The developed method has been
demonstrated using porcine stomach mucin as a standard soluble glycoprotein, and has
then been applied to porcine bladder urothelial cells, mesenchymal stromal cells and normal

human urothelial cells.
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Chapter 4 describes the method development work for the release and isolation of O-
glycans from glycoproteins of whole cell lysates, in a centrifugal filter, for analysis by mass
spectrometry. The chapter continues to show how the established N-glycan release method
can be combined with the O-glycan release method to offer a simple, and convenient one-
sample-one-pot method to enable analysis of the whole glycome. In addition, after glycan

removal it is possible to analyse the protein remaining in the filter unit.

Chapter 5 describes work carried out on a seven week placement at Bristol-Myers Squibb,
Lawrenceville, New Jersey, USA. The project involved investigation of the FANGS method for
larger scale N-glycan isolation, to enable analysis of glycans from monoclonal antibodies
using a suite of 2D NMR techniques, in order to establish whether NMR could be used as a

glycan fingerprinting tool to quickly and effectively monitor and analyse batches of biologics.

Chapter 6 describes application of the O-glycan release method to mesenchymal stem cells
and shows how the method can be effectively used to compare changes to the glycan
profiles between genetically modified MSC cells, chemically treated cells and those which
have differentiated into adipocytes, to offer insight into the roles of glycans on adipogenesis.
The chapter also shows that the one-pot method can be applied to ‘real’ cultured cell
samples. The approach focuses on determining the often-subtle changes in relative levels of
the majority of the glycans in a glycan profile in a reproducible and statistically robust way,

without the need to focus on detecting the most minor components of the glycome.

Chapter 7 describes application of the one-sample-one-pot method to normal urothelial

cells cultured from human donor samples, and enables comparison of both N- and O-

glycans between donors and between proliferating and differentiated cells.
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2. Mass spectrometry

2.1.Introduction

Since mass spectrometry is the main analytical technique used in this thesis this section

offers a description of each of the mass spectrometry techniques used.

Mass spectrometry, quite simply, is a means of weighing molecules and their fragments to
gain insight into the molecular weight and structural of an analyte. The general set-up of a
mass spectrometer involves an ion source, whereby analytes are ionised. The resulting ions
are transferred to a mass analyser where they are separated according to their mass to

charge ratio (m/z) and then they are detected.

2.2. Matrix-assisted laser desorption/ionisation (MALDI)

17817 35 a technique to generate intact gas phase ions of

Introduced by Karas and Hillenkamp
large, thermally-labile and involatile molecules such as proteins, carbohydrates,
oligonucleotides and synthetic polymers, MALDI has become very widely adopted and is

now a core technique for the analysis of all types of involatile analyte above around 700 Da.

MALDI was developed from an earlier ionisation technique, laser desorption ionisation (LDI)
which involves firing laser pulses onto a sample surface. The laser pulses ablate material
from the sample surface, resulting in formation of gaseous ions and molecules. LDI has an
upper limit for the size of the molecules that can be desorbed as intact gaseous ions of
around 500 Da. This is because the analyte molecules absorb energy from the intense laser
pulses which can cause sample damage and so analytes above approx 500 Da are usually

180

observed as fragmentation products of the analyte™. The development of MALDI allowed

observation intact analyte ions in excess of 100 000 Da.

In MALDI, a matrix compound is added in excess over the analyte to ensure isolation of the
analyte molecules from each other, as well as providing insulation from the laser energy on
co-crystalisation of the analyte with the matrix. This insulation is provided because the
matrix, frequently an organic acid, absorbs strongly at the laser wavelength and is therefore

a mediator for energy transfer between the laser beam and the sample, allowing for softer
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ionisation. Commonly used matrices for analysing carbohydrates, peptides and proteins are

182,183

2,5-dihydroxybenzoic acid (DHB)*®" and a-cyano-4-hydroxycinnamic acid (CHCA) , Figure
19.
(0] OH
0]
OH
X OH
Ho Ho [
N
2,5-dihydroxybenzoic acid a-cyano-4-hydroxycinnamic acid

Figure 19: commonly used MALDI matrices for analysing carbohydrates, peptides and

proteins.

2.5.1. Sample preparation

Preparing a sample for MALDI is achieved by dissolving the matrix in a solvent, usually a
water/organic mix, using solvents such as methanol, ethanol or acetonitrile. The analyte
sample is dissolved in a similar solvent. An aliquot of the sample solution is then mixed with
an aliquot of the matrix solution and around 1 pL of the mixture solution is applied to a
stainless steel target and dried under ambient conditions. This method is generally referred
to as the dried-droplet method. The matrix solution can alternatively be applied to the
target and allowed to dry before applying the sample solution on top; the spot, however
constituted, can also be dried under vacuum. The quality of MALDI data depends on

homogeneity of the sample/matrix spot'®

. Sometimes the sample/matrix material will
accumulate around the edges of the spot upon drying. DHB can form needle shaped crystals
around the edge of the sample area and the best spectra are acquired where more
homogeneous crystals are visible, usually away from the needles. In these cases, better data

are often acquired around the edge of the spot.

2.5.2. lon formation in MALDI

In MALDI, the matrix/analyte co-crystals are irradiated with intense laser pulses. The matrix,
chosen for its chromophore, absorbs the energy of the laser light, exciting the matrix,
causing it to vaporise into an expanding plume, pulling the analyte molecules with it (Figure

20). During this laser ablation/desorption step, many primary ion formation pathways'*>%®
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such as pre-charged analytes in the matrix clusters'®’, charge separation'®, photoionisation,
thermal ionisation, disproportionation reactions and excited state proton transfer, have
been proposed. In addition there is a range of secondary ion formation pathways#®8%1%
such as ion-molecule reactions™, gas-phase proton transfer, cation transfer, electron
transfer, matrix-matrix reactions and matrix-analyte reactions that have been discussed.
LASER beam
Analyte/matrix spot /

Ablated matrix/analyte cluster

MALDI target plate

Figure 20 Matrix-assisted laser desorption/ionisation. Laser ablation of the matrix/analyte

spot, causing excitation of the matrix and vaporisation into an expanding plume.

The exact mechanism by which MALDI works has been a popular debate since its
introduction, yet it is still not fully understood. Understanding the ionisation mechanism is
important to better control fragmentation, charge states, and to improve ion yields.
However it is a difficult task because there are multiple experimental conditions that affect
the appearance of a mass spectrum such as laser wavelengths, pulse energies/lengths,
sample preparation methods, whether the instrument is run in positive or negative mode, as
well as the use of different matrices and classes of analyte. It is most probable that no single
mechanism can explain all ions observed in a MALDI mass spectrum.

® and the gas phase

Two models most discussed to date are the lucky survivor theory™
protonation model**>**®. The original lucky survivor theory stated analytes are incorporated
in the matrix crystals with their respective solution charge states preserved and suggests
two possible outcomes of laser irradiation. One possibility is that ablated clusters contain
precharged analytes with counterions and so carry no net charge. Dissociation of the

clusters (break down or separate into smaller clusters) leads to overall charge neutralisation,
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and so would not be detected mass spectrometrically (Figure 21a). Alternatively, upon
disruption of the matrix-analyte crystals there is charge separation and so the clusters carry
a net charge. Provided that the ions are not then neutralised by absorption of electrons or
photoelectrons from the target, they are detected as “lucky survivors” Figure 21b). There is

now a refined lucky survivor model**®

which states that matrix molecules with a charge,
described by the authors as excess charges, that become included in the clusters lead to the
generation of protonated analytes following counterion neutralisation to neutralise the

matrix ion, and leave the analyte ion with a surviving charge (Figure 21c).

a)
+ -
cluster dissociation O+ 1) Q .
_— () Q o Q no detection
y charge neutralisation
Matrix/analyte cluster no net charge
b) Q %O neutralisation by absorption o no detection
Q electrons/photoelectrons
cluster dissociation from the target
—_—
. Q.-
Matrix/analyte cluster Q o)
Q no neutralisation
charge separation of analyte Q' lucky survivor detected
Q
., Q
¢ 9 Q _
cluster dissociation )
Qo o +Q O++ ———» lucky survivor detected
charge neutralisation
Matrix/analyte cluster
@ neutral analyte Q matrix ) counter ion
+
Q@ analyte ion Q@' matrix with excess charge neutralised counter ion

Figure 21: The lucky survivor model'® a) ablated matrix/analyte clusters contain
precharged analytes with counterions and so carry no net charge. Dissociation of those
clusters leads to charge neutralisation, and so the analyte is not detected. b) charge
separation upon disruption of the matrix-analyte clusters gives a net charge and so the
analyte ions are detected as “lucky survivors”. c¢) Matrix excess charges included in the
clusters lead to generation of protonated analytes by counterion neutralisation and so the

analyte ions are detected as “lucky survivors”.
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The gas phase protonation model suggests there are neutral analytes in the gas phase from
either incorporation into the matrix crystals as uncharged species, or charge recombination
with respective counterions. Collisions in the gas phase of neutral analytes with protonated
or deprotonated matrix ions leads to proton transfer reactions, yielding either protonated or

deprotonated analytes, Equation 2, where A is the analyte.

A +[matrix + H|* —— AH* + matrix

Equation 2

It has more recently been suggested that both the lucky survivor theory and gas phase

3 1t has been shown that both models

protonation are parts of one overall mechanism
occur in parallel, although one model may occur to a greater extent than the other
depending on sample preparation conditions, laser fluence, matrix and analyte proton
affinities, whether protonated or neutral analyte species are embedded in the matrix
clusters, as well as analyte composition and size. It was found that with neutral analytes,
protonation could only be explained by the gas phase protonation model. For medium basic
analytes, which exist as either neutral or protonated species depending on the pH of the
sample preparation solution, it was found, for an analyte such as nicotinamide, that both
neutral and protonated species were incorporated into the matrix crystals. The neutral
species followed the gas phase protonation model, whereas the protonated species agreed
with the lucky survivor model. On changing the pH from basic to acidic, the lucky survivor
pathway was promoted and the gas phase protonation supressed. However, on using those
acidic conditions and increasing the laser fluence not only promoted the gas protonation
model but also led to an increase in contribution from the lucky survivor model. When
looking at positive precharged analytes such as peptides, both models were shown to occur
in parallel, and the ratio between the occurrences of the two models was greatly affected by
the matrix proton affinity. The lower the proton affinity of the matrix, the more the gas

phase protonation model dominates. Proton affinities of 2,5-DHB and CHCA, two common

MALDI matrices, are 854 K] mol~ and 766 K] mol™1, respectively.

MALDI generally produces singly charged ions, [M + H]*, from peptides, proteins and
glycoproteins. This is because high charge states cannot survive in the matrix/analyte
clusters as the highly charged species absorb electrons that are formed during matrix

photoionization processes, causing charge reduction to either a single charge or complete
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neutralisation. When analysing oligosaccharides, sodiated molecules ([M + Na]*) are usually
observed. This is because there are few sites for protonation and so they are cationised
instead. Cationisation is important where the proton affinities of the analyte are lower than
those of the matrix (typical proton affinities of carbohydrates are > 160 KJ mol™?,

%) and therefore they cannot compete with the

compared to ~850 K] mol~! for matrices
matrix for available protons in the secondary reactions in the matrix-analyte plume. Sodium
ions are present in the matrix, solvents, and glassware and possibly from residual Na* from

permethylation and so is readily available.

2.6. Electrospray ionisation

Electrospray ionisation (ESI), like MALDI, is a soft ionisation technique. ESI was developed by
Dole'® during his work on ionisation of polystyrene molecules. Although at the time this was
not for mass spectrometry, it had solved a problem that would help the application to mass
spectrometry. Until then it was an impossible task to analyse large polyatomic molecules by
mass spectrometry, without extensive fragmentation. The electrospray principles developed

|196,197

by Dole was applied by Fenn et a to use in mass spectrometry of large biomolecules,

proteins.

In ESI, analytes are introduced to the ion source in solution and pass through a small
capillary in an electric field gradient. As the solution reaches the tip of the capillary, charge
builds up on the solvent surface and deforms the initially spherical profile of the emerging
droplet, by coulombic forces, into what is known as a Taylor cone'® Figure 22. A
counterflow of nebuliser gas (usually N,) aids evaporation of the solvent and as this
happens, the charge density on the emerging liquid increases until the Rayleigh limit™ is
exceeded and the repulsive pressure exceeds the surface tension, causing a coulombic
explosion, creating small droplets in a fine ‘spray’. The solvent continues to evaporate, again
increasing the charge density until it once again exceeds the surface tension causing
coulombic explosion; the cycles continue until only desolvated gas-phase analyte ions
remain. This process of analyte ion formation is known as the charge residue model,

195

proposed by Dole™, Figure 23.
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Figure 22: Formation of a Taylor cone'*®

solvent evaporation +
solvent +
+

solvent and coulombic .
evaporatlon explosmn . evapomtion

unsolvated gas-phase
analyte ions

analyte ion
solvent

Figure 23: Charge residue model** for gas-phase ion production in ESI.

A second model proposed by Iribarne and Thompson®® is the ion evaporation model. Here
the solvent evaporation and subsequent increase in charge density occurs as in the charge
residue model but instead of repeated coulombic explosion, once the charge density is too
high, an analyte ion is desorbed from the liquid surface. This decreases the charge density
for a moment. The droplet continues to evaporate, again increasing the charge density and
then further analyte ions desorb from the droplet and the cycle continues, Figure 24. Once
the gas-phase analyte ions are formed they are sent to the mass analyser, which is under

vacuum, to be analysed, Figure 25.

Desorption of gas-| phase
analyte ion
solvent
evaporatlon
unsolvated gas-phase

™ solvent analvte on analyte ions

Figure 24: lon evaporation model*® for gas-phase ion formation in ESI
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Figure 25: Schematic of ESI source.

ESI, when used in positive ion mode produces either protonated or cationised analyte
molecules, and for large biological molecules such proteins and peptides where there are
multiple sites for charging, ESI can produce multiply charged ions, making detection of larger
molecules possible on regular m/z range mass spectrometers due to the resulting lower m/z
values compared to those ionisation techniques where only singly charged species are

formed resulting in much higher m/z values which may be difficult to detect.

2.7. Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer

FT-ICR works on the principle that the trajectory of an accelerated ion can be controlled by a

magnetic field**"**

. There are four main components to ICR instruments. Firstly, a
superconducting magnet is used in modern instruments. Performance of the instrument
improves on increasing the magnetic field strength. Secondly, there is an analyser cell where
ions are trapped and stored, mass analysed and detected. The most common analyser cell is
the cubic cell. This is composed of six plates consisting of two trapping plates, two excitation
plates and two detection plates, Figure 26. As well as this, an ultra-high vacuum system is
required to achieve high resolution by avoiding collisions with background gas molecules. FT

instruments also have a complex data system to be able to acquire, process and analyse the

data.
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Figure 26: A cubic FT-ICR analyser cell. The cell consists of six plates made up of two
trapping plates, which sit perpendicular to the magnetic field, two excitation plates and

two detection plates, which sit parallel to the magnetic field.

2.7.1. lon motion

The motion of an ion in the analyser cell is a result of three combined oscillations (cyclotron,
trapping and magnetron motion), governed by electric and magnetic fields. The cyclotron
motion arises from the interaction of an ion with the magnetic field. An ion moving in the
presence of a uniform magnetic field experiences a force, the Lorentz force F, Equation 3,
(where g and v are the charge and velocity of the ion, B is the magnetic field, and x shows
the direction of the magnetic component is perpendicular to the plane determined by v and
the magnetic field, (B) causing the ion to travel in a circular orbit, Figure 27. The magnetic
field is constant and the m/z ratio of an ion is determined by measuring the cyclotron
frequency (f;), the frequency with which an ion repeats an orbit, Equation 4, where m is the
mass of the ion and q is the charge. The cyclotron frequency is independent of the velocity
and kinetic energy of the ion, which is why FT instruments can achieve such high resolution;
in some mass spectrometers the resolution is limited by the spread of an ion’s kinetic energy
distribution, but this does not affect measurement of f. and thus m/z in an ICR instrument.
The radius of the cyclotron orbit is affected by the kinetic energy and velocity; on increasing

the kinetic energy of the ions or their velocity, the radius of the orbit increases.
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F=quxB

Equation 3

Figure 27: lon cyclotron motion. The direction of travel is the opposite for positively or
negatively charged ions*®".

_ 9B
fC—an

Equation 4

An ion moving parallel to the magnetic field experiences no force from that field. In the
cubic analyser cell, two trapping plates are perpendicular to the magnetic field, creating a
potential well that traps ions inside. A positive or negative voltage is applied to the plates to
trap positive or negative ions respectively. lons undergo harmonic oscillation between the

trapping plates along the axis of the magnetic field, Figure 28.

< ----- Trapping plate

Trapping plate —1> Q//‘
A

B 75
‘o #
S
-' 4

lon entering the
ICR cell

Figure 28: lon motion as a result of trapping potential application in ICR cell. lons oscillate

back and forth, parallel to the magnetic field (B), between the trapping plates.
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Magnetron motion arises from a combination of the magnetic and electric fields. The
magnetic field keeps ion motion (cyclotron motion) in the xy-plane perpendicular to the z-
axis. The electric trapping potential constrains the ion motion along the z-axis. The electric
potential is at a maximum at the trapping plates and at a minimum in the centre of the cell,
trapping the ions to the centre of the cell. The trapping potential provides a reparative force
that keeps the ions along the z-axis and repels them in the xy-plane and so the electric field
attempts to move ions away from the centre of the cell. The magnetic field stops ions hitting

the cell walls, resulting in the magnetron motion, Figure 29.

Magnetron motion

Cyclotron motion Trapping (axial) motion

Figure 29: The motion of an ion in the analyser cell has three oscillation components:
cyclotron motion, trapping (axial) motion and magnetron motion, which results from a

combination of the magnetic and electric fields.

2.7.2. Excitation and detection

When ions enter the cell, no signal is detectable at the detection plates as the ions oscillate
in small circular orbits. To detect ions, they are excited by applying a sinusoidal voltage to
the two opposing excitation plates, which sit parallel with the magnetic field. When the
frequency of the applied electric field is in resonance with the cyclotron frequency of the
ions, energy is transferred to the ions, which increase their kinetic energy and so the radius
of the orbit increases (Figure 30). All lons of the same m/z ratio are excited coherently, in
tight packets, to the same energy, and rotate with the same frequency in the same orbit. As
the ions pass close to one detector plate an “image-current” is induced in that plate by

attraction of electrons to the ion packet in the positive ion detection mode, or by repulsion
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of electrons in the negative ion detection mode. As ions move away from one detector
plate and towards the opposite plate, the electrons in that plate are attracted towards the
ion packet. The cyclotron motion of the ions thus produces a sinusoidal image signal, the
frequency of which is equal to the difference between the cyclotron and the much smaller
magnetron frequencies. Image-current detection is non-destructive as the ions remain in

the cell during and after detection.

a) before excitation b) excitation c) after excitation

Figure 30: Excitation and detection of an ion in the cell of an ICR-MS: a) ions before

excitation have a small cyclotron radius and are therefore not detected. b) During
excitation, ions whose cyclotron frequency is in resonance with the applied electric field
absorb energy and their cyclotron radius increases. c) When the applied electric field is
turned off, the ions continue to orbit in the larger radius until a different electric field is

applied, when they relax back.

lons with a large range of different m/z ratios can be detected simultaneously by applying a
sweep of a range of frequencies, causing all ions with cyclotron frequencies in the chosen
range to be excited and detected as a collection of sinusoidal image currents of different
frequencies and amplitudes. A complex wave is detected as a time-dependent function
which, through Fourier transformation, is converted to a frequency-dependent function and

hence into an intensity to m/z relationship (the mass spectrum), Figure 31.
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Figure 31: Fourier transform-ion cyclotron resonance (FT-ICR)
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2.8. Time of flight mass spectrometry

’s 203,204

Time of flight (ToF) mass analysers were first described in the 1940 , with the first

25 ToFs are now

commercialised instrument developed in 1955 by Wiley and Mclaren
amongst the most widely used mass analysers for the analysis of biological molecules. The
first application to amino acids, arginine and cysteine, was described in 1974 by McFarlane
et al, using plasma desorption/ionisation. Later application were seen for ToFs using LDI**,
followed by MALDI*®. Since ToFs distinguish between different m/z values based on their
flight times, through a field-free flight tube, due to different velocities, ToFs are well suited
to being combined with pulsed ionisation techniques such as MALDI, as ions produced are
expelled in packets. Continuous ion sources such as ESI are also used with ToF*®” however,
since the ions are produced continuously there needs to be a pulsed extraction applied to

produce packets of ions in order to maintain good mass resolution.

lons produced in the source are accelerated by an electric field, applied between an
electrode and the extraction grid, towards a field-free flight tube, where they are separated
according to their velocities, dependent on their m/z values. m/z values are determined by
measuring the time it takes for ions to travel through the field-free flight tube between the

source and the detector.

For an ion of mass (i) and charge (q = ze) leaving the source, accelerated by a potential
difference (%), its electric potential energy (E,;) is converted to kinetic energy (E}), given
by Equation 5, and so on rearrangement, the ion’s velocity can be given by Equation 6. After
acceleration, an ion travels at constant velocity through the flight tube towards the detector.
The time taken for an ion to travel the length of the flight tube (L) is given by Equation 7.
Combining Equation 6 and Equation 7 gives Equation 8, which shows that the m/z ratio is
related to t*. The length of the flight tube and the accelerating potential are constant for a

given instrument and measurement.

Ey = —— = qVs = zel; = Ey

Equation 5
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Equation 6
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Equation 7
2_m L? LA
t _z(ZeVs) or m/Z_(LZ)t

Equation 8

Linear ToF mass spectrometers have poor mass resolution, affected by a distribution in flight
times amongst ions with the same m/z ratio (Figure 32a). The difference in flight times is

caused by a number of factors®®

. One is that there is a slight time difference in ion
formation in the MALDI plume and so ions of the same mass, with the same initial kinetic
energy, reach the detector at slightly different times. Secondly, the ions can form in
different locations in the electric field and so experience slightly different accelerations,
which affects the time it takes for ions of the same mass to reach the detector. Additionally,
ions can move in different directions in the MALDI plume and so there is a time lag for the
ions moving away from the flight tube as they take time to slow down, stop and then be
accelerated in the correct direction to reach the detector. Furthermore, differences in the
initial kinetic energy transmitted to the ions from the acceleration pulse, as well as energy
randomisation through collisions in the plume also result in variation of ions’ flight times.

The reflectron and delayed pulse extraction are two techniques that have been developed to

improve mass resolution by each mitigating some of these effects.

A reflectron, developed by Mamyrin®®, is an electrostatic reflector, comprised of ring
electrodes, that can correct the distribution of kinetic energy of ions with the same m/z
ratio. The reflectron is positioned at the far end of the flight tube at an angle so that ions
entering do not follow the same path on exiting the reflectron. The reflectron creates a
decelerating electric field causing the ions to slow down upon entering and then reverses
the direction of the ions, sending them back through the flight tube towards the detector,

which is placed on the source side. For ions of the same m/z ratio but different kinetic
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energies, those ions with more kinetic energy travel further into the reflectron than those
with lower kinetic energy, meaning they stay in the reflectron for longer before being turned
around to reach the detector. This improves mass resolution by allowing ions with the same
my/z ratio to reach the detector simultaneously, Figure 32b. However, being able to achieve
this is dependent on the values for the electrical field, the voltage applied, and the flight
path length. A reflectron cannot correct for turnaround time, or for the spatial and time of

formation distributions. For this, delayed pulse extraction is required.
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Figure 32: Time of flight mass spectrometer. a) Linear. Poor mass resolution as ions the
with the same m/z ratio but different kinetic energies reach the detector at different

times. b) Reflectron. Improved mass resolution as ions with the same m/z ratio but

different kinetic energies reach the detector simultaneously.

Delayed pulse extraction, first described by Wiley and Mclaren®® as time-lag focussing,
helps to correct for the spatial, directional and time of formation distribution by introducing

a time delay between ion formation and extraction. Their ToF contained a dual-stage source
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by using two extraction regions. Introducing a delayed extraction pulse gives the ions time to
separate in the source and acceleration region according to their initial velocities. For those
ions with the same m/z ratio but different initial velocities, the ones with higher velocity will
travel further (but does not necessarily mean those ions will travel closer to the detector as
they may travel on different trajectories). After a short time delay, allowing the ions to
rearrange themselves, the extraction pulse is applied. The pulse transmits more energy to
those ions which had less energy to begin with as they will have moved a shorter distance
towards the detector and so feel a bigger pull when the pulse is applied, in addition the
delayed pulse can also work to correct the trajectories of those ions not travelling directly
towards the detector. These ions can therefore join the ions that had more energy to begin
with and reach the detector at the same time (Figure 33a). This offers an improvement to
mass resolution when compared with using a continuous extraction, where ions are
immediately extracted upon formation by a continuous extraction voltage. This results in
ions of the same m/z ratio but having had slight differences in time of formation, direction

and speed of travel and reaching the detector at different times Figure 33b).
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a) Delayed pulse extraction
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Figure 33: a) delayed pulse extraction, using dual stage extraction. lons are formed and
allowed time to separate according to their initial velocities. For ions with the same m/z
ratio but different velocities, ones with a higher velocity travel further towards the
detector. On application of the delayed pulse more energy is supplied to those ions which
had less energy meaning they join the ions that had more energy and reach the detector
simultaneously with appropriate choice of voltage and delay time. b) In continuous
extraction, ions with the same m/z ratio but different velocities reach the detector at

different times as ions, upon their formation, are immediately extracted.

2.9. Orbitrap

210211212 -an be considered a

The Orbitrap mass analyser, invented by Alexander Makarov
modification of the the Kingdon trap, and the Paul trap (quadrupole ion trap. ) Essentially

the Orbitrap works by trapping ions orbitally and m/z values are measured from the
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frequency with which ions oscillate along an electric field. The frequency is measured by
acquiring an image current in the time domain (similarly to FT-ICR) and a mass spectrum is

obtained after subsequent Fourier transformation.

Analyte ions are transported from the ion source via multipole ion guides and they are
injected into a C-trap, a curved RF quadrupole ion trap, where ions are collisionally cooled as
they experience a low level of collisions with gas molecules causing them to lose energy,
slow down and collect into a packet of ions. When enough ions are accumulated, a strong
electric field is applied to the C-trap rapidly ejecting the ions out of storage and injecting the
ions, at a highly precise trajectory, into the Orbitrap mass analyser, Figure 34. lons oscillate

across the trap at frequencies (w) related to their m/z ratios, Equation 9:

Equation 9

Orbitrap mass dual pressure

analyser linear ion trap &
BN

el \\
° =
quadrt.xpole =22 > low pressure
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L JIII#
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- C-trap  multipole
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Figure 34: Orbitrap Fusion hybrid Orbitrap instrument schematic. Reproduced from”*

The orbitrap consists of a central spindle-like electrode and an outer barrel electrode. The
outer electrode is split in the middle, z=0, like the ‘knight’ Kingdon trap, to allow collection
of an image current, Figure 35. The image current is amplified from each half of the outer

electrode before an analog to digital conversion for processing. lons are injected into the
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Orbitrap off set from z= 0. lons rotate around the central electrode and oscillate along the z-
axis of the trap. lons of the same m/z move along the z-axis coherently (with the same

frequency).

~
lons enter

Figure 35: Orbitrap, to show how the outer electrodes are split in half along the z axis
(z=0). Taken from Hu et al**'.

As the ions enter the Orbitrap in their respective packets, of each m/z, there is a short
spread of m/z-dependent flight times (around a few hundred nano seconds) although, since
the pulse into the Orbitrap is fast, this time spread is much shorter than the time it takes to
complete an oscillation half the length of the trap, meaning coherent axial oscillation occurs
without needing excitation. As ions approach the opposite electrode, the increasing electric
field contracts the radius of the ion packet and decreases the trajectory close to the z-axis of
the trap, giving time for further ion packets to arrive, Figure 36a,b. Once all ions have
entered the trap, the voltage of the central electrode stabilises, stabilising the ion
trajectories. Frequencies of radial or rotational motion vary for ions with different initial ion
kinetic energy, velocity and radius of rotation, as the frequency is dependent on initial ion
energy, velocity and radius of rotation when the ions enter the trap and so the ions in these
directions dephase much more quickly than the axial motion. The axial motion is
independent of all initial ion parameters therefore ions with the same m/z oscillate along
the z-axis coherently for hundreds of oscillations. The dephasing causes the ion packet to
form a ring made up of uniformly distributed ions of each m/z, Figure 36c. On detecting
image currents, ions opposite each other on the ring give opposite image currents and
therefore cancel out the signal meaning radial rotational motion is not detected. Image

currents that are detected therefore come from the frequency of the z-axial motion. The
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image current is acquired in the time domain before it is converted to the frequency domain

and into a mass spectrum to measure m/z.

