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Abstract

Complex carbohydrates, also referred to as glycans, are ubiquitous in nature and represent
one of the major classes of biopolymers. In contrast to peptides and oligonucleotides
whose structure is directly related to specific genes, glycans are not directly encoded in
the DNA. Instead, their structure is the result of a dynamic biosynthetic pathway that is
heavily affected by environmental factors. Consequently, glycans are extremely diverse

and exhibit branched sites, as well as a complex regio- and stereochemistry.

A common way to address this complexity is liquid chromatography (LC) in combination
with spectroscopic and mass spectrometric (MS) detection. It allows for high throughput
measurements and can identify the general building block composition of a glycan, but it
often fails to unambiguously assign the linkage between building blocks. The type of
linkage, however, is a key factor for the three-dimensional structure of the glycan and
therefore its biological functions. A promising alternative, which is sensitive to the
globular structure of a glycan, is ion mobility-mass spectrometry (IM-MS). In addition to
the separation based on the mass-to-charge (m/z) ratio, IM-MS allows to distinguish ions
based on their size, shape, and charge. LC-MS and IM-MS both showed enormous
potential for the analysis of glycans as standalone techniques, each providing a different
level of information. However, there are very few examples of combining both approaches

into a consistent LC-IM-MS workflow.

In this thesis, it was investigated if IM-MS can be hyphenated to classical LC-MS
workflows to enable a comprehensive structural elucidation of complex N-glycans. As
sample preparation for LC-MS usually includes the modification of the reducing end of
the glycan, the first step was to study the effect of these derivatizations on the quality of
IMS separation. The problem was addressed by the systematic study of a set of six isomeric
fucose-containing blood group antigens that are derivatized with the most common
fluorescent tags using IMS. The quality of the separation was evaluated by comparing the
CCS values of all species in positive and negative ion mode as well as with adduct ions.

Afterwards, the application of LC-IMS-MS for the investigation of complex N-glycans was
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demonstrated. For this purpose, the glycans from human alpha-1-acid glycoprotein
(hAGP) were investigated to identify the sialylation (a2,3- vs a2,6-linked residues) and
fucosylation (core vs terminal) patterns. It was shown that IMS enables the structural
elucidation of even highly sialylated glycans up to tetraantennary species without
changing the sample preparation and within a single LC run. The main parameters that
are obtained from LC-IMS-MS measurements are retention times, mass-to-charge-ratios,
and drift times, which represent a powerful dataset to identify glycan isomers. However,
retention times in LC and drift times in IMS depend significantly on instrumental
parameters and are difficult to compare between experiments. We therefore introduced
an internal calibration method for the conversion of retention times into universal glucose
units (GU) and drift times into collisional cross-sections (CCS). It was shown that the
internal calibration approach enabled a faster, more accurate analysis for both LC and IMS

without loss in calibration accuracy or informational content.

Overall, the addition of IMS into classical LC-MS workflows is straightforward and only
requires minor adaptions in sample preparation and data treatment. It enables a fast and
accurate identification of structural motifs and complements the informational content of
LC-MS experiments. LC-IM-MS therefore represents a powerful combinational approach

for the comprehensive analysis of complex N-glycans.
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Zusammenfassung

Komplexe Kohlenhydrate, auch als Glykane bezeichnet, sind in der Natur allgegenwartig
und stellen eine der Hauptklassen von Biopolymeren dar. Im Gegensatz zu Peptiden und
Oligonukleotiden, deren Struktur in direktem Zusammenhang mit bestimmten Genen
steht, sind Glykane nicht direkt in der DNA kodiert. Stattdessen ist ihre Struktur das
Ergebnis einer dynamischen und komplexen Biosynthese, der stark von Umweltfaktoren
beeinflusst wird. Folglich sind Glykane aufierst vielfdltig und weisen verzweigte Stellen

sowie eine komplexe Regio- und Stereochemie auf.

Ein gangiger Weg, um dieser Komplexitat zu begegnen, ist die Fliissigchromatographie
(LC) in Kombination mit spektroskopischer und massenspektrometrischer (MS)
Detektion. Es ermoglicht Messungen mit hohem Durchsatz und kann die allgemeine
Zusammensetzung eines Glykans identifizieren, kann jedoch haufig die Verkniipfung
zwischen Bausteinen nicht eindeutig zuordnen. Die Art der Verkniipfung ist jedoch ein
Schliisselfaktor fiir die dreidimensionale Struktur eines Glykans und damit
mitverantwortlich fiir seine biologischen Funktionen. Eine vielversprechende Alternative,
die sensitiv fiir die globuldre Struktur eines Glykans ist, ist die Ionenmobilitats-
Massenspektrometrie (IM-MS). Zusitzlich zur Trennung auf Basis des Masse-zu-
Ladungsverhaltnis (m/z) ermoglicht IM-MS die Unterscheidung von Ionen basierend auf
ihrer Grofse, Form und Ladung. LC-MS und IM-MS zeigten beide grofies Potenzial fiir die
Analyse von Glykanen als eigenstindige Techniken, die jeweils eine andere
Informationsebene liefern. Es gibt jedoch nur sehr wenige Beispiele fiir die Kombination

beider Ansatze zu einem konsistenten LC-IM-MS Arbeitsablauf.

In dieser Arbeit wurde untersucht, ob IM-MS mit klassischen LC-MS Arbeitsablaufen
verkniipft werden kann, um eine umfassende Strukturaufklarung komplexer N-Glykane
zu ermoglichen. Da die Probenvorbereitung fiir LC-MS normalerweise die Modifikation
des reduzierenden Endes am Glykan beinhaltet, bestand der erste Schritt darin, die
Auswirkung dieser Derivatisierungen auf die Qualitat der IMS-Trennung zu untersuchen.

