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Glycoprotein glycosylation ialtered in many disease$ncluding congenital disorders of
glycosylation, as well as in cell differentiatigfiterations to the presence and location of
glycan biosynthetic enzymes can manifest in subtle changes to glycan profiles. To determine
which ofthese changes are statistically significant, analysis of multiple biological samples in
parallel is needed. Protein glycosylatioraisoa major consideration in the pharmaceutical
industry, with an increase in engineering of glycoprotéiased therapeuts. 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 understandatise 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 wesently developedto release ad
isolateN-glycans, from a small number of culture whole cell lysates, for mass spectrometric
analysis. This thesis presents a FAK&®d approach, to carry out-@ycan releaseusing

I -elimination Through rethod optimisation O-glycan release can be achievedth 20
minutes of sonication, without loss of labitialic acid groups, and givesmparable results

to those fromwell-accepted overnight incubation methods. In addition, the thesis presents a
streamlined protocol for ane-sampleone-pot approach to releas®&l- and Oglycans from

the same sample, in the same pot, with the potential to subsequently analyse protein
remaining in the filter Analysingooth N- and Oglycans fronone sample is important since

in disease it imot always only one type of glycosylation that is altered. The developed
method has been applied to mesenchymal stromal c€MSCs),before and after
differentiation into adipocytes, as well as genetically manipulak¢8Cs in addition to
undifferentiated and differentiated normal human urothelial cells. In both cell systems,
changescould beobserved in both theN- and Gglycan profiles. Thapproach offers insight

into potential functional role of glycans in cellular processes such as differentiation and

disease.
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1. Introduction:

Glycans, 6 & L)t/ RSFAYAGA2YZ IINB aO2YLRdzyRa
Y2yz2al OOKFNARSa fAYy]1SR 3fteO02aAiARAO0OFfteéd t S
glycoconjugates and are trearbohydrate chaintghat areglycosidically linked to proteirs

lipids, biosynthesised through glycosylation of proteins and lipids. Glycaas all cell

surfaces and play a central role in celiyi@ocesses, diseasmd in the immune responsé.

has been observed thaglycoprotein and lipid glycosylaibn is altered in cancet***,

I £ T KS Adis8aNd dinflammatior/, diabete§ and in congenital disorders of
glycosylatio*®**'2  Protein glycosylation is now a major consideratidn the
pharmaceutical industy with an increase in engineering of glycan/glycoprotbased
therapeutics éspecially monoclonal antibodies§*, and carbohydratebased

vaccine&161718

(against bacterial pathogens, HIV and cancén) therapeutic protein
development, glycan structures present can influence efficacy, stabffityand
pharmacokinetic®*. Glycans ar@lso impotant as drug targefS. It is therefore important
to understand glycan biosynthesasid to have a convenient means to asstws structures
of glycans in order to further understandisease and genetidisorderslinked to errors in
glycosylationas well adoth to potentially contribute to diseasediagnostics ando inform

the development of biotherapeutics.

1.1.Carbohydratesmonosaccharides, oligosaccharides, and glycans

Monosaccharides are the basic carbohydrate monomer units. Hexoses, the most common
building block ofglycoproteinglycans, have chiral centres on four of ithgx carbon atoms.

The substituents around eaclof those chiral carbons can be arranged in two
stereochemically different ways, giving 16 possildigferent isomeric structures. An
equilibrium exists between the open and closed ring forms of monosaccharides. The ring is
formed by an intramolecular reawn of a hydroxyl group with a carbonyl resulting in a
hemiacetalor hemiketal For example, the intramolecular reaction of the hydroxyl group on
carbon 5 of galactose with thélaldehyde yields the rinfiprm in whichcarbon 1 becomes a
chiral centre andcan therefore exist in two stereochemical configuratio@arbon 1in this

structureis referred to as the anomeric carbon and the position of the OH group attached to
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carbonyl carbon atom For aldoses, this is carbon 1, while fdwetoses such ad\-
acetylneuraminic acid, the anomeric carbon is carbon 2. Common monosaccharides found to
make up glycoprotein glycan structuresare: hexoses (e.g. mannose amghlactose),
deoxyhexoses (e.g. fucose), hexosamines (¢aretylglucosamindy\-acetylgalactosaine)

and sialic acids (e.¢N-acetylneuraminic acid);igure2. Monosaccharides are also referred

to as having D or L configuratioassignment ofwhich is determinedoy the asymmetric

carbon furthest away from the carbonyl.

(N4

H—C—OH
HO——;T————H -
HO—C—H
‘]
H—C——OH
|
CH,OH
FigurelY wAy3 Of 2&8daNB 2F | KSE2a8x 3Irtl0G2a8s G2 3IAQ

carbon, in this case C1. Blue numbers designate the carbon atom number.
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OH _OH OH _OH OH
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Ho OH HO Z OH HO OH
OH éH3 OH

a/B-p-galactose (Gal) a/B- b-mannose (Man) a/B- L-fucose (Fuc)
OH _OH OH
0 HO 0
HO OH HO OH
NH NH
O% O%

a/B-b-N-acetylgalactosamine a/B-p-N-acetylglucosamine (GIcNAc)
(GalNAc)

axial -OH is a
_ ini i OH =
a/B-N-acetylneuraminic acid (NeuAc) R equatorial —OH is

Figure2: 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, amdhydroxyl group of another, eliminaty a
molecule of water. The formation of the glycosidiond 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 sugarsdoh as

uridine diphosphate (UDRjalactose Figure3) is formed in the cytoplasnas inequation 1.

=4 =rkrF®esrta+e=rk Equationl

UDRGal is then used to form a glycosidic linkage with another monosaccharide (the
acceptor). Glycosyl transferase enzymes catalyse the transfer of a ntmhes@e from the
donor to an acceptgrthe enzymes have specificity for donors and acceptors. For example,
in the condensation reaction between galactose aw@cetylgalactosamin&er (GalNAe

Sel) in the growing Gglycan chain Kigure4), a glycosidic linkage is formed between the C1
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of galactose and the-Bydroxyl group of GalNAwgith UDRgalactosethe donorl y R1-3}

galactosyltransferastihe enzyme that catales the reaction

NH

‘ )\uridine

N o]

OH _OH
0
HO
OH
O—+—
galactose

uridine diphosphate
Figure3: Structure of uridine diphosphate (UDRjalactose, a nucleotide monosaccharide

donor used in glycosyltransferase reactions

OH

OH
OH OH OH OH
o o) B-1-3 galactosyltransferase o
HO + HO O\ _____________ \
OH OH Ser
O—upDpP g
/& / + H,0

(0]
B-1-3 glycosidic linkage + upp

Figure 4Y C2NXI (A 233 gBcbsidicc bond between galactose and\-

acetylgalactosaminecatalysed by -1-3 galactosyltransferase.

There are twomajor glycan types in a glycoproteiriy-glycans and €lycans, named
according to their linkage to the protein via an amino acid side chidiglycans form a
glycosidic linkage with the amido nitrogen of an asparagine side dhathe specific
consensus sequenc@snX-Ser or -AsnX-Thr (where X is any amino acid except proline),
where the term consensus sequencefers to commonly occurring sequences found
amongst related protein sequences which are recognised by an entiglgcans form a
glycosidic linkage via oxygen in the hydroxyl grofjpnost commonlyserine or threonine

side chainsFigureb.
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. O H | 0
HO N HO °
NH NH
o] é 0]
\ U\ J
~ ~ N ~ AN > y
N-acetylglucosamine A< side chain N-acetylgalactosamine Ser side chain
in the glycan chain in the glycoprotein in the glycan chain in the glycoprotein

Figure5: Types of glycosidic linkage in a glycoprotein.Nayjlycosidiclinkage via the amido

nitrogen of Asn, b) @lycosidic linkage via the oxygen in the hydroxyl group of .Ser

1.2.Glycoprotein dycan biosynthesis

The biosynthetic code for glycans remains enigmatic begaudie protein and nucleic acid
biosynthesis, therés no tenplate for glycan biosynthesigukaryotic fycan biosynthesis is
managed by a large number of glycosyltransferase enzymes (located in the endoplasmic
reticulum (ER) and the Golgpparatug and is dependent on their expression levels, location
andactivity, that, because of the lack of a template, can changer the influence oflocal
cellular environmental condition€® such as availability of nutrierffé’, changes in
temperatureé®® or pH®. Consequently, the overall structure of a glycoprotein can varie qui
significantly depending on the tissue in which it is expressed and local conditions, making
analysis of glycoprotein structurdmth challengingand important since structures cannot

be predicted from a templatghey have to be determineih each disihct case

The enzymes and biosynthetic pathways leadingNoand O protein glycosylation have
been defined in a range of experimental systemvhjch enables an understanding of the

range ofpossibleglycan structures for both glycosylation types.

1.2.1. Biosynthesis oN-glycans

In N-glycosylatiof’, a chain of monosaccharides (@ansGIcNAg) is biosynthesised on a

lipid carrier (dolichol) in the ER. This Iiitked precursor oligosaccharide is transferred to
GKS FTYARS VYAGNRISY AyThid #dndfeNlisBatalyse@ y aa A RS
oligosaccharyltransferase which has specificity for thglycosylationconsensus sequence.

Following transfer in the ER, tiNeglycanundergoes trimming
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Figure 6: N-glycosylation. A lipi¢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 areemoved and then others may beadded by glycosyltransferase

enzymes to produce th i 3 & O 2NLAN@G Hruclir@si
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1.2.2. Biosynthesis of @lycans

Biosynthesis of @lycans is somewhat different from that dfglycans. @lycosylation
occurs in the Golgi complewlile N-glycosylation is initiated in the endoplasmic reticulum).
O-glycosylation is noin generaldirected to a consensus sequence; irsle Qglycans are
built on a range of protehglycan linkages, classified in terms of the first monosaccharide

attached to the proteinTablel.

Table 1: Oglycan types, classified in terms of the first monosaccharide attached to the

protein chain where R can be H, a monosaccharideaoroligosaccharide cha

Type of Gglycan Structure Location
Mucintype®-3+33 RGalNA€Ser/Thr Gastrointestinal,

respiratory and genital

tracts

Glycosaminoglycans |Df OdoiDwm f0iDW £ i| Cartilage, skin, arteries
(GAGsY AXytSer

O-linked mannos&*® | RMan-Ser/Thr Nervous system, yeast,
bacteria
O-linked fucosé’ R-FuecSer/Thr Found in some secreted

or cell surface proteins

O-linked RGIcNAeSer/Thr Nuclear and cytoplasmic
N-acetylglucosamin& proteins
O-linked galatose®*° | RGalSer/Thr Plants, collagens

Mucins are large molecular weight glycoproteins2@0 kDa)with 20 known human mucin
genes expressed imucosal sites such as the airways and gastrointestinal tkétins can
be found membrane bound othey are secreted. Mucins contain repeated amino acid
sequence‘sl, referred to as tandemepeats, whichare rich in serine and thomine residues,
the primary sites for &jlycosylationmucins are heavily QlycosylatedThe main functions
of mucinsare to provide lubricatiof' and to protect from micreorganisms. Mucins possess

these functions because glycans are hydrophilic, with some sites on the proteinsgeari
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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 pathogerand protease¥.

In Oglycosylationmonosaccharides are added to the protdinked, growing glycan chain
in stepwise reactions, where each transfer of a monosaddh is catalysed by a different
enzyme of the glycosyltransferase farfillySimilarly toN-glycosylation, as the glycoprotein
migrates through the Golgmonosaccharide moieties are added to the growing glyataain

by specific glycosyltransferases to give thature glycan structure.

Biosynthesis of mucin type-@lycans involves addition of GalNAc from uridine diphospho

GalNAc to Ser/Thr residues, catalysed by a family of -G&RAc:polypeptideN-
acetylgalactosaminyltransferases (@aINA€TsS*, eachwith its own specificity for amino

acid sequences around the glycosylation target‘&it€here are around 20 ppGalNAs in

humans; some are expressed in a range of tissues, whilst others are restricted to a specific

location. GalNA¢ SNk ¢ KNJ Aa GKSy GKS &ddzoaidNF GBGaF2NJ adyiKSa
fAY1F3S03 OdbalnttdsytranSi®ase (E1Gaiw> ¢ yR O2NBE o It e&Okya 606St
o DEOb! O tAYllFIIBHOSHEUHAT &zZASRI TR YS)MENEand TSN &S 0 o
core 3 glycans can then be modified to core 2 and core 4 glycans respectively, catalysed by

i MmEE OSGet At dzO2al YA Y @ t¢ioND yeakFSSNNG: alSNIS ol kN O b 802 T 2 NI a
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 for(fégure 7)they ae further

modified by numerous glycosyltransferases, such as fucosyltransferase and

sialotransferas®.
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sialylated

corel
g3
al
Ser/Thr
ST3Ga|—1T
B3 3 6
C1GalT1 (1) b B
/ a | —> al
;lal Ser/Thr | B6GIcNAC-T (3) Ser/Thr
Ser/Thr  ——> Ser/Thr core 1 core 2 Further addition of

N-acetylgalactosamine,
galactose, fucose and

P3Gn-T6 (k - sialic acid
B3 B g
al — al
Ser/Thr |B6GIcNAc-T (1) Ser/Thr
core3 core 4
O Galactose (Gal) . N-acetylglucosamine (GIcNAc)

I:' N-acetylgalactosamine (GalNAc) ‘ N-acetylneuraminic acid (NeuAc)

Figure7: O-glycosylation mucintype. Biosynthesis is initiated via addition dBalNAc 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 @Qlycans. Enzymes involved in synthesising each

2F GKS O2NB aiNHzOGdzNBa | NBaORR A B K AL K&GE SN B S
O2NB oNI OmEedt 3f dzO2al YAyef iGN yaTFSNEEIS NwEc O2
acetylglucosaminyltransferases). The number of isoforms present for each enzyme is

shown as either (1) or (3). Adapted from Tran efal

1.2.3. Glycan biosynthesis: the role of the Golgi

Whilst weknow the repertoire ofglycan structure®f both protein glycosylation typesnd

the consequencedor glycosylation 6 deleting the enzymes thatdirectly synthesise the
glycansare 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 utatedghe vesicle tethering

proces§>*®,
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Most glycan processing occurs in the Golgi complex, a secretory organelle in the mammalian
cell, made up of flattened stacks dfisternae. The cisternae are divided into three
compartments; cis, medial and transontainingmany different enzymes all competing for

the growing glycan chain. Enzyme distribution between cisteseations is controlled by
vesicle transport, a complegrocess involving multiple signaland 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
vesiclesmigrate through the Golgi complex, and vesicle fusion with the target membrane
have all been studigdut the exact mechanism underlying the process and how the Golgi
manages to maintain the correct distribution ofames for correct glycosylatias notfully

understood.