L L
ULV N VT

Figure 36: Movement of analyte ions in an Orbitrap mass analyser. a) and b) as ions
approach the opposite electrode, the electric field contracts the radius of the ion packet
and decreases the trajectory close to the z-axis of the trap, giving time for further ion
packets to arrive. c) Once all ions have entered the trap, the voltage of the central
electrode stabilises, stabilising the ion trajectories. Frequencies of radial or rotational
motion vary, as the frequency is dependent on ion velocity and radius of rotation when
the ions enter the trap and so the ions dephase much more quickly than the axial motion.
The dephasing causes the ion packet to form a ring made up of uniformly distributed ions

of each m/z.

2.10. Tandem mass spectrometry

To gain structural information on analyte molecules tandem mass spectrometry experiments
are important, because the ionisation methods used to analyse large biological molecules
are soft ionisation techniques that leaves them intact. This is helpful for measuring intact
molecular mass, but the absence of fragment ions means that structural detail is not
provided. To induce fragmentation, additional energy has to be applied to the analyte ions.

214

This can be done by collision-induced dissociation, CID”™". In CID, a gas such as N, is
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introduced between the ion source and the mass analyser. The analyte ions then collide with
the gas molecules converting some of the kinetic energy of the ions into internal energy,
breaking analyte molecule bonds to generate fragment ions; if these occur in a structurally

diagnostic manner, they can provide structural information.

2.10.1. Fragmentation of carbohydrates

The accepted nomenclature for the mass spectrometric fragmentation of carbohydrates

follows that described by Domon and Costello®

. The lowest energy fragmentations usually
occur at glycosidic bonds, and so these fragmentations are most commonly observed.
Fragment ions generated in this way are designated by B and Y ions. In positive ion mode, B
type fragmentation occurs from single protonation of the glycosidic bond, which then breaks
to give an oxonium ion from the non-reducing end and a smaller neutral glycoconjugate
from the reducing terminal portion of the molecule. The Y type ion is formed from the
cleavage of the glycosidic bond accompanied by proton transfer from the non-reducing part
of the oligosaccharide to the reducing part, Figure 37. There may also be C and Z type
fragments, which result from cleavages on the reducing side of the glycosidic oxygen. There
can also be fragments across a ring, which require more energy and so are generally less
abundant, denoted by A and X, Figure 38. In addition to being given labels A,B,C, X, Y or Z,
the fragments generated are also numbered depending on the number of monosaccharide
residues in the fragment e.g. B,, B; etc, Figure 38. Furthermore, if a glycan is branched then
the branches that lead off the core structure are denoted as a or B and are still then labelled
in the same way as the main chain (e.g. B or Y ion and the number of monosaccharides in
the fragment). If there is any further branching then labels such as a’ and o’ are added, see

Figure 39 for an example.
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Figure 37: Fragmentation of glycans to produce B and Y ions. B ions are produced from
cleavage of the protonated glycosidic bond, and Y ions are produced from cleavage of the

protonated glycosidic bond followed by H-transfer®".

¥

B; C;

Figure 38: Fragmentation nomenclature of carbohydrates, adapted from Domon and

Costello™.
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Figure 39: fragmentation and nomenclature of branched glycans by Domon and

Costello®™®

. The branches that lead off the core structure are denoted as a or B and are
then labelled in the same way as the main chain (e.g. B or Y ion and the number of
monosaccharides in the fragment). If there is any further branching then labels such as o’

and a’’ are added.

2.10.2. Fragmentation of peptides

’® The bonds along the

Peptides, like carbohydrates, fragment in a predictable manner
peptide backbone, in particular the amide bond, are most susceptible to fragmentation.
Currently used nomenclature for peptide fragmentation was proposed by Roepstorff in
1984%Y, refining that originally introduced by Biemann®®. When the bonds break, if the
charge is on the N-terminal portion of the molecule then the fragments are denoted a-,b- or
c-. If the charge is on the carboxy terminal portion then the fragments are given x-,y- or z-
labels, with b- and y- ions being the most commonly observed fragments. Similarly to

fragmentation of carbohydrates, the fragments produced are also numbered, according to

the number of amino acid residues in the fragment, Figure 40.
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Figure 40: Peptide fragmentation and nomenclature

2.11. Coupling high performance liquid chromatography (HPLC) to mass spectrometry
(LC-MS)

Coupling chromatography techniques to mass spectrometry is particularly useful when
studying complex mixtures such as glycans or peptides. Coupling liquid chromatography to
mass spectrometry (LC-MS) involves injecting a sample onto an LC column and separating
the mixture, the components of which elute from the column and are transferred to the MS

instrument, usually through an electrospray source.

In liquid chromatography, the analyte mixture is carried by a mobile phase through a column
containing a stationary phase with which the analyte components interact. The stationary
phase is usually made up of porous particles, generally of silica, the surface of which can be
chemically modified depending on the analysis required. This is because the components in
the analyte mixture need to have varying affinities for the mobile and stationary phases to
allow separation, with some components being retained by the stationary phase more easily
than others. Reversed phase HPLC is the most common HPLC experiment. It uses a non-polar
stationary phase, such as silica derivatised with long alkyl chains, C;3 and a polar mobile
phase (usually a mixture of water with acetonitrile or methanol). In this case, the more
hydrophobic analytes are retained longer than more polar ones and therefore take longer to

elute from the column. HPLC methods can use isocratic mobile phase flow in which the
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composition of the mobile phase remains constant throughout the run, or a gradient can be
used, in which the composition of the mobile phase is varied over the course of the run,

which can give significant improvements in separation as well as speeding up analyses.

For efficient chromatographic separation, a low plate height is needed. Plate height is a
theoretical concept based on the length of column needed for one equilibration event of
analyte partitioning between the mobile and stationary phase. The lower the plate height,
the more efficient the separation is because there are more plates and thus separation
events in a column of fixed length. Plate height is affected by mobile phase flow rate
through the column and the size of the particles in the stationary phase, shown by the Van

Deemter equation, Equation 10:

H:A+§+Cu

Equation 10

where H is plate height, A is eddy diffusion (due to multiple flow paths), B is longitudinal

diffusion, C is for mass transfer and u is the flow rate of the mobile phase.

Analytes can take multiple paths (referred to as eddy diffusion, A term in the Van Deemter
equation) through a packed column, where some pathways are longer than others causing
broadening of peaks and compromising separation efficiency. Eddy diffusion can be
minimised by using columns packed with small particles to minimise the spread of lengths of
flow paths around them. Longitudinal diffusion (B term) is affected by flow rate and is
caused by analytes diffusing along the column. By increasing the flow rate, the analyte
passes through the column quickly, minimising the opportunity for diffusion. However, if the
flow rate is too high then broadening of peaks can also result since the mass transfer term
(C), which reflects the time taken for equilibration of analyte between the mobile and
stationary phases, is affected by flow rate; increasing the flow rate compromises efficient

equilibration and thus impacts separation efficiency.
All the analytical techniques described in this section are amongst the fundamental

analytical tools used widely in the analysis of biological molecules such as carbohydrates and

peptides. The work presented in this thesis, makes use of the described mass spectrometric
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ion sources (MALDI) and mass analysers (FT-ICR and ToF) for glycan profiling and LC-MS,
using ESI and Orbitrap, for the analysis of (glyco)peptides

2.12. Mass spectrometric characterisation of glycans

The nomenclature used for the representation of glycans in this thesis is presented in Table
2. The names of each of the monosaccharide residues are usually are shortened. For
example, N-acetylgalactosamine becomes GalNAc (or HexNAc for a generic composition). In
mass spectra, shapes represent glycans. For example, GalNAc is represented by a yellow
square. To calculate the mass of the glycans, the mass of each of the monosaccharide
moieties are summed (taking into account whether the glycan is in its native state or has
been permethylated), followed by addition of either H or CH; (native or permethylated
respectively) followed by addition of 16, for oxygen, a further H or CH; and finally account
for the charge, (e.g. protonated (+1) or sodiated (+23), Figure 41. For example the mass of
the permethylated glycan of composition NeuAc;Gal,GalNAc; that is sodiated would be 879
Da (15 + (361 + 204 + 245) + 16 +15 +23).

Table 2: Glycan nomenclature for characterisation by mass spectrometry, including the
symbols and masses for native and permethylated structures.

Monosaccharide Symbol | Native Permethylated
mass (Da) mass (Da)

N-acetylglucosamine GIcNACc . 203 245

(N-acetylhexosamine) (HexNAc)

N-acetylgalactosamine GalNAc 203 245

(N-acetylhexosamine) (HexNAc)

Galactose Gal O 162 204

(hexose) (Hex)

Mannose Man 162 204

(hexose) (Hex) P

Glucose Glc 162 204

(hexose) (Hex)

Fucose Fuc 146 174

N-acetylneuraminic acid NeuAc ‘ 291 361

N-glycolylneuraminic acid | NeuGc Q 307 375
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(-OCH,) | + charge from:

OH H=1

Na =23

o K =39
H+0 on —OH

(H,C-) (-OCH;)
(-OCH,)

[ (-OCH;) | p

native = 1 + [monosaccharide units], + 16 + 1+ 1

Permethylated = 15 + [monosaccharide units],, + 16 + 15 + 23

Figure 41: Calculation of the mass of a glycan in both native and permethylated forms.
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3. Experimental procedures

3.1. Cell culture: Mesenchymal stromal cells

3.1.1. Basal media

Cells were cultured in basal media composed of Dulbecco’s Modified Eagle Media (high
glucose, pyruvate, no glutamine) supplemented with 10 % fetal bovine serum, 1%

Penicillin/streptomycin and 1 % Gluta-Max-I.

3.1.2. htert MSC culture

htert MSCs are immortilized cells created from primary human mesenchymal stromal cells.
Cell lines Y201 and Y101 were used for this research. Cells were grown in a humidified
incubator at 37 °C and 5 % CO,. Cells were grown in tissue culture flasks or 10 cm petri
dishes. Before cells reached full confluence, cells were split 1/6 or as required, by incubation

with trypsin/EDTA for 10 min or until detached.

3.1.3. Adipogenesis

In order to induce adipogenesis cells were cultured in basal media described above that also
contained 1 uM dexamethasone, 500 uM 3-isobutyl-1-methylxanthine, 1 pg/ml insulin and
100 uM indomethacin. During differentiation (21 days), the adipogenic media was changed

every 3-4 days.

3.2. Histochemistry: Oil red O staining

Culture media was removed and cells were washed with 1x PBS. The cells were then fixed
with 4 % paraformaldehyde for 10 min and then washed with deionised water. Cells were
then incubated for 5 min in 60 % isopropanol, before removing and incubating for 10
minutes in 0.3% Oil red O solution. The 0.3% Oil red O solution was made by diluting a stock
solution of 0.5% Oil red O (in isopropanol) with deionised water (3:2, v:v), this was left
overnight for precipitate to settle as well as being filtered with a 0.45 um syringe filter. Cells
were then washed once with 60% isopropanol and three times with deionised water. 100 pl
of deionised water was added to keep the cells moist and were imaged using bright field

microscopy.
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3.3.Extraction and collection of glycoproteins from CHO and MSC cells.

A 10 cm dish of confluent CHO or MSC cells was washed gently with warm phosphate
buffered saline (PBS) six times. Cells were then scraped with a cell scraper and with 1 mL PBS
into a plastic microfuge tube. The tube was centrifuged at 16000 g, 5 min, 4 °C. The
supernatant was discarded and lysis buffer (4% SDS, 100 mM Tris pH 7.6, 100 mM DTT) was
added at approximately 10x volume of the cell pellet. The solution was pipetted to mix and
to break up the cell pellet. The sample was heated at 95 °C for 5 min and then centrifuged
for 5 min; the pellet was removed and the supernatant was stored at -80°C if not needed

immediately, otherwise, the steps in section 3.5 were followed.

3.4.Extraction, collection of glycoproteins from porcine bladder urothelial tissue

Three bladders were obtained from an abattoir near York and processed the morning they
were collected. The bladders were dissected using forceps and washed with Hank’s balanced
salt solution (HBSS) , containing calcium and magnesium, supplemented with HEPES buffer
solution 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid(5 mL in 500 mL HBSS), 20 KIU
aprotinin (1 mL in 500 mL), Fungizone (2 mL in 500 mL to give a final concentration of 1

pug/mL) and Pen-Strep (5 mL in 500 mL to give a final concentration of 100 pug/mL).

Urothelium was removed from dissected bladders by surface scraping using a scalpel. The
urothelial scrapings were then washed in HBSS medium and centrifuged. The medium was
removed and the cell pellet was re-suspended in 750 uL HBSS medium. Aliquots of ~50 L of
cell suspensions were transferred into microfuge tubes (each aliquot around 50 mg),
centrifuged and the supernatant was removed and samples were stored at -80 °C until

needed.

3.5.Solubilisation of standard glycoproteins in SDS (using FASP).

20 pmol of porcine stomach mucin (Sigma Aldrich, UK) was solubilised in 10 pL lysis buffer
(4% SDS, 100 mM Tris pH 7.6, 100 mM DTT). The sample was heated at 95 °C for 5 min. The
solubilised glycoprotein sample was diluted with exchange buffer (8 M urea in 100 mM
Tris/HCI, pH 8.5) in a ratio of 10:1 exchange buffer to sample by volume. A 450 pL aliquot of
the diluted solution was transferred to a centrifugal filter unit (Amicon® Ultra-0.5 centrifugal
filter unit, nominal mass cut off 30 kDa). The filter unit was centrifuged for 5 min and the
process repeated until the entire sample had passed through the filter unit. The sample

retained above the filter membrane was rinsed three times with 300 pL of exchange buffer
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(centrifuging after each rinse for 5 min), and the filtrate was discarded. The filter was then
rinsed three times with 300 pL 50 mM ammonium bicarbonate (centrifuging after each rinse
for 5 min), and the filtrate was discarded. The filter unit was transferred to a clean collection

tube ready for O-glycan release.

3.6.Solubilisation of standard glycoproteins and urothelial cell samples, and preparation
for O-glycan release, using an adapted enhanced filter aided sample preparation

(eFASP)""’

20 pmol of porcine stomach mucin (Sigma Aldrich, UK) was solubilised in 10 puL eFASP lysis
buffer'”” (4 % SDS, 0.2 % deoxycholic acid (DCA), 50 mM Tris(2-carboxyethyl) phosphine
hydrochloride (TCEP), 100 mM ammonium bicarbonate, pH 8)The sample was heated at 90
°C for 10 min. The sample was vortexed to mix and cooled to 37 °C before adding the
alkylation stock solution (500 mM 4-vinylpyridine in ethanol) to give a final concentration of
25 mM 4-vinylpyridine. The sample was incubated at 37 °C, 15 min. Quench buffer (1 M
dithiothreitol, 100 mM ammonium bicarbonate, pH 8) was added to give a final
concentration of 40 mM DTT. The glycoprotein sample was diluted with exchange buffer (8
M urea, 100 mM ammonium bicarbonate, with or without 0.2 % DCA) solution in either 10:1
or 30:1 ratio of exchange buffer to sample solution by volume. An aliquot of up to 450 pL of
the resulting solution was transferred to a filter unit (Amicon® Ultra-0.5 centrifugal filter
unit, nominal mass cut off 30 kDa), centrifuged for 5 min, and the filtrate discarded. This was
repeated until all the sample solution had passed through the filter membrane. The sample
retained above the filter membrane was rinsed three times with 300 uL of exchange buffer
(centrifuging after each rinse for 5 min), and the filtrate was discarded. The filter was then
rinsed three times with 50 mM ammonium bicarbonate (centrifuging after each rinse for 5
min), and the filtrate was discarded. The filter unit was transferred to a clean collection tube

ready for N- or O-glycan release.

3.7.Normal human urothelial cells

Cell culture and Trans-epithelial electrical resistance (TER) measurements carried out by Ros

Duke. Cell harvests carried out by Kirsty Skeene.

Three cell lines, Y1419, Y1860 and Y1862 were grown to full confluency on a 6 cm dish with

keratinocyte serum-free medium. At confluence, undifferentiated cells were harvested by

95



removing the medium, washing 3 x with 1 mL PBS before scraping into a microfuge tube
with 0.5 mL PBS. For the differentiated cell samples, each of the cell lines were grown to full
confluency on a 6 cm dish in keratinocyte serum-free medium supplemented with 5 %
bovine serum. At confluence, cells were seeded onto Griener membranes (12 well thincert
0.4um cat no#665641), and maintained in the same medium. Cells were seeded at 5 x 10°
per membrane in 500 pl volume and 1 mL culture medium placed into outer well of the
Griener membrane. Differentiation was induced by increasing the exogenous calcium

concentration (CaCl,) to 2 mM.

TER measurements carried out on cells in the Greiner membranes for 8 days to monitor
formation of a tight barrier/differentiation. Electrodes were rinsed three times with 0.15 M

KCI. The prodes were placed above and below the membrane and the TER reading taken.

After the 8 days, differentiated cells were harvested by removing the medium, rinsing 3
times with 0.5 mL PBS and then scraping the cells into a microfuge tube with 0.5 mL PBS.
Cells were lysed and prepared for glycan release by following the procedure outline in

section 2.6.

3.8.Non-reductive B-elimination — using overnight incubation

300 pL NH4OH solution, (28-30%), (Sigma-Aldrich, UK) was added to the filter device
containing the glycoprotein sample remaining in the filter unit after the solubilisation and
washing steps. The glycoprotein sample was incubated in NH4;OH, at 45°C for 16 h in a
heating block. Following incubation, the filter device was centrifuged for 5 min at 14000 x g.
150 uL water was added to the filter device and then centrifuged for a further 5 min. This
was repeated once. The filtrates containing the released O-glycans were all collected in the

same tube and were transferred to a glass tube and dried using a vacuum centrifuge.

3.8.1. Non-reductive B-elimination — using sonication

300 pL NH4OH solution, (28-30%), (Sigma-Aldrich, UK) was added to the filter device
containing the glycoprotein sample remaining in the filter unit after the solubilisation and
washing steps. The sample was sonicated at 45 °C for 5 min then left to incubate at 45 °C in
the water bath for 10 min, followed by another 5 min of sonication. The

sonication/incubation was repeated giving a total sonication of 20 min and total incubation
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time of 40 min. The filter device was centrifuged for 5 min at 14000 x g. 150 pL water was
added to the filter device and then centrifuged for a further 5 min. This was repeated once.

The filtrate was then transferred to a glass tube and dried using a vacuum centrifuge.

3.8.2. PNGase F treatment — N-glycan release

100 pL of 50 mM ammonium bicarbonate solution pH 8 was added to the filter unit,
followed by 8 U (4 uL of a 2 U/uL solution in 5 mM potassium phosphate, pH 7.5) of PNGase
F. The sample was incubated at 37 °C for 16 h in a heating block. Following incubation, the
filter device was centrifuged for 5 min at 14000 x g. 150 pL water was added to the filter
device and then centrifuged for a further 5 min. This was repeated once. The filtrate
containing the released N-glycans were all collected in the same tube and was transferred to

a glass tube and dried using a vacuum centrifuge.

3.9.Per-O-methylation

The dried released O-glycans were re-dissolved in approx. 1 mL DMSO (Sigma Aldrich, UK).
Approximately 20 mg of NaOH powder was added, immediately followed by 150 pL,
dropwise, of iodomethane (Sigma Aldrich, UK) and the solution was left to stand for 10 min.
A further 150 uL, dropwise, of iodomethane was added and the solution was left to stand for
10 min. A final 300 puL, dropwise, of iodomethane were added to the sample solution and
left to stand for 20 min. The reaction was quenched with 1 mL of 100 mg/mL sodium
thiosulfate solution, followed by 1 mL dichloromethane (DCM) and the sample solution was
mixed using a vortex mixer. The solution was left to stand until the organic/aqueous layers
had separated and then the top aqueous layer was removed. The organic layer was washed
with about 1 mL water a total of five times, finally removing the top aqueous layer and

drying the organic layer in a vacuum centrifuge.

The internal standard, maltotetraose, was deutero-permethylated using iodomethane-d;
following the same procedure outlined for permethylation above. A stock solution of 400
pmol was prepared and the deutero-permethylated maltotetraose was spiked into the

permethylated glycan samples to 4 pmol prior to spotting onto the MALDI target plate.
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3.10. MALDI-FT-ICR MS

The dried permethylated O-glycans were re-dissolved in 10 pL acetonitrile. The matrix was
prepared by dissolving 2,5-dihydrobenzoic acid in 50 % acetonitrile, giving a 20 mg/mL
solution. The sample spot was prepared by mixing 4 uL of the matrix solution with 2 puL
sample solution. 2 plL of the mixture was transferred to a stainless steel MALDI target plate

and dried under vacuum.

Mass spectra were acquired on a Fourier transform-ion cyclotron resonance (FT-ICR) mass
spectrometer. A 9.4 T solariX FT mass spectrometer (Bruker Daltonics), with a smart beam
nitrogen UV laser (337 nm), was operated in positive ion mode MALDI. The mass
spectrometer was calibrated externally using a permethylated maltoheptaose standard.
Mass spectra were recorded over an m/z range 400-4000, acquiring 12 scans, with each scan
being derived from 500 laser shots. The laser power was set at 40 %. Spectra were acquired

using solariXcontrol software and processed with DataAnalysis 4.0.

3.11. Glycan quantitation and statistical analysis

The relative abundance of glycans was calculated by comparing the peak intensities of each
of the O-glycans with peak intensity of the internal standard, and the relative abundance
was expressed as a percentage. Statistical analysis was carried out using a T test with Holm

Sidak post-hoc test (* for P = < 0.05, ** for P =< 0.01 and *** for P = < 0.0001)

3.12. Tandem mass spectrometry (MS/MS)

MS/MS spectra were acquired using Nanospray Flex ion source with off-line borosilicate
emitters on an Orbitrap Fusion hybrid mass spectrometer (Thermo Scientific). Positive ESI-
MS and MS’ spectra were acquiredin the Orbitrap using Xcalibur software (version 4.0,
Thermo Scientific). Fragmentation was induced using either collision induced dissociation
(CID) or higher energy collision dissociation (HCD). For CID, collision energy was varied
between 25-35 %, and for HCD the collision energy was varied between 32-43 %, depending

on the m/z of the glycans, and the quadrupole isolation window set to 2 m/z.
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3.13. Tryptic digestion

The protein remaining in the filter unit following N- and O-glycan release was treated with
trypsin at 37 °C for 16 h. Following incubation the filter was centrifuged to collect the tryptic
peptides. Samples were acidified with 0.1 % TFA before LC/MS/MS analysis.

3.14. Peptide analysis

Samples were loaded onto an UltiMate 3000 RSLCnhano HPLC system (Thermo) equipped
with a PepMap 100 A Cig, 5 pum trap column (300 um x 5 mm Thermo) and an Acclaim
PepMap RSLC, 2 um, 100 A, C;5 RSLC nanocapillary column (75 pum x 150 mm, Thermo). The
trap wash solvent was 0.05% (v/v) aqueous trifluoroacetic acid and the trapping flow rate
was 15 plL/min. The trap was washed for 3 min before switching flow to the capillary
column. The separation used a gradient elution of two solvents (solvent A: aqueous 2 %
(v/v) acetonitrile containing 1% (v/v) formic acid; solvent B: acetonitrile containing 1 % (v/v)
formic acid). The flow rate for the capillary column was 300 nL/min. Column temperature
was 50°C and the gradient profile was: linear 3-10% B over 7 mins, linear 10-35 % B over 30
mins, linear 35-99 % B over 5 mins then proceeded to wash with 99 % solvent B for 4 min.
The column was returned to initial conditions and re-equilibrated for 15 min before

subsequent injections.

The nanolLC system was interfaced with an Orbitrap Fusion hybrid mass spectrometer
(Thermo) with a Nanospray Flex ionisation source (Thermo). Positive ESI-MS and MS? spectra
were acquired using Xcalibur software (version 4.0, Thermo). Instrument source settings
were: ion spray voltage, 2,200 V; sweep gas, 2 Arb; ion transfer tube temperature; 275 °C.
MS' spectra were acquired in the Orbitrap with: 120,000 resolution, scan range: m/z 375-
1,500; AGC target, 4e°; max fill time, 100 ms; data type, profile. MS? spectra were acquired
in the linear ion trap specifying: quadrupole isolation, isolation window, m/z 1.6; activation
type, HCD; collision energy, 32 %; scan range, normal; scan rate, rapid; first mass, m/z 110;
AGC target, 5e% max injection time, 100 ms; data type, centroid. Data dependant
acquisition was performed in top speed mode using a 3 s cycle. Dynamic exclusion was
performed for 50 s post precursor selection and a minimum threshold for fragmentation was

set at 5e°.
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3.15. Protein identification

Peak lists were generated in MGF format using Mascot Distiller (version 5, Matrix science),
stipulating a minimum signal to noise ratio of 2 and correlation (Rho) of 0.6. MGF files were
searched against the porcine subset of the UniProt database (34,316 sequences; 14,316,901
residues), with a decoy database, using a locally-running copy of the Mascot program
(Matrix Science Ltd., version 2.5.1). Search criteria specified: enzyme, trypsin; fixed
modifications, pyridylethyl (C); variable modifications, deamidated (NQ), oxidation (M), ser-
>diamino-propanoate (S), thr->Dab (T), Thr-> diamino-butyrate (T); peptide tolerance, +/- 5
ppm; MS/MS tolerance, 0.5 Da; Instrument, ESI-TRAP. Results were passed through Mascot
percolator to achieve a false discovery rate of <1% and further filtered to accept only

peptides with an expect score of 0.05 or lower.

3.16. Preparation of protein, glycopeptides and glycans for NMR analysis

3.16.1. “intact” urea-denatured glycoprotein (monoclonal antibody), IgG

150 pL IgG was diluted to 1 mL with 7 M urea/tris solution. 100 mM DTT was added and the
glycoprotein sample was incubated at 60 °C for 30 min and then transferred to a centrifugal
filter unit (molecular weight cut off 10 kDa) and centrifuged for 8 min at 10 000 rcf. The
sample was washed two times with 200 pL urea/tris buffer, to reduce the DTT
concentration, before adding 40 mM iodoacetamide to the sample and incubating for 15
min, at 37 °C. The sample was centrifuged to remove residual iodoacetamide and the sample
was washed twice with 200 uL urea/tris buffer. The denatured protein sample was
concentrated to 100 pl ready for NMR. Luciano Mueller performed sequential dissolving and

lyophilising to ensure minimal losses from the sample sticking to the sides of the tube.

3.16.2. Preparation of “large” N-glycan sample from IgG

2 mL of 1gG was used. 150 pL aliquots were transferred to 12 microcentrifuge tubes and
made up to 1 mL with 7 M urea/tris buffer. 100 mM DTT was added to each of the samples
and incubated at 60 °C for 30 min. Each reduced sample was transferred to a centrifugal
filter unit (10 kDa) and centrifuged for 8 min at 10 000 rcf. The samples were washed twice
with 7 M urea/tris, centrifuging each time at 10 000 rcf for 8 min. 40 mM iodoacetamide was
added to each sample and incubated at 37 °C for 15 min. The samples were centrifuged to
remove the iodoacetamide and washed, twice, with 7 M urea/tris. The urea was reduced to

2 M with 50 mM ammonium bicarbonate. 6 U of PNGase F was added to each sample, to
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release the N-glycans, and incubated at 37 °C for 16 h. Following incubation the samples
were centrifuged (using a clean/washed collection tube) at 10 000 rcf for 8 min to collect the
released N-glycans. The filter was washed with 50 pL water, twice, each time centrifuging at

10 000 rcf for 8 min and the filtrate collected.

