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General introduction

The human body is an intricate and dazzling piece of machinery, with interlocking systems
in place to allow us to do the things we want to do in daily life. In all of these systems we
have the presence of countless large and small molecules, with only their combined action
leading ultimately to a macrobiological phenotype such as fighting a disease, digesting
lunch, or stretching your arm. Workhorses involved in this machinery are commonly
proteins, which can cover a wide array of functions which depend on their precise makeup,
from transport via replication to catalysis. The function, localization, and control of proteins
is greatly enhanced by modifications they may undergo, prominent examples being
phosphorylation and acetylation, but in the extracellular domain none of these is as
abundant as the decoration of proteins with carbohydrate structures, coined
glycosylation®?.

1.1 Glycosylation

Glycosylation, the reaction of a carbohydrate with another molecule, is an important way
in which biomolecules can be modified. Enzymatic glycosylation may occur on lipids,
proteins and on other carbohydrates, and respectively leads to the formation of glycolipids,
glycoproteins and glycans (although “glycan” may also refer to the carbohydrate content of
a glycoconjugate)®. Glycosylation is a wide-spread process in biology, and the presence or
absence of a glycan (macroheterogeneity) or the actual size and structure thereof
(microheterogeneity) are known to have major effects on a glycoconjugate. Glycans have
for example been shown to affect glycoprotein folding and quality control*®, solubility’,
spatial organization®, and receptor interaction®!®, but many more functions have been
described!!.

Human protein glycosylation occurs in two main forms, namely N-glycosylation and O-
glycosylation, which differ by the type of linkage between the carbohydrate and the protein
backbone, as well as by the amino acids on which they can occur®?. N-Glycosylation, which
yields N-glycans, is the enzymatic attachment of an oligosaccharide by N-glycosidic linkage
to the nitrogen of the side chain amide of an asparagine. This process predominantly occurs
within the amino acid consensus sequence Asp-X-Ser/Thr, where X can be any amino acid
except proline®*3. On the other hand, O-glycosylation, yielding O-glycans, is the attachment
of a monosaccharide by O-glycosidic linkage to the oxygen of the side-chain hydroxyl group,
which may occur on serine or threonine in case of mucin-type O-glycosylation (although
modification of hydroxylysine and tyrosine have also been described)*>!*>, After initial
attachment, both N- and O-glycans can be further modified by glycosyltransferases and
glycosidases, i.e., enzymes that respectively add and remove monosaccharides, eventually
resulting in a wildly divergent set of glycoforms that can be achieved for a given protein.
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Both N- and O-glycosylation can be regarded as post-translational protein modification
(PTM), sharing the nomenclature with, e.g., phosphorylation and acetylation®. N-
Glycosylation is sometimes also referred to as co-translational, for the reason that initial N-
glycan attachment takes place during (and not after) translation of a protein into the rough
endoplasmic reticulum (ER) lumen®*2. Among the known PTMs found in the extracellular
space, N-glycosylation is estimated to be the most abundant, and the majority of plasma
proteins are thought to be glycosylated with at least one N-glycan®2. Nevertheless, it
remains one of the most heavily under-studied biological topics to date, owing to the
structural complexity involved and the resulting analytical challenges.

1.2 Monosaccharide structure

Glycans are polymers made up of monosaccharides just like deoxyribonucleic acid (DNA)
and proteins are respective biopolymers of nucleotides and amino acids. However, whereas
DNA and peptides are typically linear sequences, glycans tend to be arranged in complex
branching structures, and in addition often show many kinds of stereoisomerism?.

A OH OH OH
H
HO HO HO ©
HO HO 20 = HO OH
OH OH OH OH
a-D-glucose B-D-glucose

Glcal,4-Glc GlcB1,4-Glc

Figure 1. A) The a- and 8-anomers of cyclic D-glucose and their open intermediate. B) Two glucose
residues in either a1,4-linkage or 61,4-linkage, with numbered carbons. A perturbed line has been
used to indicate the anomeric hydroxyl group involved in ring opening and closing.