Das Problem wurde durch die systematische Untersuchung eines Satzes von sechs
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isomeren Blutgruppen Antigenen angegangen, die mit den gangigsten
Fluoreszenzmarkern derivatisiert wurden und anschliefend mittels IMS gemessen
wurden. Die Qualitdt der Trennung wurde durch den Vergleich der CCS-Werte aller
Spezies im positiven und negativen Ionenmodus sowie mit Addukt-lonen bewertet.
Anschlieffend wurde die Anwendung von LC-IMS-MS zur Untersuchung komplexer N-
Glykane demonstriert. Zu diesem Zweck wurden die Glykane aus menschlichem alpha-
l-acid Glykoprotein (hAGP) untersucht, um das Sialylierungs- (a2,3- vs. «2,6-
Verkniipfung) und Fucosylierungsmuster (am reduzierenden Ende vs. terminal) zu
identifizieren. Es konnte gezeigt werden, dass IMS die Strukturaufklarung selbst
hochsialylierter Glykane bis hin zu tetraantenniren Spezies ohne Anderung der
Probenvorbereitung und innerhalb eines einzigen LC-Laufs ermoglicht. Die
Hauptparameter, die aus LC-IMS-MS-Messungen erhalten werden, sind Retentionszeiten,
Masse-zu-Ladungsverhaltnisse und Driftzeiten, die eine hohe Informationsdichte zur
Identifizierung von Glykanisomeren darstellen. Retentionszeiten in LC und Driftzeiten in
IMS héngen jedoch erheblich von instrumentellen Parametern ab und sind zwischen
Experimenten nur schwer zu vergleichen. Wir haben daher ein internes
Kalibrierverfahren eingefiihrt, dass die Umrechnung von Retentionszeiten in universelle
Glucoseeinheiten (GU) und von Driftzeiten in Kollisionsquerschnitte (CCS) ermdglicht. Es
wurde gezeigt, dass dies eine schnellere und genauere Analyse sowohl fiir LC als auch fiir

IMS ohne Verlust der Kalibrierungsgenauigkeit oder des Informationsgehalts ermoglicht.

Insgesamt ist die Integration von IMS in klassische LC-MS-Workflows unkompliziert und
erfordert nur geringfiigige Anpassungen bei der Probenvorbereitung und
Datenverarbeitung. Es ermoglicht eine schnelle und genaue Identifizierung von
Strukturmotiven und ergénzt den Informationsgehalt von LC-MS-Experimenten. LC-IM-
MS stellt daher einen leistungsstarken kombinatorischen Ansatz fiir die umfassende

Analyse komplexer N-Glykane dar.
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1 Introduction

1.1 Motivation

There are four major biomolecular classes (proteins, DNA, lipids, and glycans) and each
of them takes over important biological functions. Proteins and DNA, however, are
especially valued for their fundamental role in the development of life as we know it and
thus, they are termed the first and second revolution in evolution. Each molecular machine
(e.g., a protein or enzyme) is encoded in an individual genetic template and the absolute
number of genes is often used as indicator for the complexity of life. But the number of
genes of eukaryotes is not much higher compared to simple bacterial lifeforms, so how

can the gigantic gap in complexity be explained?

Scientists nowadays claim that glycosylation—the addition of glycans to other
biopolymers—should be considered the third revolution in evolution because it allows for
the creation of multiple novel molecular structures from within one genetic template. In
contrast to peptides and oligonucleotides whose structure is directly related to specific
genes, glycans are not directly encoded in the DNA. Instead, their structure is the result
of a dynamic and complex biosynthetic pathway, which is affected by a variety of genetic
and environmental factors.! Glycosylation can adapt to these factors and thereby has a
huge impact on the biopolymers they are bound to. Changes in glycosylation can induce
alterations in the overall structure (such as folding) and even functionalize the

glycoconjugate for novel purposes.

As glycosylation is sensitive to the environment in the cell, it reflects the overall cellular
status in health and disease.? Changes in the glycosylation can therefore serve as indicator
for pathogenic processes such as cancer and make glycans a key player in diagnostic and
therapeutic research.>® But the understanding of structure-function relationships for
glycosylated structures is still lacking behind the understanding for proteomics or
genomics. The main reason for that lies in their complexity: a very large number of
different glycans can be made by varying number, order and type of monosaccharide

building blocks.> 7 This results in many three-dimensional structures that differ




tremendously in their biological function. The development of novel analytical tools for
the analysis of complex glycans is therefore the most important task to improve our

understanding of the physiological processes that are regulated by glycans.

Historically, analytical techniques for glycan analysis originate from proteomics and
genomics and include (among others) nuclear magnetic resonance spectroscopy (NMR)*
and X-ray crystallography as well as capillary electrophoresis (CE)°, high performance
liquid chromatography (HPLC)!® and mass spectrometry (MS)'* 12, While NMR and X-ray
crystallography provide extremely high resolution for glycan structures, they are usually

limited by the required sample purity, volume, and the low throughput.

As a consequence, recent glycomics studies adopt combinational approaches of LC or CE
with MS detection that require low volumes of sample and offer potential for automatic
measurements in a high throughput fashion.’ * As glycans usually occur in complex
mixtures, LC separation is necessary to simplify the complex sample matrix and thereby
isolate each compound for improved identification. The very polar glycans are not
retained on commonly employed reversed phase (RP) columns, therefore specialised
stationary phase such as porous graphitic carbon (PGC) or hydrophilic interaction
chromatography (HILIC) are applied. Derivatized glycans are subsequently detected via
UV or fluorescence and can often be directly identified based on their elution order and
prior knowledge on the biosynthetic pathway. The resolving power for isomeric glycans,
however, is limited and often multiple species elute at the same time, rendering it
impossible to determine the structure of unknown samples. Therefore, LC separation is
often coupled to MS as the spectrometric detection allows for sensitive measurements and
an unambiguous assignment of glycans with the same retention time, but different mass.
The fragmentation of the glycan precursor in the gas phase (MS/MS) even allows to define
the general building block composition. LC-MS established itself as gold standard for
glycan analysis due to its high throughput and detailed information on the glycan

structure.

The level of detail, however, is usually limited to the general composition and structure of

the glycan. The type of linkage in between the different building blocks (which defines




their three-dimensional structure and therefore is important for their biological function)

often remains elusive.

An alternative to LC-MS recently came up in the form of ion mobility-mass spectrometry
(IMS).'> 16 IMS is an electrophoretic gas-phase technique that can separate glycan isomers
based on their mass, size, shape and charge.!” ¥ IMS enables to distinguish linkage isomers
and can be applied to intact glycans as well as to fragment ions*2!. Although the
measurements are usually limited in throughput and can hardly be automated, the
separation of glycans in the gas phase is expected to be more universal as it does not

depend on the nature of the stationary phase as opposed to conventional LC.

LC-MS?% and IMS"?2! both showed great potential for the analysis of glycans as
standalone techniques, each providing a different level of information. However, there are
very few examples of combining both approaches into a consistent LC-IM-MS workflow.
IMS can be directly hyphenated with LC-MS with minor adaptations of existing
instrumental setups, thereby offering an additional and orthogonal dimension of
separation in a suitable timescale. Such a ready-to-use instrumental setup could therefore
help to fill the informational gap left behind by LC-MS by fully unravelling the
monosaccharide composition and the type of linkage in between them. We envision that
LC-IM-MS has the potential to serve as a universal analysis tool for the structural

elucidation of glycans and glycoconjugates.