There are a number of models that suggest how the transport vesicles migrate through the
Golgi complexOne models cisternal maturatiot**°, This model states that cis cisternae
continually formfrom clusters of vesiclethat bud off and arriveat the Golgifrom the ER
Each cisterna matures throughis to medial to trans Golgi cisternae. Golgi enzymes are
recycled through retrograde transport as vesicles budfafin Golgi cisternae and travel
back down in the direction dfans cisternae through to cis, returning the zmes to thé
correct Golgicompartments Figure8). A second model suggests that the Golgi cisternae do
not move and instead vesicles travel from cis to trans Gudgernae®. As in the cisternal
maturation model, there are also vesicles travelling backwérdss through to cis)taking

the enzymes that were transported with the forward moving vesiétes through to trans)
back tothe correctGolgicompartments. A third model suggests that once the contents of
the transportvesicle are delivered to the Golgi they are quickly distributed around the Golgi
and sorted into those for processing and those to be remdie@f the three models,

cisternal maturation appears to be the most accepted.
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O vesicles containing Golgi resident proteins
. vesicles from the ER

. Post Golgi secretory vesicles

Figure8: retrograde trafficking in the Golgi, showinggansport vesicles and howhey are

involved in the retrograde transport of enzymes in the Golgidapted from Cottam et &f.

In all of the described modelsansport vesicles continuously bud from one membrane and
fuse with another, carrying thematuringglycoprotein chai(s). Vesicle formation is initiated

by coat proteinswvhich 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 #¥éiteFigure9

(). Two types of proteitoated vesicles involved in transport of glycoproteins through the
Golgi are coatomer protein compldx COPI, and coatomer protein complgx COPJI

vesicles. COPII vesicles bud from the ERCDPI 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 vesiclEigure9 (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 effeosach as motor or tethering
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factors Figure9 (3), to help either move the vesicle along or to aid tethering of the vesicle
with the target membran&®®. The vesicle moves by diffusion towardse target
membrane. When the vesicleound Rab proteins bind to a tethering factor, the protein
coat around the vesicle is shed in preparation for fusion with the target membFagere9

(4).

R 3) Rab proteins bind to Rab effector
? proteins such as tethering factors
1) Vesicle formation v target
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

Figure9: Vesicle transport at the Golgi. 1) Vesicle formation: vesicles buds fromGoi
cisternae, initiated by coat proteins by interacting with membrane proteins to bend, shape
and deform the membrane to form the vesicle, trappinonside the contents to be
transported. 2) Rab proteinse.g. Rab GTPasdind 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 vedidand Rab
proteins are bound to a tethering factor, the protein coat around the sigle is shed to

prepare for fusion with the target membraneAdapted from Ungar et &P.

Tethering factors such as coiledil proteins, (known as golgins at the Golgi) are long rod
shaped molecules thairojectfrom membrane surface®pening up interaction sites on the

Golgi cisterna®. Golginshelp to hold vesiclgin position for fusiona processnteractions of
tethering complexes, such as the conserved oligomeric Golgi (COG) complex, RabGTPases,

and SNAREetween the transport vesicles and target membea
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Aprotein complexthe conserved oligomeri€olgi (COG) complekas been shown to play a
central role in maintaining glycosylation stability in all eukaryotic €&lICOG is thought to
coordinate the retrograde transport of transport vesi¢fe<COG has eight subunits, named
Cog1Cog8, arranged into two distinct lobes. Subunits G6g4 make up lobe A whilst
subunits Cog®0g8 make up lobe B.uBunits Cog2,3,4 and Cog5,6,7 form trimers
connected by the dimer formed from Cogl and Cada8urel0.

Lobe A Lobe B

Figurel0: COG complex structurechematic, showing connections of each of the subunits.
Subunits CogCog4 make up lobe A of the protein complex and C@&#g8 make up lobe
B. Cog2,3,4 and Cog5,6,7 are trimers, and these are connected via the dimer of Cog1,8.

Adapted fromMiller et al*®.

COG mutant cell lines have showhangesin glycosylation, which can be attributed to
mislocalization of the Golgesident enzymes. What this does not suggest is exactly where
and how COG functions. Protein interactions have been obsebatdeen CO® and
coatamer protein complet (COPI), the Rab GTP&5¥sand SNARE¥’ suggesting an
involvement of COG in the final stages of tethering just before fusion of the vesicle and
target membrane¥. However there is also evidence to suggest that COG is involved in the

earlier stages, via interaction with golgih%®2%,

Although not fully understood, there are two mechanisms for how the QGIGin

interactions aid the vesicle tethering process. The first is that COG could be anchored to
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both ends of the golgfi, bending the golgin and pulling the vesicle and target memksane
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 membrané®, Figurel1l.

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  Jad0d{ golgin
® vesicle — v-SNARE @ coG

Figure 11: Two proposed mechanisms for C@@olgin interactions involved in vesicle
tethering. Adapted from Ramierez et &l

Once a transport vesicle is tethered to the target membrane, SNARE proteins catalyse
membrane fusion. SNAREs are presenttloa transport vesicle f(ENARE) and the target
membrane (tSNARE). The two SNAREs wrap around each®bthecuring the membranes

in placé” as well as pulling the membraneose enough to fuse and unload the vesicle

contents Figurel2.

target
membrane

target
membrane

—

® vesicle — t-SNARE —— v-SNARE

Figurel2: Vesicle fusion with the target membrane catalysed by SNARERSARES on the
vesicles (VYSNARESs) wrap around the target membrane SNAREINARES) 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 biosyntleesisy unloading both the

Golgiresident enzymes and the glycoproteins in the correct place.

1.3.Glycans in disease and biologicdherapeutics

1.3.1. Congenital disorders of glycosylation

Congenital disorders of glycosylationDGs first described by Jaak Jaeken in 1984re a
family of rare genetic disorders tharesent abnormalities irglycosylatio', andare not

well diagnosedGlycosylation defects may be due to mutations in the enzymes building the
glycan, or those enzymes not localising correctly in the EReoGolgi 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 infour groups those with errors inN-glycosylation, ©
glycosylation, glycolipid and G&ichor protein glycosylatignand those which present
errors in multiple gicosylation pathwaysCDGs, although rare, make apund 100genetic
disorders known to be caused by glydasipn-related mutations’, and effects are
expressed in most organ systems, particularly the central nervous system. The disorders
present a vast array of abnormalitiéssuch 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 twamain typesof CDGs, CDGand CD@I. The first type typically presents normal
N-glycans attached to glycoproteins but the sites of attachment are not dgityipied This

is caused by defects in the assembly of the precursor oligosaccHaittkits transfer to the
protein. The most common defect of this typeMM2CDG"">® (previously known a€DG

1a’"), is in phosphomannomutase, the enzyme that catalyses isomerisation of mannose 6
phosphate to mannose -fthosphate, required to build the lipithked precursor inN-

glycosylation. A less common formPFCDG(previously known a€DG1b’"), results from
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defects in the phosphomannose isomerase gehe, product ofwhich generates mnnose
6-phosphate from fructose-phosphaté®. Freeze et & reported a treatment for this defect
by administering high levels of mannose in tiiet, which was shown to be sufficient to

restore normal levels of the dolichol donor, preventing hypoglycosylation.

In CDAl, 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 protedvound glycansand can thereforeaffect N-glycans O-glycansor

both simultaneousi#®#2. CDGlIs mayalsobe caused by defects in the COG compleRGs

have been reported with defects in C8§%, or Cog£>®® where some also show reduced
expression of Cogd and Cog¥. Such COG defects are considerediriterfere with the

accurate localisation of glycan processing enzymes, and thus to cause glycan trification

A range of analytical toolés needed to help improve diagnosisinderstanding,and
treatment of these complex multisystem disorders. Thain testcarried outin 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®cids
Thee is an increase in the use of mass spectrometry to monitor glycosylation defects, with
someof the earlier applicationsising electrospray ionisatian 1992° and MALDI in 1994
where changes in glycan profiles between normal &0DGl samples could be observed in
mass spectra of serum transferrihereis now a range of mass spectrometric applications
for monitoring changes to glycan profiles in seftifi®® for CDGstudies including analysis

of glycopeptidesn serumto look at site specific glycoforriis

1.3.2. Biologicsglycoengineeringvaccines and drug targets

Glycanshavea majorsignificancen the pharmaceutical and medical industribecause of
the importance ofglycan/glycoprotein/carbohydratbasedtherapeutics There has been a

significantrisein the engineering of glycan components for creation of new therapeutics.
A majorlandmarkin glycobiologyand mediine was the discovery thaiglycans were the

structurallydefining constiuents of the A B Mblood group substances®®®’?® The main

component of H antigen (bbd type O) is fucose, to which the addition of GalNAc produces
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the A antigeror the addition of Gal produces B antigerhis has been of majemportance

in matchingblood donordor blood transfusions.

Glycanbaseddrug moleculediave beeraround for nanyyears Heparin, the carbohydrate
basednaturalanticoaglulent, was first discovered in 199 J. Mcleanlsolated from animal
sources, mainly from porcine mucosa, has been used in the clinic to treat thrombosis since
the 1940%". Heparin has its effect through a structurally specific pentasaccharide

€9,100.101.102

constituen 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 ArixRalenz&” is an antiviral drug based on a
monosaccharide structure(Figure 13); the drug works by binding to the viral
neuraminidasé™® prevening neuraminidase from binding to thsialylated glycan on the
host cell$®” and therefore deactivang the virusand preventingentry into cellsIn addition
antibiotics such aseomycint®® an aminoglycosideyinds the 30S ribosomeo interfering

with protein synthesis

Neomycin

Relenza (Zanamivir)
%
NH2 =

OH NH;

Heparin

050:H  pentasaccharide

NH| HOOC 050,H

0
0:< Om/o ° 0S0,H
HO;S
OH o 0
HO3SHN o~ 1o
07" HO
! HO3SHN ¢,

COOH>0S0H

Figure 13: Pentasaccharideof heparin, the anticoagulant used for the treatment of
thrombosis it contains a sulated iduronic acid and s@hted glucosamine.Neomycin
antibiotic and Relenzgan antiviral drug.
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Biopharmaceuticals, therapeutics often produced througingfic engineering of animal,
plant or bacterial cells, is a majand still growingarea in the pharmaceutical industry. The
first biopharmaceuticalapprovedin 1982,was Humulin, recombinant human insulin. Since
then over 200 biopharmaceuticalsave been approved®, with monocloml antibodies
(which are glyaproteing) dominating the biotherapeutics area, alongsidehormones,
enzymes, and othefglycoproteins. Humira (adalimumab) is a monoclonal antibodyduse
treat rheumatoid arthriti€ / NR Ky Q&8 RA & S| &'8 Gazyi&R(OlinkithkBnyah) O L& 2 NA | & A .
approved for treatment of chronic lymphatic leukaedifa is one of the first approved
glycoengineered monoclonal antibodjesndtargetsthe surface protein CD20associate
with B lymphocytesln clinical trialsGazyvawvas found to be more effective than the wild
type, nonglycoengineered formRetuximab, illustratingthe importance of glyansin the
success of biotherapeuticsin contrast Taliglucerase Hlelysy is a recombinant
glucocerebrosidase, produced from an engineered carrot root lged, used to treat
Gaucher disease, a lysosomal storage disorder. Elelyso contains terminalseaesmues

on its glycanshelping uptakeo its target macrophagé¥’

Surfaces of bacteria, viruses and parasites are covered with glyehith are distinct from
those on the host and so carbohydradpecific 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 antiies and are therefore more vulnerable

to infections and so need vaccinating. For example, infants are immuagagdstmeningitis

and the elderly agains$treptococcusmeumoniae

Carbohydrate vaccines were first derived from natural sounmegaining glycans however
there is increasing work on synthesising carbohydiseed vaccines. For example, the fully
synthesised haemophilus influenza type b (Hib) vaccine based on the capsular
pentasaccharide antigen structure from Hib. The polysaddbais conjugated to teinus
toxin™>. In addition a vaccine has been developed by Huang'®tagjainst a breast cancer
associated carbohydrate antigen, GleHo The vaccine uses Glebb conjugated to
diphtheria toxoid, cd- RY A Yy A & (i Sghli&:t@syléefariée ahalog adjuvaanhd has ben

shownto induce a good antibody response against Giébon breast cancer.

In addition to carbohydratdbased vaccines, glycans are also important as drug/vaccine

targets. There is often aberrant glycosylation found oancercells The protein MUCL1 is
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found to be over expressed in cancer cells and MUC1 glycosylation shovease
branching and sialylatioti’. In addition MWC1 ontumour cells contain core 2 -@lycans that
promote metastasiS®. These factorsmake MUC1 and the tumourassociated glycan
antigens a good target for cancer vacciié$ Developing vaccines for cancer is useful
becausethey can raise antibodies agantumour-associated carbohydrate antigeffisom
tumours that remain after a primary treatment, such as chemotherapy, to try to prolong

survivalfree from the disease

Therapeutic glycoproteins are often produced as a mixture of glycofarath of which will

have different properties, effectingolubility, sability and efficacy. Isolating individual
glycosylated products andetermining their in vivo and in vitro functions is an almost
impossibletask. The human antibody Ig&iscissed in more detail in chapter) Sontairs

one glycosylation site butandisply up to 500 glycoform¥. To try to simplify and create a
more homogenous display aflycoforms in therapeutics, cell lines (expression hosts) are
engineered to produce specific glycosylation structdfesind through studying these
engineered systems greater understanding of the glycan functions can be established

| KAySas KIYAGSNI 20 NE OStfta KI 984N-0SSy
acetylglucosaminyltransferase 11l which adds a bisecting GIcNAc td-gihecan core. This
result lead to increased antillly dependant cellular cytotoxici§?**° which was later found

to be caused by the GIcNAc blocking core fucosylation and it was the absence of the fucose
causing the desired effect. Thims led to development of more dducosylated 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 glucocerebrosidaseled YS A& dzaSR GKIFG A& -RS3ef
Yy SdzNJ YA y-AIRE IAGE2 ailA Riactfgluchsdrfiniddse to expose manngse

improving targeting and internalization.