Taking as example the aldohexose, a group of monosaccharide isomers with six carbons and
an aldehyde at the first carbon (chemical formula CsH120s), the presence of four chiral
centers means that already 16 (2*) stereoisomers are possible. The stereoisomerism at the
fifth carbon is denoted by the letter substitution D or L, e.g., D-aldohexose, while the
stereoisomerism at the three remaining chiral carbons defines the overall name of the
molecule, e.g., glucose, mannose or galactose®. Free monosaccharides alternate in solution
between an open-chain form and a cyclic form, but it is the cyclic form that is predominantly
found in polysaccharides (Figure 1A)3. Cyclization of an aldohexose may either occur with
the hydroxyl group at the fourth carbon, forming a furanose (e.g., glucofuranose), or with
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the hydroxyl group at the fifth carbon, forming a pyranose (e.g., glucopyranose)®. In both
cases this leaves the first carbon a new chiral center, of which the two configurations,
named anomers, can be indicated with an o or B prefix (e.g., B-glucopyranose)3.

Polysaccharides, or glycans, are formed when monosaccharides are covalently joined by an
O-glycosidic bond. While this could result from a condensation reaction between the
anomeric carbon of a given monosaccharide with the hydroxyl group of another (such as
the case with glycation), for glycosylation the bond is formed by the enzymatic transfer of
a monosaccharide from a nucleotide-activated sugar. For example, beta-1,4-
galactosyltransferase 1 may catalyze the transfer of the galactose of uridine diphosphate
galactose (UDP-galactose) to glucose to form lactose (milk sugar)®. A resulting O-glycosidic
linkage is typically described by the anomerism and carbons involved in the linkage, e.g.,
al,2 for a linkage between the first carbon of a-D-glucopyranose and the second carbon of
D-fructofuranose to form sucrose (table sugar) (Figure 1B)3. An example underlining the
functional differences between glycosidic linkage types can be found in glucose polymers,
which when al,4-linked forms amylose (a main component of starch), or when 1,4-linked
instead forms cellulose (a main component of cotton and wood)3.

Next to displaying stereoisomerism, monosaccharides in biology are often substituted at
various hydroxyl groups with a wide range of other functional group. Examples of this
include amination, amine acetylation, or the presence of a carboxylic acid group, which
would for glucose respectively form glucosamine, N-acetylglucosamine, and glucuronic
acid?,

In all, given the total variety of monosaccharides available for polymerization, the number
of potentially different glycan structures is truly staggering?’. In reality, however, the types
of monosaccharides involved in human protein glycosylation are rather constrained, and
appear to be under tight control. The most common monosaccharides found in human N-
and O-glycosylation are pyranoses, and principally comprise the deoxyaldohexose (dHex) L-
fucose (Fuc), the aldohexoses (Hex) D-glucose (Glc), D-mannose (Man) and D-galactose
(Gal), the N-acetylaldohexosamines (HexNAc) N-acetyl-D-glucosamine (GIcNAc) and N-
acetyl-D-galactosamine (GalNAc), and the heavily substituted ketononose N-
acetylneuraminic acid (Neu5Ac, belonging to the family of sialic acids) (Figure 2)>8. The
polymerization of these monosaccharide residues are what make up most of the human N-
and O-glycans.

Whereas N- and O-glycosylation can be found within nearly all forms of life, different
monosaccharides can be found within non-human glycan structures. For example,
aldopentoses like D-xylose are commonly seen on the N-glycans of plants and parasites>?°,
and the mouse largely incorporates the sialic acid N-glycolylneuraminic acid (Neu5Gc)
instead of N-acetylneuraminic acid>2.
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1.3 The biosynthesis of protein N-glycosylation