1.2  Outline of the Thesis

This thesis is dedicated to the direct hyphenation of LC-MS and IMS into a consistent
workflow for glycan analysis. To establish the theoretical foundation of the exposed work,
chapter 2 starts with an introduction into structural aspects of glycosylation and
subsequently introduces in more detail analytical techniques used here to elucidate their

complex structure.

The analysis of glycans very often includes the modification of the glycan structure to
improve the separation in the LC and/or MS dimensions. Most commonly, glycans are

modified at the reducing end with a fluorescent label to enable spectroscopic detection




and easier quantification. Although fundamental for the analysis via LC-MS, there is very
little information about the use of fluorescent labels in combination with IMS. Therefore,
in chapter 3, the influence of commonly applied fluorescent labels on the quality of
mobility separations is evaluated. In addition, the impact of a variety of adducts and the

influence of ion polarity on the resolution of glycan separations in IMS is described.

In chapter 4, the application of LC-IMS-MS for the investigation of complex N-glycans is
demonstrated. For this purpose, the glycans from human alpha-1-acid glycoprotein
(hAGP) are investigated to determine the level and type of sialic acids. Sialic acids can
appear as a2,3- and «a 2,6-linked residues and represent an important biomarker in
therapeutic research. It is examined if the addition of IMS into the classical LC-MS
workflow can replace commonly applied enzymatic digestions and thereby improve and
simplify routine N-glycan analysis. The workflow is further assessed on the separation

and quantitation of other important structural glycan motifs.

In addition to sample preparation and LC-IM-MS measurements, also data analysis
requires substantial adaptions to allow for a meaningful integration of IMS into the LC-
MS workflow. The main parameters that are obtained from LC-IMS-MS measurements are
retention times, mass-to-charge-ratios, and drift times, which represent a powerful dataset
to identify glycan isomers. However, retention times in LC and drift times in IMS depend
significantly on instrumental parameters and are prone to shifting, which makes it hard
to compare with databases. In chapter 5, we tackle this challenge and introduce an internal
calibration method for the conversion of retention times into universal glucose units (GU)

and drift times into collisional cross-sections (CCS).

Finally, chapter 6 concludes the thesis und discusses future prospects for instrumental

developments as well as N-glycan analysis in general.




2 Fundamentals and Methods

2.1  Structure of Glycans

2.1.1 Monosaccharides and the Formation of a Glycosidic Bond

The term carbohydrates goes back more than a century and is literally derived from
naturally occurring “hydrates of carbon”, expressed in the general chemical formula
Cx(H20)n. Nowadays the term also involves the derivatives of the originally formula which
contain other functional groups and heteroatoms like nitrogen and sulphur. The terms
glycans, sugars and carbohydrates are used for this class of biomolecules and no sharp
distinction in nomenclature exists.” Therefore, the different terms will be used

interchangeably in this work.

The biomass on earth is mostly made up from carbohydrates, be it in the form of short
mono- or disaccharides such as table sugar and milk sugar or as long, regular
polysaccharides such as cellulose and starch. In addition to their enormous importance as
energy suppliers and as structural polymers, sugars also play a crucial role in a number
of physiological processes.? Here, mostly complex and branched structures assume
essential functions such as sensors in biological communication processes. They are often
attached to other biomolecules such as proteins or lipids and thereby significantly
influence their function and structure.?” Due to the large number of different biological
functions of carbohydrates, it is essential to not only know their composition, but also their

fine structure to understand structure-function associated properties.

Monosaccharides are the smallest building blocks from which larger carbohydrates are
built up. Because of their different chemical functionalities, one divides monosaccharides
into aldoses (polyhydroxyaldehydes) and ketoses (polyhydroxyketones). Aldoses carry
an aldehyde group at the terminal C atom of the chain, whereas ketoses have a keto group
on the second carbon atom of the carbon chain. As sugars mostly differ in the relative

orientation of individual OH groups, a chemical representation of the stereochemistry of
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Figure 1: Visual representation of d-Glucose in the Fischer Projection and after cyclization. The
configuration of the naturally occurring d-glucose is defined based on the orientation of the
hydroxyl group at the penultimate carbon (C5), depending on whether it is displayed on the left
(I-configuration) or right side (d-configuration). The cyclization happens between C1 and C5 and
represents the preferred structural form of monosaccharides. When the ring is closed, a new
stereocentre is formed. Depending on the reference atom C5, it can either be labelled a for a trans

position or 3 for a cis position.

sugars, known today as Fischer projection, was invented in the 1890s. The Fischer
projection is based on a perpendicular arrangement of the longest carbon chain, where the
most oxidized carbon atom (i.e., the aldehyde function in aldoses and the keto group in
ketoses) is placed on top of the carbon chain (Figure 1). This projection does only allow to
distinguish between D- and L- enantiomers of sugars but enables a simplified
identification of all kinds of monosaccharides based on the orientation (left or right
direction) of the hydroxyl residues. Each monosaccharides contains at least one
asymmetric carbon atom in its chain and its total number is equal to the number of internal
carbons bound to a hydroxyl group (n—2 for aldoses and n-3 for ketoses with n carbon
atoms). The total number of stereoisomers corresponds to 2%, where k equals the number
of asymmetric carbon atoms. This complexity can be shown by an aldose with six carbon
atoms and the general formula CeH120Oe: It contains four asymmetric carbon atoms and

therefore sixteen possible isomeric monosaccharides can be formed. In nature,
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Figure 2: Main characteristics that define a carbohydrate structure. Carbohydrates can differ in
their composition, e.g., the type of monosaccharides, in the connectivity between two
monosaccharides, as well as in the configuration of the anomeric centre resulting in a large variety
of isomers.

monosaccharide are rarely found as open chain but are frequently present in a ring
conformation as the result of an enthalpically favoured cyclization reaction. For hexoses,
this reaction includes the binding of the hydroxyl group at position 4 or 5 with the
aldehyde at C-1, leading to a five membered ring, called furanose, or a six membered ring,
called pyranose, respectively.?® Pyranose rings are usually structurally preferred due to
less torsional strain. Furthermore, the cyclization reaction leads to the creation of a new
stereogenic centre at C-1, called the anomeric centre.? Depending on the configuration of
the reference atom at C-5, the resulting monosaccharide configuration is either called a
for a trans-relationship or B for a cis-relationship, but is interchangeable due to the

equilibrium between linear and cyclic form in a process called mutarotation.

Two monosaccharides can react together to form a glycosidic bond—this is the
fundamental linkage between all monosaccharide building blocks. The glycosidic bond is
formed between the C1 (anomeric centre) of one monosaccharide and a hydroxyl group
of another under condensation. The result gives rise to an extreme diversity of complex
structures which can be categorized via three important structural parameters:

composition, connectivity, and configuration (Figure 2).