Cell surface glycan remodelling is used to create-matoral 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 Béffozzed azidecontaining
glycans to add complementary DNA strandsliferent cell types to assemble microtissues,

useful for studying orgn development and disease progressidm.addition, the Bertozzi
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group found that immunizing rabbits with a ketogentaining sialic adibound to a protein

carrier led to production of antibodies capable of binding to cancer cells to promote cell
lysis?.

1.4 Methodsfor glycosylation analysis

Early work in glycomics sought to define the magycanstructures present on single,
isolated glycoproteinspften from large quantities of samplesyhere the information
gathered provided detail on composition of the glycatsK S t Ay 1+ 3Sa> +Fy2YSNAOAGE
and configuration f or 1). In 1967, Carlson was the first to report an oligosaccharide to
contain both a fucose and a sialic acid in porcine submaxillary Mti¢ém1982 Spik et &'
reported the primary structure for glycans olntad from human lactotransferrin structure
was determined by methanolysis, methylati@malysis hydrazinolysigto release glycans
from the protein) enzymatic cleavagesuch as desidbtion with neuraminidasegGCMSand
'H-NMR analysisThe combination of all the different sample preparation and analytical
methods allowed distinction dbur different oligosaccharides all fully characterised in terms
of monosacchirdes unit present, their linkage position, branching and anaitgeric

As the knowledge of glycan biosynthesisreased®*?®

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 spectrorttétfy?'?°to determine glycans
present in tissues and whole systems. If further structural analysis was required to
determine particular isomeric forms present, especially for studiegsdtigating disease,
then methodspreviouslydeveloped for composition, linkage analysis etc could be used. For
example, glycans from different populations of porcine stomach mucHg' were

investigatedwhere there was found to beegional differences in thglycanstructure™>'%,

Cell culture is useful to study changes to glycosytatind 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 marige 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 replation. Since
glycosylation chages during cell differentiation andisease batchto-batch variations in

biotherapeutics including variation between cell types and growth conditioeed the lack
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of replicates hinders the ability to report such differencesgglycosylation To study glycan
biosynthesis and to try to understand the effects of biosynthetic enzyme mislocalisation that
can manifest in subtle changes to glycan profilesthods are needed to detect differences
that are biologically relevant against a background of normal biological variation between
individuals.To determine which of thesglycan profilechanges are significanand which

are just lowlevel biological vaation, analysis of multiple biological samples in parallel is
needed. It is not necessary to carry out ultimate deep glycan profiliagmake this
assessmentbut rather toprofile reproducibly enough to uncoveverall shifts in relative
glycan proportims. This makes it possible to avoid the use of very large numbers of cells
that would be necessary fovery deep profiling, but that at the same time limit the

feasibility of analysing sufficient numbers of replicates.

There are reports of studies thateigewer cells such as Nakeno efalvho reportedN- and
Oglycan analysis on isolated membranes fron télls of a leukaemia cell line. This
however, was for adetailed glycome analysis involving fluoresckabelling and L®S, not
applicable formedium throughput analysis withprimary cell culturesand expensive
reagents.Other studies also involveomplexsample preparation for the goal of deep glycan
profiling even though the sample amounts were reduced from using three 10 cm dishes per
samplé® to one 10 cm dish (2 million cells}’. A study was also reported to analybse
glycans from human embryonic stem cEftsvhich, although it reported only using 100 000
cells, again had multistep samplaeparation not suited for a medium througbut,

glycomic profiling that would enable generation of biological replicates.

Glycomic workflows frequently use separate protocols and samples for lookiNegbftcans,
Oglycans and for proteomic studied. stuly reported release oN- and O-glycans from
meserchymal stem cell€’, and although the @lycans werereleasedfrom the de-N-
glycosylated proteinafter recovering the protein through precipitationextraction step,

the Oglycans had to be pooled together beforegycan analysis and so again, replicates
were not possible. @ understand the effects on total glycan profilésyould be idealto
analyse bothN-glycans and @lycans fromthe same sample in an integrated protocol, i.e. a
one-sampleone-pot method, making the best use of samples. Since some genetic diseases
can occur as a result of a genetic defect that affects bbthand Oglycosylation
simultaneously, whereas some defeonly affect one glycan type, analysis of bbthand

O-glycans from the same sample is ideal. A-sampleone-pot pot method also hathe
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advantage of reducing the amount of material needed to carry out such studies, and would
offer the potential, afte& N- and Oglycan releasegnabling a complementary proteomic

comparison between samples.

Recently, a paper was published describing a method to amplify the celliggrc@me for
in-depth glycan profiling using around 80 000 c¢&lIsThis study addresses the challenge of
cutting down on sample sizéowever this protocol is exdively for studying @lycan, and
although QGglycans are important, it doesot allow for simultaneous study of botR- and

O-glycan from the same sample.

Methods aretherefore 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 isolatidfighfcans from
glycoproteins solubilised from whole cell lysates, using a centrifugal filter. The method has
been named filteraidedN-glycan separation, or FANE&'SThe simple protocol makes use of
afilter-aided sample preparation (FASIproach for SD&moval, first described by Manza
etal> | yR GKSy 0 &%fér axthdngSas 8D@ith ur&aiiin FAKIGSpflowing

SDS exchange, the glycoprotein extract is then incubated with PNGase F to relebdke the
glycansN-glycans are collected after centrifugatiofigure14. FANGS has been successful
using only 3.5 x fOcells, equivalent to one well of a six well culture plate and so this
method is very usefulbeing applicable tdow cell numbers and thereforean be used to
analyse multiple samples in parall&l. the literature there is no equivalent method for the

release of @inked glycans.

1 2

Figure 14. Filteraided 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 filte to releaseN-glycans from the glycoproteins, filter centrifuged to collect
the released glycans in the filtrate. Modified from Rahman et“4] and from Millipore

Amicon filter user guide.

52



1.4.1. Release of @lycans from glycoproteins

For Oglycosylation, there is no enzyme that shows a broad specificity-ffiy€an release to
compare with PNGase F fdi-glycan release, so that cheralcmethods are the most
appropriate fo panspecific Gglycan release PNGase Hirst reported by Plummer et al in
1984, hasbroad substrate specificity and cleaves tiNeglycans from the asparagirsde

chain at the glycosylamine linkage, leaving titglycan structure intact’. It can cleave

highrmannose, hybrid, biri- and tetraantenaryN-glycans.

Hydrazinolysis originally described by Matsushimanda Fujt*® and later by Bayard’,
releases @lycans afiydrazonesvhichare then converted to reducing glycans by exchange
with acetone. However, these procedures use high temperatureg (01 s/ 0> @ KA OK
lead to peeling(where monosaccharides are successively cleaved from the reducing
terminus of the released Qlyan, Figurel5). Although recently peeling has been found to

be significantly reduced by adding ethylenediaminetetraacetic acid (EDTA) directly to the
hydraziné*"**®. Hydrazinolysis ialsoinconvenientas it requires anhydrous conditions, there

can be numerous bproducts formed and hydrazine is toxidydrazinolysigan also release
N-glycans and through controlling the condition eitiéglycans, @ycans or bothN- and
O-glycans can be releastd N-glycan release requires stronger conditions;18® ¢ 1*°, 5-

16 h, compared tomilder conditions forO-glycan release (6@ / 6 h)*°. The exact
mechanism for hydrazinolysis of glycans is not fully understood. There is suggestion that the
reaction occurs by an initial -elimination type reaction followed directly by reaction of the

glycan with hydrazine to form a hydrazdrfe

i -eliminationinvolving treatment of the glycoprotein with NaGtdn be used to releas®-
glycans from glycoproteini§®’. However the strongly alkaline conditions can result in
peeling reactionS Inclusion in the reaction of NaBld NB R dz@Ilimingtién) hielps to
prevent peeling by converting the-Bf @ OF y Q& N3X&l RedirlDétoyan alditdh Figdre v
16.
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Figure15: Peeling reactiom®> monosaccharides areliminated from the reducingresidue

of the released glycan
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Figurel6:DS Y SNJ f Y S Odimiyafioa ahd ificludidnof NaBH to prevent peeling

by converting the reducing terminus of -@lycans to alditols.

Alternatively,glycoproteins can be treatednder similar conditionsvith NH,OH, releasing
O-glycars and addng NH; across the double bond of the amino acid residue left behimd,
Michaekype addition reaction Kigure 17). This method uses milder conditions than
reductive and ther nonreductive elimination methods, and it does not require a desalting
step prior to MS analysis, as MM is véatile and so is easily removed under reduced

pressuré>, making it aconvenientmethod to use
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Figure17: NonNB R dzO-élimigefion, adapted from Rademaker et &P

Novotny et a® have reported & -elimination protocol based on the Rademaker method,
that uses NHOH and ammonium carbonate rather than just J®H. These reagents used
together are stated to help to prevent peeling by blocking the reducing terminus of the
released @lycans; the ammonium carbonate converts the reducing glycans to
glycosylaminesvhich can then react with boric acid, yielding reducing glycans after removal

of the base. Rademaker does not make use of ammonium carbamateloes the study
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suggest thatpeeling isobserved when using NBH. Since NfOH isa weaker based than
NaOH commonly used in the-elimination of Gglycans, 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 temperaturelhe study by Novotny did nahvestigate whether using NBH
resulted in peeling before they came up with a solution. Instead, they just made the

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

Gonditions for releasing glycans from glycofeins/peptidesgenerallyinvolve overnight or
longertreatment. We are unaware of reporti the literaturedescribingfasterreleaseof O
glycans. Ashorter incubation time for glycan release would beery convenient for
enhancingthe throughput of analysesThere are reports of using microwaessistance to
speed up incubation times in a range of chemiaad enzymaticreactions. Domestic
microwaves have been used to assist in trypsin digestion of proteins, and recently a method
has been describéd® using a domestic microwave to releadéglycans from purified
glycoproteins such as bovine fetuin and compdycoproteinmixtures, 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
powerwas foundnot to affect the released glycans, leaving labile sialic acid residues intact.
Sonication, used widely in industry and researchalso used to accelerate reactions in
organic synthesjsstimulate enzymes in enzymatic synthesienication has been used to
extract proteins out of SDBAGE gel¥, and is also used to disrupt cell membeasnwithout
damaging the cell contenty. However, here appears to be nothing in the literature to

suggest sonication has been assessediferin therelease 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 passBabbles form, which arenstable from
interference of other forming bubbles close in space, causing sudden expansion and collapse
of the bubbles, releasing energy as a reStlin a water bath soni¢ar, 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
reaches the sample, is relatively low-§1W cn?)™’. This is in contrast to an ultrasonic
probe, which is placed directly into the reaction vessel inducing energy of several hundred

W cni®. Temperature control of the water bath is generaiyor.
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1.4.2. Derivatisationand quantitation of glycans

Carbohydrates tend to produce a poor signal response in mass spectroinetguse they
do not have many sites for protonation and so they do mmtise efficiently, unlike other
biological molecules suchs protein/peptides.Carbohydrates are therefore frequently

derivatised®®**'®° py permethylatior{®*°>%31%* peracetylatiorf®>*®*

or reducing terminal
taggind® to help improve the sensitivity of detection, the rate of change of response, by
SYKFyOAy3a GKS FylfedSsqa MALDNANINESImpradidghm@dsi @ Ay (KS

spectrometric response.

Permethylation produces methyl ethemn the carbohydratehydroxyl groupsgconverting
the glycan toa more hydrophobicspecies The resulting decreasein intermolecular
hydrogen bonding increases ttseirface activity of the glycan sitting on the MALDI nxatr
surface, or in an electrospray dropléeading to an increase in the ion signal interi§ftyin
addition, permethylation can stabilissialic acid linkage¥ by eliminding negative charge
associated with acidic group3he permethylation method that is now routinely used is
catalysed by sodium hydroxide through reaction with slow addition of iodometfi&ii&'°
Figurel8). This method has been shown tmgduce higher yields of permethylated products
in a shorter time than the original Hakom®fipermethylation method reported in 1964,
catalysed by methylsulfingdarbanion in dimethyl sulfoxide. As a resultpgrmethylatian,
tandem mass spectrometry can yield diagnostic fragmentation patterns to help determine

the glycan structurédiscussedn Chapter 2.

OH _OH OH _OH

CH;

0] DMSO 0 | -

B ‘/

HO OH s. NaOH HO (o}
OH OH
OMe _OMe
CH;l C
MeO OMe
—_— OMe

Figurel8: 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 wildype cells and diseased or differentiated cells. Quantimtnethods using mass
spectrometry include spiking an internal standard, such as maltohept&o&e into
samples. This method is useful since sample and the standard are simultananabised.
Internal standards such as maltoheptaose are usefulrédative quantitation ofglycars
since they are similar chemically and are around the correct mass r&tgble isotope
labellingis also used for relative quantitative glycomic analydéss 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 usiiGH| and **CHDI to permethylae the glycans prior to
analysis by mass spectrometimd can be used for botN- and Gglycan analyst&-*"2173174,

Other methods for glycan quantification includ® labelling ofthe reducing end oiN-
glycans released by PNGase F in heavy Watét Relative quantitation of glycans has also
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.Aimsof the thesis

The aim of the work in this thesis was to develop a method to release and isolgiieans
from glycoproteins, from a small number of cultured whold besates for analysis by mass

spectrometry.

This thesigpresens a FANG®ased aproach making use of a centrifugal filteo carry out
O-glycan release using narductivei -elimination, as well agxpbiting the advantages of
an optimised FASB** approach, eFASB, which uses alternative reagents to FASP
Method optimisation revealhhow Odglycan release can be achievedth a total of 20
minutes of sonication, withoubss of labile sialic acid groups, and giving comparable results
to the well-accepted overnight incubation methods. In addition, the thesis presens a
streamlined prota@ol that has been developedor a onesampleone-pot approachto
releaseN- and Oglycans from the same samplie the same sample powith the potential

to subsequently analyste protein remaining in the filterThe developed method has been
demonstrated using porcine stomach muciras a standard soluble glycoproteiand has
then been applied to porcine bladder urothelial cellmesenchymal stromal cells and normal

human urothelial cells
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Chapter4 describes te method development work for the release and isolation of O
glycans from glycoproteins of whole chitates in a centrifugal filter, foanalysis by mass
spectrometry. The chapter continues to show how the establidkielycan release method
can becombined with the @lycan release method to offer a simple, and convenient-one
sampleone-pot method to enable analysis of the whole glycone.addition, after glycan

removal it is possible tanalysethe protein remaining in the filter unit.