The work presented in this thesis mainly involves N-glycosylation which, as prior indicated,
can be regarded as both a post-translational and co-translational modification®*2. During
protein synthesis into the lumen of the rough ER, N-glycosylation occurs when the
oligosaccharide portion of a membrane-bound glycolipid, dolichol-GlcsMansGIcNAc:
(Glcal,2-Glcal,3-Glcal,3-Manal,2-Manal,2-Manal,3-[Manal,2-Manal,3-[Manal,2-
Manal,6-]Manal,6-]Manf1,4-GIcNAcB1,4-GIcNAcB), is transferred in its entirety to the
asparagine of a polypeptide containing the appropriate consensus sequence (Asn-X-
Ser/Thr)*>!2. The glucose residues of the then N-linked glycan are subsequently trimmed
down by the action of glucosidase | and Il, but the last glucose can repeatedly be removed
and added (by glucosyltransferase activity) while the glycoprotein undergoes folding®2. The
presence of a monoglucosylated N-glycan facilitates interaction with the proteins calnexin
and calreticulin, which form an important part of the protein quality control mechanism of
the ER*!2, This glycan-mediated mechanism serves as checkpoint to decide between
clearing proteins for further processing (requiring the persistent removal of the glucose) or

alternatively sending them to the lysosomal pathway of protein degradation*2L,

OH OH OH
HO
OH H.C 0 H
HO 0 . 0 O e 0, . on
HO OH HO OH HO OH 0 A
OH OH HO
B-D-glucose (Glc) B-D-galactose (Gal) B-D-mannose (Man) a-L-fucose (Fuc)
OH OH
[] Ho []
- 0 0,
HO OH HO OH
H H
= =
CH, CH,,
B-N-acetyl-D-glucosamine B-N-acetyl-D-galactosamine a-N-acetylneuraminic acid
(GlcNAc) (GalNAc) (Neu5Ac)

Figure 2. A) Monosaccharides commonly involved in human N- and O-glycosylation and their
symbolical nomenclature as defined by the Consortium for Functional Glycomics (CFG)*°.

From this point on, the type of N-glycosylation (MansGIlcNAcz) found on proteins may be
conserved, eventually appearing as such in the extracellular space, or the glycan can be
further processed in a variety of ways as the conjugate is guided through the ER and Golgi
apparatus®'2, The processing of the glycan is not template-defined, and will ultimately
depend on a multitude of factors, including the abundance of glycosidases and
glycosyltransferases, the accessibility of the glycan for enzymatic alteration, the presence
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of nucleotide sugars to serve as monosaccharide donor, the time spent in different
compartments of the ER and Golgi, and so forth®*2.

A < fucose

O galactose
@ mannose
B N-acetylglucosamine

Fryby

High mannose Hybrid Complex

B
34 ¢
zb({ﬂs
Linkage
a. f. g.

Figure 3. A) Typical N-glycan species as found on human plasma proteins. Distinction is made between
high-mannose-type species (a. and b.), hybrid-type species (c. and d.) and complex-type species (e., f.
and g.). This visualization style is simplified with regard to structure, and is commonly used to denote
glycan compositions of which limited structural information is available. B) Species a., f. and g. with
linkage information indicated by the angle. C) N-glycan structures for species a., f. and g, as edited
from the Glycam structure prediction tool (glycam.org). Displayed here are the structures belonging to
the lowest energy state, but glycans are highly mobile and will not maintain a static structure?.

In case of further processing, the glycan may be truncated to a MansGIcNAc: structure®*?,
after which an “antennary” GIcNAc residue can be appended in B1,2-linkage to the al,3-
linked mannose “branch” (referring to the branching mannoses on the B1,4-linked
mannose) (Figure 3)>!2. The two mannoses remaining on the al,6-linked branch may also
be removed, and can be replaced by a B1,2-linked antennary GIcNAc®>'2. An N-glycan is

described as “high-mannose type” when both branches are occupied by mannose residues,
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“hybrid type” when one of the branches has an antennary GIcNAc and the other contains
mannoses, and “complex type” when both branches carry an antennary GIcNAc (Figure
3)312, Aside from having B1,2-linked antennae, human N-glycans may also have a B1,4-
linked antenna on the al,3-branch, and a f1,6-linked antenna on the al,6-branch. These
can form alternatively linked diantennary structures, or combine to yield tri- and
tetraantennary species>*2,