The released glycans were cleaned up by PGC SPE. PGC glycosep SPE cartridge was pre-
treated with 2 mL of 1 M NaOH, 2 mL pure water, 2 mL 30 % acetic acid and 2 mL pure
water. SPE cartridge was primed with 2 mL 50 % acetonitrile, 0.1 % TFA, followed by 2 mL 5
% acetonitrile, 0.1 % TFA. The glycan sample was loaded onto the column. Glycan sample
washed with 2 mL pure water, followed by 2 mL 5 % acetonitrile, 0.1 % TFA. Glycans were
eluted with ~ 2 mL 50 % acetonitrile, 0.1 % TFA into a labelled tube. The cleaned glycan
sample collected from the first SPE was dried under nitrogen. The glycan sample filtrate
from the second SPE was collected into the tube containing the first dried glycan sample and
this was also dried down under nitrogen. The process was continued to give a large glycan
sample from the combined 12 glycan samples. The glycan sample was lyophilized ready for

NMR analysis.

3.16.3. Preparation of a “large” (glyco)peptide sample from GITR

2 mL GITR sample was diluted into 10 mL, 7M, urea/tris buffer. 100 mM DTT was added and
the sample incubated at 60 °C for 30 min. The sample was transferred in a large centrifugal
filter unit (10 kDa) and centrifuged for 25 min. The sample was washed with 4 mL, 7 M,
urea/tris buffer, centrifuging for 25 min at 3800 rcf. The sample was treated with 40 mM
iodacetamide at 37 °C for 15 min, followed by centrifuging for 25 min to remove
iodoacetamide. The sample was washed with 4 mL 7 M urea/tris buffer, centrifuging at 3800
rcf for 25 min. The 7 M urea was reduced to 2 M urea with 50 mM ammonium bicarbonate.
200 pL of 3 mg/mL trypsin was added and the sample was incubated at 37 °C for 16 h.
Following incubation, the tryptic digest sample was centrifuged (in a clean/washed
collection tube) for 30 min at 3800 rcf to collect the tryptic peptides. The sample was

washed with 150 uL water and the sample was centrifuged for a further 30 min.

3.17. Nuclear magnetic resonance spectroscopy

The dried glycosylated antibody (IgG) samples were re-dissolved in 99.9 % D,0, 8 M urea
(perdeuterated), 50 mM tris-d11, 30 % CD3CN, pH 2.5. The samples were transferred to 4
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mm NMR tubes. NMR measurements were acquired on a Bruker Avancelll HD 600 MHz NMR
spectrometer equipped with a TCI cryoprobe. A suite of 2D NMR experiments (set up by
Luciano Mueller) were carried out; [*H**C]-HSQC, [*H**C]-dept-HSQC, [*H'H]-TOCSY, [*H*3C]-
HMBC, [*H'H]-NOESY, [*H"*C]-HMQC-COSY, and [*H'H]-dqf-COSY. All NMR experiments were
carried out at 308 K. Spectra were recorded with 4-64 scans using an excitation sculpting
pulse sequence for solvent suppression (spectral widths of 14 and 160 ppm in the proton
and carbon dimension respectively, relaxation delay 1 s, acquisition time 0.2 s). Spectra were

acquired and processed using Bruker TopSpin 3.5 pl5.
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Chapter 4: Method
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4. Method development

A method has been developed, designed to be an extension of FANGS and to take advantage
of the convenience, throughput and ability to work with realistic numbers of cells that it
offers, to release and isolate O-glycans from cellular glycoproteins for subsequent mass
spectrometric analysis. The method makes use of a centrifugal filter as a simple reaction
vessel in which glycoproteins can be treated with ammonium hydroxide solution to release
the O-glycans by non-reductive B-elimination. Following centrifugation, glycans can be
retrieved in the filtrate as in FANGS, as the released glycans pass through the filter
membrane while proteins are large enough to remain above the membrane and so are
retained. The isolated O-glycans can then be permethylated for mass spectrometric analysis.
The method can be conveniently combined with the established FANGS protocol, to release,
isolate and analyse both N- and O-glycans using one sample, in the same filter unit, enabling

analysis of the whole glycome from the same sample, using only around one million cells.

4.1.Method development for O-glycan release

Porcine stomach mucin was chosen as a glycoprotein standard that is well characterised and
commercially available with which to carry out method development. O-glycans were
released from 20 pmol mucin, by first dissolving it in a solution of SDS (as for FASP'** or
FANGS') and exchanging the SDS for urea and then ammonium bicarbonate solution,
before carrying out O-glycan release with NH,OH. After collecting and permethylating the
released glycans, a MALDI-FT-ICR mass spectrum was obtained, revealing the expected

glycan signals®® between m/z 500-2214.

A recent publication describes enhanced filter-aided sample preparation'”” (eFASP), which
uses alternative reagents to those first described by Manza et al*** and later in FASP by
Wisniewski et al**®, and that reports increased sensitivity and sample recovery for a
proteomics study. To see whether eFASP sample preparation could also yield improved
results for a glycomics study, samples of porcine stomach mucin were prepared for O-glycan
release, using either FASP or eFASP protocols for SDS solubilisation and removal/exchange.
The filter was then used as a reaction vessel to release the O-glycans by treatment with
NH,OH, to compare the two glycoprotein preparation methods side by side. MALDI-FT-ICR
mass spectra of permethylated O-glycans, ionised as [M + Na]®, were acquired, revealing

expected O-glycan signals for mucin glycans**® between m/z 500-2214. The data from the
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two sample preparation methods show the same O-glycans were released, but better signal

to noise was observed for the sample prepared using eFASP, Figure 42.
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Figure 42: MALDI-FT-ICR spectrum of permethylated O-glycans, ionised as [M + Na]’,
released from 20 pmol of porcine stomach mucin a) following FASP for SDS
removal/exchange, followed by O-glycan release, in the filter, with NH,OH. b) following

eFASP for SDS removal/exchange, followed by O-glycan release, in the filter, with NH,OH

The alkylation step in FASP/FANGS is carried out using 50 mM iodoacetamide in the filter
unit, for 15 min. In comparison, in eFASP the recommended alkylation step takes 1 h at 37
°C, with 50 mM iodoacetamide (in the authors’ standard protocol) or with 4-vinylpyridine (in
their express protocol, where the alkylating reagent is added before the sample is
transferred to the filter, eliminating a washing step). The alkylation step was investigated
further, to determine whether it is possible to keep the reaction time at 15 min, as in
FASP/FANGS. Samples of porcine stomach mucin (20 pmol) were thus prepared for O-glycan
release (using eFASP reagents). For the alkylation steps, samples were alkylated for 15 min

or 1 h, using iodoacetamide or 4-vinylpyridine. Permethylated O-glycans were identified

following alkylation using each of the two, alkylation reagents. Overall, 4-vinylpyridine gave
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spectra with better signal to noise than those from the samples prepared using
iodoacetamide, and there appeared to be no discernible difference in the results following

alkylation for 15 min or 1 h, Figure 43a-d, suggesting 15 min with 4- vinylpyridine is suitable.
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Figure 43: MALDI-FT-ICR spectrum (m/z 1200-2220) of permethylated O-glycans, ionised as
[M + Na]’, released from 2 pmol mucin. a) alkylation using 4-vinylpyridine for 1 h, b)
alkylation using iodoacetamide for 1 h, c) alkylation using 4-vinylpyridine for 15 min, d)

alkylation using iodoacetamide for 15 min
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The user manual for the centrifugal filters lists chemical compatibilities. For SDS, the
suggestion is to use a concentration below the critical micelle concentration (CMC), less than
or equal to 0.1 %, since micelles are too large to pass through the filter membrane. The lysis
buffer used in this work is a 4 % SDS solution. In the FANGS protocol, the lysis buffer is
diluted by a factor of 1 in 10 with exchange buffer, giving 0.4 % SDS, which is above the CMC
and higher than the recommended concentration. Samples of mucin were prepared in 100
uL lysis buffer — a typical volume of lysis buffer needed for a whole cell lysate from a 10 cm
culture dish. This was diluted with exchange buffer either 1 in 10 (standard FANGS protocol)
or 1in 30 to reduce the SDS concentration to 0.13 %. A dilution of 1 in 30 increases the total
volume of solution to be washed through the filter to 3 mL. This increases the time needed
for sample preparation, with a maximum of 450 uL at a time being loadable into the
reservoir above the filter using the 30 kDa filters supplied by millipore. In FANGS, each
centrifugation step was carried out for 10 min. The centrifugation time was investigated and
it was found that, using the 1 in 30 dilution, only 5 min centrifugation was needed for all the
liquid to pass through; this made the sample preparation time comparable with that needed

for the 1 in 10 dilution that used 10 min centrifugation.

In addition, it was considered whether adding deoxycholic acid (DCA) to the exchange
buffer, as recommended in eFASP, was necessary in a glycomics workflow. The use of DCA
may be irrelevant when dealing with glycans because DCA was used in eFASP to enhance
trypsin digestion. Therefore, mucin sample preparation using the 1 in 10 or 1 in 30 dilution
with exchange buffer was carried out either with or without addition of DCA to the exchange
buffer. Following O-glycan release in the filter with NH,OH and permethylation of the
isolated O-glycans, MALDI-FT-ICR mass spectra were acquired. The full range of O-glycans
was observed as in the preceding experiments, giving signals over the range m/z 518-2214.
Each sample gave the full range of O-glycans expected, with all spectra showing similar
signal to noise. What is clear from the data is that there appear to be more peaks that do
not correspond to glycan signals in the samples that were prepared using DCA than in those
prepared without including DCA, highlighted by the red box in Figure 44, so subsequent

protocols omitted the DCA.
In a parallel experiment, a masters student, Matthew Walker (in Daniel Ungar’s group) had

also investigated further diluting SDS, from 1 in 10 to 1 in 40, in an attempt to optimise

PNGase F digestion for N-glycan release. The reasoning behind this was to test whether
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more efficient SDS removal would improve PNGase F activity and therefore lower amounts
of PNGase F could be used. In his experiment, when analysing N-glycans released from
RNAse B using PNGase F, no N-glycans were observed for the sample prepared using 1 in 10

SDS dilution but, on diluting 1 in 40, all expected N-glycans were observed.
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Figure 44 MALDI-FT-ICR mass spectrum of permethylated O-glycans released from porcine
stomach mucin using overnight incubation, prepared using SDS solution following 1 in 10
dilution with exchange buffer a) containing DCA b) without DCA and 1 in 30 dilution with
exchange buffer, c) containing DCA d) without DCA. The red box highlights that increasing
the dilution and removing DCA gives cleaner glycan mass spectra. All glycans ionised as [M

+ Na]".
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4.2.Reducing incubation time for O-glycan release

Classic methods for releasing O-glycans generally involve overnight incubation in base (16 —
18 h). In an attempt to reduce the time for glycan release, sonication in a sonic bath, and

microwave irradiation using a laboratory microwave reactor were investigated.

Sonication times of 5, 10, 15 and 20 min were tested to aid O-glycan release. Glycan signals
could be observed after only 5 min of sonication, but it was difficult to avoid the
temperature in the sonic bath rising above 45 °C on sonication for longer periods. The
temperature of 45 °C was chosen for direct comparison with the overnight incubation
method, and with the intention of avoiding hydrolysis of labile glycans. Sonicating for just 5
min, followed by holding the sample in the sonication bath for 10 min without sonicating
and then repeating rounds of sonication/rest ensured the temperature went no higher than
45 °C. Using a total of 15-20 min sonication interspersed with 30-40 min rest (a total O-
glycan release time of 45 min — 1 h) gave glycan profiles that were comparable with those
obtained on overnight incubation, Figure 45. The sonication method was thus chosen as the
method to pursue because it is compatible with glycan release in the filter unit. When using
the microwave reactor, samples had to be transferred from the filter unit to a microwave
tube and back, which made it a lot less convenient, reduced throughput, and would incur
inevitable sample loss. In addition, because the sonication was carried out in a sonic bath,
multiple samples can be handled side-by-side, and so the approach is amenable to the
handling of multiple samples in parallel, which is in line with the aims of the method we

have developed.
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Figure 45 MALDI-FT-ICR mass spectrum of permethylated O-glycans, ionised as [M + Na]®,
released from porcine stomach mucin using 16 h incubation (top panel), 5 min
sonication/10 min rest (x4) (middle panel) and 10 min microwave irradiation (bottom

panel).

After optimising the O-glycan release method using the glycoprotein standard porcine
stomach mucin, the method was applied to porcine bladder urothelium cells to demonstrate
its application to a primary cell sample; urothelial cells were chosen as they are known to
contain mucins and are thus likely to bear O-glycans. Samples of porcine bladder urothelium
were prepared for O-glycan release from a 50 mg aliquot of bladder urothelial scrapings,

Figure 46, and following our optimised eFASP/FANGS protocol.
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Figure 46: Collection of porcine bladder urothelium. a) Porcine bladder b) bladder cut open
through the urethra c) inside the porcine bladder. d) surface of the bladder scraped with a
scalpel e) scrapings collected for glycomic analyses. This method of harvesting porcine
bladder urothelium has been developed and validated by Chung-Yao Wang in the group, in

collaboration with Prof Jenny Southgate.

O-glycans were released by treating with NH,OH in the filter unit using overnight incubation
(16 h) or 20 min sonication (interspersing each of the four 5 min sonications with 10 minute
rests to avoid local overheating). Glycans were permethylated and on obtaining a MALDI-FT-
ICR mass spectrum, O-glycans were identified in both the overnight incubation and
sonication-aided treated samples, between m/z 518- 1777. Glycans at m/z 518 and 722,
Hex;HexNAc,; and Hex,HexNAc,;, are the only two glycans which are not sialylated or
fucosylated. Fucosylated glycans were identified at m/z 692, 896, 937, 1141, 1315, and 1328
and sialylated glycans were identified at m/z 879, 1083, 1124, 1154, 1328, 1358, 1485, 1573,
1777, figure 5. Even those glycans of low abundance could be readily identified in the
sonicated sample (m/z 692, 1083, 1358, 1485, 1573, 1777). Importantly, the sonication
method has left the labile sialic acid moieties intact, and shows comparable signal to noise
for each of the sialylated glycan structures with those in samples prepared using the

overnight method, Figure 47.
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Figure 47 MALDI-FT-ICR mass spectrum of permethylated glycans released from porcine
bladder urothelium, ionised as [M + Na]’. a) O-glycans released using 16 h incubation b) O-

glycans released using 20 min sonication at 45 °C

4.3.0ne-sample, one-pot; the whole glycome

Both N- and O-glycans are important when studying disease, and so access to a protocol
which would allow analysis of the whole glycome from one sample handled in the same
reaction pot is desirable, especially one based around the use of centrifugal filters that
enable use of small cell numbers as well as low volumes of reagents. The workflows for
releasing N-glycans and O-glycans have thus been combined to test whether N-glycans and
O-glycans can be released from the same sample in the same reaction vessel (with the
potential of also being able to analyse the residual protein afterwards if required). A sample
of porcine bladder urothelium was treated using the optimised sample preparation
workflow based on eFASP, and then treated with PNGase F for 16 h at 37 °C. Following
incubation, the filter was centrifuged to collect the released N-glycans. The filter was
transferred to a clean collection tube and 300 uL NH,OH was added to release the O-glycans,
aided by 20 min sonication at 45 °C, and the released O-glycans retrieved on centrifugation
of the filter unit. N- and O-glycans were permethylated and MALDI-FT-ICR mass spectra

were acquired. N-glycans were observed from m/z 967-2966, corresponding mainly to

oligomannose species, with some complex type N-glycans, some of which were sialylated

113



and others fucosylated. The O-glycan mass spectrum revealed O-glycans between m/z 518 —
1777 — the same as for the urothelial O-glycan sample from which N-glycans had not
previously been released. In addition, focussing on m/z 1500 — 3000 in the O-glycan
spectrum, it is clear that there are no signals corresponding to N-glycans, suggesting that all
the N-glycans have been efficiently washed out of the filter before O-glycan release was
carried out. However, there are signals observed in both the N- and the O-glycan spectra at
m/z 967, m/z 1141 and m/z 1171. Although these signals could formally be due to carry over
of N-glycans into the O-glycan sample, these three signals are observed in a spectrum of O-
glycans that had been prepared without previously releasing N-glycans. This, together with
the fact that none of the other more abundant N-glycans are observed contaminating the O-
glycan sample, suggests that it is unlikely that the m/z 967, 1141 and 1171 signals derive

from N-glycan carryover, Figure 48.

To further investigate whether these common signals could indeed be due to carry over,
HCD product ion spectra were acquired for both the N- and O-glycans (released following N-
glycan release) for the glycans detected at m/z 967, 1141 and 1171. This was to obtain
structural information to provide evidence that the glycans in the O-glycan sample were O-
glycans and not carry over from the N-glycan samples. Firstly, the HCD spectrum for m/z
967, for Hex,HexNAc, in the N-glycan sample shows diagnostic B and Y fragment ions that
indicate that the N-glycan structure is linear (as expected from the known N-glycan

structures??®*)

and contains two HexNAc units at the reducing terminal followed by two Hex
units joined together. This is shown by the Y, (m/z 545.27, HexNAc,) and B, (m/z 445.24,
Hex,) ions, Figure 49. In contrast, in the HCD spectrum for the O-glycan at m/z 967, the
fragments show that the structure is branched, and does not contain adjacent pairs of Hex
or HexNAc residues, and is consistent with the structure expected for the commonly
occurring mucin type O-glycans*?'**?*, This is shown by the diagnostic Y., (m/z 504.24) and
B,« (m/z 486.23) ions for Hex;HexNAc; substructures, Figure 49. This evidence demonstrates

that the m/z 967 glycan is an O-glycan and not due to carry over of an N-glycan.

Similarly, the HCD spectrum for m/z 1141 (Hex,HexNAc,Fuc) in the N-glycan sample shows
fragment ions that indicate a linear structure, as for the m/z 967 glycan but with a fucose on
the core HexNAc unit. Y,, (m/z 719.34 for HexNAc,Fuc) and B,, (m/z 445.21 for Hex,)

demonstrate the expected core fucosylated N-glycan truncated core structure.
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For the O-glycan HCD spectrum of m/z 1141, there is a Y, fragment ion for Hex;HexNAc; at
m/z 504, in addition to a C;, ion at m/z 678 for Fuc;HexNAc;Hex,. These ions were not
detected in the spectrum from the equivalent species in the N-glycan sample, although they
would not be expected anyway in an N-glycan. The spectrum gives enough evidence to
show that this structure is an O-glycan, and clearly a different structure than the N-glycan,

Figure 50.

Finally, the HCD spectrum for the N-glycan at m/z 1171 shows diagnostic fragment ions for
three hexose units glycosidically linked together, as expected (formally three mannose units
in an N-glycan), shown by Y, (m/z 545.27) and B, (m/z 649.30). In the O-glycan HCD
spectrum this is not the case and there are only fragment ions to show the loss of one or
two hexose units, Y3o/Y1p, (M/z 953.46), Yo (M/z 749.37) and By, /B1g (M/z 241.24) The loss
of two hexose units in the N-glycan sample would only be possible from a double cleavage,

and this is not observed, Figure 51.
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Figure 48 MALDI-FT-ICR mass spectrum of permethylated glycans released from porcine
bladder urothelium, ionised as [M + Na]’. a) N-glycans released before O-glycans b) O-

glycans released after N-glycans in the same filter unit from the same sample
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Figure 49: HCD spectra of precursor m/z 967, [M + Na]* (Hex,HexNAc,) from porcine

urothelial N-glycans (top) and O-glycans (bottom). Glycans are permethylated.
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To show that the developed method can be used as a truly one pot method to study glycans
but also protein, after both the N- and O-glycans had been removed, the remaining protein
in the filter unit was treated with trypsin. The tryptic peptides were collected in the filtrate
after centrifugation and analysed by LC-MS/MS. Mascot searching matched 5005 peptides,
and identified 1301 proteins at an FDR of 1 %. These results were compared with those from
porcine urothelium cells that were treated with trypsin without prior removal of the glycans.
Mascot searching of those data matched 1348 proteins and 5323 peptides at an FDR of 1 %.
Proteins identified were similar across the two sets of data, with 848 proteins the same in
the two sets of data. Although this experiment was only carried out once (no replicates) as a
proof of concept, the results suggest that the proteomic analysis is not substantially

compromised by prior glycan release.

4.4.0ptimum time for O-glycan release?

To study glycan structures, especially if we want to determine the relative abundance of
glycans in a sample, it would be useful to know that glycan release methods are efficient and
consistent in releasing all the different glycan structures from the protein, whether using

incubation or sonication.

Methods in the literature for O-glycan release use incubation; incubation times typically
range from 16 -24 h. Rademaker et al*>* looked at optimising the time needed for O-glycan
site analysis. A time study was carried out treating glycoprotein samples with NH,OH in a
non-reductive B-elimination reaction for 0-36 h. The authors concluded that as the
incubation time increased, signals for de-glycosylated peptides increased. Interestingly there
was a variation in optimal release time; 8 h for O-glycans attached to a serine residue and 18
h for those attached to a threonine residue. It was suggested that this could be because the
threonine-bound O-glycans could be less accessible to the NH,OH reagent, compared to the
serine bound, because of the steric hindrance from the presence of a methyl group on
threonine’s side chain, that is absent in serine. An incubation time of 15-16 h was

recommended to yield sufficient information from an unknown glycoprotein structure.

To determine whether incubation time for O-glycan release is also linked to what glycans are

present in a glycoprotein sample and whether some glycan moieties are released more
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quickly than others, a time study was carried out by MChem student Sam Black, under the
supervision of the author. The study was to determine whether the relative abundance of

glycans detected changes as a function of the duration of NH;OH treatment.

Porcine stomach mucin was treated with 300 plL of NH,OH, samples were incubated at 45 °C,
forih,2h,4h,6h,8h,16 h, 18 h, 20 h, 22 h and 24 h, before removing from the heating
block and collecting the released O-glycans by centrifugation. O-glycans were permethylated
before analysis by MALDI-FT-ICR MS. An internal standard (deuteromethylated
maltotetrose) was spiked at a fixed level into the O-glycan samples after permethylation,
and so the relative abundance of each glycan signal was calculated as a percentage of the

internal standard peak.

In general, the abundance of each glycan signal increased with increasing time of incubation.
A closer inspection of the changes in glycan abundance, for example of Fuc;Hex;HexNAc;,,
shows that the abundance increases between 2-8 hours and then there is little change from
8-24 h, suggesting all of this O-glycan had been released within 8 h. This is similarly the case
for Hex;HexNAc;, Fuc;Hex;HexNAc,, Fuc;Hex,HexNAc; and Fuc,Hex,HexNAc;. However, for
Fuc,Hex,HexNAc;, Fuc;Hexs;HexNAc; and Fuc,Hex;HexNAc, the glycan signals increase in
relative intensity between 2-8 h but then for these structures there is a decrease in
abundance after 8 h, possibly suggesting that these glycans begin to degrade if incubated for

longer than 8 h, Figure 52.

Overall, results showed that 16 h incubation resulted in the largest number of different
glycan compositions released (a total of 44 glycans) while the fewest different compositions
detected, 33, was after just 2 h. Comparing the relative abundance of each individual glycan
across the entire time study showed that it was in the 8 h sample that the majority of
glycans reached their highest relative abundance (Table 3). On 8 hours of incubation, 17
glycans reached their peak relative intensities; accounting for 38.6 % of the total of 44

different glycan compositions detected overall, Table 3.
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Figure 52: Relative abundance of permethylated O-glycans released from porcine stomach

mucin over 2 - 24 h incubation with NH,OH. Glycan relative abundance calculated as a

percentage of the signal from a spiked internal standard.
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Table 3: Number of different glycan compositions detected at range of times treated with
NH,OH

Incubation time (h) | 2 4 6 8 16 | 18 20 | 22 24 Total

Number of glycans | O 1 1 17 3 5 4 6 7 44
reaching their peak
relative intensity

Total glycans 0 23 |23 |386 |68 |114 |91 |13.6 | 159 | 100
reaching their peak
relative intensity of
the total (%)

Number of -
different glycan
compositions
detected 33 |40 |35 |36 44 | 35 37 |35 39

To see how the relative abundance of glycans changed between 8 and 16 h, additional
mucin samples were prepared for O-glycan release at 8, 10, 14 and 16 h. After
permethylating the released glycans and spiking with an internal standard, a mass spectrum
was obtained and the relative abundance of glycans was calculated as a percentage of the
spiked internal standard. It was found that 14 h of incubation resulted in the largest number
of different glycan compositions released (a total of 34 glycans) while the fewest different
compositions detected, 28, was after 16 h. Comparing the relative abundance of each
individual glycan across the 8-16 h time study showed that it was in the 10 h sample that the
majority of glycans reached their highest relative abundance. On 10 hours of incubation, 14
glycans reached their peak relative intensities; accounting for 38.9 % of the total of 36
different glycan compositions detected overall, Table 4. This study suggested that perhaps
an incubation time of 8-10 h is optimal, compared with the 15-16 h as recommended by

Rademaker et al**.
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Table 4: Number of different glycan compositions detected at range of times treated with

NH,OH

Incubation time (h) | 8 10 14 16 Total

Number of glycans 7 14 7 8 36
reaching their peak
relative intensity

Total glycans 19.4 | 38.9 | 19.4 | 22.2 | 100
reaching their peak
relative intensity of
the total (%)

Glycans detected 31 |29 |34 |28 |°

In a similar experiment, also by Sam Black supervised by the author, porcine stomach mucin
was also used to study O-glycan release with the aid of sonication, to determine how
sonication time affects the abundance of O-glycans released. O-glycans were released after
5 min sonication, 10 min sonication, 5 min sonication followed by 10 min rest in the sonic
bath), two 5 min sonications each followed by 10 min rest periods in the sonic bath) and
four 5 min sonications each followed by with 10 min rest in the sonic bath. O-glycans were
permethylated and spiked with an internal standard before recording a mass spectrum. In
total, 39 different glycan compositions were detected. Results for the four x 5 min sonication
regime (a total of 20 min sonication to give a total of 60 min glycan release time) detected
19 glycan compositions at their peak abundance, accounting for 48.7 % of the 39 different

compositions released, Table 5.

Table 5: number of glycans detected when treated with NH,OH and a combination of
sonication and rest periods at the incubation temperature

Glycan release time 5 15 30 45 60 Total
(min)

Number of most 1 16 0 3 19 39
dominant glycans

% dominant glycans of | 2.6 410 | O 7.7 48.7 | 100
the total

Glycans detected 27 33 35 29 32 -

In general, the abundance of each glycan signal increased with increasing time of
sonication/rest periods, (a few examples of the identified O-glycans are displayed in Figure
53). A closer inspection of the changes in glycan abundance, for example of Hex;HexNAc;,

shows that after only 15 min the abundance of that glycan is at its highest compared to the
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other time points. In addition, for Hex;HexNAc, and Hex;HexNAc; there is little change in the

abundance of these glycans between 15 — 60 min suggesting the majority of those glycans

are released by 15 min of sonication/rest.
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Figure 53: Relative abundance of permethylated O-glycans released from porcine stomach

mucin from 5 min sonication — 60 min (alternating 5 min sonication followed by 10 min

rest period) with NH,OH. Glycan relative abundance calculated as a percentage of the

signal from a spiked internal standard.

125



4.5.0-glycan release from Chinese hamster ovary cells (CHO)

CHO cells are easily grown in culture and are readily manipulated, and so these are a useful
cell line to use to generate models of congenital disorders of glycosylation. These cells were
therefore chosen to test the developed O-glycan release method for its applicability to
cultured cells; the aim was to test its robustness for glycomic analysis using a small number

of cultured cells (around 1 million).

Wild type CHO cells and a mutant cell line, IdIC, bearing a genetic mutation in Cog2 of the
COG complex (named Idl because of defects in the uptake of low-density lipoprotein into the
cell), were prepared for O-glycan release. The cell cultures were each grown on 10 cm
culture dishes (giving approximately 2 x 10° cells). Cells were harvested and treated with
lysis buffer containing SDS, before exchanging the SDS for urea and carrying out non-
reductive B-elimination with NH,OH in a heating block at 45 °C, for 16 h, to release the O-
glycans. O-glycans were permethylated before MALDI-MS analysis. A MALDI-FT-ICR mass
117

spectrum was obtained in which O-glycans were identified from their characteristic signals

at m/z 879, 1083 and 1240, from both WT and IdIC CHO cells, Figure 54.