Chapter5 describes work carried out on a seven week placement at Biidyers Squibb,
Lawrenceville, New Jersey, USA. The project involved investigation of the FANGS method for
larger scaleN-glycan isolation, to enable analysis of glycans from monoclonal angibodi
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.

Chapter6 describes application of the-glycan release method tmesenchymal 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 intcetholes of glycans on adipogenesis.

The chapter also shows that the ohd2 G YSG K2R OFy 68 FLILX ASR (2
samplesThe approactiocuses on determining the oftesubtle changes in relative levels of

the majority of theglycars in a glycan pfile in a reproducible and statistically robust way,

without the need to focus on deteittg the most minor components of the glycome.
Chapter7 describes application of the orsampleone-pot method to normal urothelial

cells cultured from human donoramples, and enables comparison of bdth 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 technigsed 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 aralgte. The general setp 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 ratio1fn/z) and then they are detected.

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

Introduced by Karas and Hillenkati3”®as a technique to generate intact gas phase ions of
large, thermallylabile and involatile molecules such agroteins, 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 ionisatiooheique, 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 thenolecules 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
observed as fragmentatioproducts of the analyt€’. 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 asviding 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 trarisr 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
2,5-dihydroxybenzoic acid (DHB) y* Rcyane4-hydroxycinnamic acid (CHEBJ®® Figure
19.

0 OH
0
OH
= OH
HO HO [
N
2,5-dihydroxybenzoic acid a-cyano-4-hydroxycinnamic acid

Figure 19: commonly used MALDI matrices for analysimgrbohydrates, 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 dissolveith 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 generallyeceferr

to as the drieadroplet 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 depamd
homogeneity of the sample/matrix sp8f. Sometimes the sample/matrix material will
accunulate 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 crystaksre visible, usually away from the needles. In these cases, better dat

are often acquired around the edge of the spot.

2.5.2. lon formation in MALDI

In MALDI, the matrix/analyte ecrystals 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 whilgut ¢

20). During this laser ablation/desorption step, many primary fimmation pathway$*>#°
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such as preharged analytes in the matrix clusté¥s charge separatidf®, photoionisation,
thermal ionisation, disproportionation reactions and excited state proton transfer, have
been proposed. In addition there is a range of secondary ion formatiahwayg®®!891%
such as iomolecule reactionS’, gasphase proton transfer, cation transfer, electron
transfer, matrixmatrix reactions and matriganalyte reactionshat have been discussed.
LASER beam
Analyte/matrix spot /

Ablated matrix/analyte cluster

MALDI target plate

Figure20 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 vyields.
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 tiegianode, 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.

Two models most discussed to date are the lucky survivor tH&band the gas phase
protonation modet®**®®. The original loky survivor theory statednalytes are incorporated

in the matrix crystalsvith 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 preak down or separate into smaller clusters) leads to overall charge neutralisation,
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and so would not be detected mass spectrometricafygre 21a). Alternatively, upon

disruption of the matrixanalyte crystals there is charge separation and so the clusters carry

a net charge. Provided that the ions are not then neutralised by absormti electrons or

LIK2G2St SOUNRYa FTNRBY GKS (I NBS fFigureZil).SBerelisNE RS GSOGSF
now a refined lucky survivor mod& 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 followingounterion neutralisation to neutralise the

matrix ion, and leave the analyte ion with a surviving chaFjgufe21c).

. . Q N
cluster dissociation - Q Q .

R i
() O_ o no detection

Q

charge neutralisation

Matrix/analyte cluster no net charge

no detection

b Q %‘O neutralisation by absorption
) Q electrons/photoelectrons

cluster dissociation from the target

B ————

D -
Matrix/analyte cluster Q )
Q no neutralisation
charge separation of analyte Q"

"
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Q

lucky survivor detected

.
c) Q -
cluster dissociation . + Q .
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QD + ———» 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 leadsto charge neutralisation, and so the analyte is not detected. b) charge

separation upon disruption of the matrbanalyte clusters gives a net charge and so the

oA v A4 oA X 4 oA x

Fylted A2yad FTNB RSGSOGSR Fa afdzO1@& adaNDAD2NEE D
clusters lead to generation of protonated analytes by counterion neutralisation and so the
lylrtedsS A2ya FNB RSISOGSR a af dzO1 & &ad2NDAG2NEE O
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The gas phase protonation model suggests there are neutral analytes in the gas phase from
either incorporation into the matx 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 analytesEquation2, where A is the analyte.

= O+ «

Wy =35 OF <»i

Equation2

It has more recently been suggested that both the lucky survivor theory and gas phase
protonation are parts of one overall mechaniSth It has been shown that both models
occur in parallel, although one model may occur to a greater extent than the other
depending on sample preparation conditions, laserefice, 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 gasase 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 werincorporated 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 anthe 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 positivgprecharged 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 -BBB and CHCA, two common

MALDI matrices, are 834 it € & and 7660 W ¢ &, respectively.

MALDI generally produces singly charged ,idv + HJ, from peptides, proteins and
glycoproteirs. 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

67



neutralisation. When analysing oligosaccharides, sodiated molecules ([My+axausually
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 carbohgtEs are > 160 W ¢ «,
compared to ~850 b ¢ & for matrices®) and therefore they cannot compete with the
matrix for available protons in the secondary reactions in the matnialyte plume. Sodium

ions are present itthe matrix, solventsand glasware and possibly from residual Nérom

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 molecul8ighough atthe 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 spectrometrywithout extensive fragmentation. Ehelectrospray principles developed

by Dole was applied by Fenn et®al®” 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 giéent. 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 €8n€igure 22. A
counterflow of nebuliser gas (usually,)Naids evaporation of the solvent and as this
happens, the charge density on the emerging liquid increases until the Rayleigff lisnit
exceeded and the repulsive pressure exceeds the surface tension, causing a coulombic
SELX 2a8A2yS ONBIGAYBNR¥R®D cRERPBIR S DEY Ay ORYHAYBSHAG?2
increasing the charge density until it once again exceeds the surface tension causing
coulombic explosion; the cycles continue until only desolvatedppase analyte ions
remain. This process of analyte idarmation is known as the charge residue model,

proposed by Dol€® Figure23.
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Figure22: Formation of a Taylor corté®

solvent evaporation +
solvent +
+

solvent and coulombic .
evaporatlon explosmn . evapomtion

unsolvated gas-phase

analyte ion analyte ions

solvent

Figure23: Charge residue mod&f for gasphase ion production in ESI.

A second model proposed by Iribarne and Thomp¥as 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 explosamme 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 tharoplet and the cycle continuegigure24. Once

the gasphase analyte ions are formed they are sent to the mass analyser, which is under

vacuum, to be analyseéjgure25.

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

™ solvent analvte on analyte ions

Figure24: lon evaporation modef™ for gasphase ion formation in ESI
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Figure25: 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, E&in produce multiply charged ions, making detection of larger
molecules possible on regular/z range mass spectrometers due to the resulting lowez
values compared to those ionisation techniques where only singly charged species are

formed resultingm much highem/z values which may be difficult to detect.

2.7. Fouriertransform ion cyclotron resonance (HCR) mass spectrometer

FTFICR works on the principle that the trajectory of an accelerated ion can be controlled by a
magnetic field*?®2 There are four main components to ICR instruments. Ifirst
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 coamatyser cell is

the cubic cell. This is composed of six plates consisting of two trapping plates, two excitation
plates and two detection plates;igure26. As wellas this, an ultréhigh 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 FAICR 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. lonmotion

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 magnei®d. An ion moving in the
presence of a uniform magnetic field experiences a force, the Lorentz forEquation 3
(whereny andu are the charge and velocity of the ianjs the magnetic field, andshows

the direction of the magnetic componerd perpendicular to the plane determined byand

the magnetic field,6 causing the ion to travel in a circular orbfigure27. The magnetic

field is constant and then/z ratio of an ion is determined by measuring the cyclotron
frequency (Q), the frequency wh which an ion repeats an orbit, Equationwhered is the

mass of the ion and q is the charge. The cyclotron frequés independent of the velocity

and kinetic energy of the ion, which is why FT instruments can achieve such high resolution;

Ay a42YS8 Ylaa aLBSOGNRYSGSNE GKS NBazftdziazy A

distribution, but this does not adict measurement ofQand thusm/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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Equation3

Figure27: lon cyclotron motion. The direction ofravel is the opposite for positively or
negatively charged iorf§".
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Equation4

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 fiéldjure28.

< ----- Trapping plate

Trapping plate —1—> Q/‘
4

B 75
‘o #
S
-' 4

lon entering the
ICR cell

Figure28: lon motion as a result of trapping potential application in ICR cell. lons oscillate

back and forth, parallel to the magnetic field (B), between theapping 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 thepkgne perpendicular to the-z
axis. The electric trapping potential constrains the ion motiomg@lthe zaxis. 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 theaxis aml repels them in the xplane 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 motidtigure29.

Magnetron motion

Cyclotron motion Trapping (axial) motion

Figure29: 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

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 kinetezggnand so the radius

of the orbit increasesHigure30). All lons of the samm/z ratio are excited coherently, in

tight packets, to the same energy, and rotatelwihe same frequency in the same orbit. As
0KS A2ya LI aa Of2asS (20&NIES yRISEH SXOa 2 NY RifzO $i S

attraction of electrons to the ion packet in the positive ion detection mode, or by repulsion
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of electrons in the negativeon 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 whichis equal to the difference between the cyclotron and the much smaller
magnetron frequencies. Imagrirrent detection is nofdestructive as the ions remain in

the cell during and after detection.

a) before excitation b) excitation c) after excitation

Figure 30: Excitationand detection of an ion in the cell of an IGMS: 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 thie cyclotron radius increases. ¢) 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/z ratios can be deteted 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 complexavwe is detected as a timgependent function
which, through Fourier transformation, is converted to a frequedependent function and

hence into an intensity ton/z relationship (the mass spectrunfigure31.

electrode

Fourier

transformation | |
— t ®
Frequency-dependent

image-current function R T T /2

-
‘ |

electrode

Figure31: Fourier transformion cyclotron resonance (FICR)
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2.8.  Time of flight mass spectrometry

¢AYS 2F TFEAIAKGEG o6¢2Cu Yl aa |yl andhNke fiBtSNSE T

commercialised instrument developed in 1955 by Wiley and McfteifoFs are now
amongst the most widelysed mass analysers for thaealysis of biological moleculeshel

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 usiffg LDI
followed by MALDI®. Since ToFs distinguish between differemiz values based on their
flight times, through a fieldree flight tube, due to different velocities, ToFs are well suited

to being combined with pulsed ionisation techniques such as MALDI, as ions praateced
expelled in packets. Continuous ion sources such as ESI are also used @ithéveéver,

since the ions are produced continuously there needs to be a pulsed extraction applied to

produce packets of ions in order to maintain good mas®lution.

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

source and the detector.

For an ion of massa and chargery & Qeaving the source, accelerated by a potential
difference w , its electric potential energyO is converted to kinetic energyO , given
byEquatonT | YR a2 2y NBINNF y3ISYSy i EquatishSAfter2 y Qa
acceleration, an ion travels at constant velocity through the flight tubeatols the detector.

The time taken for an ion to travel the length of the flight tulde is given byEquation 7
CombiningEquation 6 and Equation givesEquation 8 whichshows that them/z ratio is

related tot®. The length of the flight tube and the accelerating potential are constant for a

given instrument and measurement.
e, d L‘) J4 ’ k] €, ’ D
O T nw aQwO

Equation5
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Equation6
o —

Equation7
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Equation8

Linear ToF mass spectrometers have poor mass resolution, affected by a distribution in flight
times amongst ions with theamem/z ratio (Figure32a). The difference in flight times is
caused by a number of factéP& 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 timeSecondly, 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 directis 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 enegy transmitted to the ions from the acceleration pulse, as well as energy
NI YR2YA&lIGA2Yy (GKNRdzZAK O2ffAaArzya Ay (GKS LI dzy$S
The reflectron and delayed pulse extraction are two techniques that have been devetoped

improve mass resolution by each mitigating some of these effects.

A reflectron, developed by Mamyffi, is an electrostatic refleot, comprised of ring
electrodes, that can correct the distribution of kinetic energy of ions with the sanme
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 exitinget 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 sideor ions of the samen/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 reaclthe detector. This improves mass resolution by allowing ions with the same
m/z ratio to reach the detector simultaneousligigure32b. 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 resplir

a)
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Figure32: Timeof 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 sam& ratio but

different kinetic energies reach the detector simultaneously.

Delayed pulse extraction, firstescribed by Wiley and McLarf8has timelag 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 astlgé source
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by using two extraction regions. lolucing 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 samen/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 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 trajectorieshufse 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 timEigure33a). 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. fEsslts in

ions of the samen/z ratio but having had slight differences in time of formation, direction

and speed of travel and reaching the detector at different tirRegire33b).
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a) Delayed pulse extraction
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Figure33: 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 samé
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 reachdgtector
simultaneously with appropriate choice of voltage and delay time. b) In continuous
extraction, ions with the samem/z ratio but different velocities reach the detector at

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

2.9.  Orbitrap

The Orbitrap mass analyser, invented by Alexander Mak&Fol*'? can be considered a
modification of the the Kingdon trap, and the Paul trap (quadrupole ion trap. ) Essentially

the Orbitrap works by trapping ions orbitally amd/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 ta®R) and a mass spectrum is

obtained after subsequent Fourier transformation.

Analyte ions are transpted from the ion source via multipole ion guides and they are
injected into a @rap, 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 dovn and collect into a packet of ions. When enough ions are accumulated, a strong
electric field is applied to the-&ap rapidly ejecting the ions out of storage and injecting the
ions, at a highly precise trajectory, into the Orbitrap mass analy&gure34. lons oscillate

I ONR&&a GKS GNIF LI Fd FNEhpSEiGticdsd: 6. 0 NBfF SR
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Figure34: Orbitrap Fusion hybrid Orbitrap instrument schematic. Reproduced ffon

The orbitap consists of a centrapindlelike electrode and an outer barrel electrode. The

2dz6 SNJ St SOGNRPRS A& aLXAG Ay (KS Yikddtos> TT7nx

of an image currentFigure35. 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= Gons rotatearound the central electrode and oscillate along the z
axis of the trap.lons of the samem/z move along the -axis coherently (with the same

frequency).