Antennary GIcNAcs can be extended in a variety of ways, the most common being the
addition of a B1,4-linked galactose and subsequent addition of an N-acetylneuraminic acid
(sialic acid) in either a2,6- or a2,3-linkage to the galactose®!2. Extension of structures may
furthermore occur by al,6-linked fucosylation of the innermost GlcNAc, by a1,2-, al,3 or
al,4-fucosylation of antennae, by a “bisecting” GIcNAc that is $1,4-linked to the 1,4-linked
core-mannose, by elongation of the B1,6-linked antenna to contain “LacNAc” repeats
(GalB1,4-GIcNAcB1,3-), as well as by a variety of other modifications(Figure 3)>2. Together
this facilitates the highly diverse range of structures an N-glycan may have, potentially
leading to specific oligosaccharide epitopes like sialyl-Lewis X (sLeX; Neu5Aca2,3-GalB1,4-
[Fucal,3-]GIcNAc), a major ligand for E-selectins®?2,

1.4 Glycosylation in health and disease

The process of glycosylation is not template-defined (such as DNA), but a considerable
portion of the human genome is directly and indirectly involved in the process?*?*. Genetic
defects can lead to the absence of glycosylation on protein sequences where this is normally
the case, a phenomenon named type | congenital disorder of glycosylation (CDG)?.
Homozygous or compound heterozygous knock-outs are embryonically lethal, and
individuals may otherwise suffer from severe symptoms including mental retardation and
organ failure®>. Genetic abnormalities leading to qualitative differences in glycosylation
(e.g., a decreased ability to form sialylated or fucosylated glycans) are grouped as type I
CDG and may lead to a wide range of symptoms as well, including mental retardation,
jaundice, and hypotonia®. Interestingly, some types of type Il CGD appear treatable by
dietary mannose, galactose or fucose supplementation, particularly when the genetic
defect is in a nucleotide sugar pathway?2. In both type | and type Il CDGs, analysis of the
glycan site occupancy and structures, either on specific proteins or within mixture of
proteins such as in plasma, is highly useful for the detection and characterization of the
defect.

Glycosylation may also be reflective of, or play a role in, tumor growth and metastasis. As
glycosylation is ultimately produced by cells, aberrant regulation thereof, such as the case
in cancer, may result in uncommonly glycosylated proteins being present in the
circulation?. For example, while prostate cancer is diagnosed by the abundance of prostate-
specific antigen (PSA) in the blood, it has also been shown that the type of glycosylation
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present on the protein in circulation differs from that in the prostate, particularly by the
degree of sialylation3C. On the functional side, it is thought that the presence of glycan
epitopes such as sLeX may be instrumental in allowing circulatory tumor cells to adhere to
new positions, thereby facilitating tumor metastasis?®3L,

A setting in which glycosylation has shown diagnostic potential is in the discrimination of
different types of diabetes. A particular genetic variant of the disease, i.e., type 3 maturity-
onset diabetes of the young (MODY 3), can often be distinguished from the other forms,
e.g., type | and Il diabetes, by the decreased antennary fucosylation found on the N-
glycosylation of plasma proteins32. This appears to be mainly driven by the HNF1A gene that
is a risk factor for MODY, which is proposed to be a transcription factor for multiple genes
responsible for antennary fucosylation (e.g., FUT3 and FUT6)*. The quantification of
fucosylation is thought to be a simple and clinically interesting method for diabetes
categorization, and may assist in the development of personalized treatment.