At first glance it would appear that the mass spectra look very similar for the WT and the
mutant cell lines, although the signal:noise levels are better in the glycans released from the
WT cells. An internal standard, deuteromethylated maltotetraose, was spiked into each
sample and the abundance of O-glycans calculated with respect to that. This revealed that
the overall signal levels for O-glycans were of lower abundance from the IdIC sample than

the WT CHO sample, shown in Figure 54. Kingsley et al*®

reported IdIC mutants (along with
IdIB and IdID) to display aberrant glycosylation, with incomplete processing of high mannose
N-glycans to the complex type. In addition lowered sialic acid content in both N- and O-
glycan types was found through SDS-PAGE experiments and sialidase treatment. Ldl mutants
were found to have a rapid turnover of the Idl receptor at the cell surface. As the evidence
suggests in Kingsley’s paper along with the data shown here, the aberrant glycosylation and

decrease in abundance of glycosylation could perhaps be linked to the reduced ability of the

Idl receptor to take up Idl into the cell.

While the O-glycan profiles of CHO cells are not particularly interesting since there are only

three O-glycans''/, this analysis serves to show that it is possible to use the filter-based O-
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glycan release approach to reveal small changes in O-glycan profiles of cultured cells when

genetic modifications have been introduced, Figure 55.
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Figure 54 MALDI-FT-ICR mass spectrum of permethylated O-glycans released and isolated

from CHO cells. Glycans ionised as [M + Na]*. A) CHO IdIC b) WT CHO.

127



40 - mCHO WT

H CHO IdIC

Relative abundance (%)

Figure 55: Comparison of the relative abundance (%) of O-glycans in WT CHO cells and IdIC
CHO cells.

4.6.Conclusions and future work

A method has been developed, based on FANGS, to release and isolate O-glycans from
glycoproteins for subsequent mass spectrometric analysis. The method makes use of a
centrifugal filter as a simple reaction vessel in which glycoproteins can be treated with
ammonium hydroxide solution to release the O-glycans by non-reductive B-elimination.
Following centrifugation, glycans can be retrieved in the filtrate, as the released glycans pass
through the filter membrane while proteins are large enough to remain above the
membrane and so are retained. The isolated O-glycans can then be permethylated for mass
spectrometric analysis. The method can be conveniently combined with the established
FANGS protocol, to release, isolate and analyse both N- and O-glycans using one sample, in

the same filter unit, enabling analysis of the whole glycome from the same sample.

This work makes use of an internal standard, showing that it is suitable for enabling relative
guantification of glycans by MALDI mass spectrometry. The internal standard used in this

work was permethylated maltotetrose. This was chosen as it is a chain of hexose units and
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deuteropermethylating meant that it gave a unique mass not expected to be in a glycan
sample. However, since an internal standard should be as closely related to the target
analyte as possible it would be better to have a glycoprotein glycan as an internal standard.
For studying mammalian samples, using a glycan that contains a xylose constituent would
also give a unique structure, as mammalian glycans do not contain xylose. This glycan could
be synthesised to be linear which would also be useful since most glycans are branched
structures. In addition, a true internal standard would follow the sample analyte the whole
way through sample preparation. In this work the internal standard was introduced into the
glycan samples just before spotting onto the MALDI target plate. To be able to follow the
sample throughout sample preparation, as a true internal standard should, the internal
standard would need to be introduced on solubilising the cell lysate/glycoprotein sample in
SDS. This would mean that the internal standard would need to be a glycoprotein so that it
stays above the filter membrane before glycan release. The standard would then need to be
released on either treatment with PNGase F for N-glycan release or NH,OH for O-glycan
release. This could be a very complex internal standard to generate since the glycoprotein
standard would need to contain a single N-glycan and a single O-glycan or two separate

glycoprotein standards would be needed.

A very novel mass spectrometric technique, 2D-FT-ICR-MS, could be a useful tool for
glycomic analysis. 2D-FT-ICR-MS is being developed in Peter O’Connor’s group at the
university of Warwick. O’Connor’s group have already demonstrated the use of 2D FT-ICR
MS with both small molecules and larger molecules such as collagen digests. Since glycan
samples often contain a large mixture of different structures and isomers, 2D FT-ICR MS
could be a convenient method of simultaneously collecting MS/MS data on each glycan in
one experiment rather than having to carry out many separate MS/MS experiments, and
may also have the potential to be used as a quantitative tool. Initial collaborations with the
O’Connor group in this area have begun, following discussions between the author and Prof

O’Connor after one of the author’s presentations.

Further work on the one-pot method development is demonstrated in chapters to follow,
using mesenchymal stem cells and human urothelial cells, to demonstrate how the method
can be used to monitor changes in glycosylation in wild-type/healthy cells compared with
those that have differentiated or been genetically manipulated, using a small number of

cells to make it possible to study replicates.
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5. Characterisation of antibody N-glycans, released by FANGS, by a combination of two-

dimensional nuclear magnetic resonance spectroscopy experiments.

The work in this section was carried out over a seven week work placement at Bristol-Myers

Squibb, Lawrenceville, New Jersey.

5.1.Antibody research and glycome analysis

Antibody research is now a major area of research for the pharmaceutical industry****>??,

as part of the development of protein biotherapeutics. Research and development is
underway to create monoclonal antibodies for treatment of many serious diseases.
Glycosylation of antibodies increases product heterogeneity, affecting both structure and
function””. Due the non-templated nature of glycan biosynthesis, glycosylation of
antibodies can cause variation between batches of biotherapeutics and therefore it is
important to know/understand the glycan profiles, since they can affect both the safety and

effectiveness of a drug product.

Antibodies belong to the globular protein family, immunoglobulins®*>. Antibodies bind to
antigens, causing pathogens to be destroyed by the immune system. The antibody structure
is a “Y” shape consisting of four polypeptide chains; two “light” chains (shorter chains of
amino acids) and two “heavy” chains (longer chains of amino acids). The four chains are

linked together by disulfide bonds®*®

. The heavy chain contains a hinge region that offers the
antibody flexibility to help binding to antigens on the surface of pathogens. There are two
main parts to most antibodies: the Fab (fragment antigen binding) region and the Fc

2" and the

(fragment crystallisable) region. The Fab region contains the antigen binding site
Fc region contains the glycosylation sites, and has the function of being able to bind to cell-
surface receptors and activate or enhance the immune response. The amino acid sequence
in the Fab region is variable and so this is also called the variable region; the amino acid
chain closest to the antigen-binding site varies the most between different antibodies. The
amino acid sequence further down the polypeptide chain and leading into the Fc region is

known as the constant region; where the amino acid sequence is similar amongst different

antibodies, Figure 56. The differences in amino acid sequences amongst the antibodies gives
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each antibody the ability to bind to antigens with specificity and also influences the

biological activity of an antibody.

antigen
binding site ]
Fab

region
hinge region
= / S light
“S S" chain
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ot Il Sl
\

heavy chain™

Figure 56: Generic structure of an antibody. An antibody consists of four polypeptide
chains (two light chains and two heavy chains) each held together by disulfide bonds. The
Fab region contains the antigen binding site. The Fc region contains glycans and can bind

to cell surface receptors and activate the immune response.

When an antibody binds to an antigen to form an antibody-antigen complex this activates

1228

‘complement’*®, a system of plasma proteins, as the fc region of the antibody binds to the

first protein in the complement cascade, C1q**°

(note: C refers to complement protein, the
numbers indicates an additional protein in the complement cascade and the letters g,r and s
are subsets of a particular protein). This then activates C1r and C1s which cleave C4 and C2
to form a protease, C3 convertase, that cleaves C3 into C3a and C3b. C3b marks the
pathogen for destruction by phagocytes (by acting as phagocyte receptors) and so the
phagocytes can engulf the pathogen. C3b also binds to C3 convertase to form C5 convertase
that then cleaves C5 into C5a and C5b. C5b is the first protein of the membrane attack
complex, which consists of C5b bound to C6, C7, C8 and C9. The membrane attack complex
binds to the pathogen cell membrane (only pathogens that do not have a cell wall), creating
pores in the surface of pathogens, which leads to cell lysis. C3a and C5a are mediators of

inflammation and recruit phagocytes to the pathogen. This type of immune response is

humoral immunity. There is also cell-mediated immunity involving effector cells*®, that
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contain fc receptors where the fc region of an antibody can bind, such as on macrophages,

1

lymphocytes®' and natural killers cells. One mechanism is antibody-dependant cell-

232,228

mediated cytotoxicity (ADCC) . Here the antibody is bound to the antigen on the
invading pathogen and the fc region of the antibody will bind to natural killer cells. Natural

killer cells are then activated and release cytotoxic chemicals to destroy the pathogens.

There are five classes of immunoglobulin5225’234’235, based on their heavy chain structures;
IgG, IgA, IgM, IgD and IgE. IgG is the most common antibody found in blood plasma®* and is
the most widely used antibody in biotherapeutics®®. There are four subclasses of I1gG; 1gG1,
IgG2, IgG3 and IgG4, named in order of relative abundance in plasma, with 1gG1 being the
most abundant. The subclasses differ according to their amino acid sequence in the constant
region of the heavy chains, including differences to the number and location of disulphide
bonds®® and the length of the hinge region®. IgA is the main antibody found in bodily
secretions (e.g. tears, saliva and mucus). IgM is the largest antibody and remains in the
blood to destroy bacteria. IgD is membrane bound on B cells, and IgE, although found only in

trace amounts in blood, triggers allergic responses.

In developing therapeutic proteins such as monoclonal antibodies, it is essential that full
protein characterisation is carried out to establish critical quality attributes. These are the
aspects of the therapeutic that could affect the stability, efficacy, shelf-life, bioavailability,
etc. For example, the number and location of disulfide bonds affect the folding, shape and
stability of the protein®®’ which, if changed, may mean that the protein is unable to perform
its intended function. The secondary structure of a protein, made up of a-helices and B-
sheets, folds and holds together by non-covalent interactions to give the tertiary protein
structure. Changes to conformation and folding, essential for protein function, can be
monitored by methods such as circular dichroism®®. Unpaired cysteines can cause
intermolecular binding and aggregation®®, which can affect solubility and immunogenicity
(the ability to induce an immune response).

24028 " ysing LC-MS, is carried out for

In addition, peptide mapping/fingerprinting analysis
quality control between batches. In addition peptide mapping is used for monitoring protein
degradation, which can happen over time in storage, through handling in sample
preparation, and due to changes in pH and temperature. In addition, in the early stages of

drug development degradation profiles can be established through forced/accelerated
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242

degradation studies to help select suitable drug candidates and in formulation

development. Common protein degradation/modifications include oxidation of

243244 and deamidation of asparagine®® to succinamide, which can then undergo

methionine
hydrolysis to form aspartic and isoaspartic acid**>**. These changes can also be monitored

by isoelectric focussing®’ and SDS-PAGE.

Glycosylation profiling is important, as the structures present influence efficacy of the drug,

19,20

stability™", solubility, the half-life of the drug (oligomannose glycans are associated with

21,22

faster clearance from serum than other glycans) and therefore affect dosing. Glycans can

248,249,250

also affect immunogenicity and even though glycans are usually found in the Fc

251

region of an IgG they can sometimes be found in the Fab region, as reported for IgA™", and

can therefore influence antigen binding. Sialylated glycans are known to have an anti-

252

inflammatory effect™, and it has also been shown that high levels of sialylation correlate

with lowered affinity for Fc receptors and reduction in antibody-dependent cell-mediated

cytotoxicity”>.

Analysis of glycoproteins, glycopeptides and glycans is typically carried out using a
combination of methods including mass spectrometry or high performance liquid
chromatography combined with mass spectrometry, and can require sample preparation
such as labelling and derivatisation. Mass spectrometry is good for characterising glycan or
peptide compositions, and can be used to determine structure using tandem mass
spectrometric methods. It is particularly appropriate for glycosylation site analysis®**, glycan
sequencing, and assignment of the location of branching. What mass spectrometry cannot
readily do is distinguish between the isomeric hexose units glucose, galactose and mannose,
or the N-acetylhexosamines (N-acetylglucosamine and N-acetylgalactosamine), nor is it the
method of choice for determining anomericity or routinely assigning linkage position in

glycan chains.
NMR is useful for identifying glycan linkages, stereochemistry and anomericity, and can be
very powerful in combination with mass spectrometric methods to provide complementary

information®®.

Tools are needed to assess the reproducibility of glycosylation in batches of biologics to help

determine the glycans that tend to vary in population between batches. Schubert et al**
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recently published an approach for intact glycoprotein analysis of the monoclonal antibody
Cetuximab, using a suite of 2D-NMR experiments. Combining this set of experiments
allowed establishment of monosaccharide connectivities and types of glycosidic linkages,
based on chemical shifts and magnitudes of J-couplings. In addition, Wiegandt et al*’
described a method for analysis of PNGase F released N-glycans using LC-MS/MS combined
with 1D "H-NMR. They used only 60 g of protein, not enough for 2D NMR but this amount
is enough for 1D NMR, which is more sensitive. Analysis was carried out using three

258,255

dimensional cross coupling correlation , enabling them to distinguish glycans which

differed only in the branching position of one monosaccharide.

The aim of the work described in this chapter was to apply the approach of Schubert®® for
analysis of an intact glycoprotein to an IgG at BMS, and extend this to a tryptic digest, as well
as to the N-glycans released and isolated from the glycoprotein using FANGS™*, for analysis
by a suite of 2D-NMR techniques. The proposal was that performing 2D NMR would
eliminate the need for prior chromatographic separation of the glycans as carried out by

1>, An additional aim was to investigate the use LC-MS/MS combined with

Wiegandt et a
NMR as described by Wiegandt et al, but to use Schubert’s 2D NMR instead of 1D NMR
approach for more detailed structural information. Matlab software was to be investigated

to separate spectra for similar but distinct glycan structures.

5.2.Nuclear magnetic resonance spectroscopy (NMR)

Protons, electrons and neutrons all carry a fundamental property, spin. Each unpaired
electron, proton or neutron in an atom has a spin, denoted by the spin quantum number |,
of I = %. An NMR spectrum can be generated for nuclei with non-zero spin, most commonly
the proton, 'H (an unpaired proton therefore with a spin of / = %) and the stable carbon
isotope, "*C (an unpaired neutron therefore with a spin of / = %). If the number of neutrons
and protons is even, then the nuclei have no overall ‘spin’ and an NMR spectrum cannot be
obtained. Helium has an even number of both protons and neutrons and therefore their

spins cancel, giving no overall spin, and a NMR spectrum cannot be obtained.

When an external magnetic field (B,) is applied, the spin of the proton, which has a magnetic
moment L, aligns with By either in the lower energy, spin up, state or the higher energy, spin

down, state. The protons can absorb a photon of energy, where the energy is related to its
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frequency, v, by planck’s constant, h, Equation 11, to make a transition from the lower to
the upper energy state when the energy of the photon is in resonance with the energy

difference between the two energy states™”.

Equation 11

The magnetic moment of a nucleus can be described as:

=yl

where J is the spin angular momentum and y is the gyromagnetic ratio. J is quantized and

can only take discrete energy levels:

h
J=mo—

21

where m is the magnetic quantum number and can take the values of — / to /, so for a

nucleus with /=%, m can be +1/2 or -1/2, shown in energy level diagram, Figure 57.

N
E E, 1
—_——m= -
// 2
P4
”
”
(l AE = hv
Mo +1
~ m= _
E, 2

Figure 57: Energy level diagram

The signal observed in an NMR spectrum results from the difference between the energy
absorbed, moving from a lower to a higher energy spin state, and the energy emitted when
moving from a higher to a lower energy spin state. The energy difference can be shown by
Equation 12, where y is the gyromagnetic ratio, a constant for a particular nucleus. The NMR

signal is proportional to the energy difference between the spin states, and because the

138



energy difference is very small, this can produce a weak signal. The signal can be enhanced

by increasing the magnetic field strength and by increasing the sample concentration.

Equation 12:

_ YhBy

AE
21

An NMR experiment does not just measure one spin from one nucleus; it instead measures
many spins, from a number of nuclei. The sum of all the magnetic moments in the nuclei of a

%% that points

molecule is its magnetization, and produces a net magnetization vector
towards the externally applied magnetic field, Bo. To record an NMR spectrum, a
radiofrequency (RF) field pulse is applied perpendicular to the magnetic field*®. Without the
RF field, all the spin packets rotate about the z-axis in the general direction of By, but non-
coherently. When the pulse ends, the nuclei relax and return to their equilibrium positions

and the signal decays.

During the RF pulse, a magnetic field, B, is induced and all the nuclear spins with a frequency
matching this induced magnetic field feel the effect of that field (i.e. they are in resonance
with the RF field). The energy absorbed by the nuclear spins causes transitions from lower to
higher energy and higher to lower energy. The effect of the RF pulse is to bring about
coherence of the spin packets by moving them all to the direction of the pulse, rotating

about the axis of the RF field*®°

, Figure 58a. In doing so this creates sine waves in the
detector, and when the pulse ends the nuclei relax, and the signal decays in a spiral
trajectory, known as free induction decay (FID). The FID is converted to a frequency domain

spectrum by Fourier transformation®”, Figure 58b.
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Figure 58: NMR pulse to signal. a) RF field is applied, inducing B; magnetic field,
perpendicular to B,. b) the induced magnetic field from the RF field creates sine waves at
the detector as B; oscillates about the x,y axis. When the pulse ends the signal decays,
known as free induction decay (FID) and the FID is converted to a frequency domain by

Fourier transformation®®’.

5.2.1. Instrumentation and experimental set-up

An NMR instrument comprises a magnet, a probe, an RF source, amplifiers, analogue/digital
converters, lock and shim systems and a computer system. In the bore of the magnet is a set
of shim coils, and within the shim coils sits the probe. The probe contains the RF coil, sample
spinner and temperature control. The probe accepts the sample, sends the RF pulse to the

samples and detects resulting signals.

Samples for NMR analysis are prepared in a deuterated solvent and should not contain solid
particles as this can affect the homogeneity of the magnetic field. Once the sample is
inserted into the probe, the probe needs tuning to get the most effective detection from the

262

sample. Tuning is achieved by adjusting two capacitors on the RF probe”™~, one being the

matching capacitor and the other the tuning capacitor. The latter changes the resonance
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frequency of the RF coil and the former matches the effective resistance of the loaded probe

to the cable from the spectrometer.

The system then needs to be “locked” to keep the magnetic field stable, to produce a high-
resolution spectrum. A deuterium lock measures the resonance frequency of the deuterium
signal from the solvent the sample is dissolved in, and corrects the magnetic field, By, so that
the resonance of the frequency of the deuterium signal remains constant. Also, the

deuterium lock provides the 6 = 0 reference, so trimethylsilane (TMS) is not required.

Following this, the magnet is “shimmed”. The shim system® is a series of small coils, each of
which has a current running through it, to produce a small magnetic field, to correct for
minor spatial differences in the magnetic field. Differences could arise from variations in the
thickness of the sample tube or sample permeability. A homogenous magnetic field means it

is possible to measure small differences in frequencies and also prevents line broadening.

5.2.2. Chemical shift and spin-spin coupling

When an atom is placed into a static magnetic field By, the electrons of the atom rotate
about the axis of the magnetic field. This creates a current, which then induces a magnetic
field at the nucleus, which opposes the static magnetic field, known as the effective field.
The electron density surrounding each nucleus in an atom of a molecule varies, according to
the types of functional groups/bonds in a molecule. The effective field induced at the
nucleus of different atoms will cause shifts in frequency for the NMR signal, known as
chemical shift. Chemical shift allows magnetically inequivalent nuclei in a molecule to be
distinguished. Nuclei are more exposed to/deshielded from the applied magnetic field by
electronegative neighbouring atoms and will have higher chemical shifts as a result,
measured in ppm. Nuclei are more shielded from the applied magnetic field when the
neighbouring atoms have lower electronegativity and will therefore have a lower chemical

shift.

Nuclei in the same chemical environment are called ‘equivalent’. In a molecule, not all nuclei
are equivalent and so those which are close to each other in space, or through bonding, will
influence the other’s effective magnetic field, known as spin-spin coupling (or J coupling),
resulting in characteristic splitting of the peaks in an NMR spectrum. For example, a proton

that is close to one other non-equivalent proton, through bonding, appears as a doublet
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peak and one that is close to two non-equivalent protons appears as a triplet. The distance
between the split peaks can be measured to give a coupling constant, J. Coupling constants
can be used to provide spatial information about two protons coupling constants are larger
for bonds that are closer together and the value decreases as the bonds become further
away. For example, for vicinal coupling, a coupling through three bonds, if the protons are
axial to each other, they produce a larger coupling constant than two protons that are
equatorial to each other, while geminal coupling (through two bonds) produces a larger

coupling constant than vicinal couplings).

5.2.3. Two-dimensional NMR spectroscopy

Two-dimensional NMR introduces a second frequency axis that allows correlation of the two
frequencies. Firstly a pulse is applied and the resulting magnetisation is left to evolve for a
set time, then a second pulse is applied (the mixing time). After the mixing time, the signal is
recorded by FID followed by two fourier transformations to give a two dimensional
spectrum as a function of two frequencies®®. Homonuclear two-dimensional spectra
correlate frequencies of the same nuclei in the two dimensions, e.g. 'H'H, and contain a
series of peaks along the diagonal, that represents the one dimensional spectrum, in
addition to peaks that sit away from the diagonal, which are known as cross peaks, from
spins that correlate. Heteronuclear two-dimensional spectra contain frequencies of different

nuclei in each of the two dimensions, e.g. "H"C.

5.2.3.1. Total correlation spectroscopy

Total correlation spectroscopy, TOCSY, is a through bond correlation technique and plots
correlations between all protons within a spin system, providing there is coupling between
every intervening proton. This means that correlations can be observed between distant
protons and not just between geminal (through 2-bond) or vicinal (through 3-bond) protons.
This is useful for characterizing the monosaccharide units of glycans. This correlation cannot
be transferred across to an adjacent monosaccharide or neighbouring amino acid in a
peptide because the oxygen atom in the glycosidic bond disrupts the TOCSY transfer.
Transfer steps around the monosaccharide ring can be controlled by altering the spin-lock
time, a pulse sequence that keeps the magnetization in the transverse phase for a specified

period of time. A short spin-lock time gives one to three step transfers. A longer spin-lock
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time can be used to give up to six transfer steps. For example, in galactose resonances are

observed between the anomeric H1 with H3 and with H4, Figure 59a and b, respectively.

a) b)
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Figure 59: ['H'H]-TOCSY. Example of the type of ‘H'H correlations that could be observed
in a ['H'H]-TOCSY experiment for galactose, e.g. a) H1 with H3 and b) H1 with H4.

5.2.3.2. Heteronuclear single quantum correlation

Heteronuclear single quantum correlation, HSQC, determines the single bond correlations
between two different nuclei, e.g. 'H and C. This can be useful for assigning the
correlations between the anomeric carbon and anomeric proton in monosaccharide units to

determine what monosaccharide units are present, Figure 60.

In addition, dept-HSQC can be carried out (where dept is distortionless enhancement
polarisation transfer). The 'H is excited and magnetisation is transferred to carbon. This
transfer alters the amplitude and size of the *C signal in relation to the number of 'Hs
directly attached. For example, a CH, resonance becomes a negative signal and a signal for a
carbon with no directly attached 'Hs disappears. This is particularly useful for assigning C6
on a hexose ring, as C6 is a CH,.

OH OH
H

_0
0
HO T
OH

H H
Figure 60: '"H"*C-HSQC. Example of a single bond correlation observed in a ['H'*C]-HSQC

experiment of galactose, for the anomeric carbon with the anomeric proton.
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5.2.3.3. Heteronuclear multiple bond correlation

Heteronuclear multiple bond correlation, HMBC, determines multiple bond correlations
between two different nuclei e.g. *H and "C. This can be useful for assigning the correlations
between the anomeric proton, and a carbon multiple bonds away. This method is useful to
assign carbons around a ring system and to assign linkages across a glycosidic bond in a

glycan, Figure 61.

Figure 61: "H"*C-HMBC. Example of multiple bond correlation in a "H*C-HMBC experiment
of glycans. HMBC can provide linkage information from the anomeric proton to the carbon
at the other side of the glycoside bond on the neighbouring monosaccharide unit. In
addition, HMBC can provide multiple bond correlations of 'H and **C around a single ring

system.

5.2.3.4. Heteronuclear multiple quantum correlation — correlation spectroscopy

'H*C-HMQC-COSY determines bond correlations two bonds apart between two different
nuclei (*H and **C). This is useful for assigning correlations between a carbon and the 'H on
the adjacent carbon, which can offer more confidence when assigning a ring system in

glycans, Figure 62.
OH OH
H

)
\ 0
HO ,.—J‘-\ﬁ// A
H OH
|
H H

Figure 62: "H>*C-HMQC-COSY. Example of the type of correlation that could be observed in

H

galactose, showing the correlation of the anomeric proton with C2 in the ring.
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5.2.3.5. Nuclear Overhauser effect spectroscopy

Nuclear Overhauser effect spectroscopy, 'H'H-NOESY, determines through space
correlations of nuclei that are close in space. This can be used to show the presence of a
HexNAc by NOE of the CH; in the amide acetyl group, with the anomeric proton, Figure 63a.
In addition NOESY can also be used to determine which monosaccharide units are close in
space, for example through interaction of the methyl group on a fucose with a 'H on an

adjacent monosaccharide, Figure 63b.

HO

HO OH

-~

H;C

0
0
/
o;<
NH
HO 0 0
AVaVaVale) 3 HO OH
NH
OH o# |
$ H

Figure 63: "H'H-NOESY. Example of the type of nOes that could be observed on a glycan. a)
the nOe between the CH; in the amide acetyl group of a HexNAc, with the anomeric
proton. b) through space interaction of the methyl group on a fucose with a 'H on an

adjacent monosaccharide.

5.3. Results and discussion

A method has been developed to prepare, from antibodies: the denatured ‘intact’ protein, a
tryptic digest, or enzymatically released N-glycans, for subsequent analysis of the antibody
glycome by NMR. The method makes use of a centrifugal filter as both a simple sample
clean-up device™® and reaction vessel, where the antibody can either be denatured and
then concentrated for NMR analysis of the protein, denatured then treated with trypsin'®

followed by NMR analysis of the tryptic digest, or denatured and treated with PNGase F to
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release the N-glycans, as for FANGS™"". Centrifuging the filter can retrieve the glycans, as the
released glycans pass through the filter membrane and are retrieved in the filtrate, while

proteins are large enough to remain above the membrane and so are retained.

The antibody used for this work at BMS, is an IgG and it is well known that IgGs have one site
of glycosylation”*. Following tryptic digestion, the peptide expected to contain the site of
glycan attachment®* has the sequence EEQYNSTYR, since trypsin cleaves on the carboxyl
side of K or R except when either is followed by P, Figure 64. The four most abundant/ most
common glycans expressed on an IgG consist of oligomannose and complex structures
bearing zero, one or two terminal galactose units. The oligomannose structure does not

contain a core fucose?>*26%26%266

, Figure 65, and there are no O-glycans.
|
|
|

KTKPREEQYSTYRVVSVLTVLHQDWLNGKEYKCKVSNK

Figure 64: Primary amino acid sequence of the Fc region of the IgG around the

glycosylation site. Red lines depict tryptic cleavage sites. The N, in orange, is the

glycosylation site”*.
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GICNAC-2 GlcNAc-2 GlcNAc-2 GIcNAC-2

Fuc Fuc

GlcNAc-1 GlcNAc-1 GIcNAC-1 GleNAc-1

264,265,266

Figure 65: N-Glycans found in the IgG

Samples of 1gG were prepared for ‘intact’ protein analysis, tryptic digestion and N-glycan
release. Each glycoprotein sample was denatured in 7 M urea/Tris buffer, before reducing
and alkylating. The 7 M urea was carefully diluted to 2 M urea, with 50 mM ammonium

bicarbonate. Careful dilution was needed to maintain the protein in solution while reducing
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the concentration of urea sufficiently to avoid denaturing trypsin or PNGase F for carrying
out tryptic digestion or N-glycan release. The sample for intact protein analysis was
concentrated in the filter unit and then was ready for NMR analysis. The tryptic digest and

the released N-glycans were purified using SPE prior to NMR analysis.

The released N-glycans were subjected to a suite of 2D NMR experiments to characterise
them. Experiments carried out were ['"H"*C]-HSQC, ['H**C]-dept-HSQC, [*H'H]-TOCSY, [*H"*C]-
HMBC, [*H'H]-NOESY, [*H"*C]-HMQC-COSY, and [*H'H]-dgf-COSY. Results depicted in tables

5-12 show the assigned chemical shifts from the released N-glycan spectra.