~
lons enter

Figure35: Orbitrap, to show how the outer electrodes are split in halfong the z axis
(z=0). Taken from Hu et#t.

As the ions enter the Orbitrap in their respective packets, of eaéh there is a short
spread ofm/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 theafr, 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 teatkis of

the trap, giving tine for further ion packets to arriveFigure 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 iffeinitial 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 axmabtion. The axial motion is
independent of all initial ion parameters therefore ions with the sam& oscillate along

the zaxis coherently for hundreds of oscillations. The dephasing causes the ion packet to
form a ring made up of uniformly distributeidns of eachm/z, Figure 36c. On detecting
image currents, ions opposite each other on the ring give opposite image currents and
therefore cancel out the signhal meaning radial rotational motion is not detected. Image

currents that are detected therefore come from the frequency of #haxial 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 measurgz.

a) ( "\V(] L SN m
Z A\

L
ULV N VT

Figure 36: Movement of analyte ions in an Orbitrap mass analyser. a) anjdals ions
approach the opposite electrode, the electric field contracts the radius of the ion packet
and decreases the trajectory close to theaxis of the trap, giving time for further ion
packets to arrive. c) Once all ions have entered the trap, thdtage 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 raauickly than the axial motion.
The dephasing causes the ion packet to form a ring made up of uniformly distributed ions

of eachm/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 ionisationtechniques thatleaves them intact. This is helpful for esiring 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.

This can be done by collisiamduced dissociation, Cify. In CID, a gas such as i
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introduced between the ion source and the mass analyser. The analyte ions then collide with
the gas moleales 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 carbohgrates

The accepted nomenclature for the mass spectrometric fragmentation of carbohydrates
follows that described by Domon and CostéfloThe lowest energy fragmentations usually

occur at glycosidic bonds, and so these fragmentations are most commosrvels.
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 nemeducing end and a smallerantral 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 theetucing part

of the oligosaccharide to the reducing paRigure37. There may also be C and Z type
fragments, whichresult from cleavages on the reducing side of the glycosidic oxygen. There
can also be fragments across a ring, which require more energys@redte generally less
abundant, denoted by A and Kigure38. In addition to being given labels AB,C, X, Y or Z,

the fragments generated are also numbered dependingthe number of monosaccharide
residues in the fragment e.g,,B3; etc, Figure38. Furthermore, if a glycan is branched then

the branches that lead off the core sul dzZNB5 | N3 RSy 204GSR a h 2NJ |
in the same way as the main chain (e.g. B or Y ion and the number of monosaccharides in
0KS FNIX3IYSYGood LT GKSNBE Aa Fyeé FdzNHKSNI 6Ny

Figure39for an example.
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Figure37: Fragmentation of glycans to produce B and Y ions. B ions are produced from
cleavage of the protonated glycosidic bondnd Y ions are produced from cleavage of the

protonated glycosidic bond followed by #tansfer™,

¥ ¥
By GCs

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

Costellg™.
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2.10.2. Fragmentation of peptides

0KS FNIX3IYSydooed LT

dKSN

Peptides, like carbohydrates, fragment in a predictable mafiheThe bonds lang the

peptide backbone, in particular the amide bond, are most susceptible to fragmentation.

Currently used nomenclature for peptide fragmentation was proposed by Roepstorff in

1984, refining that originally introduced by Biemanhh When the bonds break, if the

charge is on the Kerminal portion of the molecule then the fragments are denotegaor

c-. If the charge is on the carboxy terminal portion then the fragmenésgaven xy- 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 fragmefigure40.
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Figure40: Peptide fragmentation and nomenclature

2.11. Coupling high performance liquid chromatography (HPLC) to mass spectrometry
(LGMS)

Coupling chromatographyechniques to mass spectrometry is particularly useful when
studying complex mixtures such as glycans or peptides. Coupling liquid chromatography to
mass spectrometry (:-RS) involves injecting a sample onto an LC column and separating
the mixture, the corponents 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 whichet 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 needo 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 uspslarnon
stationaly phase, such as silica derivatised with long alkyl chaigsan@ 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 tager®o

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 theseoof 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 foe 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 fle@ed by mobile phase flow rate
through the column and the size of the particles in the stationary phase, shown by the Van

Deemter equationEquation 10

Equation10

whereOis plate heightp is eddy diffusion (due to multiple flow path$),s longitudinal

diffusion,d is for mass transfer analis the flow rate of the mobile phase.

Analytes can take multiple paths (referred to as eddy diffusioierm in the Van Deemter
equation) throwgh 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 diffusiord ¢erm) 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. Howevag if t
flow rate is too high then broadening of peaks can also result since the mass transfer term
(6), which reflects the time taken for equilibration of analyte between the mobile and
stationary phases, is affected by flow rate; increasing the flow ratepcomises 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 analysersi@RTand ToF) for glycan profiling andM$¥;
using ESI and Orbitrap, for the analysis of (glyco)peptides

2.12. Mass spectrometricharacterisation of glycans

The nomenclature used for the representation of glycanthis thesis is presented ihable

2. The names of each of the monosaccharide residues are usamalyshortened For
example,N-acetylgalactosamine becomes GalNAcHexNAc for a generic compaositioh)
mass spectrashapesrepresent glycansFor example, GalNAc is represented by a yellow
square.To calculee 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 permethyléed), followed by additionof either H or CH (native or permethylated
respectively)ollowed by addition of 16, fooxygen, a further H or Gknd finally account

for the charge, (e.g. protonate(+1) or sodiated(+23),Figure4l. For example the mass of
the permethylated glycaof compositionNeuAgGalGalNAg that is sodiated would be 879
Da (15 + (36% 204 + 245) + 16 +15 +23).

Table2: 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 GIcNAC . 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 <> 307 375
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Figure41: 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 composedsafizE 6 SO02 Q& az2RAFTASR 91
glucose, pyruvate, no glutamine) supplemented with 10 % fetal bovine serum, 1%

Penicillin/streptomycin and % GlutaMax-I.

3.1.2. htert MSC culture

htert MSCs are immortilized cells created from primary human mesenchynoahait cells.

Cell lines Y201 and Y101 were used for this research. Cells were grown in a humidified
incubator at 37 °C and 5 % £@ells were grown in tissue culture flasks or 10 cm petri
dishes. Before cells reached full confluence, cells were spliborlé 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
O2y il AYSR ™M >a RS- icobdyiikretaykahthiag p vinm indlilin and

Mnn >a AYR2YSUOKFOAY® 5dz2NAYy3 RAFFSNBYGAFGAZY
every 34 days.

3.2. Histochemistry: Qil red O staining

Culture media was removed and cells were washed with 1x PBS. The cells were then fixed
with 4 % paréormaldehyde 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% OQil 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 pum syringe filter. Cells
were then washed once with 60% isopropanol and three times with deidnisger. 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 wasphate

buffered saline (PBS) six times. Cells were then scraped with a cell scraper and with 1 mL PBS

Ayid2 + LXIFTAGAO YAONRFdAdAS (dzoSed® ¢KS (GdzoS 61 a OSy
supernatant was discarded and lysis buffer (4% SDS, 100 mM T#i6,d®0 mM DTT) was

added at approximately 10x volume of the cell pellet. The solution was pipetted to mix and

G2 ONBI] dzlJ GKS OSftft LISttStid ¢KS alYLXS ¢la KSIFG

for 5 min; the pellet was removed and the supernatavds storedaty ns/ AT y20d ySSRSR

immediately, otherwise, the steps in sectiBrb were followed.

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

Three bladders were obtained from an abattoir near York and processed tha@ngahey

GSNBE O2ftf SOGSRd ¢KS o0fl RRSNE 6SNB RAaaSOGSR dzaiy3
salt solution (HBSS) , containing calcium and magnesium, supplemented with HEPES buffer

solution 4-(2-hydroxyethylj1-piperazineethanesulfonic adisl mL in500 mL HBSS), 20 KIU

aprotinin (1 mL in 500 mL), Fungizone (2 mL in 500 mL to give a final concentration of 1

pg/mL) and Perstrep (5 mL in 500 mL to give a final concentration of 100 pg/mL).

Urothelium was removed from dissected bladders by surface swjapsing a scalpel. The
urothelial scrapings were then washed in HBSS medium and centrifuged. The medium was
removed and the cell pellet was-sispended in 750 uL HBSS medium. Aliquots of ~50 uL of
cell suspensions were transferred into microfuge tubeach aliquot around 50 mg),
centrifuged and the supernatant was removed and samples were store@0afC until

needed.

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

20 pmol of porcine stomach mucin (Sigma Aldrich, UK) was solubiliseduin 1$8is buffer

om: {5{XZ mMnn Ya ¢NARAA LI T1TdcZ mMnAnn Ya 5¢C¢0d ¢KS al\
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 sampl@loyne. A 450 pL aliquot of

the diluted solution was transferred to a centrifugal filter unit (Amicon® Wltsacentrifugal

filter unit, nominal mass cut off 30 kDa). The filter unit was centrifuged for 5 min and the

process repeated until the entire samephad 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 wh 300 puL 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 @lycan release.

3.6.Solubilisation of standard glycoproteins and urotheliakll samples, and preparation
for O-glycan release, using an adapted enhanced filter aided sample preparation
(eFASPY’

20 pmol of porcine stomach mucin (Sigma Aldrich, UK) was solubilised in 10 pL eFASP lysis
buffer'’” (4 % SDS, 0.2 % deoxycholic acid (DCA), 50 mM-ceiib(Xyethyl) 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 beforey alidin
alkylation stock solution (500 mMwvnylpyridine in ethanol) to give a final concentration of

25 mM 4vinylpyridine. The sample was incubated at 37 °C, 15 min. Quench buffer (1 M
dithiothreitol, 100 mM ammonium bicarbonate, pH 8) was added to givdinal
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 aligliop to 450 pL of

the resulting solution was transferred to a filter unit (Amicon® Lt 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 gad through the filter membrane. The sample
retained above the filter membrane was rinsed three times with 300 pL of exchange buffer
(centrifuging after each rinse for 5 min), and the filtrate was discarded. The filter was then
rinsed three times with 50 M 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 forN- or O-glycan release.

3.7.Normal human urothelial cells

Cell culture and Transpithelialelectrical 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 serunfree medium. At confluence, undiffentiated cells were harvested by
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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 keratinocyderumfree medium supplemented with 5 %

bovine serum. At confluence, cells were seeded onto Griener membragesdll thincert

0.4um cat no#665641), and maintained in the same medium. Cells were seeded af 5 x 10

LISNJ YSYONIYS Ay pnn >t @2tdzYS yR m Y[ Odz dzNE
Griener membrane. Differentiation wasnduced by increasing the exogenous calcium

concentration (Cag)lto 2 mM.

TER measurements carried out on cells in the Greiner Imnanes 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 hasted by removing the mediunrinsing 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-NXB R dzO-élimigefion ¢ using overnight incubation

300 pL NEDOH solution, (280%), (Sigmaldrich, 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 intedban NHh 1 = | 4 npe/ F2NJ mc K
heating block. Following incubation, the filter device was centrifuged for 5 min at 14600 x

150 pL water was added to the filter device and then centrifuged for a further 5 min. This

was repeated once. The filtrates containing the releasegly©ans were all collected in the

same tube and were transferred to a glass tube and dried using a wacemtrifuge.

3.8.1. Non-NXB R dzO-élimig@sfion ¢ using sonication

300 pL NEDH solution, (280%), (Sigmaldrich, UK) was added to the filter device

containing the glycoprotein sample remaining in the filter unit after the solubilisation and

washing steps.AS al YLIX S 4l & &a2yAOFGSR G np e/ F2NIp YAy
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 mah 14000 xg. 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 treatmerg N-glycan release

100 yL of 50 mM ammonium bicarbonate solution pH 8 was added to the filter unit,
followed by 8 U (4 pL 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 1% & heating block. Following incubation, the
filter device was centrifuged for 5 min at 1400@.x150 pL water was added to the filter
device and then centrifuged for a further 5 min. This was repeated once. The filtrate
containing the releasebl-glycars were all collected in the same tube and was transferred to

a glass tube and dried using a vacuum centrifuge.

3.9.PerO-methylation

The dried released -@Qlycans were ralissolved in approx. 1 mL DMSO (Sigma Aldrich, UK).
Approximately 20 mg of NaOH powderas 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 pL, dropwisef iodomethane was added and the solution was left to stand for

10 min. A final 300 pL, dropse, 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 mixeFfhe 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 orgait layer in a vacuum centrifuge.

The internal standard, maltotetraosavas deuterepermethylated using iodomethanrd;
following the same procedure outlined for permethylation above. A stock soluticf00f
pmol was prepared and theleutero-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. MALDITFICR MS

The dried permethylated @Qlycans were ralissolved in 10 pyL acetonitrile. The matrix was
prepared by dissolving 2dihydrobenzoic acid in 50 % acetonitrile, giving a 20 mg/mL
solution. The sample spot was prepared by mixing 4 L of the matrix solution with 2 L
sample solution. 2 pL of the mixture was transferred to a stainless steel MALDI target plate

and dried undervacuum.