Glycosylation is also thought to play a large role in immunity and autoimmunity.
Immunoglobulin G (I1gG), the most abundant antibody in human plasma, serves as a major
component in the adaptive immune system34. The protein generally carries one N-glycan on
each of its two crystallizable fragment (Fc) domains, and displays N-glycosylation of the
antibody-binding fragment (Fab) domains for around 20% of the circulatory 1gGs3#%. The N-
glycosylation of IgG-Fc has shown to heavily influence its Fc-gamma-receptor (FcyR) affinity,
thereby modulating antibody-dependent cellular cytotoxicity (ADCC), with lack of a core-
fucose leading to an up to 50-fold increased binding to FcyRllla and the degree of
galactosylation and bisection having several-fold effect sizes¢-38. Furthermore, various IgG-
Fc glycosylation traits, notably galactosylation, have shown to associate with inflammation
and autoimmune diseases such as rheumatoid arthritis (RA), in which lower galactosylation
generally associates with higher degrees of inflammation3®4*, Fab glycosylation is suspected
to play a role in RA as well, as seen by the elevated degree of Fab-glycosylation present on
disease-specific anti-citrullinated protein antibodies (ACPA) found in the subset of ACPA-
positive RA patients*?. The influence of glycosylation on antibody function extends to
biopharmaceutical antibodies, meaning that production processes need to be under careful
control and need to be monitored for glycan heterogeneity*#*.

In addition to disease-associated glycosylation phenotypes, studies in healthy individuals
have also shown numerous associations between glycosylation and phenotypes like age,
sex, inflammation, body mass index, pregnancy and lipid levels, and so forth*8,
Interestingly, while the glycosylation within an individual is relatively stable, with changes
usually being representative of a change in homeostasis, the variance between individuals
is usually much greater®®°°, This suggests a benefit for longitudinal study designs and implies
that cross-sectional designs need to include considerable sample numbers.
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1.5 Glycan analysis

While glycosylation is of clinical and biopharmaceutical importance, the analysis thereof is
not easily performed. Since glycosylation does not have an equivalent to the polymerase-
chain reaction found in genomics research®?, analyte concentrations are often low and
detection methods need to be highly sensitive. In addition, analytical methods need to be
of sufficient throughput to handle the samples sizes required to identify associations within
the considerable population variance®®°°. And, within these constraints, the methods need
to have the actual capability to resolve the relevant glycosylation properties, which is
complicated by glycan stereoisomerism and resulting numbers of chemically distinct
structures that overlap in physical properties such as solubility, charge, and mass.

Glycoprotein analysis can in principle be performed at three levels, namely on intact
glycoproteins, on glycopeptides, and on released glycans**°2. Intact glycoprotein analysis
provides most information on the combination and interaction of glycans and other PTMs
on a protein, approaching most closely the biological situation®3. Proteolytic digestion of a
glycoprotein into discrete peptides and glycopeptides, e.g., by trypsin, GluC or proteinase
K, may still retain the site-specific glycan information but reduces the analytical complexity
to some degree®®. Releasing glycans from the protein backbone, e.g., by hydrazinolysis, B-
elimination, or endoglycosidase digestion in case of N-glycosylation, can yield the most
structural information on the glycan and has the highest tolerance to complex samples, but
does not reveal the glycan attachment site or carrier protein?*°%5536,

Further distinction has to be made between the analysis of a single glycoprotein after
targeted purification using, e.g., affinity-capturing, and the analysis of a glycoprotein
mixture. In-depth glycan analysis has been performed for a selection of single glycoproteins,
examples including 1gG, 1gM, and alpha-1-antitrypsin®-%°, but these are limited by the
availability of protein-specific purification protocols. For clinical biofluid glycosylation
analysis, e.g., serum or plasma, qualitative glycan information can be obtained as well, but
this is usually restricted to the released glycan level due to the large array of glycoproteins
involved®®2, These complex-sample released glycan analyses are generally referred to as
“glycomics” experiments, and specific “glycomes” can be indicated by their sample source,
e.g., the total serum protein N-glycome (TSNG) or the total plasma protein N-glycome
(TPNG). With the diversity of glycan structures involved in such samples, a combination of
methods is typically required for complete structural characterization — each of the
methods ideally providing orthogonal information®3.