The composition defines the type of monosaccharide building blocks used, such as glucose

(Glc), galactose (Gal) or N-acetylglucosamine (GIcNACc). In the human body, there are nine
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shapes and colours, while regio- and stereochemistry is indicated by the type and orientation of
the linkage. There are nine common monosaccharides present in vertebrates and the six building

blocks important for this work are shown in SNFG nomenclature.

common monosaccharides present, but once incorporated into bigger glycan structures,
these monosaccharides can be further modified and epimerized to result in a much greater
variety. Furthermore, many of these building blocks only differ in the orientation of a
single hydroxyl group, such as glucose and galactose that are C4 epimers. The connectivity
describes the regiochemistry of the glycosidic bond and is important for the three-
dimensional structure of the oligosaccharide. As typical monosaccharides contain
multiple free hydroxyl groups, different connectivities can result in an extremely high
diversity of different linkages and branched structures.” In addition, while forming the
glycosidic bond, the anomeric carbon atom is converted from a hemiacetal into a full acetal
and thereby creates a new, permanent stereocentre. The stereochemistry of the acetal is

described as « or 3 configuration.

Due to their enormous structural complexity, the structure of glycan molecules cannot be
easily accessed by their structural formula. For linear molecules such as peptides and
DNA, it is possible to utilize a letter code to simplify their nomenclature® 3!, but this seems
impractical for the branched structure of glycans. Instead, a visual representation is used

to simplify the complex structure of carbohydrates. This visual representation is provided
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by the symbol nomenclature for glycans (SNFG) as presented in Figure 3.32 3 The SNFG
depicts monosaccharides in different geometrical shapes and colours to illustrate same-
mass isomers and epimers. The reducing end of a glycan is drawn on the right side and
different regio- and stereoisomers are indicated by the type and angle of the lines that
connect the monosaccharides. This allows the identification of the composition,
connectivity, and configuration of even larger, complex glycans. A mixture of structural
formulas and SNFG nomenclature is used within this work. Whenever it is important to
access the chemical structure of glycans in more detail, they are illustrated as plain

structural formula, while more general representations are pictured in SNFG style.

2.1.2 N- and O-linked Glycosylation

Monosaccharides can be combined in almost infinite ways to create oligo- and
polysaccharides. But in vertebrates there are specific core structures which fulfil very
different biological functions and allow to categorize them. Probably the best studied
category are N-linked glycans. As the name suggests, they are linked via an amine-bond
to an asparagine residue of a glycoprotein. N-glycosylation can only occur at specific
asparagine  side chains with the consensus sequence asparagine-X-
serine/threonine/cysteine, where X can be any amino acid except proline. N-linked glycans
share a common core structure composed of two N-acetylglucosamine (GlcNAc) and three
mannose building blocks (Man).** The extensions of this core structure are classified in
three N-glycan types: (1) the oligomannose-type, in which exclusively Man residues
extend the core structure; (2) the complex-type, in which “antennae” starting with a
GIcNAc extend the core; and (3) the hybrid-type, which is a combination of both

oligomannose- and complex-type (Figure 4).

In contrast to the rather clean categories for N-glycans, O-glycosylation is not well
understood. An O-glycan is linked to a glycoprotein by an O-glycosidic bond to the side
chains of either serine or threonine, but there is no clear consensus sequence which would
enable the prediction of the glycosylation site. Further there are no exact rules for O-
glycans in terms of composition and structure. Up to eight different core structures are

known and each of these cores can be extended in a variety of ways which can lead to very
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Figure 4: Classification of N-glycans and typical structural motifs. (A) All N-glycans share the same
pentasaccharide core that consists of two GIcNAc and three Man building blocks and is amine-
bonded to an asparagine residue. Based on the extension of this core structure, N-glycosylation
can be categorized into three types: The complex-type contains “antenna”-like structures starting
with an GIcNAc extension; the oligomannose-type in which exclusively Man building blocks
extend the core structure in a variety of different ways and the hybrid-type which represents a
combination of both, oligomannose- and complex-type. (B) Complex- and Hybrid-type N-glycans
can further be decorated by a variety of structural motifs which functionalize the molecule. The
addition of a2,3- or a2,6-linked sialic acid residues can increase the half-life of a glycoconjugate
and serve as sensor to communicate with other biomolecules. The absence of core fucosylation can
significantly increase antibody-dependent cell-mediated cytotoxicity (ADCC), while terminal
fucosylation commonly serves as antigen motifs such as blood group epitopes (e.g., Lewis X and
Lewis Y).

heterogeneous structures with hundreds of different chains being present on one
glycoprotein.! O- and N-glycosylation have in common that their core structures can be
decorated with specific structural motifs which can consist of one or more monosaccharide
building blocks. These extensions functionalize the glycan structure and are important for
the biological activity. Besides so-called bisecting GIcNAc residues and LacNAc extensions
which are common for complex and hybrid type N-glycans, the level of sialylation and
fucosylation are important keys for all types of glycosylation.?> 3% Sialic acid residues
commonly terminate the glycan structures and most often occur as a2,6- or a2,3 linked
residues (Figure 4B). They are bound to a terminal galactose building block and therefore

usually stick outside of the three-dimensional glycan structure. The specific linkage of
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these sialic acid isomers is an important factor to alter the role of glycoproteins in
biological events, and changes in the sialic acid pattern are usually observed as a result of
a pathogenic process.” ¥ The main factor here is the number of charges (that is
proportional to the number of carboxyl groups) that are prominently located on the
outside of the glycoconjugate. The high acidity of the sialic acid residues can increase the
half-life of sialylated species in serum and can further cause charge-mediated promotion
or prohibition of binding events.* Monitoring the presence and the ratio of sialic acid
linkage isomers can therefore be used to investigate cell-virus interactions (e.g.

influenza)* or to directly find biomarkers related to many diseases such as cancer.*

A comparable situation can be observed for the fucosylation pattern. Complex N-glycans
predominantly contain core fucosylation where the fucose residue is linked to the GIcNAc
at the reducing end via an 1,6 linkage. The absence of core fucosylation can significantly
enhance antibody-dependent cell-mediated cytotoxicity (ADCC) and represents a key
biomarker for the analysis of glycosylated antibodies.*>} Besides core fucosylation, N- and
O-glycans can contain terminal/ antenna fucosylation which is linked to either a terminal
galactose or GIcNAc at the non-reducing end. The variety here is much greater compared
to the core fucosylation and gives rise to multiple epitope structures (Figure 4B). A
prominent example are blood group antigens such as Lewis antigens.> * Lewis antigens
are known to mediate the interaction between tumour cells and endothelium and their up-
and downregulation has been reported in many types of cancers® and disease-related

miscarriages?.