Firstly, the [*H™*C]-HSQC data for the denatured intact protein, tryptic digest and released
glycan samples were compared. It is clear that the released glycan data show the simplest
spectra as there is no longer interference from peaks that correspond to the amino acids/
peptides. The section of the spectra that offers the easiest characterisation of the glycans is
the anomeric region, with 'H chemical shifts between & = ~4.4-5.5 ppm and “*C chemical
shifts between 6 = ~80-110 ppm. The anomeric region reveals the resonances indicating the
connection between the anomeric carbon and the 'H on the anomeric carbon, and gives well

resolved peaks that are not masked by peptide/protein signals, Figure 66.

A closer inspection of the anomeric region of the [*H"*C]-HSQC spectra reveals well resolved
peaks in all three spectra: intact protein, tryptic digest and released N-glycans. Assignments
for each of the anomeric 'H and C peaks on fucose, galactose, N-acetylglucosamine and
mannose were established, Figure 67, with the help of a ‘glycosciences’ chemical shift

predictor®®’

, the data from which are presented, with the assignments, in tables 1-8. In most
instances the chemical shifts obtained were well matched with the predicted chemical shift,
with the exception being for GIcNAc-1. This gave a higher than expected anomeric 'H
chemical shift and a much lower than predicted *C chemical shift. From the HSQC data, the
methyl from fucose and the methyl of the acetyl group in GIcNAc were identified easily from
the glycan spectra, Figure 68, and although they could also be identified for the protein and

peptide HSQC data, the peaks were not as well resolved.
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Figure 66: 'H*>*C-HSQC NMR spectra of the denatured intact protein, tryptic digest, and
released N-glycans. The anomeric region, depicting the *H**C correlations between the

anomeric carbon and the anomeric proton, is circled.
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Figure 67: 'H*C-HSQC NMR spectra of the denatured intact protein, tryptic digest, and

released N-glycans, expanded in the anomeric region.
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Figure 68: 'H'*C-HSQC NMR spectra, showing the methyl/acetyl group region, of the

denatured intact protein, tryptic digest, and released N-glycans.

TOCSY experiments were carried out to help determine the 'H-"H correlations around each
ring system. TOCSY with a short mixing time (13 ms) gives correlations of atoms 2-3 bonds
apart and TOCSY with a long mixing time (120 ms) can reveal correlations between atoms up
to six bonds apart. TOCSY spectra are much more complex than a [*H"C]-HSQC spectrum
and so to begin with it was easier to analyse the glycan spectra (rather than the peptide or
protein spectra) as this offers the simplest data, to make assignments easier. Focusing on
the anomeric region of the TOCSY spectra (short and long mixing times), a series of "H'H
cross peaks are observed for protons around each ring system correlating with the anomeric
'H. Some signals are well resolved and others merge together, making full assignments of all

the ring systems a difficult task without using additional experimental data.

In the short mixing time TOCSY there are up to two peaks present that align with each of the

anomeric protons, Figure 69. These same signals are present in the long mixing time TOCSY
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spectrum along with additional signals, Figure 70. This suggests that the peaks present in the
short mixing time spectra can be assigned to H2 and H3 for each ring system, although this
would need to be confirmed by additional experiments. For galactose, there are peaks at §
3.53 ppm and & 3.66 ppm in the 13 ms TOCSY spectrum. These also appear in the 120 ms
TOCSY spectrum, in addition to a peak at 6 3.91 ppm. This suggests that, and because of the
predicted chemical shifts, the cross peak connecting the signals at 4.46/3.53 ppm is that for
'H-1 to 'H-2 correlation on the galactose ring, and the cross peak at & 4.46/3.66 ppm is for
'H-1 to 'H-3 correlation on the galactose ring. There are well resolved signals for the ‘H-'H
correlations around GIcNAc-1, allowing assignments to be made for resonances of *H-1 with

'H2-'H6, Figure 70.
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Figure 69: TOCSY short mixing time (13 ms) showing assignments of the anomeric protons

of the released N-glycans with other protons around each monosaccharide ring system.
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Figure 70: "H'H-TOCSY long mixing time (120 ms) showing 'H'H correlations of anomeric

protons, of released N-glycans, with protons around each monosaccharide ring system.

After assigning all of the anomeric protons using "H*>C-HSQC, peaks corresponding to C2-H2,
H1-C2 and H2-C1 correlations of each monosaccharide were investigated using "H"*C-HMQC-
COSY, ‘H'H-dgf-COSY, and 'H**C-dept-HSQC. The method of assignment is illustrated using
fucose and GIcNAc-1. For example, a cross peak in the 'H**C-HMQC-COSY data at 4.88/71.01
ppm shows the interaction between the anomeric proton of fucose with C2 of fucose, in
addition to showing a cross peak in the *H**C-dept-HSQC spectrum at 3.78/71.01 ppm for
the interaction of H2 of fucose with C2 of fucose. The *H'H-dqgf-COSY spectrum confirms
correlation between anomeric fucose proton with its H2, Figure 71 and Figure 72. A second
example shows evidence for H1C1 to H2C2 correlations of GIcNAc-1. A cross peak in *H**C-
HMQC-COSY at 5.17/56.39 ppm shows the interaction between the anomeric proton of
GlcNAc-1 with C2 of GlcNAc-1, in addition to showing a cross peak in the 'H**C-dept-HSQC
spectrum at 3.89/56.39 ppm for interaction of H2 of GIcNAc-1 with C2 of GIcNAc-1. The
'H'H-dqf-COSY spectrum confirms the H1-H2 correlation between the anomeric GlcNAc-1

proton with its H2, Figure 73 and Figure 74.
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Figure 71: Evidence of connectivity between fucose H1C1l with fucose H2C2, using a
combination of 'H*C-HMQC-COSY, 'H"3C-dept-HSQC and 'H'H-dqf-COSY. Cross peaks are

indicated by the intersecting lines.
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Figure 72: Evidence of connectivity of H1C1 of GIcNAc-1 to H2C2 of GIcNAc-1, using a
combination of *H**C-HMQC-COSY, *H**C-dept-HSQC and *H'H-dqf-COSY.
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Figure 73: Evidence of connectivity of H1C1 of GIcNAc-1 to H2C2 of GIcNAc-1, using a

combination of 'H*C-HMQC-COSY, 'H*3C-dept-HSQC and 'H'H-dqf-COSY. Cross peaks are

indicated by the intersecting lines.
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Figure 74: Evidence of connectivity of H1C1 of GIcNAc-1 to H2C2 of GlcNAc-1, by *H**C-
HMQC-COSY, 'H**C-dept-HSQC and 'H'H-dqgf-COSY.

To determine the linkages between the monosaccharide units, an [*H>C]-HMBC experiment
was carried out. Three of the four glycans in the IgG show Fuc-GIcNAc in a 1-6 linkage. To
determine this linkage between fucose and GIcNAc, NMR spectra from the 'H“C-HMBC,
'HC-dept-HSQC, 'H'H-NOESY and 'H'H-TOCSY experiments were compared. The ‘H™C-
HMBC spectrum revealed a cross peak at 4.88/72.30 ppm for the correlation of the
anomeric proton of fucose with what would be expected to be the C6 of GIcNAc. Looking
also at the anomeric carbon of fucose, a cross peak was identified at 102.30/3.78 ppm for
the H1-H6 correlation with H6 of GlcNAc. 'H™C-dept-HSQC revealed a cross peak at
3.78/72.30 ppm for the CH, group of GIcNAc (in pink). The proton resonance peak at 3.78
ppm for H6 of GIcNAc also aligns with an nOe cross peak, showing spatial connectivity with
the anomeric proton of fucose, along with the cross peak in *H*H-TOCSY which confirms the

correlation with GIcNAc, Figure 75 and Figure 76.

A cross peak showing the linkages between GIcNAc-2 and GIcNAc-1 as a 1-4 linkage was
identified at 103.72 ppm for the anomeric carbon of GIcNAc-2, and 3.78 ppm for the H4 of
GIcNAc-1. However, there was no cross peak to show interaction of the GIcNAc-2 anomeric
'H and GIcNAc-1 C4. In addition, there was no other cross peak in the HMBC data that could

show the connectivity between any of the other glycan units.
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show the Fuc(1-6)GIcNAc-1 linkage.

Figure 75
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Figure 76: Comparison of ‘H*C-HMBC, ‘H"*C-dept-HSQC, 'H'H-NOESY and 'H'H-TOCSY to
show the Fuc(1-6)GIcNAc-1 linkage.

Since GIcNAc contains an acetamide methyl group, described in the earlier HSQC data, this
feature can also be used to try to distinguish between different GIcNAcs using NOESY, which
detects through-space connectivity. Figure 77 shows an expanded region of the NOESY
spectrum connecting GlcNAc-methyl resonances with anomeric proton resonances. The
NOESY spectrum shows a cross peak at 5.17/2.03 ppm, for the nOe between the anomeric
proton of GlcNAc-1 with "H from the methyl group of GIcNAc-1. There is a cross peak from
the nOe between the anomeric ‘H of fucose with the methyl of GIcNAc-2 (4.88/2.08 ppm),
as well as the nOe for GIcNAc-2’s anomeric ‘H with its methyl 'Hs (4.64/2.08 ppm), Figure
78. In addition, there are cross peaks for an additional GIcNAc between its anomeric proton
and methyl group, as well as well as two cross peaks for nOes of mannose with GIcNAc,
although it cannot be unambiguously be determined which one is for the oligomannose

glycan and which one is for the complex glycan.
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Figure 77: "H'H-NOESY spectrum showing nOe cross peaks connecting GIcNAc-methyl

resonances with anomeric proton resonances, from Fuc, Man and GIcNAc.
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Figure 78: 'H'H-NOESY interactions connecting the GIcNAc-methyl with anomeric proton

from a) Man, b) Fuc and c) GIcNAc.
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After assigning all the anomeric carbons and protons C1-C3 and H1-H3 of each of the glycan
monosaccharide units as well as the second and third carbons and protons around each of
the monosaccharide ring systems using ‘H'H-TOCSY, the 'H'H-TOCSY data were compared
with those from 'H"*C-dept-HSQC to establish connectivities for the H6-C6 correlations with
the anomeric 'H. In 'H"C-dept-HSQC all of the CH, peaks, important for the C6H6
correlations, are inverted and are shown in pink, Figure 79. Only a few ‘H'H-TOCSY peaks
could be assigned unambiguously. For GIcNAc-1, there is a cross peak for the H6-H1
correlation in TOCSY that lines up with the cross peak for the C6-H6 correlation in dept-
HSQC, at 3.7 ppm. In addition, there is a cross peak for the H6-H1 correlation in TOCSY that
lines up with the C6-H6 correlation in dept-HSQC at 3.87 ppm.

All the assignments that have been made are summarised in tables 6-13, showing clearly
that it is a difficult and laborious task to assign such complex NMR data manually and
completely. Fucose and GIlcNAc-1 have full assignments of all carbon atoms and protons in
the ring systems, whereas only partial assighment was possible for the remaining
monosaccharides. Some assignments, although known to be for a GIcNAc or mannose,
cannot be unambiguosuly identifed as to which mannose or GIcNAc it is for a particular
glycan structure (e.g. is it a mannose in the oligomannose, or in one of the complex
glycans?). In spite of not completing the assignments, each monosaccharide type that was
present was identified. For example, there were cross peaks among the NMR spectra that
were due to the presence of GIcNAc, galactose, fucose and mannose. ldentifications of the
core fucosylated glycans were established through HMBC, and NOESY helped to determine
the close in space connection between a mannose and a GIcNAc. Since there were cross

peaks missing in the HMBC spectrum complete structural assignments were not possible.
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Figure 79: 'H'H-TOCSY and 'H**C-dept-hsqc to show H6C6 connectivities with the anomeric

proton.
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Table 6: Assignments of fucose *H and **C resonances confirmed by matching cross peak
patterns in [*H**C]-HSQC, ['*H**C]-HMBC, [*H'H]-TOCSY, ‘H**C-dept-HSQC, *H'H-NOESY,
'H3c-HMQC-COSY, ‘H'H-dgf-COSY.

H/Bc Glycoscience chemical shift | measured chemical shifts
number | predictor

'H Bc 'H Bc
1 4.88 100.02 4.88 102.30
2 3.77 69.05 3.78 71.01
3 3.89 70.35 3.89 72.17
4 3.81 72.83 3.80 74.63
5 4.13 67.71 4.10 69.50
6 1.22 16.18 1.20 18.35

Table 7: Assignments of GIctNAc-1 'H and **C resonances confirmed by matching cross peak
patterns in [*H*C]-HSQC, [*H™C]-HMBC, ['H'H]-TOCSY, 'H'*C-dept-HSQC, 'H'H-NOESY,
'H**C-HMQC-COSY, H'H-dqgf-COSY.

H/BC Glycoscience chemical shift | measured chemical shifts
number predictor

H Bc 'H Bc
1 5.07 102.07 5.17 93.28
2 3.85 56.85 3.89 56.39
3 3.75 74.73 4.01 69.82
4 3.66 71.02 3.78 70.94
5 3.58 77.14 3.85
6 3.98 61.84 3.70 72.30
Carbonyl °C | - - - 177.51
Methyl - - 2.04 25.05
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Table 8: Assignments of GIcNAc-2 *H and **C resonances confirmed by matching cross peak

patterns in [*H*C]-HSQC, ['H™C]-HMBC, [‘H'H]-TOCSY, 'H'*C-dept-HSQC, 'H'H-NOESY,

'H3c-HMQC-COSY, *H'H-dgf-COSY.

H/Bc Glycoscience chemical shift | measured chemical shifts
number predictor

'H Bc "H Bc
1 4.64 102.70 4.64 103.72
2 3.32 56.85 3.77 57.68
3 3.74 74.73
4 3.60 71.02
5 3.59 77.14
6 3.92 61.84 3.87 62.41
Carbonyl - - -
13C
Methyl - - 2.09 25.06

Table 9: Assignments of galactose *H and *>C resonances confirmed by matching cross peak

patterns in [*H*C]-HSQC, ['H*C]-HMBC, ['H'H]-TOCSY, 'H**C-dept-HSQC, 'H'H-NOESY,

'H3c-HMQC-COSY, ‘H'H-dgf-COSY.

H/8c Glycoscience chemical shift | measured chemical shifts

number | predictor
'"H  chemical | ®C chemical | 'H chemical shift B3¢ chemical shift
shift shift

1 4.47 103.75 4.46 105.67

2 3.53 72.17 3.53 73.74

3 3.68 73.72 3.66 73.70

4 3.92 69.63 3.91

5 3.68 76.37 3.66 75.28

6 3.75 62.33
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Table 10: Assignments of Man-z 'H and **C resonances confirmed by cross peak patterns in

[*H*3C)-HSQC, [*H™C]-HMBC, [*H'H]-TOCSY, 'H™*C-dept-HSQC, ‘H'H-NOESY, ‘H*C-HMQC-

COSY, 'H'H-dqgf-COSY.

H/Bc Glycoscience chemical shift | measured chemical shifts

number predictor
'"H chemical | ®C chemical | 'H chemical shift B¢ chemical shift
shift shift

1 4.77 103.80 4.76 103.25

2 4.24 71.80 4.24 72.92

3 3.77 71.90

4 3.80 68.40

5 3.66 74.90

6 3.71 62.60

Table 11: Assignments of Man-y "H and “3C resonances confirmed by cross peak patterns in
[*H**C)-HSQC, [*H™C]-HMBC, [*H'H]-TOCSY, 'H™*C-dept-HSQC, ‘H'H-NOESY, '‘H*C-HMQC-
COSY, 'H'H-dqgf-COSY.

H/BC Glycoscience chemical shift | measured chemical shifts

number predictor
'H chemical | ®*C chemical | H chemical shift B¢ chemical shift
shift shift

1 4.92 99.10 4.92 99.66

2 4.11 77.70 4.10 79.10

3 3.89 70.95 3.89

4 3.49 68.57 3.49

5 3.62 74.32 3.61

6 3.62 62.78 3.61
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Table 12: Assignments of Man-x 'H and **C resonances confirmed by cross peak patterns in

[*H*3C)-HSQC, [*H™C]-HMBC, [*H'H]-TOCSY, 'H™C-dept-HSQC, ‘H'H-NOESY, 'H*C-HMQC-
COSY, 'H'H-dqgf-COSY.

H/8c Glycoscience chemical shift | measured chemical shifts
number predictor

H Bc 'H Bc
1 5.11 101.50 5.11 102.32
2 4.06 77.70 4.18 79.17
3 3.90 70.95 3.90
4 3.51 68.57 3.49
5 3.75 77.70 3.74
6 3.62 62.40 3.61 64.38

Table 13: Assignments of GIcNAc-x/y (terminal? on Gal?) 'H and **C resonances confirmed

by cross peak patterns in [*HC]-HSQC, ['*H™C]-HMBC, [*H'H]-TOCSY, 'H"*C-dept-HSQC,

'H'H-NOESY, *H*C-HMQC-COSY, *H'H-dqf-COSY.

H/BC Glycoscience chemical shift | measured chemical shifts

number predictor
'"H chemical | ®*C chemical | H chemical shift B¢ chemical shift
shift shift

1 4.59 101.2 4.55/4.58 102.34

2 3.75 56.52 3.69/3.73 58.10/57.57

3 3.69 73.58 3.70

4 3.70 80.16 3.72 81.15

5 3.58 76.30 3.55

6 3.83 61.54 3.91/3.97 64.39/62.70
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5.4.Conclusions and future work

A FANGS-based'*" approach was successfully applied to preparation of an IgG for N-glycan
release, in a centrifugal filter, for 2D-NMR glycomic analysis, and to potentially use it as a

fingerprinting tool to monitor glycan profiles in batches of biotherapeutic.

Assignments of the remaining glycan peaks is time consuming and difficult especially in the
crowded regions of the NMR spectra. In NMRview, the software used to analyse the data,
there are slidertools which allow the predicted glycan chemical shifts to be imported and
enables matching of the predictions with the cross peaks in each of the NMR spectra.
Luciano Mueller at BMS is aiming to build a database of the glycans in the mixture in the
program XPLOR. Currently, not all of the carbohydrate rings exist in the XPLOR library and
therefore these need building in. Having a database to use in line with NMRview would
make interpreting spectra of complex glycan mixtures much easier, as the assignments

made in this work using a sample containing only four glycans was not straightforward.

The concentrated samples of the tryptic peptide mixture are now being fractionated by
HPLC at BMS so that both NMR and mass spectrometric data on the glycans can be
collected. The aim is that the fraction containing the peptide with the glycans attached can
be analysed by NMR, rather than as here analysing the entire peptide mixture. This should
eliminate urea contamination and simplify the spectra to make glycan assignments easier. In
addition, once both the NMR and LC-MS data are collected, they can be correlated using

258,255,257 t

Matlab software using a recently developed three dimensional cross correlation o

help separate isomeric glycoforms.

What also needs to be done now is to test the fully developed method on different batches
of the IgG to see whether it is a useful tool to establish small differences in batches and
whether fingerprints can be generated to help with semi-automated bath quality control. If
the fingerprinting works then it may not be necessary to make complete assignments of all
the glycans. In addition, testing the method on different antibodies containing different
glycans such as sialylated, more complex mixture of glycans or even those that may also

contain O-glycans could be useful to test the robustness of the method.
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Chapter 6: Demonstration of the
potential of the one-pot method to
study glycosylation, and to monitor
changes to glycosylation, in
experimental cellular systems
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6. Demonstration of the potential of the one-pot method to study glycosylation, and to

monitor changes to glycosylation, in experimental cellular systems.

6.1.Mesenchymal stromal cells (MSCs)

Mesenchymal stromal cells, usually derived from bone marrow, are heterogeneous
populations of cells which contain varying levels of different cells that have the ability to

differentiate (change from one cell type to another) into adipocytes, chondrocytes,

268,269

osteoblasts and myoblasts to make fat, cartilage, bone or muscle tissue . Some cells in

the heterogeneous mixture are able to differentiate into all lineages, others can only
differentiate into one or two and some cannot differentiate at all. Stem cells, including bone
marrow-derived stem cells, can migrate through the blood to damaged tissues/organs for

repair following injury. Damage can also occur to stem cells through genetic alterations with

age”®”’! that can lead to degenerative disorders (e.g. of brain’’?, eye, bone®”* and muscle),

274,275

cardiovascular disease , and cancer. The ability of stem cells to differentiate into

different cell types means there is a potential use of MSCs in regenerative medicine?’®*""*%,
cell replacement®”® and in tissue engineering®®. This could be achieved by transplantation of
MSCs or even stimulating patient stem cells using growth factors to treat disorders such as
osteoporosis and osteoarthritis. Studying what influences differentiation may help to
identify novel targets that can be manipulated to influence stem cell behaviour.

In investigating what influences differentiation, studies have used gene profiling”"*%,

3

proteomics®® and transcriptomics®®®, but it is also known that there are changes to

285,139

glycosylation upon cellular differentiation There are glycoproteins on the surface of

MSCs and it is known that glycans affect protein function, suggesting that glycosylation

281-139 all use

could play an important role in MSC differentiation. These published studies
primary cells that are by nature heterogeneous and so they do not necessarily all behave the
same way on differentiation and so are not ideal to use to assess the functions of glycans in
differentiation. In addition, primary MSCs are limited in the number of times they can divide
in culture and therefore this limits the number and depth of studies into functionality that
can be carried out. In addition, some studies using mass spectrometry to look into the
function of glycosylation in differentiation do not include permethylation of the glycans

91,139

before analysis by mass spectrometry . This is likely to undermine the accuracy of

quantification of relative abundances”, due to the well-documented lability of sialic acid
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groups in positive mode, and the over-representation of sialylated species in negative mode

analysis, as well as the poorer sensitivity of detection without permethylation®.

MSCs used in the studies presented in this thesis have therefore come from a cell line
immortalised using human telomerase reverse transcriptase to give h-TERT-MSCs**°. Where
normally cells would not proliferate/undergo cell division indefinitely and therefore cease to
divide after a particular number of divisions (known as replicative senescence), immortalised
cells can continue to divide for more much longer periods in vitro. The cells are derived from
a single donor, removing the heterogeneity of the cellular population for a more reliable
comparison of changes in glycosylation. Two cell lines have been used, Y201 h-TERT-MSCs
and Y101 h-TERT-MSCs. The Y201 cell line is capable of differentiating into both adipocytes
and osteoblasts, whereas the Y101 can differentiate into osteoblasts but has limited ability
to differentiate into adipocytes. Since MSCs can easily be grown in culture they are also
useful to use as models for congenital disorders of glycosylation and to help to gain further
understanding of glycan biosynthesis by comparing wild-type MSCs with those that have

genetic modifications targeted to the COG complex, to study differences in glycan profiles.

Profiling of N-glycans from MSCs has been investigated and reported in the literature. N-
glycan profiling of the immortalised cell lines Y201 and Y101 has been investigated by a

%7 However, there has to date

former PhD student from the Ungar group, Katherine Wilson
been no analysis of the O-glycan profile of these cells to see if the O-glycans play a role in

differentiation, and if the glycan profiles change after genetic modification of the cell lines.

6.2. Data analysis

All mass spectrometric data collected in this chapter of work was acquired using MALDI-FT-
ICR. All glycan samples were pertmethylated before analysis. Glycan assignments have been
confidently assigned based on their mass accuracies, which, for the majority were all below
1 ppm, and also from the knowledge of possible O-glycan structures produced by the O-
glycan biosynthetic pathway. All glycan samples were spiked with an internal standard,
deuteropermethylated maltotetraose, to carry out relative quantification of the glycans to
test whether there were relative quantitative differences in the glycan profiles of compared
glycan sample sets. The relative abundance was calculated by comparing the peak intensities

of each of the O-glycans with peak intensity of the internal standard, and the relative
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abundance was expressed as a percentage. Statistical analysis was carried out using a T test
with Holm Sidak post-hoc test (* for P = < 0.05, ** for P = < 0.01 and *** for P = < 0.0001).

6.3. O-glycans of Y201 and Y101 MSCs

The developed O-glycan release method was applied to proliferating wild-type Y201 and
Y101 MSCs, to see if O-glycans could be detected and identified. Cells were grown in a 10 cm
culture dish until just under confluency, before being harvested. MS analysis of the
subsequently released O-glycans revealed signals at m/z 518, 722, 879, 967, 1083, 1141,
1171, 1240, and 1328 for the Y101 cell line and at m/z 518, 722, 879, 926, 967, 1083, 1141,
1240, 1328 and 1345, for the Y201 cell line, Figure 80a and b respectively and Table 14.

On comparing the resulting glycan profiles for each of the cell lines, Y201 had three O-
glycans that were significantly higher in abundance than in the Y101 cell line, Figure 81.
***) and

Hex,HexNAc,Fuc, (P = < 0.0001 ***), Table 15. These differences in the abundance of O-

These were Hex,HexNAc; (P 0.0028 **) HexsHexNAc; (P = < 0.0001

glycans could perhaps be attributed to the different potentials of the two cell lines to

differentiate.
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Figure 80: MALDI-FT-ICR mass spectrum of permethylated O-glycans released from a) Y101
and b) Y201 MSC cell lines. All glycans ionised as [M + Na]".
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Table 14: List of O-glycans identified from Y201 and Y101 MSC cell lines, showing the mass

accuracy
glycan calculated Y201 WT Y201 Y101 WT | Y101 WT
composition m/z average WT average mass
measured mass measured | accuracy
m/z (n=5) | accurac | m/z (n=5) (ppm)
y (ppm)
Hex;HexNAc; 518.2572 518.2571 -0.12 518.2570 | -0.41
Hex,HexNAc; 722.3569 722.3568 -0.19 722.3567 | -0.32
Hex;HexNAc;NeuAc,; | 879.4304 879.4301 -0.40 879.4304 | 0.05
926.4567 926.4559
HexzHexNAc; -0.87 - -
Hex,HexNAc, 967.4833 967.4826 -0.72 967.4826 | -0.75
Hex,HexNAc;NeuAc,; | 1083.5306 | 1083.5299 | -0.63 1083.5307 | 0.12
Hex,HexNAc,Fuc, 1141.5725 1141.5714 -0.95 1141.5744 | 1.64
HexzHexNAc, 1171.5831 - - 1171.5830 | -0.12
Hex;HexNAc;NeuAc, | 1240.6045 1240.6034 -0.88 1240.6032 | -1.04
Hex,HexNAc,NeuAc; | 1328.6569 | 1328.6535 | -2.53 1328.6561 | -0.59
HexsHexNAc,Fuc; 1345.6723 | 1345.6726 | -0.22 - -

Table 15: P values for significant differences between Y201/Y101 WT O-glycan levels.
Statistical analysis carried out by T test with Holm Sidak post-hoc test. ns = not significant

glycan
composition

P values for significant differences between

Y201 and Y101 WT O-glycans (n=5)

Hex;HexNAc;

ns

Hex,HexNAc;

0.0028

Hex;HexNAc;NeuAc,

ns

HexzHexNAc;

<0.0001

Hex,HexNAc,

ns

Hex,HexNAc;NeuAc;

ns

Hex,HexNAc;Fuc,

<0.0001

HexzHexNAc,

ns

Hex;HexNAc;NeuAc,

ns

Hex,HexNAc,NeuAc;

ns

HexsHexNAc,Fuc,

ns
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Figure 81: Comparison of the O-glycan profiles of the Y201 and Y101 wild-type (WT) MSCs.
Relative abundance calculated by calculating each glycan signal as a percentage of the

spiked internal standard signal. P = * < 0.05, ** < 0.01, *** < 0.001.