It is to no surprise then that a broad selection of analytical methods have been applied to
the characterization of glycans and glycoconjugates. These include, among others, lectin or
carbohydrate microarrays®*®°, nuclear magnetic resonance spectroscopy®®®®, liquid
chromatography®>%’, capillary electrophoresis (CE)®®%°, and mass spectrometry (MS)5%79, as
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well as a variety of hyphenations among them (e.g., CE-MS or LC-MS)%37172 | arge-scale N-
glycomics studies have so far been reported with hydrophilic-interaction (ultra-)high-
performance liquid chromatography with fluorescence detection (HILIC-(U)HPLC-
FLD)334673, capillary gel electrophoresis with laser-induced fluorescence detection (CGE-
LIF)’4, and matrix-assisted laser desorption/ionization (MALDI) MS*86375,

1.6 Matrix-assisted laser desorption/ionization mass

spectrometry
Mass spectrometry is an analytical technique to form gas-phase ions, separate them by
mass per charge (m/z), and report on their relative abundances. Mass spectrometers usually
consist of an ion source, a separation step, and a means of detecting the ions’®.

To generate gas-phase ions MS can make use of a large selection of ionization methods, but
common variants for high-throughput glycan analysis are electrospray ionization (ESI) and
matrix-assisted laser desorption/ionization (MALDI)’®. ESI requires analytes to be dissolved
in a liquid, which is dispersed into aerosols by the presence of a nebulizing gas and the
application of a high voltage’®. lons may directly evaporate from these aerosols or solvent
evaporation may leave behind ionized residual molecules’®. MALDI, on the other hand,
requires a sample of interest to be co-crystallized with a matrix substance. Gaseous
molecules are generated by irradiating the crystals with a laser, leading to sublimation of
the molecules. In the gas-phase the analytes of interest are ionized by deprotonation,
protonation, or alkali metal adduction’®. Unlike ESI, MALDI predominantly generates single-
charged ions, which is unfavorable for the detection of very large masses, but on the other
hand also leads to relatively clean mass spectra in the m/z range covering released human
N-glycosylation’”. Compared to ESI, MALDI is an extremely high-throughput method for the
ionization of successive samples, as these can be pre-spotted on a target plate and indexed
within seconds from each other®76,

After ionization, separation of the gas-phase ions can be achieved in a variety of ways as
well. For time-of-flight (TOF) MS the separation occurs by application of a static electric
field. This provides greater acceleration to molecules that are lower in mass (m) and carry
more charges (z, hence the m/z separation dimension), which is then followed by a drift
time in a field-free region towards an ion detector’®. Alternatively, ions can be trapped in
an electric or magnetic field and’®’%, and for example be detected by their ion cyclotron
resonance as is the case for Fourier transform ion cyclotron resonance (FTICR) MS”%0,

Whereas MALDI-FTICR-MS can achieve very high resolution N-glycan measurements,
potentially separating isobaric chemicals that are milliDaltons apart’®8°, MALDI-TOF-MS
requires additional equipment to achieve isotopic resolution for N-glycan analysis®®2. One
issue with MALDI is that molecules form a three-dimensional cloud prior to acceleration,
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leading to different exposure times to the electric field for different regions of the cloud.
This results in different kinetic energies for equivalent molecules, and ultimately a broader
time range in which they arrive at the detector®>®2. One way to solve the resulting peak
broadening is by using a mass reflectron (ion mirror), which reflects the molecules in such
a way that it corrects the kinetic energy range (Figure 4)%%2. In way of resolution, reflectron-
mounted MALDI-TOF-MS instruments clearly outperform their linear counterparts.
However, when molecules break down by metastable decay in the field-free region,
reflection can lead to inaccuracy in both resolution and the perceived m/z value of the
analyte (Figure 5)77/%3,

Table 1. Monosaccharides detectable by mass spectrometry.

Monosaccharide Short CFG Letter Increm'e.nt Increment
Symbol composition mass
Deoxyhexose dHex A F CeH1004 146.0579
Fucose Fuc A F CeH1004 146.0579
Hexose Hex O H CsH1005 162.0528
Glucose Glc o H CsH1005 162.0528
Mannose Man D) H CeH100s 162.0528
Galactose Gal O H CeH100s 162.0528
N-Acetylhexosamine HexNAc ] N CsH13NOs 203.0794
N-Acetylglucosamine GIcNAc [ | N CsH13NOs 203.0794
N-Acetylgalactosamine GalNAc ] N CsH13NOs 203.0794
N-Acetylneuraminic acid Neu5Ac @ S C11H17NOs 291.0954
N-Glycolylneuraminic acid Neu5Gc <& Gs C11H17NOs 307.0903
Acceleration electrodes Linear detector
S/ Field-free drift region \\
1111 : W