The monitoring of the general glycan structure, as well as the screening of specific motifs
such as sialic acid or fucose pattern are particularly important for medical diagnostic or
therapeutic applications. But the enormous variety of structural motifs and their similarity

due to their isomeric character makes glycan analysis a challenging field.
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2.2  Glycan Analysis via Liquid Chromatography and

Mass Spectrometry

2.2.1 General Aspects

The field of glycan analysis experienced a significant growth in recent years and many
different techniques and methods have been developed to unravel the complex nature of
glycan structures.* Monitoring alterations in the N- and O-glycosylation profile helped to
understand various diseases®>* and enabled the production of tailor-made therapeutics.
For this purpose, high throughput screening methods, such as LC-MS, found their way as
routine measurement in clinical environment and the characterisation of glycosylation
became an important quality attribute in the development of glycoconjugate-based

drugs.®-5!

Most of the information about glycan structures and their specific motifs originates from
experiments performed on released glycoforms, while little information is gained from
glycoproteins directly. To cleave the glycan from a glycoprotein, there are two methods
available: either via chemical treatment or via enzymatical digestion. Enzymatic methods
are very popular for the release of N-glycans as one single enzyme is able to cleave the
glycosidic bond between the core GIcNAc and the asparagine of a glycoprotein for all
types of N-glycans.? Peptide:N-glycosidase F (PNGase F) is widely available, simple to
use and achieves high yields of glycan release which is one of the main reasons why N-
glycan analysis is more advanced than O-glycan analysis.’? As O-glycans do have a greater
variety in core structures, no single enzyme is available for the release of all O-linked
glycans and some types of glycans cannot be cleaved enzymatically at all. Therefore
chemical release via B-elimination is the preferred way.*® Although very efficient, the
chemical release is not very specific and usually also induces N-glycan release as well as

unwanted degradation reactions.

For the structural characterisation of released glycans, many established methods

originating from protein and DNA characterisation are available, but of these LC-based
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techniques have become the method of choice.>* They can be readily coupled to either
optical or MS detection and require only small amounts of sample which benefits the
analysis of biomolecules such as glycans. The analysis of N- and O-glycans, however,
remains challenging as glycans are much more hydrophilic than peptides and
oligonucleotides which hampers the use of traditionally employed reversed-phase LC
(RPLC). The hydrophilicity of glycans also complicates the coupling to MS when utilizing
electrospray ionization (ESI), as ESI inherently favours hydrophobic analytes.
Furthermore, glycans lack suitable chromophores for spectroscopic detection via UV or
fluorescence. To overcome this problem, several types of derivatization chemistry can be
used to modify and increase the overall hydrophobicity of N-linked glycans and improve

their detection in both MS and spectroscopic methods.

2.2.2  Derivatization of Glycans

One of the most common employed derivatizations is the addition of aromatic labels at
the reducing end of the glycan which allow spectroscopic detection via UV or
fluorescence.®® Reducing end labels react selectively at the anomeric centre of the
monosaccharide at the reducing end in a 1:1 stoichiometry. These types of derivatization
therefore do not only enable an efficient detection via spectroscopic or mass spectrometric
means, but also quantification.”” An overview of the most common reducing end
modifications is shown in Figure 6. Traditionally, this type of modification is introduced
by reductive amination and requires a label containing a primary amine group. In this
reaction, the primary amine of the label reacts in a condensation reaction with the
aldehyde group at the reducing end of the glycan, resulting in an imine which is
subsequently reduced by a reducing agent to yield a stable secondary amine. The yield of
such derivatizations is very high and usually reaches nearly 100%, but due to the excess
amount of label and reducing agent, it requires an additional purification step before
analysis. Popular labels (among many others) are 2-aminobenzamide (2-AB), 2-
aminobenzoic acid (2-AA) and most recently procainamide hydrochloride (ProA).> All of
these labels share a common aromatic core with a primary amine attached in ortho or para

position to the respective functionality individual for each label. The type of functionality
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Figure 5: Linkage-specific derivatization of sialic acid residues. The reaction with a weak
nucleophile such as isopropylamine leads to the conversion of a2,6-linked sialic acid residues to
the corresponding alkylamide, while a2,3-linked sialic acid isomers form lactones under
dehydration. The products of this reaction exhibit a mass difference of 59 Da and can therefore

directly be differentiated by mass spectrometry.

has a huge influence on the intensity of UV/ fluorescence detection and can further affect
the separation efficiency in the chromatographic dimension. Although 2-AB has weak
fluorescence intensity and leads to only moderate separation of N-glycans in typically
applied HILIC separations, it is still the most popular choice for N-glycan analysis as it
was one of the first labels applied for glycan derivatization and many database entries are
available for this type of labelled glycans. 2-AA has similar fluorescence properties but
differs from 2-AB as it features a carboxylic acid which makes it more attractive for ion
exchange separations or capillary electrophoresis. Procainamide recently emerged as
promising alternative, as it provides high intensity fluorescence signals in combination
with a great MS response.” It contains a tertiary amine group that can be readily
protonated in the ESI process and improves the ionization efficiency of ProA-labelled
glycans when measured in positive ion mode. As reductive amination usually takes up to
2-3 hours of reaction time, alternative types of reducing end labels have been developed
to speed up the reaction (see Figure 6). So-called rapid or instant labels do not react via
traditional reductive amination, but use a different chemistry from the aforementioned

labels.®® Rapid or instant labels contain an activated form of the primary amine which is
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Figure 6: Typical workflow for N-glycan release from the glycoprotein and the subsequent
reducing end modification. N-glycans are released from the glycoprotein via enzymatic digestion
with PNGase F with a free reducing end. (A) Traditional labelling approaches react via reductive
amination at the reducing end of the released glycan (the example reaction shows the reaction with
2-aminobenzamide, 2-AB). The traditional labelling approach takes up 2-3 hours and requires a
reducing agent to produce the stable amine bond. (B) Alternative labelling approaches use
different chemistries. While rapid labels such as Rapifluor™ react via NHS-carbamate chemistry
within 5-10 minutes, hydrazide tags such as Inlight™ are bound to the reducing end via hydrazone
formation. The reaction time for the hydrazone formation takes up to 2 hours but does not require

additional clean up steps.