To confirm the presence of O-glycans, tandem mass spectrometry was carried out. Three
examples of tandem mass spectrometry data are shown in Figure 82 - Figure 84. The first is a
HCD product ion mass spectrum for NeuAc;Hex;HexNAc,; (m/z 879). The spectrum shows
diagnostic B and Y fragment ions of a sialic acid attached to a hexose unit, shown by Y, at
m/z 504, Y, at m/z 300 and B, at m/z 398. The second is a HCD product ion mass spectrum of
NeuAc,Hex;HexNAc, (m/z 1240). The spectrum shows diagnostic Y and B ions for the
presence of two terminal sialic acids, shown by Y,,/Y1 at m/z 865, along with B,,/Bg at m/z
398. The third shows the CID product ion spectrum of NeuAc;Hex,HexNAc, (m/z 1328). The
spectrum shows diagnostic fragment ions for a terminal sialic acid unit, glycosidically linked
to a hexose unit, shown by Y,, at m/z 953, By, at m/z 398 and B,, at m/z 731. In addition, the
B,g at m/z 486 and Y5 at m/z 865 show the second branch of the glycan that contains the

terminal HexNAc and a hexose.
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NeuAc,Hex,HexNAc, (precursor m/z 879).
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Figure 84: CID product ion mass spectrum of permethylated O-glycan, NeuAc,;Hex,HexNAc,
(precursor m/z 1328)

6.3.1. Chemical inhibition of O-glycan biosynthesis

Since the developed O-glycan release method had given such interesting data with the wild-
type MSCs (from Y101 and Y201 cell lines), the cell lines were treated with an O-glycan
biosynthesis inhibitor, benzyl 2-acetamido-2-deoxy-a-D-galactopyranoside (BadGal), for 48
hours. BadGal treatment was carried out to test whether disrupting O-glycan biosynthesis
affected the O-glycan profile of the MSCs and to further test whether the developed O-
glycan release method was able to detect differences between the O-glycan profiles of these
different cell samples following inhibitor treatment.

BadGal is a synthetic analogue of N-acetylgalactosamine®®

and acts as a competitive
substrate of the glycosyltransferase which normally adds Gal to GalNAc to give the T-
antigen, GalB1-3GalNAC®™®. Studies investigating the effects of BadGal on glycan biosynthesis
on mucins have found, using western blotting and ELISA, that after 24 h of BadGal treatment

there was an increase in Tn-antigen (GalNAc-Ser) and an unexpected increase in GalB1-
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3GalNAc, as well as a decrease in sialic acid content®®

. The decrease in sialylation of mucin
O-glycans was found to be caused by in situ B-galactosylation of BadGal, which then acts as a
competitive substrate of GalB1-3GalNAc a2,3-sialyltransferase, seen by the accumulation of
NeuAca2-3Galp1-3GalNAca-O-benzyl in BadGal-treated cells*®®. Another study found that

inhibition of O-glycosylation by BadGal was only partial®".

Katherine Wilson had analysed glycans of BadGal-treated MSCs using lectin staining and flow
cytometry to determine whether the treatment altered glycan biosynthesis. It was found
that after treatment with BadGal there was a significant difference in the binding of the
lectins. Three of the lectins used, peanut agglutinin (PNA), jacalin, and Vicia villosa lectin
(VVL), preferentially bind to structures in O-glycans. PNA binds to Gal-GalNAc (when not
sialylated). Jacalin and VVL bind to GalNAc, and Gal-GalNAc (and can still bind when
sialylated). Sambucus nigra agglutinin (SNA) was also used and binds to NeuAc-Gal, which is
a linkage found in both N- and O-glycans or NeuAc-GalNAc, and is present only in O-glycans.

Details of the lectins used can be found in Table 16.

It was found that PNA binding increased. PNA binds to terminal Gal-GalNAc, and since
binding of this lectin only occurs to unsialylated structures, the increase in binding for PNA
could suggest a decrease in sialylated structures. This result would also suggest that BadGal
treatment results in truncated glycans, as expected. What lectin staining fails to show is

which glycan structures are missing with respect to those in untreated cells.

Table 16: Lectins used for lectin staining, by K. Wilson, for analysis of N- and O glycans

Lectin Binding specificity

Peanut agglutinin (PNA) Gal-GalNAc

(when not sialylated)

Jacalin GalNAc, Gal-GalNAc

(will also bind if sialylated)

Vicia villosa lectin (VVL) GalNAc, Gal-GalNAc

(will also bind if sialylated)

Sambucus nigra agglutinin (SNA) NeuAc-Gal, NeuAc-GalNAc

o [ []
0o 1O 1O
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The proliferating BadGal-treated MSCs were harvested after 48 h treatment and the O-
glycans were released and permethylated. MS analysis revealed O-glycans at m/z 518, 722,

879 and 967, for Y201 and at m/z 518, 879 and 967, for Y101, Figure 85 and Table 17.

On comparing the resulting glycan profiles for each of the wild-type cell lines with those
treated with BadGal, the most noticeable difference was the decrease in the abundance of
sialylated glycans, Figure 86. For both Y201 and Y101 cell lines, Hex;HexNAc;NeuAc; was still
present in the BadGal-treated samples, but the abundance was lower than in the wild-type
samples, with the decrease in the Y101 cell line being significant (P = 0.0461 *), Table 18.
Hex,HexNAc;NeuAc; is not detected in either Y201 or Y101 BadGal-treated samples, but
since this glycan was present at relatively low abundance in the wild-type samples, the
change was not found to be significant. Hex;HexNAc;NeuAc, was also not detected in either
Y201 or Y101 BadGal-treated cells, with the change being significant (P = 0.0001 *** and P =
0.0188 *, respectively), Table 18. For Hex,HexNAc,NeuAc,, which was also undetected in the
BadGal-treated samples from both cell lines, the only significant change was for the Y101
samples (p = 0.0481 *), Table 18, since this glycan was present at relatively low abundance in
the wild-type cells for Y201. A decrease in abundance of sialylated glycans was also reported
for mucins following BadGal treatment®®. For both the Y201 and Y101 cell lines BadGal
treatment resulted in an increase in abundance of T-antigen, also reported using lectin

20 For the Y201 cell line, there was little

staining of mucins following BadGal treatment
difference in the abundance of Hex,HexNAc; and HexsHexNAc,; between the wild-type and
BadGal-treated cells, suggesting addition of a second and third galactose onto GalNAc is not
affected by BadGal treatment. There was also no change in the abundance of Hex,HexNAc;
in Y101 wild-type and BadGal-treated cells. There was a significant increase, for both Y201
and Y101, in Hex,HexNAc, in the BadGal-treated cells compared with the wild-type (P =
0.0016 ** and P = 0.0229 *, respectively). The large increase in abundance of this glycan
could be because the O-glycan structure cannot be extended further, either by the addition
of sialic acids, or by fucosylation; there are no detected fucosylated glycans in the BadGal-
treated samples, shown by a significant decrease in the abundance of Hex,HexNAc,Fuc; (P =
< 0.0001 ***) in the Y201 BadGal-treated sample compared with the wild-type sample, and
no detection of HexsHexNAc,Fuc,. Hex,HexNAc,Fuc; was also not detected in the Y101
BadGal-treated samples, but this glycan was only at low abundance in the wild-type cells and

therefore this was not a significant change. The results reveal that BadGal treatment of

MSCs resulted in truncated O-glycans, with a reduced number of sialylated structures and
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the elimination of fucosylated structures, and also shows that the developed O-glycan

release method has the potential to be applied to monitoring changes to O-glycan profiles

between experimentally comparable cultured MSC cells.
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Figure 85 MALDI-FT-ICR mass spectrum of permethylated O-glycans released from Y201

and Y101 MSCs after 48 h pre-treatment with the O-glycan biosynthesis inhibitor, BadGal.

All glycans ionised as [M + Na]"
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Table 17: List of permethylated O-glycans identified, with their mass accuracies, from Y201

and Y101 MSCs after 48 h pre-treatment with O-glycan biosynthesis inhibitor, BadGal

glycan calculated Y201 Y201 Y101 Y101
composition m/z BadGal BadGal BadGal BadGal
treated treated treated treated
(av. mass (av. mass
measured | accuracy | measured | accuracy
m/z, n=5) (ppm) m/z,n=5) | (ppm)
Hex;HexNAc, 518.2572 518.2571 | -0.11 518.2572 | -0.09
Hex,HexNAc, 722.3569 722.3567 | -0.25 722.3568 | -0.08
Hex;HexNAc;NeuAc; | 879.4304 879.4302 | -0.18 879.4305 | 0.14
Hex,HexNAc, 967.4833 967.4830 | -0.30 967.4834 | 0.06

Table 18: List of P values for the significant differences between Y201 and Y101 WT O-

glycans. Statistical analysis carried out using one-way ANOVA with Holm Sidak post-hoc

test. ns = not significant

glycan Y201 P values for significant Y101 P values for significant

composition difference between WT and difference between WT and
BadGal treated (n=5) BadGal treated (n=5)

Hex;HexNAc, ns ns

Hex,HexNAc; ns ns

Hex;HexNAc;NeuAc; ns 0.0461

HexzHexNAc; ns -

Hex,HexNAc, 0.0016 0.0229

Hex,HexNAc;NeuAc; ns ns

Hex,HexNAc,Fuc; < 0.0001 ns

HexzHexNAc, - ns

Hex;HexNAc;NeuAc, | 0.0001 0.0188

Hex,HexNAc,NeuAc; ns 0.0481

HexsHexNAc,Fuc; ns ns
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Figure 86: Comparison of relative O-glycan abundance between wild-type and BadGal
treated MSCs from two cell lines (Y201 and Y101). Relative abundance calculated by
calculating each glycan signal as a percentage of the spike internal standard. Blue asterisks
are for statistically significant changes to the Y201 cell line and red asterisks are for the

Y101 cell line, where P < 0.05 = *, P < 0.01 = ** and P < 0.001 = ***,

6.3.2. Genetic modification of MSCs: effect on glycan profile

Cog4 knockdown (KD) MSCs (where Cog4 refers to the Cog4 lobe of the COG complex) were
prepared to test whether changes were detectable in the O-glycan profiles when compared
with the wild-type. MSCs were grown in 10 cm culture dishes until just under confluency,
before being harvested. MS analysis of the subsequently released O-glycans identified

characteristic signals at m/z 518, 722, 879, 967, and 1328, Figure 87 and Table 19.

For glycan structures Hex,HexNAc; and Hex,HexNAc, both bearing a terminal galactose,
there is an increase in the relative abundance in the Cog4KD cells compared with the wild-
type cells, Figure 88. This could be attributed to reduced ability to transfer sialic acid to the
galactose in Hex,HexNAc,, since in the Cogd4KD sample, Hex,HexNAc;NeuAc, was not
detected, a significant change when compared with wild-type cells (P = 0.0962 *), Table 20.

However, there is a significant increase in the abundance of Hex;HexNAc;NeuAc,;, (P =
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0.0069 **), Table 20. The large in increase in abundance of Hex;HexNAc;NeuAc; could be

due to reduced ability to transfer a second sialic acid to the growing glycan chain, shown by

the absence of Hex;HexNAc;NeuAc, in the CogdKD sample, a change compared to the wild-

type sample that is significant (P

0.0028 **), Table 20. The fucosylated O-glycan,

Hex,HexNAc,Fuc;, was not detected, although this glycan is only relatively low abundance in

the wild-type sample.
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Figure 87: MALDI-FT-ICR mass spectrum of permethylated O-glycans, released from Y101
Cog4KD MSCs. All glycans ionised as [M + Na]*

Table 19: List of permethylated O-glycans identified, along with their mass accuracies, in

Cog4KD MSCs
glycan calculated | Y101 CogdKD | Y101 CogdKD
composition m/z (av. measured | mass accuracy
m/z,n =5) (ppm)
Hex;HexNAc, 518.2572 518.2571 -0.28
Hex,HexNAc, 722.3569 722.3568 -0.15
Hex;HexNAc;NeuAc; | 879.4304 879.4303 -0.11
Hex,HexNAc, 967.4833 967.4827 -0.58
Hex,HexNAc,Fuc; 1141.5725 - -
HexsHexNAc, 1171.5831 - -
Hex,HexNAc,NeuAc; | 1328.6569 1328.6559 -0.76
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Table 20: P values for significant differences between Y101 wild-type and CogdKD O-
glycans. Statistical analysis used a one-way ANOVA with Holm Sidak post-hoc test.

glycan Y101 P values for significant differences between WT/Cog4KD O-

composition glycans (n = 5)

Hex;HexNAc; ns

Hex,HexNAc; ns

Hex;HexNAc;NeuAc; | 0.0069

HexsHexNAc; -

Hex,HexNAc, ns

Hex,HexNAc;NeuAc; | 0.0962

Hex,HexNAc,Fuc, ns

HexsHexNAc, ns

Hex;HexNAc;NeuAc, | 0.0028

Hex,HexNAc,NeuAc; | ns

HexsHexNAc,Fuc, -

** m Y101 WT
** M Y101 Cog4KD
20 -

15 A

Relative abundance (%)

Figure 88 Comparison of relative abundance of O-glycans between Y101 WT and Cog4KD
MSCs. Relative abundance of glycans were quantified by comparing peak intensities with a
spiked internal standard. Blue asterisks indicate statistically different changes to the

relative glycans. P < 0.05 = *, < 0.01 = **,
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A study by Reynders et al analysed N-glycans in CDG-II patient cells with a mutation in Cog4,
resulting in down regulation of Cog4 expression, and found there was a decrease in

sialylated N-glycans®*

. It has also been reported that in disorders that affect both N- and O-
glycans, sialylation of both glycan types is decreased 2. One study analysed, by mass
spectrometry, O-glycans from serum and plasma samples of patients with mutations in Cog4
and Cog7 and found decreased sialylation of both glycan types. In addition, the first
described example of an in-born error of metabolism affecting both N- and O-glycosylation
reported a decrease in sialylated N- and O-glycans, where the O-glycosylation status was
determined by analysing apoplioprotein C-lll (a protein which is only O-glycosylated), using
isoelectric focussing®®. K. Wilson carried out N-glycan profiling of MSC Cog4KD mutants and
also observed a decrease in sialylation. With lectin staining and flow cytometry, K. Wilson
found there was an increase in PNA binding. PNA binds to terminal Gal-GalNAc, and since
binding of this lectin only occurs to unsialylated structures, the increase in binding for PNA
could suggest a decrease in sialylated structures. All the evidence described above adds
confidence to the results from this O-glycan profiling, that was carried out using only a small

number (~ 1 million) of cultured cells. There is no literature describing changes to O-

glycosylation profiles of Cog4 mutants of MSCs.

6.3.3. Demonstration of the one-pot N- and O-glycan release method to study the N- and
O-glycome of MSCs and to monitor the change to glycosylation between the wild-
type and mutant cell lines.

Since the developed one-pot method was successful on porcine bladder urothelium (chapter
4), the same MSC wild-type and Cog4KD samples that had already had their O-glycans
released, were subsequently treated with PNGase F to release the N-glycans. MS analysis of
the released N-glycans identified glycan signals between m/z 967 — m/z 3054, from the wild-
type MSCs, showing the presence of both oligomannose and complex—type N-glycans. For
the Cog4KD MSCs, N-glycans were identified between m/z 967 — 2396, also showing the

presence of both oligomannose and complex-type N-glycans, Figure 89 and Table 21.
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Figure 90 shows a comparison of the relative abundance of N-glycans from the wild-type and
CogdKD MSC samples. For both samples, oligomannose type N-glycans appear to be the
most abundant species, but the abundance of these glycans is lower in the CogdKD sample
than in the WT sample. In addition, there is an increase in abundance of small glycans
(HexNAc,Hex,, HexNAc,Hex,Fuc,;, and HexNAc,Hex;) for the CogdKD samples, and sialylated
glycans, which are detected in the wild-type MSCs, are not detected in the Cog4KD samples.
There is also a decrease in abundance of complex-type glycans that contain a terminal
galactose in the CogdKD sample. These results are in agreement with data obtained
previously by K. Wilson, who carried out N-glycan profiling of MSCs, and with literature
(discussed above) on O-glycan profiling which showed a decrease in sialylated N-glycans in

Cog4 CDG-Il patients.

Table 21: List of permethylated N-glycans identified, with their mass accuracies, in CogdKD

MSCs

glycan composition calculated Av. mass Av. measured mass
m/z measured | accuracy m/z (n =5) accuracy
m/z(n= | Cogd4KD mass WT WT
5) CogdKD | (ppm) (ppm)
Hex,HexNAc, 967.4833 | 967.4833 | 0.03 967.4826 -0.72
Hex,HexNAc,Fuc, 1141.5725 | 1141.5726 | 0.05 1141.5717 -0.73
HexsHexNAc, 1171.5831 | 1171.5828 | -0.28 1171.5826 -0.40
HexsHexNAc,Fuc, 1345.6723 | 1345.6724 | 0.04 1345.6719 -0.33
Hex;HexNAc, 1375.6828 | 1375.6831 | 0.18 1375.6822 -0.43
HexsHexNAcs 1416.7094 | 1416.7100 | 0.45 1416.7086 -0.58
Hex;HexNAc,Fuc, 1549.7720 | 1549.7361 | -23.18 1549.7352 -23.75
HexsHexNAc, 1579.7826 | 1579.7829 | 0.16 1579.7825 -0.06
HexsHexNAcsFuc; 1590.7986 | 1590.7994 | 0.50 1590.7994 0.48
HexsHexNAc; 1620.8092 | 1620.8101 | 0.54 1620.8093 0.06
HexsHexNAc,Fuc, 1753.8718 | - - 1753.8620 -5.61
HexgHexNAc; 1783.8824 | 1783.8837 | 0.72 1783.8823 -0.08
HexsHexNAc; 1824.9089 | 1824.9092 | 0.14 1824.9089 0.01
HexsHexNAc,Fuc, 1835.9249 | 1835.9269 | 1.08 1835.9263 0.74
Hex,HexNAc, 1865.9355 | 1865.9351 | -0.21 1865.9344 -0.58
Hex;HexNAc;, 1987.9822 | 1987.9834 | 0.61 1987.9831 0.44
HexgHexNACc; 2029.0087 | - - 2029.0086 -0.07
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HexsHexNAc, 2070.0353 | 2070.0365 | 0.59 2070.0340 -0.61
HexgHexNAc, 2192.0819 | 2192.0835 | 0.75 2192.0783 -1.65
HexsHexNAc4Fuc, 2244.1245 | 2244.1268 | 1.03 22441204 -1.83
HexgHexNAc, 2274.1350 | 2274.1397 | 2.05 2274.1379 1.29
HexgHexNAc, 2396.1817 | 2396.1833 | 0.65 2396.1841 1.00
HexsHexNAc,;NeuAc, 2431.2089 | - - 2431.2031 -2.39
HexgHexNACcs 2519.2614 | - - 2519.2586 -1.11
HexgHexNAcsFuciNeuAc,; | 2564.272 - -

Hex;oHexNAc, 2600.2815 | - - 2600.2570 -9.42
HexsHexNAc,Fuc;NeuAc; | 2605.2981 | - - 2605.2952 -1.10
HexgsHexNAc;NeuAc, 2635.3087 | - - 2635.3169 3.12
HexgHexNAcsFuc, 2693.3506 | 2693.3583 | 2.86 2693.3412 -3.50
HexsHexNAc;NeuAc, 2792.3826 | - - 2792.3775 -1.84
HexsyexNAcsFuc,NeuAc; | 2966.4718 | ) 2366.4574 -4.86
HexgHexNAcsFuc;NeuAc; | 3054.5242 | ] 3054.5358 3.81
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Figure 90: Comparison of the relative abundance of permethylated N-glycans in Y101 WT

and Cog4KD MSCs.
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6.3.4. Adipogenesis

To see if changes in O-glycan profiles could be observed between wild-type MSCs and those
that have differentiated into adipocytes, Y201 and Y101 hTERT-MSCs were cultured in either
basal or adipogenic medium for 21 days. The samples in basal medium were prepared for
the purpose of identifying changes to glycan profiles associated with being cultured at full
confluency (proliferating cells were cultured to close to confluency), and to distinguish them
from changes occurring on differentiation into adipocytes. The Y101 cells were treated
similarly to identify changes due purely to being in adipogenic medium for 21 days, as these
have limited ability to differentiate into adipocytes. Some of the Y101 cells do differentiate;

this is because the cell lines were produced from a heterogeneous mix of cells.

On day 21, cells were stained with Oilred O to assess the extent of formation of lipid
droplets and therefore differentiation into adipocytes. Cells cultured in basal medium for 21
days showed no staining as no lipid droplets were formed. Both Y201 and Y101 cells cultured
in adipogenic medium for 21 days showed staining for oil droplet formation, but staining
was less prominent for the Y101 cell line than for the Y201 cell line, Figure 91.

Y101 Y201
Control (Basal medium): Day 21 Control (Basal medium): Day 21

Adipogenic medium: Day 21

Adipogenic medium: Day 21
E N S \.,\ 3 Pk ;
Sig

VR AN £ g

: s atie

Figure 91: Oildred O staining of Y201 and Y101 cell lines after being cultured in either basal
or adipogenic medium for 21 days. Oilred O did not stain the cells in the basal medium. As
cells differentiate into adipocytes lipid droplets form and the Oilred O stains the lipid
droplets red. Y201 differentiate well and form many lipid droplets, Y101 although some

staining is seen differentiation is limited.
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After 21 days, the cells were harvested and the O-glycans were released and permethylated
before analysis by mass spectrometry. For both Y201 and Y101 MSCs cultured in basal media
for 21 days, O-glycans were identified at m/z 518, 722, 879, 967, 1083, 1141, and 1171. For
the adipocytes derived from the Y201 and Y101 MSCs, O-glycans were identified at m/z 518,
722, 879, 967, 1083, 1141, and 1171, plus three additional O-glycan signals at m/z 1328,
1345 and 1689, Figure 92, Figure 93, Table 22and Table 23.

On comparing the difference between the abundance of each glycan in the Y201 MSCs and
the adipocytes derived from them, there is an increase in abundance of Hex;HexNAc,,
Hex,HexNAc;NeuAc; and Hex,HexNAc,Fuc; (P values = < 0.0001 ,0.0120 * and < 0.0001

respectively). In addition, in the adipogenic sample, additional glycans (HexsHexNAc,,
Hex,HexNAc,NeuAc,, Hex;HexNAc,Fuc,, Hex,HexNAc,NeuAc,) appear, which are not present
in the samples cultured in basal medium for 21 days. Statistical analysis of each of these
glycan signals revealed a significant change (P = <0.0001 , 0.0053 *“*, 0.0053 and
0.0081%*), Table 24, Figure 94.

For the Y101 cell line, in contrast to Y201, there is no change in the relative abundance in
Hex;HexNAc, between the cells cultured in basal or adipogenic medium. Also unlike Y201,
there is a decrease in the relative abundance of Hex,HexNAc;NeuAc, (P = 0.0303 *) in Y101
samples. Similarly to Y201 there is a significant increase in abundance of Hex,HexNAc,Fuc;,
HexsHexNAc, and HexsHexNAc,Fuc, (P = 0.0391 *, < 0.0001 ***, and 0.0391 *, respectively),

Figure 94.

For the additional glycans that appear in both the Y201 and Y101 cell lines cultured in
adipogenic medium there is a similar relative abundance in the two cell lines for
HexsHexNAc, and HexsHexNAc,Fuc, but a much higher abundance in the Y201 cell line for
Hex,HexNAc,Fuc;, Hex,HexNAc,NeuAc; and Hex,HexNAc,NeuAc,. It is likely therefore that
those changes that are similar in the two cell lines are due to the cells being cultured in
adipogenic medium, where the change has been induced by the medium, whereas those
changes in the Y201 cell line that are more prominent than in the Y101 cell lines are changes
to the glycans either as a result of differentiation into adipocytes or the glycan changes

enable the cells to differentiate.
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Focusing on the Hex,HexNAc, O-glycan, the addition of fucose to give the increased
abundance of Hex,HexNAc,Fuc; could be due to the up regulation of a specific
fucosyltransferase enzyme that transfers fucose to either the galactose or N-
acetlyglucosamine during adipogenesis. Experiments could be carried out to see if this
biosynthetic enzyme is upregulated during adipogenesis. Fucosyltransferase gene knock-out
could be carried out, followed by adipogenesis to see the affect on the glycan profile, to test

whether Hex,HexNAc,Fuc, is a consequence of, or is required for, adipogenesis .
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Table 22: List of identified MSC permethylated O-glycans (Y201 cell line) and mass

accuracies
glycan calculated | Y201 (basal) Y201 Y201 Y201
composition m/z av. control | adipogenesis | adipogenesis
measured mass av. mass
m/z(n=8) | accuracy measured accuracy
(ppm) | m/z(n=12) (ppm)
Hex;HexNAc; 518.2572 518.2571 -0.12 518.2572 0.01
Hex,HexNAc; 722.3569 722.3567 -0.29 722.3569 -0.01
Hex;HexNAc;NeuAc; | 879.4304 879.4300 -0.48 879.4301 -0.29
Hex,HexNAc, 967.4833 967.4826 -0.69 967.4826 -0.69
Hex,HexNAc;NeuAc; | 1083.5306 | - - 1083.5294 1.07
Hex,HexNAc,Fuc, 1141.5725 | 1141.5712 -0.71 1141.5710 -1.35
HexsHexNAc, 1171.5831 - - 1171.5822 -0.73
Hex;HexNAc;NeuAc, | 1240.6045 | 1240.6024 -1.67 1240.6025 -1.63
Hex,HexNAc,NeuAc; 1328.6569 - - 1328.6555 -1.03
HexsHexNAc,Fuc, 1345.6723 - - 1345.6795 5.34
NeuAc,Hex,HexNAc, | 1689.8306 | - - 1689.8301 -0.30
Table 23: List of identified MSC permethylated O-glycans (Y101 cell line) and mass
accuracies
glycan calculated Y101 Y101 Y101 Y101
composition mass control control | adipogenesis | adipogenes
(basal) mass av. is mass
av. accuracy measured accuracy
measured (ppm) m/z (n=12) (ppm)
m/z (n=8)
Hex;HexNAc; 518.2572 518.25723 -0.17 518.2573 0.12
Hex,HexNAc, 722.3569 | 722.3567 -0.29 722.3569 0.04
Hex;HexNAc;NeuAc,; | 879.4304 | 879.43009 -0.27 879.4302 -0.23
Hex,HexNAc, 967.4833 | 1083.52893 | -0.37 967.4829 -0.40
Hex,HexNAc;NeuAc; | 1083.5306 | 967.48283 -1.11 1083.5298 -0.76
Hex,HexNAc,Fuc, 1141.5725 | 1141.57093 | -1.13 1141.5712 -1.12
HexsHexNAc, 1171.5831 | 1171.58312 | -0.21 1171.5821 -0.88
Hex;HexNAc;NeuAc, 1240.6045 | 1240.60294 | -1.07 1240.6030 -1.23
Hex,HexNAc,NeuAc; | 1328.6569 | - - 1328.6555 -1.08
HexsHexNAc,Fuc, 1345.6723 | - - 1345.6726 0.25
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NeuAc,;Hex,HexNAc, 1689.8306 | - - 1689.8319 0.79

Table 24: List of P values for the significant differences in O-glycan abundance between
Y201 and Y101 MSCs cultured for 21 days in either basal medium or adipogenic medium.

Statistical analysis carried out using one-way ANOVA with Holm Sidak post-hoc test.

glycan Y201 p values for Y101 p values for

composition significant difference significant difference between
between glycan in cells glycan in cells cultured (21 days) in
cultured (21 days) in basal | basal or adipogenic media (n = 12)
or adipogenic media (n =
12)

Hex;HexNAc; 0.0010 ns

Hex,HexNAc; ns ns

Hex;HexNAc;NeuAc; ns 0.0013

Hex,HexNAc, ns ns

Hex,HexNAc;NeuAc; 0.0120 0.0303

Hex,HexNAc,Fuc; ns ns

HexsHexNAc, < 0.0001 0.0391

Hex;HexNAc;NeuAc, < 0.0001 < 0.0001

Hex,HexNAc,NeuAc; 0.0053 ns

HexsHexNAc,Fuc, 0.0053 0.0391

NeuAc,Hex,;HexNAc, 0.0081 ns

The one-pot method for glycan release was applied by subsequently releasing N-glycans
after O-glycans were removed from Y201 MSCs and adipocytes derived from them. N-
glycans were identified by their accurate masses, Table 25, from knowledge of possible
glycan structures from the N-glycan biosynthetic pathway and expected N-glycan structures

. . 287,285,1
reported in the literature®®” "%,
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Figure 94: Comparison of the relative abundance of O-glycans in Y201 and Y101 MSC cell
lines after being cultured in either basal or adipogenic medium for 21 days, alongside
values for cells in basal medium for only approx 7 days (80% rather than complete
confluence). Quantitation carried out by comparing the glycan peak intensities to the peak
intensity of a spiked internal standard. Asterisks indicate a statistically significant change
in the relative glycan abundance between the basal samples (21 days) and the adipogenic

samples (green for Y201 and purple for Y101. P = * < 0.05, ** < 0.01, *** < 0.001.