Mass spectra were acquired on a Fourier transféom cyclotron resonance (HCR) 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 MALRE. mass
spectrometer was calibrated externally using a permethylated maltoheptaose standard.
Mass spectra were recorded over ariz range 4084000, 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 abundancef glycansvas calculated by comparing the peak intensities of each
of the Oglycans with peak intensity of the internal standard, and the relative abundance
was expressed as a percenta@tatistical analysis was carried aiging aT testwith Holm
Sidak poshoc test (* for P = < 0.05, ** for P = < 0.01 and *** for P = < 0.0001)

3.12. Tandem mass spectrometry(S/MS)

MS/MS spectra were acquired using Nanospray Flex ion source witimeofiborosilicate
emitters on an Orbitrap Fusiolmybrid mass spectrometer (Thermo Scientific). Positive ESI
MS and MSspectra were acquiredin the Orbitrap using Xcalibur software (version 4.0,
Thermo Scientific). Fragmentation was induced using either collision induced dissociation
(CID) or higher eneygcollision dissociation (HCD). For CID, collision energy was varied
between 2535 %, and for HCD the collision energy was varied betweet833, depending

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

The protein remaining in the filter unit following- and Oglycan 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/a\Sian

3.14. Peptide analysis

Samples were loaded onto an UltiMate 3000 RSLCnano HPLC system (Thermo) equipped
with a PepMap 100 A6 5 pm trap column (300 um % mm Thermo) and an Acclaim
PepMap RSLC, 2 um, 100 & RSLC nanocapillary column (@B x 150mm, Thermo). The

trap wash solvent was 0.05% (v/v) aqueous trifluoroacetic acid and the trapping flow rate
was 15 pL/min. The trap was washed for 3 min before switching flow to the capillary
column. The separation used a gradient elution of two solvesat/¢nt A: aqueous 2

(v/v) acetonitrile containing 1% (v/v) formic acid; solvent B: acetonitrile containitg(\t/v)
formic acid). The flow rate for the capillary columas 300 nL/min. Column temperature
was 50°C and the gradient profile was: lineak@®6 B over 7 mins, linear-B% % B over 30
mins, linear 39 % B over 5 mins then proceeded to wash with98%olvent B for 4 min.
The column was returned to initial conditions and-emuilibrated for 15 min before

subsequent injections.

The nanoLC syain was interfaced with an Orbitrap Fusion hybrid mass spectrometer
(Thermo) with a Nanospray Flex ionisation source (Thermo). PositiéIESid MSspectra

were acquired using Xcalibur software (version 4.0, Thermo). Instrument source settings
were: ionspray voltage, 2,200 V; sweep gas, 2 Arb; ion transfer tube temperature’@75
MS' spectra were acquired in the Orbitrap with: 120,000 resolution, scan ramge375-

1,500; AGC target, 4emax fill time, 100 ms; data type, profile. Kpectra were acquired

in the linear ion trap specifying: quadrupole isolation, isolation windavg 1.6; activation

type, HCD; collision energy, $2 scan range, normal; scan rate, rapid; first magg,110;

AGC target, 5 max injection time, 100 msgata 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 5€.
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3.15. Protein identification

Peaklists 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 segud4¢316,901
residues), with a decoy database, using a logalhying copy of the Mascot program
(Matrix Science Ltd., version 2.5.1). Search criteria specified: enzyme, trypsin; fixed
modifications, pyridylethyl (C); variable modifications, deamidgté@Q), oxidation (M), ser
>diaminoepropanoate (S), thepDab (T), The diaminebutyrate (T); peptide tolerance, +b

ppm; MS/MS tolerance, 0.5 Da; Instrument,-ERAP. Results were passed through Mascot
percolator to achieve a false discovery rate of <af@l 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
3.16.1.4 A y (i I GderaturdeNglydopraein (monoclonal antibody), IgG

150 L lgGwas diluted to 1 mL with 7 M ureal/tris solution. 100 mM DTT was added and the
glycoprotein sample was incubated at 8D for 30 min and then transferred to a centrifugal
filter unit (molecular weight cut off 10 kDa) and centrifuged for 8 min at 10 0QOTfc#
sample was washed two times with 20@L 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 andittyaes

was washed twice with 20QL urea/tris buffer. The denatured protein sample was
concentrated to 10QL ready for NMR. Luciano Mueller performed sequential dissolving and

lyophilising to ensure minimal losses from the sample sticking to the sides oftibe tu

3.16.2.t NB LJ NJ ( A 2\glycarFsandple fraiBGS £

2 mL of IgGvas used. 150 pL aliquots were transferred to 12 microcentrifuge tubes and
made up to 1 mL with 7 M ureal/tris buffer. 100 mM DTT was added to each of the samples
and incubated at 60C for ® 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 urealtris, centrifuging each time at 10 000 rcf for 8 min. 40 mM iodoacetamide was
added to eah sample and incubated at 3T for 15 min. The samples were centrifuged to
remove the iodoacetamide and washed, twice, with 7 M ureal/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 theN-glycans, and incubated at 3T 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
releasedN-glycans. The filter was washed with 50 pL water, twice, éiawd 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 carttge 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 glycgatesand

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.

3163.t NBLI NI A2y 2F | afl NHGER 63t 8020 LISLIIARS

2 mL GITR sample was diluted into 10 mL, 7M, urea/tris buffer. 100 mM DTT was added and
the sample incubated at 6TC for 30 min. The sample was transferred in a large centrifugal
filter unit (10 kDa) and centrifuged for 25 min. The sample was wasligd4 mL, 7 M,
urealtris 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 buffetifteging 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 &4C 3ér 16 h.
Following incubation, the tryptic digest sample was centrifuged girclean/washed
collection tube) for 30 min at 3800 rcf to collect the tryptic peptides. The sample was

washed with 15QL water and the sample was centrifuged for a further 30 min.

3.17. Nuclear magnetic resonance spectroscopy

The died glycosylated antibod{lgG)samples were realissolved in 99.9 %,0D, 8 M urea
(perdeuterated), 50 mM trigll1, 30 % CICN, 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 TC@ryoprobe. A suite of 2D NMR experiments (set up by
Luciano Mueller) were carried outH*CFHSQC,'H"*C}dept-HSQC,'H'H}-TOCSY HC}

HMBC, H'H]-NOESY M *C}HMQGCOSY, andH'H]-dgf-COSY. All NMR experiments were
carried out at 308 K. Speatwere recorded with 44 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 ad processed using Bruker TopSpin 3.5 pl5.
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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 realigtiembers of cells that it
offers, to release and isolate-@ycans 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 withnaomium hydroxide solution to release

the Oglycans by nomNB R dzO &limidia&ion.i 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 temrain above the membrane and so are
retained. The isolated Qlycans can then be permethylated for mass spectrometric analysis.
The method can be conveniently combined with the established FANGS protocol, to release,
isolate and analyse botN- and Qglycans 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 Gglycan release

Porcine stomach mucin was chosen as a glycoprotein standard thatl ishaehcterised and
commercially available with which to carry out method developmertgly@ans were
released from 20 pmol mucin, by first dissolving it in a solution of SDS (as fof*FASP
FANGS?Y) and exchanging the SDS for urea and then ammonium bicarbonate solution,
before carrying out @lycan release with NJ@H. After collecting and perethylating the
released glycans, a MALBFICR mass spectrum was obtained, revealing the expected

glycan signafs® betweenm/z 500-2214.

A recent publication describes enhanced filteded sample preparatidf’ (eFASP), which
uses alternative reagents to those first described by Manza 8t ahd later in FASP by
Wisniewski et af® and that reports increased sdtigsity 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 preparedjfpcad
release, using either FASP or eFASP protoeplSDS solubilisation and removal/exchange.
The filter was then used as a reaction vessel to release tgey€@ns by treatment with
NH,OH, to compare the two glycoprotein preparation methods side by side. MAEQIR

mass spectra of permethylated-@lyans, ionised as [M + Najwere acquired, revealing

expected Qglycan signals for mucin glycatisbetween m/z 500-2214. The data from the
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two sample preparation methods show the same@@cans were released, but better signal

to noise was observed for the sample peged using eFASPigure42.

Intens.
7 —L a)
x10 Y
é 1416.710 E
o 1 1590. 799 1661.837 2010 013
o 692.346 1865. 933
6 2 1805. 914 Y
1345.673 1457. 735
g 937.473 v 1386.699 i DE
P18.257 —L I Q 1631 826
4 O\D/O 1835 02 1968.987| 2040,023 2081-052
1141.572 g
896.443 ﬁ:; 1519 761 1754 890
%’ 1315.66
27 763.383 967.484 1212.610 ij% DE
1560.788,
1906.96 2214.113
x107 0 Y Y "
81 ! b)
937.473 j W:; E
Q,
é 1386. 599 1457 736 1805014
1345.673 1865.933
1590 799
i 2040.023
6 692.346 y i Y 1551 837 I
I5) 2 1010 013
896. 443967'484 416 n
i 1141.572 1560 788
4 / 631 82 2081 052
763.38; 835, 925
i 121/2'610 1968 98
2 wjé
1519 761 1764.890
1315.66
1906.96 2214 113
0 I.luluu Allll Jklll
¥
600 800 1000 1200 1400 1600 1800 2000 m/z

Figure 422 MALDIFTICR spectrum of permethylated -@lycans, ionised as [M + Na]
released from 20 pmol ofporcine stomach mucin a) following FASP for SDS
removal/exchange, followed by &lycan release, in the filter, with N}OH. b) following

eFASP for SDS removal/exchange, followed bglgzan release, in the filter, with NjOH

The alkylation step in FASRMRGS 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/ X 6AUK pn Ya A2R2F OSiGlF YARS 0 Ayinylpyidie (indzi K2 NARQ a it
their expressprotocol, where the alkylating reagent is added before the sample is

transferred to the filter, eliminating a washing stefihe alkylation step wamvestigated

further, to determine whether it is possible to keep the reaction time at 15 min, as in

FASPFANGS. Samples of porcine stomach mucin (20 pmol) were thus preparedlica®

release (using eFASP reagents). For the alkylation steps, samples were alkylated for 15 min

or 1 h, using iodoacetamide orvnylpyridine. Permethylated -Qlycans were ideified

following alkylation using each of the tyalkylation reagents. Overall;vnylpyridine 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 irrébalts following

alkylation for 15 min or 1,lFigure43a-d, suggesting 15 min with-&inylpyridine is suitable.
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Figure43: MALDIFTFICRspectrum (n/z 12002220) of permethylated @lycans, ionised as
[M + NaJ, released from 2 pmol mucin. a) alkylation usingvihylpyridine for 1 h, b)
alkylation using iodoacetamide for 1 h, ¢) alkylation usingviiylpyridine for 15 min, d)

alkylation usng 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 tagye 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 thante 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 1 in 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 pL at a time beingdbledinto 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 mémirifugation 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 (D&€Ahet 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 the1Dior 1 in 30 dilution

with exchange buffer was carried out either with or without addition of DCA to the exchange
buffer. Following @lycan release in the filter with NBH and permethylation of the
isolated QGglycans, MALEFFICR mass spectra were aigd. The full range of -Qlycans

was observed as in the preceding experiments, giving signals over theman@d 8-2214.

Each sample gave the full range ofgl@cans expected, with all spectra showing similar
signal to noise. What is clear from the ddt 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¥igure44, so subsequent
protocols omitted the DCA.

Ly F LI NFEfStf SELSNAYSYy(HzZ | YI&GSNB adGdRSydz al Gi

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

PNGase F digestion fdt-glycan release. The reasoning behind this waseki 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 analjsghgcans released from
RNAse B using PNGase FNmglycans were observed for the sample pregdwusing 1 in 10

SDS dilution but, on diluting 1 in 40, all expedtedlycans were observed.
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Figure44 MALDIFTFICR mass spectrum of permethylateddlycans released from porcine
stomach mucin using overnight incubation, prepad 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, ¢) containing DCA d) without DOAe red box highlights tht increasing
the dilution and removing DC#ives cleaner glycan mass spectfdl glycans ionised as [M

+ Na.
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4.2 .Reducing incubation time for @lycan release

Classic methods for releasingglycans generally involve overnight incubation in baseg(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 ingastid.

Sonication times of 5, 10, 15 and 20 min were tested to agly@an 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 fageloperiods. 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 10 min without sonicating

and then repeating rounds of sonication/rest ensured the temperature went no higher than
45 °C. Using a total of 280 min sonication interspersed with 3 min rest (a total ©
glycan release time of 45 mm1 h) gave glycaprofiles that were comparable with those
obtained on overnight incubatiorkigure45. The sonication method was thus chosen as the
method to pursue because it @jmpatible 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 sampldoss. In addition, because the sonication was carried out in a sonic bath,
multiple samples can be handled sibgside, 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

havedeveloped.
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Figure45 MALDIFTFICR mass spectrum of permethylateddlycans, 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 1f@in microwave irradiation (bottom

panel).

After optimising the @lycan 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 sara@p urothelial cells were chosen as they are known to
contain mucins and are thus likely to beag®cans. Samples of porcine bladder urothelium
were prepared for @lycan release from a 50 mg aliquot of bladder urothelial scrapings,

Figure46, and following our optimised eFASP/FANGS protocol.
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Figure46: Collectionof 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 Chivep Wang in theroup, in

collaboration with Prof Jenny Southgate.

O-glycans were released by treating with JIHH 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 avoidocal overheating). Glycans were permethylated and on obtaining a MAEDI
ICR mass spectrum,-@lycans were identified in both the overnight incubation and
sonicationaided treated samples, betweem/z 518 1777. Glycans atn/z 518 and 722,
HexHexNAg¢ and HexHexNAg are the only two glycans which are not sialylated or
fucosylated. Fucosylated glycans were identifiech& 692, 896, 937, 1141, 1315, and 1328
and sialylated glycans were identifiedratz 879, 1083, 1124, 1154, 1328, 1358, 1485, 1573,
1777, figure 5. Even those glycans of low abundance could be readily identified in the
sonicated samplenf/z 692, 1083, 1358, 1485, 1573, 1777). Importantly, the sonication
method has left the labile sialicid moieties intact, and shows comparable signal to noise
for each of the sialylated glycan structures with those in samples prepared using the

overnight method Figure47.
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Figure47 MALDIFTICR mass spectrum of permethylated glycans released from porcine
bladder urothelium, ionised as [M + N&]a) Gglycans released using 16 h incubation b) O

glycans released using 20 min sonication4at °C

4.3.0nesample, onepot; the whole glycome

Both N- and Oglycans 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
releasingN-glycans and @lycans have thus been combintmtest whetherN-glycans and
Oglycans can be released from the same sample in the same reaction vesseth@vith
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 33l6®@ing
incubation, the filter was centrifuged to collect the releasBeglycans. The filter was
transferred to a clean collection tube and 300 uL,®H was added to release theglycans,
aided by 20 min sonication at 48, and the released-glycans retrieved on centrifugation

of the filter unit. N- and Qglycans were permethylated and MAEBPFICR mass spectra
were acquired.N-glycans were observed frorm/z 967-2966, corresponding mainly to

oligomannose species, with @ complex typeN-glycans, some of which were sialylated
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and others fucosylated. The-@lycan mass spectrum revealedgycans betweem/z 518¢
1777 ¢ the same as for the urothelial -Glycan sample from whiclN-glycans had not
previously been released. laddition, focussing omm/z 1500 ¢ 3000 in the @glycan
spectrum, it is clear that there are no signals corresponding-gycans, suggesting that all
the N-glycans have been efficiently washed out of the filter beforgly@an release was
carried out. Havever, there are signals observed in both theand the Gglycan spectra at
m/z 967,m/z 1141 andm/z 1171. Although these signals could formally be due to carry over
of N-glycans into the @lycan sample, these three signals are observed in a spectr®n of
glycans that had been prepared without previously releadrglycans. This, together with
the fact that none of the other more abundahkglycans are observed contaminating the O
glycan sample, suggests that it is unlikely that thiz 967, 1141 and 171 signals derive

from N-glycan carryoverigure48.