modified with N-hydroxysuccinimide carbamate to result in a “rapid tagging functional
group”. These functions can react rapidly with glycosylamine-containing N-glycans
directly after their enzymatic release and result in a urea linkage.®! These types of reactions
originate from peptide labelling and became more popular for N-glycan analysis due to
their fast reaction times. The reaction happens within minutes (5-10 minutes) and is
therefore significantly shorter compared to the reaction time of reductive amination (2-3
hours) but is only accessible for N-glycosylation as O-glycans do not exhibit the required
glycosylamine after enzymatic digestion. Furthermore, a purification step to remove
excess label and salts is still necessary. To circumvent the purification step, it is possible
to use hydrazide labels which form stable hydrazones without the need for reducing
agents. Although hydrazide tagging is a rather slow reaction (hours), the amount of salt
is drastically reduced and that enables the direct measurement of the sample after

derivatization.® This type of labelling is popular for MALDI imaging experiments as the
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clean-up of tissue slices can be very difficult, but recently hydrazide tagging gained some
attention for LC-MS as it is possible to include stable isotope labels (**C).®* The inclusion
of light and heavy isotopic labels allows very precise quantitation experiments via MS

without the need for optical detection.

Besides the aforementioned modifications at the reducing end of the glycan, there is a
variety of other derivatization chemistries to modify other parts of the glycan. Most often,
these modifications aim to mask the polar hydroxyl groups for a more efficient ionization
or to stabilize labile functional groups such as sialic acid monosaccharides. An unspecific
way to achieve both features is permethylation.®* % In permethylation, the hydroxyl,
amino, and carboxylic acid groups located on the glycan structure are chemically modified
to their corresponding methyl-ether, thereby decreasing the overall hydrophilicity of the
molecule. This facilitates separation on reversed phase columns and benefits ESI
ionization while stabilizing labile functional groups on the glycan. The chemical reaction,
however, utilizes very toxic reagents and is therefore not suitable for high throughout
applications. More selective modifications can not only help to stabilize labile functions of
the molecule but can be utilized for identifying isomeric features. A prominent example is
the selective derivatization of «2,3- and a2,6-linked sialic acid residues.® 6 The
differentiation is not straightforward via conventional means, as they exhibit the same
mass and the negative charge on the acid moiety further prevents efficient ionization in
positive ion mode and separation in the chromatographic dimension. Recently, several
unique derivatization methods have been developed where a2,3- and a2,6-linked sialic
acid residues are modified to exhibit different masses.* ¢ They utilize the different
reactivity of a2,3- and a2,6-linked sialic acid residues to attach an external nucleophile:
While «a2,6-linked sialic acid residues react readily with weak nucleophiles, a2,3-linked
sialic acids form lactones under dehydration. Figure 5 shows an example reaction with
isopropylamine as nucleophile that leads to the selective alkylamidation of a2,6-linked
sialic acid residues. There is a variety of different nucleophiles available that differ in
reaction yield and specificity as well as in the fundamental chemistry (amidation vs
esterification). Although such reactions are able to create distinguishable functional

groups with a distinct mass difference, the mechanism (and thereby the varying reaction
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yields) is not well understood and the resulting lactones are not stable for extended period
of times.”” Studies on possible two step reactions (to stabilize the lactones) are ongoing and

could lead to a more routine application of the chemical modification for glycan analysis.®

All of the presented derivatization chemistries, reducing end modifications as well as
general modifications to mask hydroxy or carboxyl functions of the glycan, lead to an
increase of hydrophobicity of the glycan structure. These can benefit ESI ionization and
increase retention on reversed phased LC, but RPLC is usually not sufficient to resolve all
glycan isomers. Therefore, in the last decade several specialised separation techniques

have been developed for the analysis of N- and O-glycans.

2.2.3 Chromatographic Separation

The highest resolution to separate glycan isomers can be achieved by porous graphitic
carbon (PGC) chromatography.® It has unique retention properties for non-polar and
polar analytes due to its special surface chemistry. The chemical surface of PGC behaves
similar to alkyl-bonded silica gels (like C8 or C18 columns) and retains non-polar
molecules strongly but extends the possibilities of RPLC when facing polar analytes. The
retention mechanism is based on a variety of factors and mainly depends on the size, shape
and electron distribution of the analyte.”” This provides a unique retention behaviour
which is able to separate stereoisomers, diastereomers and other very closely related
compounds.” 72 In addition, the carbon material offers a high stability over the entire pH
range of 0-14 and is compatible to almost all solvents and solvent additives. Although PGC
offers a broad range of possibilities to separate non-polar and polar analytes, its strong
retention for very polar analytes can also lead to irreversible binding to the stationary
phase. This results in extremely unstable and shifting retention times, making it less robust
for routine analysis. Contemporary studies are trying to compensate with lengthy wash
routines,”” but currently PGC is mainly used for the analysis of very demanding
compounds such as O-glycans.” The analysis of N-glycans, however, is mainly based on

more reliable methods such as HILIC chromatography.
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HILIC is a variant of normal phase separation consisting of a polar surface (bare silica or
modified with ionizable functional groups such as amide-, amine- or sulfobetaine-groups)
and reversed-phase type eluents with at least 2% water. The mobile phase forms a water-
rich layer on the surface of the polar stationary phase and creates a liquid-liquid extraction
system with the organic solvent in the middle of the column. The separation mechanism
is mainly based on a partition effect of the analyte that separates compounds based on
their polarity and degree of solvation. In addition, molecules can interact with the
functional groups of the column surface via weak electrostatic interactions, resulting in ion
exchange separation in addition to the polar partition effect.” Although HILIC does not
provide the resolution power of PGC, it is more reproducible and allows an efficient
coupling to MS due to the high proportion of organic solvent in the mobile phase. HILIC
is therefore routinely used for the separation of N-glycans and is widely used in many

laboratories.”

Besides HPLC-based separation, electrophoretic separations (such as capillary
electrophoresis) came up as powerful analysis tool for glycan analysis.” In CE, analytes
migrate in a submillimetre diameter capillary through an electrolyte solution under the
influence of an electric field. Analytes are separated based on their ion mobility and/or
partitioning into an alternate phase via non-covalent interactions. This electrophoretic
separation technique can be much faster than conventional LC experiments depending on
experimental conditions. In addition the resolution for the separation of glycan isomers is
very high, but the coupling to MS remains difficult.” Recent studies promise an easier

coupling which makes CE an interesting alternative in the near future.”