Target plate

Reflectron detector Reflectron

/ Laser a‘f
[
/
Figure 4. Scheme of a reflectron-mounted MALDI-TOF-MS system. lons produced by MALDI are
accelerated by a static electric field, further separated in the field-free drift region, and are either
directly detected or after reflection to yield better resolution. In case an analyte breaks down by
metastable decay reflection leads to inaccurate and imprecise signals.
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MALDI-MS has shown to be a powerful tool for the analysis of glycosylation, but several
constraints apply as well””. As MS separation is primarily based on mass, different chemical
compositions can usually be distinguished, but no information is obtained on the
stereoisomeric aspects of a structure. As such, MS can define a glycan composition by the
number of deoxyhexoses, hexoses and N-acetylhexosamines, but will not reveal whether
these are derived from glucose, mannose or galactose, and in which linkages these are
attached (Table 1)””. Sialic acids like N-acetylneuraminic acid and N-glycolylneuraminic acid
can be distinguished by their unique masses as well, but analysis of sialylated glycans by
MALDI-MS is challenging for other reasons. For one, while neutral glycans tend to ionize as
cations together with sodium or potassium, sialylated glycans preferentially form anions by
deprotonation of the carboxylic acids, which prevents their joint analysis when accelerated
by a single polarity electric field””. Secondly, sialylated glycans are highly affected by in-
source and metastable decay, meaning that mass spectra obtained by reflectron-mounted
MALDI-TOF-MS are dominated by sialic acid loss and the appearance of unfocussed
“metastable peaks” (Figure 5)77:83,
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Figure 5. MALDI-TOF-MS profiles of 2-AA-labeled human plasma N-glycosylation in linear negative
mode (top) and reflectron negative mode (bottom). Reflectron mode shows isotopic resolution
whereas linear mode does not. However, reflectron mode shows the appearance of low-resolution
“metastable peaks” (asterisk), at the expense of sialylated signals.

1.7 Chemical derivatization for MALDI-MS glycan analysis
Without making use of derivatization, MALDI mass spectrometric experiments have tried to
handle the analysis of sialylated glycan species in a variety of ways. Many reports have been
made on the optimization of MALDI matrix conditions and constituents’”’. MALDI matrices
such as 2,5-dihydroxybenzoic acid (2,5-DHB)®*, a-cyano-4-hydroxycinnamic acid (CHCA)®,
21



or 5-chloro-a-cyanocinnamic acid (CI-CCA)®, can for instance be classified into “hot” and
“cold” variants, which roughly describes the amount of energy they typically convey to their
co-crystallized analytes of interest during the desorption / ionization process’’. A matrix
classified as “hot” allows easier ionization and fragmentation than “cold” matrices, but also
leads to more in-source and metastable decay. However, no matrix has been described to
date that fully prevents sialic acid decay.

Another way to improve the mass spectrometric detection of (sialylated) glycan species is
the chemical alteration of problematic functional groups, and a variety of derivatization
strategies have been reported over the years°®’>’7. One popular method is permethylation,
the conversion of a broad array of functional groups across a glycan into their methyl
derivatives®®’. Permethylation amends the unfavorable ionization and stability situation of
sialylated species and has proven to enhance positive ionization of carbohydrates in
general®>®”. A downside of permethylation is that even small reaction inefficiencies per
functional group lead to significant peak splitting for larger glycan species. Another issue is
the application of relatively harsh reaction conditions leading to sialic acid de-O-acetylation,
an important modification which can occur on the hydroxyl groups of sialic acids!®388°,
Many studies have been published making use of glycan permethylation, both of O-glycans
and N-glycans, and in general the derivatization is considered to be the baseline procedure
for mass spectrometric glycan analysis®%%9-%3,

Rather than chemical alteration of the wide variety of functional groups on a glycan, it also
proved possible to specifically modify the carboxylic acids of the sialylated glycans, which
tackled the ionization and stability issues as well. Workflows have been presented that rely
on sialic acid esterification or amidation, encompassing a wide variety of acid activator
reagents and nucleophiles to arrive at stabilized and neutralized N-glycans®®’>77, several of
which have proven viable for the chemical modification of glycopeptides as well®**’.