To further investigate whether these common signals could indeed be due to carry over,
HCD product ion spectraiere acquired for both thé\- and Oglycans (released followirg-
glycan release) for the glycans detectednatz 967, 1141 and 1171. This was to obtain
structural information to provide evidence that the glycans in thglgan sample were-O
glycans and not carry over from théglycan samples. Firstly, the HCD spectrumniidz

967, for HeHexNAg in the N-glycan ample shows diagnostic B and Y fragment ions that
indicate that the N-glycan structure is linear (as expected from the knoWsglycan
structure€?®®) and contains two HexNAc units at the reducing terminal followed by two Hex
units joined together. This is shown by the (W/z 545.27, HexNAL and B (m/z 445.24,

Hex) ions, Figure49. In contrast, in the HCD spectrum for theg{can atm/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 @lycan§*?***%, This is shown by the diagnostig (fh/z 504.24) and

B (M/z 486.23) ions for HeklexNAg substructuresFigure49. This evidence demonstrates

that them/z 967 glycan is an-@lycan and not due to carry over of Biglycan.

Similarly, the HCD spectrum for/z 1141 (HeHexNAgFuc) in theN-glycan sampleshows
fragment ions that indicate a linear structure, as for théz 967 glycan but with a fucose on
the core HexNAc unit.»Y (m/z 719.34 for HexNAEuc)and B» (m/z 445.21 for Hey

demonstrate the expected core fucosylatBegylycan truncated corstructure.

114



For the Gglycan HCD spectrum of/z 1141, there is aY fragment ion for HeHexNAg at

m/z 504, in addition to a £ ion at m/z 678 for FugHexNAgHex. These ions were not
detected in the spectrum from the equivalent species in khglycan sample, although they
would not be expected anyway in astglycan. The spectrum gives enough evidence to
show that this structure is an-@lycan, and clearly a different structure than tNeglycan,

Figureb0.

Finally, the HCD spectrum for tiNeglycan atm/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 &@lycan HCD
spectrum this is not the case and there are only fragment ions to show the loss of one or
two hexose units, /Yy, (m/z 953.46), % (Mm/z 749.37) and B /By (m/z 241.24) Thedss

of two hexose units in th&l-glycan sample would only be possible from a double cleavage,

and this is not observedkigure51.
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Figure48 MALDIFTICR mass spectrum of permethylated glycans released from porcine

bladder urothelium, ionised as [M + N&]a) N-glycans released before -Glycans b) ©

glycans released aftad-glycans in the same filter unit from the same sample
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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 thé\- and Gglycans had been removed, the remaining protein

in the filter unit was treated with trypsin. The tryptic peptides were a#le in the filtrate

after centrifugation and analysed by MS/MS. Mascot searching matched 5005 peptides,
and identified 1301 proteins at an FDR of 1 %. These raegettscompared with those from
porcine urotheliumcellsthat 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 seas 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.

4.4.0Optimum time for Oglycan release?

To study gican 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, whetiseng

incubation or sonication.

Methods in the literature for @lycan release use incubation; incubation times typically

range from 16-24 h. Rademaker et ‘af looked at optinising the time needed for -Qlycan

site analysis. A time study was carried out treating glycoprotein samples wii@H\Nih a

non-NB R dzO telimid&ion ireaction for 86 h. The authors concluded that as the
incubation time increased, signals for-glycylated peptides increased. Interestingly there

was a variation in optimal release time; 8 h fog{@cans 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 Oglycans could be less accessible to the®IH reagent, compared to the

serine bound, because of the steric hindrance from the presence of a methyl group on
GKNB2yAySQa &aARS OKIAYy>X (GKFG Aa -16ohay i Ay

recommended to yilel sufficient information from an unknown glycoprotein structure.

To determine whether incubation time for-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 theauthor. The study was to determine whether the relative abundance of

glycans detected changes as a function of the duration af¥Hreatment.

Porcine stomacimucin was treated with 300 uL of lWBH, samples were incubated at 45 °C,
forl h,2h,4h,6h,8h,16 h, 18 h, 20 h, 22 h and 24 h, before removing from the heating
block and collecting the releaseddl/cans by centrifugation.-glycans were permethgted

before analysis by MALBIFICR MS. An internal standard (deuteromethylated
maltotetrose) was spiked at a fixed level into thegl®can samples after permethylation,

and so the relative abundance of each glycan signal was calculated as a percertage of

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 bfebiitexNAg,

shows that the abundance increases betwee8 Bours and then there is little change from
8-24 h, suggesting all of this@ycan had been released within 8 h. This is similarly the case
for HexHexNAg FugHexHexNAg, FugHexHexNAg and FueHexHexNAg However, for
FugHexHexNAg FugHexHexNAG and FugHexHexNAg the glycan signals increase in
relative intensity between B8 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 hFigureb2.

Overall, results showed that 16 h incubation resulted in the largest number of different
glycan compositions released (a total of 44 glycans) while the fed#stent 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 abundantab{e3). On 8 hours of incubation, 17
glycans reached their peak relative intensities; accounting for 38.6 % of the total of 44

different glycan compositions detectexverall, Table3.
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Figure52: Relative abundance gbermethylated O-glycans released from porcine stomach

mucin over 2- 24 h incubation with NHOH. Glycan relative abundance calculated as a

percentage of the signal from a spiked internal standard.
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Table3: Number of different glycan compositiondetected 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 23123 (386 |68 (114 (9.1 |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-gycan release at 810, 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 hirafubation 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 thel® h ime 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 overalllable4. This study suggested that perhaps

an incubation time of 80 h is optimal, compared with the 18 h as recommended by

Rademaker et &*.
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Table4: Number of different glycan compositionsetiected 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| 222|100
reaching their peak
relative intensity of
the total (%)

Glycangdetected 31 |29 |34 |28 |-

In a similar experiment, also by Sam Black supervised bgutier, porcine stomach mucin

was also used to study-@ycan release with the aid of sonication, to determine how
sonication time affects the abundance ofglycansreleased. @lycans 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 followdwy with 10 min rest in the sonic bath-@ycans 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 620 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,ableb.

Table5: number of glycans detected when treated with NEIH 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 off 2.6 | 41.0 | 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 identifiedjl§cans are displayed Figure
53). A closer inspection of the changes in glycan abundance, for example bfesbg,

shows that after only 15 min the abundance of that glycan is at its highest compared to the
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other time pants. In addition, for HexdexNAgand HexHexNAgthere is little change in the
abundance of these glycans between d 60 min suggesting the majority of those glycans

are released by 15 min of sonication/rest.

250 B 5 min

)
8

H 15 min
150
30 min

g

M 45 min

u
(=]

o
1

¥ 60 min

Relative abundance (%)

160

=
B
o

120 o 5 min

g

M 15 min
30 min

m 45 min

Relative abundance (%)
®
S

® 60 min

@ 25
B 5min

B 15 min

30 min

Relative abund
[
o

¥ 45 min

¥ 60 min

Figure53. Reldive abundance opermethylated O-glycans released from porcine stomach
mucin from 5 min sonicatiorg 60 min (alternating 5 min sonication followed by 10 min
rest period) with NHOH. Glycan relative abundance calculated as a percentage of the

signal froma spiked internal standard.
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4.5.0glycan 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 glycosyldtimse chs were
therefore chosen totest the developed &jlycan 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 calland a mutant cell line, IdIC, bearing a genetic mutation in Cog2 of the
COG complefnamed Idl because of defects in the uptake ofddensity lipoprotein into the

cell), were preparedfor O-glycan release. The cell culturesre each grown on 10 cm
culture dishes (giving approximately 2 x°I@lls). Cells were harvested and treated with
lysis buffer containing SDS, before exchanging the SDS for urea and carrying out non
NB R dzO-élimige8on iwith NHOH in a heating block at 45 °C, for 16 h, to reldhseO-
glycans. @lycans were permethylated before MALE analysis. A MALBTFICR mass
spectrum was obtained in which-@lycans were identified from their characteristic sighdls
atm/z 879, 1083 and 1240, from both WT and IdIC CHO Eddisreb4.

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 ofdlycans calculated with respect to that. This revealed that
the overall signal levels for-@lycans were of lower abundance from the IdIC phlarthan

the WT CHO sample, shownHigure54. Kingsley et §f reported IdIC mutantgalong with

IdIB and IdIDjo displayaberrantglycosylationwith incomplete processing of high mannose
N-glycans to the complex typdn addition lowered sialic acid content in botiN- and O
glycan typesvas foundthrough SDSAGE experimentnd sialidase treatment.dl mutants
were found to have a rapid turnover of the Idl receptor at the cell surface. As the evidence
dadz3asSada Ay YA yithie &t shawnlhitrd, MHaberrant gygodylatipn and
decrease irabundance ofjlycosylation could perhaps be linked to the reduced ability of the

Idl receptor to take up Idl into the cell.

While the Qglycan profiles of CHO cells are not particulartgresting since there are only

three Oglycans’, this analysis serves to show that it is possible to use the-fiieed @
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glycan release approach to reveal snelinges in @lycan profiles of cultured cells when

genetic modifications have been introducdtgure55.
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Figure54 MALDH-FICR mass spectrum of permethylateddlycans release@nd isolated
from CHO cells. Glycans ionised as [M +NA) CHO IdIC b) WT CHO.
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Figure55: Comparison of the relative abundance (%) ofgycans 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 isaiftea@s from
glycoproteins forsubsequent 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-glycans by nomNB R dzO-&limidaiion. ]
Following centifugation, 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 isolategl¢rans can then be permethylated for mass
spectometric analysis. The method can be conveniently combined with the established
FANGS protocaol, to release, isolate and analyse Netimd Qglycans 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 chaiexoke 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 glycoproteinaglyas an internal standard.

For studying mammalian samples, using a glycan that contains a xylose constituent would
also give a uniqusetructure,as mammalian glycans do not contain xylose. This glycan could
be synthesised to be linear which would also 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 spotgironto 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 medmat 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 Fbglycan release or NBH for Oglycan
release. Tis could be a very complex internal standard to generate since the glycoprotein
standard would need to contain a singkeglycan and a single-@lycan or two separate

glycoprotein standards would be needed.

A very novel mass spectrometric technique,-EBICRMS, could be a useful tool for
glycomic analysis. 2BFICRa{ Aa o0SAy3a RS@GSt2LISR Ay tSGS
dzy A@SNEAGE 2F 2FNBAOT® hQ/2yy2NRA INERzLI KI
MS with both small molecules and larger molecules such as collagen digests. Since glycan
samplesoften containa large mixture of different structures and isomers, 2DIEGR MS

could be a convenient method of simultaneously collecting MS/MS data on eawdngly

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
hQ/ 2yy2NJ INRBdzL) Ay GKA& | NBI KIHhg&8uthorsnd Brgf>s T2 €
hQ/ 2yy2N | Fli&NEpyERatichs (1 KS

Further work on the ongot method development is demonstrated in chapters to follow,
using mesenchymal stem cells and human urothelial cells, to demonstrate how the method
can be usedo monitor changes in glycosylation in wilgpe/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 antibodyN-glycans, released by FANGS, by a combination of-two

dimensional nuclear magnetic resonanspectroscopy experiments.

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

Squibb, Lawrenceville, New Jersey.

5.1.Antibody research and glycome analysis

Antibody research is now a major area of research for therphaeutical industry**%??*,

as part of the development of protein biotherapeutics. Research and development is
underway to create monoclonal antibodies for treatment of many serious disease
Glyosylation of antibodies increasggoduct heterogeneity, affecting both structure and
functior”. Due the nortemplated 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, immunoglobufihsAntibodies bind to

antigens causing pathogens to be destroyed by the immune system. The antibody structure
Aa I da, ¢ akKlFLS O2yaradiay3da 2F F2dzNJ LR & LIS LI
F'YAYy2 FFOARa0O FyYyR G662 aKSI@ge¢ OKIFIAya aef 2y 3S
linked together by disulfide bonéS. 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:he Fab (fragment antigen binding) region and the Fc
(fragment crystallisable) region. The Fab region contains the antigen bindifg aitd the

Fc region contains the glycosylation sites, and has the function of being able to bind to cell
surfacereceptors 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 antigebinding site varies the most between different antibesli 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,Figure56. 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
hm e region
S light
S chain

Fc region
ot Il Sl
\

heavy chain™

Figure 56: Generic fucture 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 sit€he 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 antib@aigen complex this activates

WO 2 Y LI %8 ¥ SygténDof plasma proteins, as the fc region of the antibody binds to the
first protein in the complement cascad€1§® (note: C refers to complement protein, the
numbers indicates an additional protein in the complement cascade and thedetteand s

are subsets of a particular proteinY.his then activates C1r and C1s whictawdeC4 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 convertasent€foconvertase

that then cleaves C5 into Cba 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 neehacell 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 ceflediated immunityinvolving effector celfS® that
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contain fc receptors where the fc region of an antibody can bind, such as on macrophages,
lymphocyte$® and natural killers cells. One mechanism is antisdegendant cel
mediated cytotoxicity (ADC®J**®. Here the antibody is bound to the antigen on the
invading pghogen 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 patfdigens

There are five classes of immunoglobulin€***, based on their heavy chain structures;
IgG, IgA, IgM, IgD and IgE. IgG is the most common antibody found in blood*flasmas

the most widely used antibody in biotherapeufits There are four subclasses of 1gG; IgG1,
1gG2, 1gG3 and IgG4, named inardf relative abundance in plasma, with IgG1 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
bond$*® and the length of the hinge regiéfi. 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 boundBocells, 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 quadityibutes. These are the

aspects of the therapeutic that could affect the stability, efficacy, difelf bioavailability,

etc. For example, the number and location of disulfide bonds affect the folding, shape and
stability of the proteid®’ which, if changed, may mean that the proteiruisable to perform

AGad AYGSYRSR TFdzyOlAazyd ¢KS aSO2KBi N®SAE I Nyz&
sheets, folds and holds together by noavalent interactions to give the tertiary protein
structure. Changes to conformation and folding, essential grotein function, can be
monitored by methods such as circular diclisa?® Unpaired cysteines can cause
intermolecular binding and aggregatiof which can affect solubility @himmunogenicity

(the ability to induce an immune response).