While chromatographic as well as electrophoretic separations allow to distinguish
between isomeric structures, sequencing of the analyte remains a challenge. In general,
MS detection in combination with MS/MS fragmentation is the preferred way and can
deliver detailed information on the structure of a glycan. But there are some ways to
identify unknown structures in combination with only spectroscopic detection such as
fluorescence or UV: The most straightforward way is the direct comparison with known
standards. It is fast and allows to unambiguously identify certain species but only in the

case a suitable standard is available. This is a particular challenge for N- and O-glycans as
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glycans exhibit very complex structures that are not template-driven, and which hampers
the extraction from natural sources.” Furthermore, glycans are present as highly diverse
mixtures, which makes separation and isolation of the isomers additionally challenging.
A similar picture can be drawn for the chemical synthesis of glycans. It is very elaborate
and relies on a mixture of enzymatical methods and solid phase synthesis.” % Although
the process for glycan synthesis is advancing in big steps, it is still too early to reliably
imitate all glycan structures from natural N- and O-glycosylation.®! Structural elucidation
via comparison with known standards is therefore restricted to rather simple structures

and cannot cover the broad range of glycan complexity yet.

The preferred way for glycan sequencing is the sequential digestion with suitable
enzymes. Exoglycosidases specifically cleave individual monosaccharides from the non-
reducing end of the glycan structure. If a glycan is sequentially digested with different
exoglycosidases, it is possible to determine the monosaccharide composition and
linkage.®? This method provides very detailed information on the structure of the glycan,
but due to the multiple reaction and measurement steps it is very time-consuming and
costly, limiting its overall ability for high throughout analysis of unknown samples.
Furthermore, not all glycans can be cleaved enzymatically which represents a big problem,
particularly for O-glycans. For N-glycosylated analytes, however, sequential
exoglycosidase treatment represents the method of choice to determine sialic acid residues
and fucose position as well as for general sequencing of unknown compounds. If a glycan
structure is elucidated, the respective retention time (from HILIC or PGC
chromatography) can be stored in suitable databases to simplify future identifications.® 8
Retention times in HPLC-based experiments, however, are prone to shifting and depend
significantly on external factors such as temperature, solvent and condition/age of the
column. To generalize shifting retention times, they can be converted into relative drift
times by an external standard. LC-based as well as CE-based techniques utilize a
homopolymeric glucose standard, often called dextran ladder, for that purpose.® % 8 The
external standard is measured in parallel to the actual analyte and allows to align the data
to make it more comparable. This is done by converting the retention times into glucose

units (GU) according to established calibration processes. In contrast to shifting retention

19



times, GU values can serve as reliable indicator to identify unknown structures and can
be implemented in databases. There are, however, some limitation in comparability of the
GU values. As different reducing end modifications or chemical derivatizations of the
glycan have a significant influence on their overall polarity, they also affect the retention
time. This makes it necessary to have a unique database for each label/ derivatization,
hampering the utilization of modern labels with more advantageous features (e.g., instant
label) and favouring traditional labels with well-advanced databases such as 2-AB.
Another limitation of the structural elucidation via GU values is the resolution of the
chromatographic systems. Although many isomers can be separated by HILIC or PGC, it
is common for glycans (especially for relatively large glycans such as N-glycans) to exhibit
very similar or even overlapping retention times, resulting in almost equal GU values. In
this regard, MS has become an irreplaceable technique for the structural characterisation

of glycans via LC-MS or LC-FLD-MS.

2.2.4 Mass Spectrometric Detection

MS-based techniques are frequently used in proteomics and found its way for glycan
analysis due to its outstanding sensitivity. Glycans are mainly brought into the gas phase
by two prominent ionization methods: MALDI® and ESI®. MALDI was preferred in the
beginning of the glycomics field due to its high throughput capabilities and is still popular
today due to the possibility to create 2-dimensional images of tissue slices.* Nowadays,
however, ESI has become the dominant ion source as it can be hyphenated to LC and CE
which is often necessary to compensate for the complex glycan matrix. Both types of
ionization generate mostly intact and thus non-fragmented analyte ions. While MALDI
predominantly yields in singly charged ions, ESI ionization can result in a distribution of
multiple charge states which can be beneficial for the detection of large molecules in a
limited m/z range. In positive ion mode, glycans ionized by ESI can occur as protonated
ions as well as complexated by metal cations such as sodium, potassium, or lithium. In
negative ion mode, deprotonated ions or anion-adducted species can be observed. The

type of charge state and adduct are dependent on the ESI conditions such as pH, salts and
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Figure 7: Nomenclature for the MS/MS fragmentation of glycans according to Domon and Costello.
Fragments resulting from the cleavage of a glycosidic bond are labelled B, Y, Z and C, depending
on the position of the cleavage. Cross-ring fragments are assigned with the letters A and X.
Numbers in subscript indicate the position of the cleavage, counted from the terminal end of the
glycan for ABC fragments and from the reducing end for XYZ fragments. Numbers in superscript

label the position of the cross-ring cleavage inside of a monosaccharide building block.

detergents and thus directly connected to the solvent gradient and additives coming from
the hyphenated LC system. A simple mass spectrum of intact sugars reveals only the
number of hexoses or pentoses as the most common naturally occurring monosaccharides
are diastereomers and therefore have the same molecular mass. This limited information,
however, is enough to draw conclusions on the general monosaccharide composition. In
combination with the GU values obtained from the chromatographic separation, it is
possible to identify many typical complex N-glycans.®” 8 The exact determination of the
connectivity between each monosaccharide, however, requires more experiments and is
especially important for the unambiguous identification of specific structural motifs such
as the sialylation and fucosylation patterns. For clarification, one can activate the
precursor ion and thus induce fragmentation to elucidate its structure.’> ' A specific
fragment pattern is formed that depends on the energy of the fragmentation, the charge
of the ion, and the type of adduct. The nomenclature of the glycan fragments is based on
the common peptide nomenclature and goes back to the definition by Domon and Costello
(Figure 7). If the charge remains on the part of the sugar with the reducing end, these
fragments are then labelled X, Y and Z. Fragments with the charge at the non-reducing
end are labelled A, B, or C. An index indicates the broken glycosidic bond starting from
the terminus or non-reducing end of the fragment. Glycans can be fragmented in different