For the N-glycans obtained from the Y201 cell line cultured in basal medium for 21 days, N-
glycans were identified between m/z 967 — 3416, Figure 95 and for the Y201 cell line
cultured in adipogenic medium for 21 days N-glycans were identified between m/z 967 -
3416, Figure 96. Comparing the resulting N-glycan profiles, oligomannose type structures
were the most abundant across both cell lines. For the N-glycans derived from the
adipogenic Y201 cell line cultured in adipogenic medium for 21 days, there was an increase
in complex-type N-glycans and a reduction in the abundance of oligomannose-type N-
glycans, compared with the basal medium cultured sample, Figure 97. However, on carrying
out statistical analysis, none of the changes in the relative glycan abundances between the

Y201 controls and the adipogenic samples was significant.
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Table 25: List of permethylated N-glycans identified in MSCs, along with their mass
accuracies, after being cultured in either basal medium or adipogenic medium for 21 days.

glycan composition calculated Av. mass adipogenesis mass
Mass measured accuracy Av. accuracy
m/z (n=3) control measured adipogen
control (basal) m/z(n=3) | esis(ppm)
(ppm)
Hex,HexNAc, 967.4833 | 967.4825 -0.78 967.4829 -0.38
Hex,HexNAc,Fuc,; 1141.5725 | 1141.5713 | -1.06 1141.572 -0.83
HexsHexNAc, 1171.5831 | 1171.5815 | -1.34 1171.582 -0.97
HexsHexNAc,Fuc, 1345.6723 | 1345.6714 | -0.65 1345.672 -0.20
Hex;HexNAc, 1375.6828 | 1375.6816 | -0.86 1375.678 -3.49
HexsHexNAcs 1416.7094 | 1416.6716 | -0.85 1416.709 -0.31
HexsHexNAc, 1579.7826 | 1579.7812 | -0.87 1579.782 -0.50
HexsHexNAcsFuc, 1590.7986 | 1590.7622 | -0.63 1590.799 0.09
Hex;HexNAc; 1620.8092 | 1620.8076 | -1.00 1620.808 -0.83
HexsHexNAc,Fuc, 1753.8718 | 1753.8496 | 2.12 1753.859 -7.46
HexsHexNAc, 1783.8824 | 1783.8813 | -0.63 1783.882 -0.41
HexsHexNAcs 1824.9089 | 1824.9075 | -0.77 1824.908 -0.54
HexsHexNAc,Fuc, 1835.9249 | 1835.9200 | -2.67 1835.923 -0.92
Hex;HexNAc, 1865.9355 | 1865.9311 | -2.34 1865.932 -1.76
Hex;HexNAc, 1987.9822 | 1987.9824 | 0.09 1987.983 0.43
HexsHexNAcs 2029.0087 | 2029.0089 | 0.12 2029.007 -0.95
HexsHexNAc, 2070.0353 | 2070.0294 | -2.85 2070.03 -2.44
HexsHexNAcsFuc, 2081.0512 | 2081.020 -15.03 - -
HexsHexNAc, 2192.0819 | 2192.0745 | -3.39 2192.077 -2.35
HexsHexNAc,Fuc, 22441245 | 2244.1167 | -3.48 2244.118 -2.98
HexsHexNAc, 2274.1350 | 2274.1359 | 0.41 2274.136 0.57
HexsHexNAc, 2396.1817 | 2396.1820 | 0.14 2396.182 0.02
HexsHexNAc,;NeuAc,; 2431.2089 | 2431.2009 | -3.28 2431.203 -2.51
HexsHexNAcs 2519.2614 | 2519.2630 | 0.63 2519.262 0.23
HexgHexNAcsFuc;NeuAc, | 2564.2716 | 2564.2446 -10.55 2564.256 -5.96
HexioHexNAc, 2600.2815 | 2600.2568 | -9.51 2600.279 -0.94
HexsHexNAc,Fuc;NeuAc; | 2605.2981 | 2605.2929 -2.00 2605.293 -1.80
HexgHexNAc;NeuAc, 2635.3087 | 2635.3160 2.78 2635.314 2.04
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HexgHexNAGsFuc, 2693.3506 | 2693.3372 | -4.98 2693.34 411
HexsHexNAC;NeuAc, 27923826 | 2792.3743 | -2.96 2792377 22.05
HexsHexNAcsFuc;NeuAc, | 2850.4245 | 2850.416 | -2.81 2850.421 1.25
HexgHexNAcsNeuAc; 2880.4350 | 2880.4452 | 3.56 2880.443 2.62
45284 | 1.37 452 1.22
HexgHexNAcsFuciNeuAc; | 3054.5242 3054.528 3 3054.528
HexgHexNAcsFuc;NeuAc,
3415.6979 | 3415.7182 | 5.93 3415.716 5.33
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Figure 97: Comparison of the relative abundance of permethylated N-glycans identified in

MSCs when cultured in either basal medium or adipogenic medium for 21 days.
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Next, MSCs were pre-treated with BadGal for 48 hours and then cultured in basal medium or
adipogenic medium for 21 days, to test whether BadGal pre-treatment had an effect on the
ability of MSCs to differentiate into adipocytes and whether there was an effect on the

glycan profile.

On day 21, samples were stained with Oilred O to assess the extent of formation of lipid
droplets and therefore differentiation into adipocytes. Cells pre-treated with BadGal and
then cultured in basal medium for 21 days showed no staining, as no lipid droplets were
formed. Both Y201 and Y101 cells pre-treated with BadGal and then cultured in adipogenic
medium for 21 days showed staining, but staining was much less prominent for the Y101 cell

line than the Y201 cell line, Figure 98.

Y101 (BadGal treated) Y201 (BadGal treated)
Control (Basal medium): Day 21 Control (Basal medium): Day 21

Adipogenic medium: Day 21

Figure 98: Oilred O staining of Y201 and Y101 MSC cell lines after pre-treatment with
BadGal for 48 hours, followed by culture in basal or adipogenic medium for 21 days. Oilred
O did not stain the cells in the basal medium. As cells differentiate into adipocytes lipid
droplets form and the Oilred O stains the lipid droplets red. Y201 differentiate well and

form many lipid droplets, Y101 although some staining is seen differentiation is limited.
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After 21 days, cells were harvested and the O-glycans were released and permethylated
before analysis by mass spectrometry. For Y201 MSCs pre-treated with BadGal and then
cultured in basal medium for 21 days, O-glycans were identified by their characteristic
signals at m/z 518, 722, 733, 879, 1141, 1240 and 1689. For the adipocytes derived from the
Y201 MSCs, O-glycans were identified at m/z 518, 722, 879, 967, 1141, 1240 and 1328, Table
26 and Figure 99). For Y101 MSCs pre-treated with BadGal and then cultured in basal
medium for 21 days, O-glycans were identified by their characteristic signals at m/z 518,
722, 733, 879, 967, 1240, 1328 and 1689. For the adipocytes derived from the Y101 MSCs,
O-glycans were identified at m/z 518, 722, 879, 967, 1141, 1171, 1240, 1328 and 1689, Table
27 and Figure 100.

For both the BadGal pre-treated Y201 and Y101 cell lines there was no change in the relative
abundance of Hex;HexNAc;, HexNAc,Fuc;, Hex,HexNAc, and Hex,HexNAc;NeuAc; between
basal medium and adipogenic cultures. Hex,HexNAc,Fuc,; was identified in Y201 cells after
growth in BadGAl-treated basal medium, but was not detected from BadGaltreated
adipogenic medium grown Y201 cells, nor was it detected from BadGal treated basal or

adipogenic medium-grown Y101 cells, Figure 101.

This BadGal treatment study does not really add to our understanding of the functional
significance of O-glycans in adipogenesis, since it does not appear to have caused much
change in the glycan profiles. This could be because the cells may have recovered over the
21 days, having only been pre-treated with BadGal for 48 hours. The next step could thus be
to treat with BadGal continually over the 21 days, to test whether adipogenesis and O-glycan

biosynthesis are affected.
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Table 26: A list of permethylated O-glycans identified from Y201 MSCs after a 48 h pre-

treatment with O-glycan biosynthesis inhibitor, BadGal, followed by 21 days in either basal

or adipogneic medium

glycan calculated Y201 Y201 Y201 BadGal | Y201 BadGal
composition mass BadGal BadGal treated treated
treated treated | adipogenesis | adipogenesis
(basal) control Av. mass
Av. mass measured accuracy
measured | accuracy m/z (n=8) (ppm)
m/z (ppm)
(n=28)
Hex;HexNAc; 518.2572 518.2571 -0.25 518.2570 -0.29
Hex,HexNAc; 722.3569 722.3568 -0.17 722.3568 -0.17
HexNAc,Fuc; 879.4304 733.3723 -0.86
Hex;HexNAc;
NeuAc; 967.4833 879.4308 0.45 879.4308 0.44
Hex,HexNAc, 1083.5306 | - - 967.4833 0.01
Hex,HexNAc,Fuc; | 1141.5725 | 1141.5723 | -0.18 1141.5732 0.58
HexsHexNAc, 1171.5831 - - - -
Hex;HexNAc;
NeuAc, 1240.6045 | 1240.6044 | -0.07 1240.6044 -0.08
Hex,HexNAc,
NeuAc; 1328.6569 - - 1328.6575 0.43
NeuAc,Hex,
HexNAc, 1689.8306 | 1689.8290 | -0.95 - -
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Table 27: A list of permethylated O-glycans identified in Y101 MSCs after a 48 h pre-
treatment with O-glycan biosynthesis inhibitor, BadGal, followed by 21 days in either basal

or adipogenic medium

glycan calculated Y101 Y101 Y101 BadGal | Y101 BadGal
composition mass BadGal BadGal treated treated
treated treated | adipogenesis | adipogenesis
(basal) control Av. mass
Av. mass measured accuracy
measured | accuracy m/z (n=8) (ppm)
m/z(n=8) | (ppm)
Hex;HexNAc; 518.2572 518.2571 | -0.27 518.257 -0.22
Hex,HexNAc; 722.3569 722.3566 | -0.40 722.357 -0.29
HexNAc,Fuc; 879.4304 733.3718 | -1.54
Hex;HexNAc;NeuAc; | 967.4833 879.4301 |-0.34 879.430 -0.16
Hex,HexNAc, 1083.5306 | 967.4832 | -0.09 967.483 -0.24
Hex,HexNAc,Fuc; 1141.5725 - - 1141.571 -1.03
HexsHexNAc, 1171.5831 - - 1171.581 -1.77
Hex;HexNAc;NeuAc, 1240.6045 | 1240.603 -1.35 1240.6028 -1.31
Hex,HexNAc,NeuAc; | 1328.6569 | 1328.654 | -1.88 1328.6544 -1.74
NeuAc,Hex,HexNAc, | 1689.8306 | 1689.829 | -1.10 1689.8287 -1.65
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Figure 101: Comparison of the O-glycan abundance in Y201 and Y101 MSC cell lines pre-
treated with BadGal for 48 h, followed by culturing in basal or adipogenic medium for 21
days. Relative abundance calculated by comparing peak intensity of spiked internal

standard to each of the glycan peaks. P = * < 0.05, ** < 0.01, *** < 0.001.

6.4. Conclusions and future work

The one-sample one-pot method developed for the release and isolation of N- and O-glycans
has been successfully applied to proliferating and differentiating MSCs. Mass spectrometry
was used to produce quantifiable O-glycan profiles from two immortalised cell lines, Y201
and Y101. O-glycans were analysed and profiles compared from wild-type cells, those where
the O-glycan biosynthetic pathway had been chemically disrupted using BadGal, or
genetically disrupted in the Cogd4KD line, and those that had been differentiated into
adipocytes. Data have given an insight into which glycans are affected and what changes to
the glycan profiles occur in MSCs when they are manipulated chemically or genetically. O-
glycans are truncated on treatment with BadGal, with loss of sialylated and fucosylated
glycans. In the CogdKD samples, there was a reduction in the abundance of sialylated O-

glycans, which was also observed with the N-glycans. On adipogenesis, sialylation and
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fucosylation increase. These data could potentially suggest that O-glycans play a functional
role of O-glycans in adipogenesis. However, even though K. Wilson et al*®’ reported changes
to N-glycans during osteogenesis the changes were found not to be necessary for

osteogenesis to occur.

Further experiments are needed to investigate whether O-glycans are important for MSC
differentiation into adipocytes, or whether these changes to the O-glycan profiles are
independent of adipogenesis. For example, experiments could be carried out to see if
Hex,HexNAc,Fuc, is a consequence of or is required for adipogenesis. The addition of the
fucose will involve a specific fucosyltransferase enzyme that transfers fucose to either the
galactose or N-acetylglucosamine. Experiments could be carried out to test whether this
biosynthetic enzyme is upregulated during adipogenesis. The gene could be knocked out and
the mutant cells cultured in adipogenic medium to determine the effect of the gene knock-

out on adipogenesis and the glycan profile of the cells.

In addition, rather than pre-treating the MSCs with BadGal for 48 h and then culturing in
adipogenic medium, cells could instead be continuously treated with BadGal during culture
in adipogenic medium, to determine the effect on glycan profiles; by only carrying out pre-
treatment, the cells may have recovered over the 21 days during which they were
subsequently cultured in the absence of BadGal, which could explain why very little effect

was observed both on differentiation and on the glycan profile.

Since the Cogd4KD MSCs showed reduction in the abundance of sialylated glycans, a Cogd
complete knock out could be analysed and compared with the wild-type and Cog4KD lines; if
compromising Cog4 reduces sialylation, removing it completely would be expected to

exacerbate the effect.
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Chapter 7: Demonstration
of the one-pot glycomics
method applied to normal
human urothelial cells.
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7. Introduction

The urothelium is a specialised epithelial tissue, which covers the apical (luminal) surface of

294

the urinary bladder®™. The urothelium is arranged in layers of cells, at different states of

differentiation®”; with basal cells, intermediate cells and umbrella/superficial cells at the

296,297,298

urothelium surface (Figure 102), which are highly specialised to perform their

primary function as a protective barrier. The umbrella cells are connected via intercellular

299

tight junctions™ that provide a selectively permeable barrier to prevent diffusion of urea

and other waste products in the urine back into the surrounding tissue. This is important as
the luminal surface is exposed to urine regularly. If the barrier were to fail, this would
expose the underlying tissues to those waste products resulting in harmful effects such as

294,301

urinary tract infections®®, interstitial cystitis or cancer’®.

Tight junction

Luminal/apical surface,
covered in urothelial plaques

Umbrella/ Superficial cells

Intermediate cells

Basal cells

Figure 102: A schematic of urinary bladder urothelium. Cells are arranged in distinct layers;
basal cells, intermediate cells and the umbrella/superficial cells which are fully
differentiated to perform their function as a protective barrier; the umbrella cells are
connected via intercellular tight junctions. The apical surfaces of the superficial cells are

covered in urothelial plaques. Adapted from Lewis**’.

The apical surface of the urothelium is almost entirely covered in urothelial plaques®®**%.

Urothelial plaques are formed from integral membrane glycoproteins, uroplakins, which are

305,306,307 308,309,310,311,312

arranged hexagonally in tetramers consisting of four major uroplakins

UPla, UPIb, UPIl and UPIllla. The mature form of UPIl is not glycosylated but UPIla, UPIb and
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UPIIl are all known to contain N-glycans. The uroplakins are connected across cells and

therefore also contributing to barrier function®™.

The apical surface of the urothelium is thus covered in glycoproteins and
glycosaminoglycans, the presence of glycans reported as performing functions in
intercellular signalling, cell adhesion, selective permeability of molecules across the blood-

315
.In

urine barrier’™* as well as inhibiting or promoting bacterial adhesion to the urothelium
addition, the glycans protect cell membranes from proteolytic enzyme digestion by

hydrolases present in urine®.

Changes to glycans and glycosaminoglycans on the urothelium surface®® have been
reported to correlate with conditions of the urothelium such as urinary tract infections and

302

bladder cancer®™*. NHU cells which are known to express MUC1 and MUC4 show decreased

expression of MUC4*" and increased expression of MUC1*'” and MUC2*'® in bladder cancer

and with it, aberrant glycosylation®"’

. Analysis of the whole glycome of urothelial tissue
could have an important role in understanding more about glycosylation and glycan function
in proliferating and differentiated cells that form the urothelial barrier. Differences in
glycosylation between healthy cells and those in patients with urinary tract infections and
bladder cancer could be investigated, which could help to work towards achieving earlier

diagnosis and development of therapies and treatments for such infections and disease.

In the literature there appears to be very little reported on the study of the glycome of
bladder urothelial tissue by mass spectrometry or any other direct structural approach, and
instead research in this area is usually by lectin staining and histology, with many of these
studies analysing glycoproteins from urine®*® and not from bladder tissue. One study that
does use mass spectrometry isolated uroplakins UPla and UPlb from murine and bovine
bladders as well as human urothelial cells. N-glycans were released and analysed by mass
spectrometry>*’. Differences in the class of glycans were found between the three sets of
samples. For the human urothelial cells UP1a was found to contain oligomannose N-glycans
only, whereas UP1b only had complex-type N-glycans.

321,322

Uropathogenic E. coli are responsible for almost all urinary tract infections . The lectin-

type 1-fimbriae (fimH) of E. coli have been shown to bind specifically to uroplakin UPIa

323,320 320

which contains oligomannose N-glycans . All binding was removed on pre-treating
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the E. coli with mannose or treating the uroplakins with endoglycosidase-H, which cleaves
the chitobiose core (GIcNAc,) of oligomannose glycans; there was no binding observed to
UPIl or UPIIl which are known to contain complex-type glycans. This investigation offers
evidence that the urothelial surface contains mannosylated glycans and that they are

involved in uropathogenic E. coli adhering to the urothelium.

Normal human urothelial cells can be grown in culture as monolayers, however once these
cells are in culture in an artificial environment, they quickly lose the ability to differentiate

324325 |y this form, they

and instead take on a highly proliferative, nonspecialised phenotype
cannot offer much insight into urothelial tissue biology and the effect of glycosylation. Organ
culture can be useful, as intact pieces of tissue can be studied in vitro as they can retain their

326

in situ characteristics for longer periods than cultured cells®”. Organ culture is of course

limited by supply of human tissue, although animal tissue is more readily available.

Biomimetic in vitro epithelial models have been developed to allow cell culture in a less
artificial environment, where cells are cultured on permeable membrane supports to allow

327 replicating delivery in situ, and also allowing

supply of nutrients to the basal layer of cells
formation of cell layers, polarity and ion channels. These models allow investigation of cell
differentiation, as well as investigating effects of xenobiotic drugs by adding drugs to the
basal compartment (to mimic exposure to the urothelium via serum) or to the apical

chamber (to mimic exposure to the luminal surface via the presence of drug in the urine).

The differentiation of NHU cells on biomimetic membranes to form a urothelial barrier can
be assessed by measuring trans-epithelial electrical resistance (TER), reported by Cross et
al’”®. TER is the measurement of electrical resistance across a cellular barrier, measured in
ohms. TER provides a quantitative measure for demonstrating functional tight junctions and
impermeability of the urothelial cell barrier’”. The technique is non-invasive and can be
used to monitor live cells during proliferation and differentiation. To make this
determination, NHU cells are grown in medium containing bovine serum to full confluency.
Full confluency is maintained for several days before transferring the cells on to permeable
membranes. The calcium concentration above the membrane is raised to near physiological
concentration (2 mM), creating a tight epithelial barrier replicating that in situ, and typically
exhibiting a high TER reading, > 2000 Q cm?, (where a value > 500 Q cm? is said to be a tight

junction®®), and low permeability to urea®*".
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To carry out the electrical measurements, one electrode is placed in the upper (apical)
chamber of the membrane well, and the other in the lower basolateral chamber of the

membrane well**?

, Figure 103. The resistance of the semi-permeable membrane is derived
from Ohm’s law. A voltage is placed across the membrane, without cells, and the current is
measured and the value obtained is subtracted from the value obtained on measuring the
resistance across the cell layer on the semipermeable membrane, to give the cell specific
resistance®?, Rtissue Equation 13:
Riissue = Reotat — Rpiank

Equation 13

Where resistance is inversely proportional to the effective area of the membrane, Equation

14:

1
Rtissue x
Marea
Equation 14
TER values are reported as Q cm? and calculated as in Equation 15:
TER = Riissue X Marea
Equation 15
Electrodes
g Rrper
@ I
Upper (apical) chambe f=12.5Hz
Ry + R;
| Cells + Rus
R
Semipermeable membrane
Lower (basolateral) chamber

Figure 103: TER set-up. adapted from®*

. To carry out the electrical measurements, one
electrode is placed in the upper (apical) chamber of the membrane well, and the other in

the lower basolateral chamber of the membrane well.
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The aim of the work presented in this chapter was to apply the developed one-pot glycan
method to analyse both N- and O-glycans from undifferentiated primary human urothelial
cells and those differentiated on a semipermeable biomimetic membrane. This was to
attempt to test the robustness and transferability of the approach by applying it to an
independent biological system. Although N-glycans from NHU cells have been studied using
a mass spectrometric approach, these analyses were of isolated specific uroplakins, whereas
this study uses whole cell lysates to look at the whole glycome. In addition, there has to date
been no analysis reported of the O-glycan profile of NHU cells, nor any studies of the

potential role of O-glycan structures in differentiation of urothelial cells.

7.3. Data analysis

All mass spectrometric data collected in this chapter of work was acquired using
MALDI-FT-ICR.  All O-glycan samples were released from the protein by B-
elimination, and N-glycans were released using PNGase F. All glycans were
permethylated before analysis. Glycan assignments have been confidently assigned
based on their mass accuracies, which, for the majority were all below 1 ppm, and
also from the knowledge of possible O-glycan and N-glycan structures produced by
the O-glycan and N-glycan biosynthetic pathway. All glycan samples were spiked
with an internal standard, deuteropermethylated maltotetraose, to carry out relative
guantification of the glycans to test whether there were relative quantitative
differences in the glycan profiles of compared glycan sample sets. The relative
abundance was calculated by comparing the peak intensities of each of the O-
glycans with peak intensity of the internal standard, and the relative abundance was

expressed as a percentage.

7.4.  Application to normal human urothelial (NHU) cells

Single (unreplicated) cultures of NHU cells from three independent donor cell lines (Y1419,
Y1860 and Y1862, representing three biological replicates) were kindly provided by Mrs Ros
Duke from the Jack Birch Unit, Department of Biology. Non-differentiated cell cultures were

grown on 6 cm diameter culture dishes and harvested at full confluence, Figure 104.
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Figure 104: NHU cultures of the three cell lines Y1419. Y1860 and Y1862.
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The developed one-pot method was applied. O-glycans were identified at m/z 518, 692, 722,

879, 896, 967, 1083, 1141, 1240, 1328, and 1689, for Y1419, at m/z 518, 692, 879, 896, 967,

1083, 1240, 1328, and 1689 for Y1860, for Y1860, and at m/z 518, 692, 722, 879, 896, 967,
1083, and 1141, for Y1862, Figure 105 and Table 28.
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Figure 105: MALDI-FT-ICR mass spectrum of permethylated O-glycans released from NHU

cells (from three cell lines, Y1419, Y1860 and Y1862). All glycans ionised as [M + Na]*
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Table 28: List of permethylated O-glycans identified from Y1419, and Y1860 NHU cell lines,
showing mass accuracies.

glycan calculated measured m/z Y1419
composition m/z mass accuracy
(ppm)

Y1419 Y1860 Y1862 Y1419 | Y1860 | Y1862
Hex;HexNAc, | 518.2572 | 518.2573 | 518.2569 | 518.2573 0.19 -0.50 0.21
Hex;HexNAc,
Fuc, 692.3464 | 692.3462 - 692.3462 | -0.23 - -0.30
Hex,HexNAc, | 722.3569 | 722.3565 | 722.3565 | 722.3569 | -0.51 -0.62 -0.03
Hex;HexNAc,
NeuAc; 879.4309 | 879.4303 | 879.4305 | 879.4304 | -0.13 0.06 0.01
Hex,HexNAc,
Fuc, 896.4462 | 896.4459 | 896.4465 | 896.4464 | -0.36 0.31 0.18
Hex,HexNAc, | 967.4833 | 967.4828 | 967.4823 | 967.4829 | -0.52 -1.01 -0.43
Hex,HexNAc;
NeuAc; 1083.5306 | 1083.5298 | 1083.5301 | 1083.5295 | -0.73 -0.50 | -0.98
Hex,HexNAc,
Fuc, 1141.5725 | 1141.5718 - 1141.5709 | -0.64 - -1.40
Hex;HexNAc,
NeuAc, 1240.6045 | 1240.6044 | 1240.6037 | 1240.6037 | -0.06 | -0.68 | -0.68
Hex,HexNAc;
Fuc,NeuAc, 1257.6198 - - - - - -
Hex,HexNAc,
NeuAc; 1328.6569 1328.6554 | 1328.6582 - -1.17 0.97 -
NeuAc,Hex,
HexNAc, 1689.8306 1689.8293 | 1689.8276 - -0.76 | -1.76 -

On comparing the resulting glycan profiles for the three cell lines, the Y1419 cell culture
appeared to produce a greater abundance of glycans than cultures from either the Y1860 or
Y1862 cell lines — more different structures were identified and the glycans were present in
higher relative abundance following normalisation to the internal standard. Although the
cell numbers from the three different plates of cells were very slightly different, this
observation prompted the protein levels from the three different dishes of cells to be
determined. The culture of Y1419 had a slightly higher protein concentration that the other
two cell lines; ~6 pg/pL for Y1419 compared to ~ 5 pg/ulL for Y1860 and Y1862, Table 29. The
glycan profiles have thus been normalised to protein concentration, Figure 106, although
Y1419 still clearly yielded more glycans in this study. Of the three cells lines tested, there
were female and male donors, and mixed ages (33, 73 and 50 years). Differences in glycan

profile could perhaps derive from differences in age or gender of the lines’ donors. Since
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only two technical replicates of each of the three biological replicates were available, it is

difficult to do more than speculate at the moment why one line appeared to provide much

higher levels of glycans than the other two (the glycan levels of which were much more

comparable).

Table 29: Protein concentration extracted from NHU cell line, measured by Bradford assay.