In addition, peptide mapping/fingerprinting analy$f*, usingLGMS is carried out for
quality control between batches. In addition peptide mapping is Usednonitoring protein
degradation, which can happen over time in storage, through handling in sample
preparation, anddue 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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degradation studied® to help select suitable drug candidateand in formulation
development. Common protein degradation/modifications include oxidation of
methioning***** and deamidation of asparagifféto succinamide, which can then undergo
hydrolysis to form aspartic and isoaspartiddd®**®. These changes can also be monitored
by isoelectric focussiiy and SIZPAGE.

Glycosylation profiling is important, as the structures present influence efficacy of the drug,
stability**®°, solubility, the haHife of the drug (oligomannose glycans are assodiatéth
faster clearance from serum than other glycgh€)and therefore affect dosing. Glycans can
also affect immunogenicif§®?****° and eventhough glycans are usually found in the Fc
region of an IgG they can sometimes be found in the Fab region, as reported Ty dgél

can therefore influence antigen binding. Sialylated glycans are known to have an anti
inflammatory effect®’, and it has also been shown that high lsvef sialylation correlate
with lowered affinity for Fc receptors and reduction in antibathpendent celimediated

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 saprmelgaration

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 glycosytatite analysfs®, 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-acetylhexosamined\facetylglucosamine anbl-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 powerfulin 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 populationtween 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 NAIMR experiments. Combining this set of experiments
allowed establishment of monosaccharide connectivities and types of glycosidic linkages,
based on chemical shifts and magnitudes afodplings. In addition, Wiegandt et
described a method for analysis of PNGase F reledsggcans using LK&IS/MS combined

with 1D*H-NMR. They used only 60 pg of protein, not enough for 2D NMR but this amount
is enough for 1D NMR, which is more sensitive. Analysis waged out using three
dimensional cross coupling correlatf6¥?*°, enabling them to distinguish glycans which

differed only in the branching position of one monosaccharide.

The aim of thework described in this chapter was to apply the approach of Schtibést

analysis of an intact glycoprotein to an IgG at BMS, and extend this to a tryptic digest, as well

as to theN-glycans released aridolated from the glycoprotein using FANGSor analysis

by a suite of 2ENMR techniques. The proposal was that performing IRMR would

eliminate the need for prior chromatographic separation of the glycans as carried out by
Wiegandt et &’. An additional aim was to investigatee use L@&S/MS combined with

baw a4 RSaAONAOGSR o0& 2AS3kFyRG SdG Ffs odzi G2
approach for more detailed structural information. Matlab software was to be investigated

to separate spectra for similar but distinct glycstructures.

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 withzgsa spin, most commonly

the proton, *H (an unpaired proton therefore with a spin bf %) and the stable carbon
isotope,*C (an unpaired neutron therefore with a spinlaf%9. If the numbernf neutrons

and protonsiseveh (0 KSy (KS ydzOf SA KI @S y2 2@SNItf
obtained. Helium has an even number of both protons and neutrons and therefore their

spins canck giving no overall spin, aredNMR spectrum cannot be olimed.

When an external magnetic fieldjBs applied, the spin of the proton, which has a magnetic
moment W, aligns with Beither in the lower energy, spin up, state or the higher energy, spin

down, state. The protons can absorb a photon of energy,retiiee energy is related to its
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frequency 0o @ LIt I y O1 'Q Equaich yI Kitdi hakeiaStransition 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 statéd

Equation11
0o O

The magnetic moment of aucleus can be described as:
t ro

whereUis the spin angular momentum ands the gyromagnetic ratialis quantized and

can only take discrete energy levels:
v o —
G

whered is the magnetic quantum number and can take the valueg ofto I, so for a

nucleus withl = %2, can be +1/2 0r1/2, shown in energy level diagramigure57.
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Figure57: 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 blgown

Equation 12wherel 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
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energy difference is very small, this can produce a weak signakigia can be enhanced

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

Equation12:

Y0 &

C

An NMR experiment does not just measure one spin from one nucleus; it instead measures
manyspins, from a number of nuclei. The sum of all the magnetic moments in the nuclei of a
molecule is its magnetization, and produces a net magnetization V&Ctirat points
towards the externally applied magnetic fieldo. BTo record an NMR spectrum, a
radiofrequency (RF) field pulse is applied perpendicular to the magneti¢®fiadthout the
RF field, all the spin packets rotate about thaxazs in the gneral direction of B 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 fielgisBnduced and all the nuclear spins with a frequency
matching ths 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 isnig ibout
coherence of the spin packets by moving them all to the direction of the pulse, rotating
about the axis of the RF fiéfd Figure58a. 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 HDnigerted to a frequency domain

spectrum by Fourier transformatiff, Figure58b.
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Figure 58 NMR pulse to signal. a) RF field is applied, inducing nBagnetic 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 transbrmation®®,

5.2.1. Instrumentation and experimental setip

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 cantaéRF 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 asthis 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
sample. Tuning is achieved by adjusting two capacitors on the RF*Praimee being the

matching capacitor and the other the tuning capacitor. The latter charthe 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.

¢tKS a2adSYy GKSy ySSRa (2 o0S af201SR¢ a2 1S¢
resolution spectum. A deuterium lock measures the resonance frequency of the deuterium
signal from the solvent the sample is dissolved in, and corrects the magnetic fietd, tBat

the resonance of the frequency of the deuterium signal remains constant. Also, the
deuteNRA dzY £ 201 LINRPGARS&E GKS + I' n NBFSNByOS:s 3

C2fft2Ay3a GKAAZ GKS YI 3y*8i§a deres ai smllicalla! &bhéold ¢ K
which has a current running through it, to produce a small magnetic field, to correct for
minor spatial differences in the magnetic field. Differemo®uld 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 spHspin couplirg

When an atom is placed into a static magnetic fiejd tBe 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, knowrmeasffective 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 frequerioy 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 kawigher 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 environnien | NB OF f f SR WS dzA g £ Sy Qo
are equivalent and so those which are close to each other in space, or through bonding, will
AVFEdSYyOS (GKS 20GKSNDa ST F Sinichuplifg (of 1) SoypBrigps O F
resulting incharacteristic splitting of the peaks in an NMR spectrum. For example, a proton

that is close to one other neaquivalent proton, through bonding, appears as a doublet
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peak and one that is close to two n&quivalent protons appears as a triplet. The dista
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 thesbbadome 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 (throughotlwonds) produces a larger

coupling constant than vicinal couplings).

5.2.3. Two-dimensional NMR spectroscopy

Twa-dimensional NMR introduces a second frequency axis that allows correlation of the two
frequencies. Firstly a pulse is applied and the resultirrgnetisation 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 frequemsi®® Homonuclear twadimensional spectra
correlate frequencies of the sameudei in the two dimensions, e.gH'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 twgimensional spectra contaifrequencies of different

nuclei in each of the two dimensions, e'g-*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 systempyading there is coupling between
every intervening proton. This means that correlations can be observed between distant
protons and not just between geminal (througkb@and) or vicinal (through-Bond) protons.

This is useful for characterizing the monesaaride 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 monosacdlar ring can be controlled by altering the stk

time, a pulse sequence that keeps the magnetization in the transverse phase for a specified

period of time. A short spHock time gives one to three step transfers. A longer 4$pak
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time can be useda give up to six transfer steps. For example, in galactose resonances are

observed between the anomeric H1 with H3 and with Hgure59a and b, respectively.

a) b)
OH OH OH _OH
H H
0
HO N % HO %
L OH | on
H
I | |
H H H H

Figure59: ['*H'H]-TOCSYExample of the type ofHH 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 qguantum correlation

Heteronuclear sigle 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 presdfigure60.

In addition, deptHSQC can be carried out (where dept is distortionless enhancement
polarisation transfer). ThéH is excited and magnetisation is transferred to carbon. This
transfer alters the amplitude and size of th&C signalri relation to the number ofHs
directly attached. For example, a Esonance becomes a negative signal and a signal for a
carbon with no directly attachedHs disappears. This is particularly useful for assigning C6
on a hexose ring, as C6 is .CH

OH OH
H

_0
0

HO T

OH

H H
Figure60: 'H"*GHSQC. Example of a single bond correlation observed itHEC}IHSQC

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 arrelation, HMBC, determines multiple bond correlations
between two different nuclei e.dH 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 carbonaround a ring system and to assign linkages across a glycosidic bond in a

glycan Figure6l.

Figure61: '"H*GHMBC. Example of multiple bond correlation in'#**GHMBC 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 % and**C around a single ring

system.

5.2.3.4.Heteronuclear multiple quantum correlatior correlation spectroscopy

'"H'*GHMQGCOSY determines bond correlations two bonds apart between two different
nuclei {H and"C). This is useful for assigning correlations betweeearbon and théH on
the adjacent carbon, which can offer more confidence when assigning a ring system in
glycansFigure62.
OH OH
H

)
\ 0
HO ,.—J‘-\ﬁ// A
H OH
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H H

Figure62: "H**GHMQGCOSY. 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 spectroscopyH'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 £H the amide acetyl group, with the anomeric protdfigure63a.

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 an an

adjacent monosaccharid€jgure63b.
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Figure63: 'H'H-NOESY. Example of the type of nOes that could be observed on a glycan. a)
the nOe between the CHin the amide acetyl group of a HexNAc, with the anomeric
proton. b) through space interaction of the methyl group on a fucose with'td on an

adjacent monosaccharide.

5.3. Results and discussion

A method has been developed to prepare, from antibodies: tSe/dl (§ dzZNE R WAy G O ¢
tryptic digest, or enzymatically releasdglycans, for subsequent analysis of the antibody
glycome by NMR. The method makes use of a centrifugal filter as both a simple sample
cleanup devicé” and reaction vessel, where the antibody can either be denatured and

then concentrated for NMR analysis of the protein, denatured then treated with tryfisin

followed by NMR analysis of the tryptic digest, or dematl and treated with PNGase F to
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release theN-glycans, as for FANES 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 thisork at BMS, is an IgG and it is well known that IgGs have one site
of glycosylatiof*. Folowing tryptic digestion, the peptide expected to contain the site of
glycan attachmerft* has the sequence EEQYNSTYR, since trypsin cleaves on the carboxyl
side of K or R except when either is followed b¥iBure64. The four most abundant/ most
common gycans expressed on an IgG consist of oligomannose and complex structures
bearing zero, oner two terminal galactose units.h€ oligomannose structure does not

contain a core fucogé*?*4?%5%%¢ Figure65, and there are no @lycans.

KTKPREEQY 'STYRVVSVLTVLHQDWLNGKEYKCKVSNK
Figure 64: Primary amino acid sequence of the Fc region die IgG around the
glycosylation site. Red lines depict tryptic cleavage sites. The N, in orange, is the

glycosylation sité*,

Gal

Gal

GIcNAc-4 GIcNAC-3

Man-2 Man-2 Man-2

Man-3 Man-2

GICNAC-2 GlcNAc-2 GlcNAc-2 GIcNAC-2

Fuc Fuc

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

Figure65: N-Glycans found in the 1g8&*%%52%¢,

{FYLXS&a 2F L3ID 6SNB LINBLI NBR T2N Wylycant Ol Q
release. Each glycoprotein sample was denatured in 7 M urea/Tris buffer, before reducing
and alkylathg. 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 orN-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\-glycans were purified using SPE prior to NMR analysis.

The rebasedN-glycans were subjected to a suite of 2D NMR experiments to characterise
them. Experiments carried out werdH*C}HSQC,*H"C}dept-HSQC 'H'H} TOCSY H*C}
HMBC, HH]-NOESY Hf*C}HMQGCOSY, andH'H]-dgf-COSY. Results depictedtables

5-12 show the assigned chemical shifts from the releaNeglycan spectra.

Firstly, the fHC}HSQC data for the denatured intact protein, tryptic digest and released
glycan samples were compared. It is clear that the released glycan data show thessimp
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, withdl OKSYA OF f & KA T-6.%ppnd &hd'E Stegiicak ' ¢
aKATGOa oS 140ppry. The arfomefigyregion reveals the resonances indicating the
connection between the anomeric carbon and ti&on the anomeric carbon, and gives well

resolved peaks that are not masked by peptide/protaégnals,Figure66.

A closer inspection of the anomeric region of thie'fC}HSQC spectra reveals well resolved
peaks in all three spectra: intact protein, tryptitgest and releasedll-glycans. Assignments
for each of the anomeritH and**C peaks on fucose, galacto$éacetylglucosamine and
mannose were establishedrigure67> gA G K GKS KStLI 2F | W3t &
predictor®’, the data from which are presented, with the assignments, in tabi@slt most
instances the chemical shifts obtained were well matched with the ptedichemical shift,
with the exception being for GIcNAc This gave a higher than expected anoméHc
chemical shift and a much lower than predicté@ chemical shift. From the HSQC data, the
methyl from fucose and the methyl of the acetyl group inN&c were identified easily from
the glycan spectrakigure68, and although they could also be identified for the protein and
peptide HSQC data, the peaks were nowadl resolved.
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Figure 66: "H**GHSQC NMR spectra of the denatured intact protein, tryptic digest, and
released N-glycans. The anomeric region, depicting tHef*C correlations between the
anomeric carbon and the anomerjroton, is circled.
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Figure 67: '"H**GHSQC NMR spectra of the denatured intact protein, tryptic digest, and
releasedN-glycans, expanded in the anomeric region.
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Figure 68: '"H”GHSQC NMR spectra, showing the methyl/acetyl group region, of the

denatured intact protein, tryptic digest, and releasdd-glycans.

TOCSY experiments were carried out to help determine'lthH correlations around each

ring system. TOCSY with a shwiiking time (13 ms) gives correlations of atom8 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 tHaf*@}HSQC spectrum

and so to begin with itvas 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 setfd of
crosspeaks 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 protonsFigure69. These same signals are present in the long mixing time TOCSY
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