Interestingly, the investigations into sialic acid derivatization have led to the observation
that a2,3-linked N-acetylneuraminic acids —and not a2,6-linked N-acetylneuraminic acids —
tend to lose water under harsh reaction conditions, understood to be lactonization with the
subterminal galactose®®®°. The first chemistry to exploit this linkage-specific modification
for N-glycan analysis was with the use of the carboxylic acid activator DMT-MM, repeatedly
added in crystalline form to a methanol solution with dissolved glycans®®. As described,
performing the reaction for 1 hour at 80 °C, or 6 hours at room temperature, led to the
methyl esterification of a2,6-linked N-acetylneuraminic acids, and could also catalyze the
lactonization of a2,3-linked sialic acids®. Next to neutralizing and stabilizing the sialylated
glycans for MS analysis, the mass difference resulting from the linkage-specific reaction
allowed mass-based distinction of their stereoisomerism®.
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Following a similar strategy, we showed that linkage-specific sialic acid esterification was as
well achievable as a high-throughput one-pot reaction, with increased speed and at milder
reaction conditions (1 hour at 37 °C proved sufficient in all cases), by making use of the
carboxylic acid activator EDC and catalyst HOBt in an environment of ethanol®%%, For this
reaction, the use of ethanol instead of methanol proved a requirement for the full linkage-
specificity, consequentially leading to linkage-dependent ethyl esterification or
lactonization5%1%0,

1.8 Scope

The aim of this thesis is the development and application of new methodology for MALDI-
MS N-glycomics, in order to improve our detection of glycosylation characteristics in a high-
throughput manner, and to increase our understanding of the role of N-glycosylation in
health and disease.

Part l introduces the field of research, and contains the general introduction (Chapter 1), as
well as a literature review on high-throughput N-glycosylation analysis (Chapter 2).

Presented in Part Il are the methodological advances that were achieved in glycosylation
analysis by MALDI-TOF-MS. Chapter 3 reports on a high-throughput workflow for the
derivatization of sialylated N-glycans, allowing the concurrent detection of sialylated and
non-sialylated glycan species in reflectron positive mode MALDI-TOF-MS, as well
introducing a distinguishable mass difference between a2,3- and a2,6-linked sialylation
isomers. This method was extended to an automated platform in Chapter 4.

Part Il describes the application of the protocols in settings of clinical and
biopharmaceutical interest. Much of current-day biopharmaceutical and fundamental
research is performed on experimental animal models, of which the mouse is an abundant
example. The plasma N-glycosylation of different mouse strains is reported in Chapter 5, as
well as the differences between male and female individuals of those strains. In Chapter 6
an alternative sialic acid protection method for MALDI-MS is described, namely the
application of collisional cooling in an intermediate-pressure-sourced MALDI-FTICR-MS.
This has led to the largest mass spectrometric TPNG study to date, and shows the
association between N-glycan phenotypes and blood markers of inflammation and
metabolic health. In Chapter 7 the robotized MALDI-TOF-MS method is applied to study —
in longitudinal fashion — the glycosylation parameters reflective of RA and the improvement
of disease activity thereof during pregnancy. Finally, Chapter 8 describes a collaboration
with several leading high-throughput glycomics laboratories to compare the performance
of the contemporary serum N-glycomics methodologies, i.e., HILIC-UHPLC-FLD, multiplexed
CGE-LIF, and MALDI-TOF-MS with ethyl esterification.
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Part IV contains the general discussion (Chapter 9). This chapter puts the performed

research in the literature context, and speculates on the requirements and challenges for

the future of mass spectrometric N-glycosylation analysis.
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