Cell line Protein concentration (pug/pL)
Y1419 (1) 5.82
Y1419 (2) 6.69
Y1860 (1) 4.76
Y1860 (2) 5.27
Y1862 (1) 4.90
Y1862 (2) 5.32
25 H

s ~
S, ] o

Relative glycan abundance (%)
=
15)

o

M Y1419 (6cm) Oglycans
M Y1860 (6cm) Oglycans
Y1862 (6¢cm) Oglycans

Figure 106: Comparison of the O-glycan profiles of three NHU cell lines. Relative

abundance calculated by presenting each glycan signal as a percentage of the spiked

internal

concentration.

standard signal. The glycan profiles have been normalised to protein
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The NHU cell cultures from which the O-glycans had been released were subsequently
treated with PNGase F to release the N-glycans. Upon MS analysis, N-glycans were identified
m/z 967 — m/z 3054, Figure 107 and Table 30, from the NHU cell cultures showing the
presence of both oligomannose and complex—type N-glycans. Structures are proposed on

the basis of the known repertoire of N-linked glycans that can be biosynthesised.
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Table 30: List of permethylated N-glycans identified from Y1419, and Y1860 NHU cell

cultures, showing mass accuracies.

glycan calculated

composition m/z measured m/z mass accuracy (ppm)
Y1419 Y1860 Y1862 Y1419 | Y1860 | Y1862

Hex,HexNAc, 967.4833 | 967.4830 | 967.4806 | 967.4904 | -0.28 -2.84 7.31

Hex,HexNAc,

Fuc, 1141.5725 | 1141.5711 | 1141.5718 | 1141.5713 | -1.20 -0.62 -1.02

HexsHexNAc, | 1171.5831 | 1171.5820 | 1171.5827 | 1171.5814 | -0.92 -0.32 -1.46

HexsHexNAc,

Fuc, 1345.6723 | 1345.6726 | 1345.6727 | 1345.6723 | 0.22 0.33 0.03

Hex,HexNAc, | 1375.6828 | 1375.6832 | 1375.6838 | 1375.6835 | 0.28 0.73 0.47

HexsHexNAc, | 1579.7826 | 1579.7811 | 1579.7811 | 1579.7810 | -0.94 -0.92 -0.99

HexzHexNAc;

Fuc, 1590.7986 | 1590.7999 | 1590.7987 | 1590.7982 | 0.84 0.03 -0.26

Hex,HexNAc; | 1620.8092 | 1620.8074 | 1620.8062 | 1620.8067 | -1.11 -1.84 -1.55

HexsHexNAc, | 1783.8824 | 1783.8826 | 1783.8814 | 1783.8803 | 0.08 -0.56 -1.17

HexsHexNAc; | 1824.9089 | 1824.9133 | 1824.9152 - 2.39 3.47 -

NeuAc;Hex,

HexNAc; 1981.9828 | 1981.9843 | 1981.9821 - 0.77 -0.36 -

Hex;HexNAc, | 1987.9822 | 1987.9847 | 1987.9830 | 1987.9821 | 1.24 0.39 -0.03

HexgsHexNAcs; | 2029.0087 | 2029.0157 - - 3.46 - -

Hex;HexNAc,

Fuc, 2040.0247 | 2040.0264 | 2040.0227 - 0.85 -0.97 -

HexzHexNACcs

Fuc, 2081.0512 | 2081.0653 | 2081.0615 - 6.79 4,93 -

HexgHexNAc, | 2192.0819 | 2192.0735 | 2192.0756 | 2192.0749 | -3.84 -2.86 -3.19

NeuAc,;Hex;

HexNAc,Fuc, | 2197.0986 | 2197.0896 | 2197.0945 - -4.09 -1.88 -

Hex,HexNACcs

Fuc, 2285.1510 | 2285.1530 | 2285.1511 - 0.88 0.03 -

HexsHexNAc,

Fuc, 22441245 | 2244.1167 | 2244.1200 | 2244.1195 | -3.47 -1.99 -2.22

HexqHexNAc, | 2396.1817 | 2396.1838 | 2396.1833 | 2396.1835 | 0.89 0.65 0.74

NeuAc;Hex,

HexNAc,Fuc, | 2401.1984 | 2401.1991 | 2401.1925 - 0.28 -2.48 -

HexsHexNAcs

Fuc, 2489.2508 | 2489.2540 | 2489.2539 - 1.30 1.25 -

HexgHexNAcs | 2519.2614 - - - - - -

NeuAc,Hex; 2594.2822 | 2594.2885 | 2594.2866 - 241 1.70 -
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HexNAc;

Hexyo

HexNAc, 2600.2815 | 2600.2793 | 2600.2787 -0.85 -1.07 -
NeuAc,;Hexs

HexNAcsFucl | 2605.2981 | 2605.2963 | 2605.2971 -0.68 | -0.39 -
HexsHexNAcs

Fuc, 2663.3400 | 2663.3311 | 2663.3370 -3.34 | -1.11 -
NeuAc,Hexs

HexNAc, 2792.3826 | 2792.3784 | 2792.3782 -1.50 | -1.58 -
NeuAc,HexsH

exNAc4Fuc, 2966.4718 | 2966.4598 | 2966.4654 -4.03 -2.15 -
NeuAc,;Hexg

HexNAcsFuc; | 3054.5242 | 3054.5365 | 3054.5384 4.04 4.65 -

On comparing the resulting glycan profiles for the three cell lines normalised to the internal

standard, as with the O-glycan profiles, cell line Y1419 again appears to have a greater

abundance of glycans than Y1860 and Y1862. The glycan profiles have been normalised to

protein concentration.

The most abundant N-glycans are the oligomannose type, with

complex types containing terminal galactose, sialic acid and fucose substituents present at

lower abundances. Despite the difference in the glycan abundance of the three cell lines, the

glycan profiles across the three biological replicates are very similar, Figure 108.
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Figure 108: Comparison of the N-glycan profiles of cultures from Y1419, Y1860 and Y1862
NHU cell lines. Relative abundance calculated by presenting each glycan signal as a
percentage of the spiked internal standard signal. The glycan profiles have been

normalised to protein concentration.
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Since the amount of internal standard spiked into the N-glycan samples and the O-glycan
samples was the same, a direct comparison can be made between the relative abundance of
N-glycans compared to O-glycans. Comparison of Figure 106 with Figure 108 shows that N-
glycans are of much higher abundance than O-glycans. For example in the culture from the
Y1419 cell line the three most abundant N-glycans are in excess of 100 % of the internal
standard and in the O-glycan samples the three most abundant O-glycans are only 18- 20 %

of the internal standard.

Since the one pot method was successful at isolating both N- and O-glycans from
undifferentiated NHU cell cultures from three cell lines, NHU cell cultures were then
established by Ros Duke from the same cell lines in differentiating conditions®*® on
semipermeable membranes, Figure 109. TER measurements for the cultures were provided
by Ros Duke on days 0, 1, 2, 3, 6, 7 and 8 (for Y1860 and Y1862) andon 0, 1, 4, 5, 6, 7, and 8
days for Y1419 to monitor the formation of the tight urothelial barrier, Figure 110. The
Y1862 cell line took the longest to form a tight barrier, showing a reading above 500 Qcm?
after 4 days, while Y1419 and Y1860 reached this on day 1, Figure 110. From day 7 there was
little change in the TER readings for all lines, showing a stable barrier had formed and so the

cells were then ready for harvesting.

Released and permethylated O-glycans were identified at m/z 518, 879, 896, 967, 1083, and
1240 for Y1419, at m/z 692, 879, 896, 967, 1083, 1141, 1240, 1257, and 1689 for Y1860, and
at m/z 879 for Y1862, Figure 111 and Table 31.

ThinCert™
Well L .
8.4mm
Upper compartment
Semi-permeable membrane / —_— \
Lower compartment
10.4 mm

Figure 109: Schematic of the semi-permeable membrane well to which NHU cells were

transferred to form a tight barrier, mimicking the barrier formed in the bladder
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Figure 110: TER readings over 0 to 8 days for each of the NHU cell lines (Y1419, Y1880,

Y1862) to show formation of a tight barrier. (data provided by Ros Duke)
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Figure 111: MALDI-FT-ICR mass spectrum of permethylated O-glycans released from NHU

cells (from three cell lines, Y1419, Y1860 and Y1862). All glycans ionised as [M + Na]*
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Table 31: List of permethylated O-glycans identified from Y1419, and Y1860 NHU cell lines,

showing mass accuracies.

glycan calculated Y1419 Y1419 Y1860 Y1860
composition m/z measured | mass | measured | mass
m/z accuracy m/z accuracy
(ppm) (ppm)
Hex;HexNAc, >18-2572 | 5180571 | -0.14 ] ]
Hex;HexNAc;Fuc, 692.3464 ) _ 692.3463 -0.22
Hex;HexNAc;NeuAc, 8794309 | 8794306 | 0.24 | 879.4305 | 0.3
Hex,HexNAcsFucy 896.4462 | 9964474 | 138 | 896.4456 | -0.67
Hex,HexNAc, 967.4833 | 9674830 | 035 | 967.4836 | 0.31
Hex;HexNAc;NeuAc, 1083.5306 | 15835004 | -1.08 | 10835305 | -0.08
Hex,HexNAC,Fuc, 1141.5725 i - 11415731 | 0.50
Hex;HexNAc;NeuAc 12406045 | 15406030 | -048 | 1240.6040 | -0.37
Hex,HexNAc;Fuc;NeuAc; | 1257.6198 1257.6202 -0.48 1257.6181 -1.33
NeuAc,Hex,HexNAc, 1689.8306 ) - 1689.8318 0.69

On comparing the resulting glycan profiles for each of the cell lines, the Y1419 cell line

showed the highest abundance of glycans although the difference was not as marked as

with the proliferating cell samples. On measuring the protein concentration by Bradford

assay the concentration varied across the three cell lines, Table 32. Glycan profiles were

normalised to protein concentration. As with the proliferating cells, NeuAc;Hex;HexNAc; is

of higher abundance in the line Y1419 O-glycome than that from the other two cell lines,

and in that from Y1862, only NeuAc,;Hex;HexNAc; was identified, Figure 112.
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Table 32: concentration of protein extracted from cultures from each of the differentiated

NHU cell lines, measured by Bradford assay.

Cell line Protein concentration
(ng/uL)
Y1419 (1) 0.47
Y1419 (2) 0.30
Y1860 (1) 0.57
Y1860 (2) 0.45
Y1862 (1) 0.32
Y1862 (2) 0.22
9 -
é m Y1419 (differentiated) O-glycans
g

m Y1860 (differentiated) O-glycans

Y1862 (differentiated) O-glycans

Relative glycan abundance (%)

Figure 112: Comparison of the O-glycan profiles of the Y1419, Y1860 and Y1862 NHU cell
cultures, differentiated on SNAP well membranes. Relative abundance calculated by
presenting each glycan signal as a percentage of the spiked internal standard signal. The

glycan profiles have been normalised to protein concentration.

For a closer inspection of how the glycan profiles differ between the undifferentiated and

the differentiated cultures, the glycan profiles were normalised to protein concentration,
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Figure 113. For the Y1419 cell line, there is large increase, with respect to the
undifferentiated cells, in the abundance of NeuAc;Hex;HexNAc; in the differentiated
sample, as well as an increase in abundance of Hex;HexNAc;, Fuc;Hex,HexNAc,,
Hex,HexNAc,, NeuAc;Hex,HexNAc;, NeuAc,Hex;HexNAc; and NeuAc;Fuc;Hex,HexNAc;. For
the Y1860 cell line, like Y1419, there is also an increase in Hex;HexNAc;Fuc;,
NeuAc;Hex;HexNAc,, Fuc;Hex,Hex;NAc,, Hex,HexNAc,, NeuAc,Hex;HexNAc; and
NeuAc;Fuc;Hex,HexNAc;, although there is no change in the abundance of
NeuAc;Hex,HexNAc,, and Hex;HexNAc,; was not detected in the differentiated Y1860
sample. There was also an increase in the abundance of Fuc;Hex,HexNAc, in the
differentiated Y1860 sample compared to the undifferentiated Y1860 samples whereas this
glycan was not detected in the Y1419 differentiated sample, Figure 113. To use these results
for a more reliable quantitative comparison between glycan profiles of the undifferentiated
and differentiated cells, the samples prepared would ideally be prepared from the same
number of cells to begin with and a similar protein concentration as even though the data
has been normalised to protein concentration, there was still a big difference in the
abundance of glycans in comparing the undifferentiated cells to differentiated cells. In
addition, since the membranes allow a much smaller number of cells to be used than the 6
cm dishes used for the proliferating cells, the inevitable losses due to sample handling will
have a disproportionate impact on the differentiated samples’ glycan yields. Consequently,
while it is safe to comment on the increased abundance of certain structures in the
differentiating cells with respect to their undifferentiated counterparts, it is probably not
safe to comment on structures that appear to decrease in level, since cell numbers and
protein are likely to be so different, e.g. in this study the protein concentration for
undifferentiated cells from the Y1419 cell line was ~6 pg/ulL and for the differentiated cells,
~0.38 pg/uL. Cell numbers in the biomimetic membranes cannot readily be compared
without sacrificing precious differentiated donor cells since the cells form layers and so they
would have to be disrupted to enable cell number estimation, unlike those proliferating in
the 6 cm dishes which grow in monolayers. In addition, the differentiated donor cells will
display heterogeneity as the cells on the surface of the layers maybe display different
numbers/types of glycans to the cells below the surface, and so it may be more comparable
to take only the cells from the apical surface of the differentiated cells to compare to the

undifferentiated cells cultured on a monolayer.
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Figure 113: Comparison of the O-glycan profiles of the, proliferating cells on 6 cm dishes
and differentiated cells on semi-permeable membrane wells for Y1419 NHU cell line (top
graph) and Y1860 (bottom graph). Relative abundance calculated by presenting each
glycan signal as a percentage of the spiked internal standard signal. Glycan profiles are

normalised to protein concentration.
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The differentiated NHU cell samples that had already had their O-glycans released were
subsequently treated with PNGase F to release the N-glycans. N-glycans were identified
between m/z 967 — m/z 2396, from the NHU cell lines, showing the presence of both

oligomannose and complex—type N-glycans, Figure 114, Table 33.
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Table 33: List of permethylated N-glycans identified from differentiated Y1419 and Y1860

NHU cell lines, showing mass accuracies. All glycan compositions listed were identified in

the proliferating cell lines.

glycan calculated
composition m/z measured m/z mass accuracy (ppm)
Y1419 Y1860 Y1862 Y1419 | Y1860 | Y1862
Hex,HexNAc, 967.4833 | 967.4826 | 967.4807 | 967.4822 | -0.78 | -2.67 | -1.12
Hex,HexNAc,
Fuc, 1141.5725 | 1141.5722 | 1141.5732 | 1141.5724 | -0.25 0.58 -0.09
HexsHexNAc, | 1171.5831 | 1171.5820 | 1171.5829 | 1171.5839 | -0.92 | -0.19 0.70
HexsHexNAc,
Fuc, 1345.6723 | 1345.6726 | 1345.6731 | 1345.6734 | 0.23 0.60 0.82
Hex,HexNAc, | 1375.6828 | 1375.6848 - i 1.45 - i
HexsHexNAc, | 1579.7826 | 1579.7818 | 1579.7806 i -0.53 | -1.25 i
HexzHexNAc; - -
Fuc, 1590.7986 | 1590.8004 - 1.14 -
Hex,HexNAc; | 1620.8092 | 1620.8006 - ) -5.32 - )
HexgHexNAc, 1783.8824 | 1783.8818 | 1783.8790 | 1783.8795 | -0.33 -1.93 -1.61
HexsHexNAc; | 1824.9089 - - i - - i
NeuAc,Hex, - -
HexNAc; 1981.9828 - - - -
Hex;HexNAc, | 1987.9822 | 1987.9812 | 1987.9863 | 1987.9830 | -0.53 2.08 0.39
Hex¢HexNAc; | 2029.0087 - - i - - i
Hex;HexNAc, - -
Fuc, 2040.0247 - - - -
HexzHexNACcs - -
Fuc, 2081.0512 - - - -
HexgHexNAc, | 2192.0819 | 2192.0817 | 2192.0802 | 2192.0783 | -0.09 | -0.79 | -1.63
NeuAc,;Hex; - -
HexNAc,Fuc,; 2197.0986 - - - -
Hex,HexNACcs - -
Fuc, 2285.1510 - - - -
HexsHexNAc, - -
Fuc, 2244.1245 | 2244.1297 - 2.31 -
HexeHexNAc, | 2396.1817 | 2396.1882 | 2396.1799 | 2396.1798 | 2.73 -0.74 | -0.78
NeuAc,;Hex, - - - -
HexNAc,Fuc, 2401.1984 - -
HexsHexNAcs - - - -
Fuc, 2489.2508 - -
HexsHexNAcs | 2519.2614 i i - i i -
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NeuAc,;Hex; - - - -
HexNAc; 2594.2822 - -
Hexyo - - - -
HexNAc, 2600.2815 - -
NeuAc,;Hexs - - - -
HexNAc,Fucl | 2605.2981 - -
HexsHexNAcs - - - -
Fuc, 2663.3400 - -
NeuAc,Hexs - - - -
HexNAc, 2792.3826 - -
NeuAc,Hexs - - - -
HexNAc,Fuc,; | 2966.4718 - -
NeuAc ;Hexg - - - -
HexNAcsFuc, | 3054.5242 - -

On comparing the N-glycan profiles across the three cell lines, oligomannose-type glycans
are the most abundant glycans detected. Similarly to the glycans from the undifferentiated
cells, the Y1419 cell line gave a higher abundance of glycans than the other two cell lines.
When comparing the N-glycomes of these differentiated cells with those of the
undifferentiated cells, there are a lot of N-glycans not detected from the differentiated cells,
Figure 115. This is probably an effect of using fewer cells and therefore having less protein; it
would not be safe to conclude that the missing glycans are not expressed on the
differentiated cells. It thus makes a direct comparison between glycan changes difficult
when the number of cells used were not the same for the undifferentiated and

differentiating cell sample sets.

Since the amount of internal standard spiked into differentiated O-glycan samples for the
same as the differentiated N-glycan samples, a direct comparison could be made between
the relative abundance of N-glycans compared to O-glycans by normalising to the internal
standard spike. Comparison of Figure 112 with Figure 115 shows that N-glycans are of
higher abundance than O-glycans although the difference in abundance between the two
glycan types is not as exaggerated as in the proliferating samples. For example in the
differentiated Y1419 cell line N-glycans are around 1-10 % of the internal standard and in

the O-glycan samples O-glycans are around 0.5-8 % of the internal standard.
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Figure 115: Comparison of the N-glycan profiles of the differentiated Y1419, Y1860 and
Y1862 NHU cell lines. Relative abundance calculated by presenting each glycan signal as a
percentage of the spiked internal standard signal. Glycan profiles are normalised to

protein concentration.
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While it is known that uroplakins contain N-glycans, there is nothing published in the
literature about the presence or otherwise of O-glycans on these major urothelial
glycoproteins. If there are O-glycans on uroplakins they may not have been detected to date
if they are quantitatively very minor, or if previous studies had not attempted to isolate
them for analysis. If the O-glycans described in the current work are not located on
uroplakins, perhaps they come from membrane-bound or secreted mucins. Since the apical
surface of the bladder is almost completely covered by uroplakins, mucins are likely to be
guantitatively minor, which may explain why the urothelial O-glycans are lower in
abundance than the N-glycans in this NHU study. Glycans in this work have been released
and isolated from NHU whole cell lysates and not the isolated cell surface and so the
abundance of O-glycans could appear lower if they are only present on the surface of the
urothelium as they may be ‘diluted’ by the presence of further cell layers that may, for the

majority, be N-glycosylated.

7.5. Conclusions and future work

The one-sample one-pot method developed for the release and isolation of N- and O-glycans
has been successfully applied to proliferating and differentiated NHU cells. Mass
spectrometry was used to produce quantifiable O-glycan and subsequently N-glycan profiles
from cultures representing three human donor cell lines, Y1419, Y1860, Y1862. The
advantage of analysing the two types of glycans from the same cells allows interesting
differences in relative amounts to be very conveniently and directly compared. One cell line
appeared to produce more glycans than the other two — the fact that the N- and O-glycans
were released from the very same cells revealed that there was clearly something out of line
about the general glycan levels from this cell line. If the N- and O-glycan analyses had been
carried out on separate samples of cells, this direct comparison would not have been as

readily made.

To gather more reliable data this work should be repeated with more technical and
biological replicates, using comparable cell numbers for the undifferentiated and
differentiated cells. By starting with a much larger amount of protein from the cells
harvested from the 6 cm dishes compared with those in the semi-permeable membranes, it
was difficult to make a direct comparison between changes in glycan profiles in the

undifferentiated and differentiated cells. In addition, the differentiated donor cells will

235



display heterogeneity as the cells on the surface of the layers maybe display different
numbers/types of glycans to the cells below the surface, and so it may be more comparable
to take only the cells from the apical surface of the differentiated cells to compare to the

undifferentiated cells cultured on a monolayer.

After repeating the study, if it is found that there are significant changes in particular glycan
structures, a follow-up investigation could be carried out to determine whether those
glycans play a role in differentiation and in formation of the urothelial barrier. For example,
if particular genes for transferase enzymes are mutated, would it prevent formation of the
tight barrier, monitored by TER, and how would it affect the glycan profile on the urothelial
cell surface? Cells could also be treated with drugs under development for treating bladder
diseases or infections such as UTIs or drugs and their metabolites that are thought to be
toxic, to monitor the effects on glycosylation both with and without the tight barrier
formation/ differentiation. For example ketamine, when used recreationally, has been

333,334

shown to cause ketamine-induced cystitis . A study using organ cultures from human

donors monitored the effect of the direct exposure of ketamine to the urothelium and found

that is led to apoptosis (cell death) of urothelial cells*>>.

Further biological replicates could be studied to probe the effect of donor age and gender
on the glycan profiles of NHU cells. It is known that females are more prone to urinary tract
infections and perhaps this can be linked to differences in glycan profiles compared with
males. In addition it is known that glycan structures change in age-related diseases**so that

age may be expected to impact glycan profiles and levels.

This work has shown that the abundance of O-glycans is lower than that of N-glycans in both
proliferating and differentiated NHU cells. Since there is an increased expression of MUC1
genes in bladder cancer, it may be that there is an overall increase in mucin levels — this may
result in an increase in total O-glycosylation of the urinary bladder surface; it would be
interesting to determine whether there is an increase in O-glycan abundance of bladder

cancer cells compared with healthy urothelial cells.
This work involved releasing and isolating glycans from whole cell lysates. Work needs to be

done to look at the apical surface glycans, as these glycans are exposed to the luminal

environment of the bladder. Analysing proliferating cells from 6 cm dishes compared with
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differentiated cells cultured on SNAPwell membranes using this experimental system are
probably not directly comparable, as the cell density on the 6 cm dishes is lower and cells
are more likely to grow as a monolayer than those on the membrane which grow in distinct
layers; the cell surfaces are likely to therefore be very different. Work to develop apical
surface ‘tryptic shaving’ is currently being carried out by a PhD student, Chung-Yao Wang,

for application to this system.

Overall, the work described in this chapter not only illustrates that the developed one-pot
method works well for analysing the whole glycome using whole cell lysates from a small
number of cells, but it has also generated for the first time an O-glycan profile of the
urothelium. It thus represents a convenient tool for understanding more about the glycome
of the urothelium that will help build knowledge that is relevant for urothelial biology,

health and disease.
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Chapter 8: Summary of
results, overall conclusions
and future work
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Summary of results, overall conclusions and future work

The primary aim of this thesis was to develop a method to release and isolate O-
glycans from whole cell lysates, for analysis by mass spectrometry, to be

implemented in a workflow for studying disorders of protein glycosylation.

This thesis presents a FANGS-based approach', making use of a centrifugal filter, to

carry out O-glycan release using non-reductive B-elimination, as well as exploiting

142,143 177

the advantages of an optimised FASP approach, eFASP~"’. Method optimisation
revealed how O-glycan release can be achieved with a total of 20 minutes of
sonication. In addition, the thesis presents a streamlined protocol for a one-sample-
one-pot approach to release N- and O-glycans from the same sample, in the same
sample pot, with the potential to subsequently analyse the protein remaining in the

filter.

Chapter 6 describes application of the O-glycan release method to mesenchymal
stem cells, and the work described demonstrates how the one-pot glycan release
method can be effectively used to compare changes in the glycan profiles between
genetically modified MSC cells, chemically treated cells (to disrupt the O-glycan
biosynthetic pathway) and those which have differentiated into adipocytes, to
attempt to offer insight into the potential roles of glycans in adipogenesis. When
MSCs were manipulated chemically or genetically, changes to overall glycan
abundance and changes to glycan profiles (such as loss of sialylated and fucosylated

glycans) could be observed.

Future experiments could investigate whether O-glycans are important for MSC
differentiation into adipocytes, or whether these changes to the O-glycan profiles
are independent of adipogenesis. The ability of stem cells to differentiate into
different cell types means there is a potential use of MSCs in regenerative

276,277,278 ol replacement®”® and in tissue engineering? and establishing

medicine
whether glycans are either involved in or functionally relevant to differentiation

could help future developments in these areas.
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Chapter 7 describes application of the one-sample-one-pot method to normal
urothelial cells cultured from human donor samples, enabling comparison of both N-
and O- glycans between donors and between proliferating and differentiated cells.
The work described in Chapter 7 not only illustrates that the developed one-pot
method works well for analysing the whole glycome using whole cell lysates from a
small number of cells, but it has also generated for the first time an O-glycan profile

of the urothelium.

Future work on investigating the NHU glycome could involve looking at the apical
surface glycans, as these glycans are exposed to the luminal environment of the
bladder, in addition to probing the effect of donor age and gender on the glycan

profiles of NHU cells.

In terms of further method development, a very novel mass spectrometric
technique, 2D-FT-ICR-MS, has the potential to be a useful tool for glycomic analysis.
2D-FT-ICR-MS is being developed in Peter O’Connor’s group at the University of
Warwick. O’Connor’s group has already demonstrated the use of 2D FT-ICR MS with
both small molecules and larger molecules such as collagen digests. Since glycan
samples contain often a large mixture of different structures and isomers, 2D FT-ICR
MS could be a convenient method of simultaneously collecting MS/MS data on each
glycan in one experiment rather than having to carry out many separate MS/MS
experiments, and may also have the potential to be used as a quantitative tool. If the
method can be used quantitatively it would be very useful for comparing differences
in glycan profiles/abundances between N- and O-glycans in healthy and diseased
cells as well as simultaneously being able to provide structural information and
perhaps as a fingerprinting tool. Initial collaborations with the O’Connor group in this
area have begun, following discussions between the author and Prof O’Connor after

one of the author’s conference presentations.
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Chapter 5 describes work carried out at Bristol-Myers Squibb, Lawrenceville, New
Jersey, USA. The project involved investigation of the FANGS method for larger scale
N-glycan isolation, to enable analysis of glycans from monoclonal antibodies using a
suite of 2D NMR techniques, in order to establish whether NMR could be used as a
glycan fingerprinting tool to quickly and effectively monitor and analyse batches of
biologics. Work on this project is now being continued at BMS, testing different
batches of biotherapeutics using the FANGS method and generating fractions by
HPLC of tryptic (glyco)peptides to try to isolate the glycan containing peptide to try

to simplify the complex NMR spectra.

Overall, the work presented in this thesis has demonstrated a convenient way to
guantitatively assess, by mass spectrometry, the whole glycome from one sample, in
one reaction vessel, using only a small number of healthy or genetically
manipulated/differentiated cultured cells. This work offers a method which could
help in being able to further understand glycan biosynthesis, and the roles of both N-
and O-glycosylation in disease. In addition FANGS can be scaled up to suit an NMR

workflow.

A prepared paper on the one-sample-one-pot method development, including
application to cultured cells is almost ready for submission. To follow on from this
publication, there is a planned publication for the O-glycan profiling of the
adipogenesis of the MSCs. In addition, BMS are hoping to publish recent work that is

based on that carried out in chapter 5 of this thesis.
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Abbreviations

uL

Bo

Asp
ATP
CDG
CID
CMC
COoG
cosy
COPI
COPII
DCA
DCM
dept-HSQC
DHB
DMSO
dqgf-COSY
DTT
EDTA
ER

ESI
FASP
eFASP
FANGS
Fuc
FT-ICR
Gal
GalNAc
GIcNAc
HBSS
HCD

Microlitre

Magnetic field

Asparagine

Adenosine triphosphate

Congenital disorders of glycosylation
Collision induced dissociation

Critical micelle concentration

Conserved oligomeric Golgi

Correlation spectroscopy

Coatamer protein complex 1

Coatmer protein complex 2

Deoxycholic acid

Dichloromethane

Distortionless enhancement - Heteronuclear single quantum correlation
2,5-dihydroxybenzoic acid
dimethylsulfoxide

Double quantum filter — correlation spectroscopy
dithiothreitol

Ethylenediaminetetracetic acid
Endoplasmic reticulum

Electrospray ionisation

Filter-aided sample preparation

Enhanced filter-aided sample preparation
Filter-aided N-glycan separation

Fucose

Fourier transform ion-cyclotron resonance
Galactose

N-acetylgalactosamine
N-acetylglucosamine

Hank’s balanced salt solution

Higher energy collision dissociation
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HMBC
HMQC
HPLC
HSQC
LC-MS
MALDI
MS
MS/MS
MSC
NeuAc
NHU
NMR
NOE
NOESY
PBS
PNGase F
SDS
Ser
TEER
Thr
TOCSY

Heteronuclear multiple bond correlation
Heteronuclear multiple quantum correlation
High performance liquid chromatography
Heteronuclear single quantum correlation
Liquid chromatography — mass spectrometry
Matrix-assisted laser/desorption ionisation
Mass spectrometry

Tandem mass spectrometry

Mesenchymal stromal cells
N-acetylneuraminic acid

Normal human urothelial cells

Nuclear magnetic resonance

Nuclear Overhauser effect

Nuclear Overhauser effect spectroscopy
Phosphate buffered saline

Peptide N-glycosidase F

Sodium dodecyl sulphate

Serine

Trans-epithelial electrical resistance
Threonine

Total correlation spectroscopy
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