ways in the mass spectrometer. One of the most common methods is collision induced
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dissociation (CID). Molecular ions are accelerated into a collision cell filled with a neutral
buffer gas such as argon, nitrogen, or helium. A large number of collisions between the
charged molecular ions and the neutral gas particles leads to slow heating and subsequent
fragmentation of the ion. The smaller fragment ions generated are indicative of certain
structural properties of the precursor molecule and often allow unambiguous
identification.”” While positive ion mode MS/MS experiments preferentially result in
cleavage of the glycosidic bond between two monosaccharides,” negative ion mode
activation of sugars results in characteristic cross-ring cleavages.”>% MS/MS spectra in the
positive mode therefore often contain a smaller number of fragments and allow
conclusions about the composition and, to a limited extent, also about the connectivity. In
contrast, MS/MS spectra in the negative mode are often much more complex and
expensive to evaluate. However, the increased information content of the cross-ring
fragments allows clearer statements about the connectivity and configuration of the
glycans. Besides, when fragments form, rearrangement reactions and therefore erroneous
structural assignments can occur — as in the case of fucose rearrangement.*>*” The reaction
and the underlying mechanism are not yet fully elucidated yet, but recent studies showed
that the reaction is proton-driven® and the fucose residue is shifting only to certain
functional motifs such as N-acetylated side chains or primary or secondary amines.” In
general, LC-MS in combination with MS/MS is a powerful method to elucidate the
structure of many complex glycan structures, but it does not allow for the complete
sequencing of the compound. In addition, the example of fucose rearrangement further
shows the limitation of LC-MS for specific glycan motifs and the urgent need for

orthogonal methods to support the structural elucidation of isomeric glycans.

2.3  Glycan Analysis via Ion Mobility-Mass Spectrometry

2.3.1 Fundamentals of Ion Mobility

As glycan isomers usually exhibit the same mass and often very identical fragmentation
spectra, it can be helpful to add an additional separation dimension to reduce ambiguity

in structural characterisation. In this regard, ion mobility spectrometry (IMS) established
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itself as potent gas-phase electrophoretic separation technique and has gained a lot of
popularity.!> 16 100 It has a variety of civil and military applications ranging from the
detection of explosives at airports'®! to diagnostic functions in hospitals'®?, while scientific
applications regularly use the technique to study and characterize biomolecules in the gas
phase.®1% The general separation principle of IMS is described here, while a more

detailed explanation of different IMS platforms is given in the next chapter.

In IMS, an ionized sample is injected into a drift cell, which is filled with a neutral buffer
gas like nitrogen or helium. The ions are guided through the cell by a weak, electric field
and undergo collisions with the buffer gas on their way. Thereby, ions are separated
according to their mobility K, which is dependent on charge, size, and shape of the species.
Small and compact ions have a higher mobility than larger, extended molecules and
therefore traverse the drift cell faster.!% 17 IMS separation can be readily hyphenated to
MS due to their similar mechanics in terms of orthogonality and time requirements. While
MS separates ions based on their mass-to-charge ratio (m/z), IMS can separate ions based
on their size and shape. Furthermore, the recording of MS spectra is much faster (in the
order of microseconds) than IMS separations (in the millisecond regime) which allows the
averaging of many MS spectra within a single IMS separation cycle. This enables the
implementation of IMS in typical MS workflows without additional costs. The
combination of both techniques yields a multi-dimensional measurement method that

stands out due to a low detection limit and response time.

A fundamental assumption for many IMS separations is that separations take place under
so-called low-field limit.’® The low-field describes that the motion of the ions through the
drift cell is only affected by their internal energy and not by the directional motion of the
applied electric field. Within the low-field limit, ion-neutral collisions with the buffer gas

are essentially thermal, and therefore the mobility K is independent of the electric field:

18m ze 1
K= ze 1 1
ukgT 16N CCS ( )

Equation 1 is the fundamental ion mobility equation, usually referred to as Mason-Schamp

equation.!® 110 Here, ze is the ion charge, N the buffer gas number density, u is the reduced
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mass of the buffer gas and the ion, ks is the Boltzmann constant and T is the effective
temperature. Additionally, the equation contains the rotationally averaged collisional
cross-sections (CCS) which describes the area of an ion which is able to interact with a
buffer gas. It depends on the conformational shape of a molecule without being dependent
on instrumental parameters, thus it can be compared to theoretical values obtained from
X-ray crystallography, NMR spectroscopy, or model structures. The universal character
of CCS values makes it comparable across different IMS platforms and allows the storage

in suitable databases to facilitate the identification of unknown analytes.

2.3.2  Types of lon Mobility Separations

Although the working principles of IMS were known for many years, the first commercial
IM-MS platform was introduced in 2006.!'* 112 Over the years, a variety of instruments with
significant different design of ion mobility cells were developed. In the following section,
three popular types of IMS platforms for glycan analysis are introduced and briefly
discussed. The separation principles of all three types mainly differs in the geometry of
the applied electric field, thus a general overview of the working principles together with
a schematic representation of the ion movement inside the respective IMS cells is
presented in Figure 8. The first commercially available IM-MS instrument was the so-
called Synapt (Waters Corporation) in 2006 which is based on a travelling wave ion
mobility cell (TWIMS, Figure 8A).1"" 112 TWIMS is a time-dispersive method that utilizes
traversing pulses to guide ions through the drift cells. These sinusoidal waves are used to
separate the ions in a mobility-dependent matter. Species with a high mobility are able to
maintain their position on each wave, while ions with lower mobility experience roll-over
events, thereby reaching lower average velocities. As a result, however, ions follow
complex trajectories while travelling through the drift cell and to date no analytical model
can accurately describe or predict the ions” motion through the cell."'> 4 Thus, CCS values
cannot be directly determined from TWIMS measurements and instead calibration with
reference substances of known CCSs is required.! Such calibrations are straightforward
and can be done via calibrated single field methods'¢, but it requires suitable calibrants

with similar physicochemical properties and m/z range as the actual analyte. A significant
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mobility spectrometry
(DTIMS, Figure 8B) is the simplest form of IMS and is based on a constant linear electric
field generated by a coated tube or a stack of ring electrodes. After the ions are injected
into the drift cell, the molecules collide with a stationary, neutral buffer gas such as helium
or nitrogen as described in the chapter before. Due to the uniform electric field, the
mobility of the ions is reverse proportional to the CCS. Absolute CCS values can therefore
directly be derived from the recorded drift times, e.g. via a traditional stepped-field
approach.’® Direct CCS determination via DTIMS is generally more accurate than
estimated CCS by other IMS platforms'® and is not dependent on suitable calibration

agents, making DTIMS a popular alternative in glycan analysis. One disadvantage of

DTIMS, however, is the limited resolution. The resolution of the DTIMS instrument is
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directly proportional to the length of the drift tube and increasing the length to improve

sample separation in the gas phase may become impractical beyond a certain limit.!?°

Most recently, Bruker introduced the newest development in the field of ion mobility
technology in the form of the so-called timsTOF.'?" 122 This instrument separates ions in a
trapped ion mobility drift cell (TIMS, Figure 8C) according to their gas-phase mobilities.
The IMS separation can be divided into two steps: trapping and elution. In the trapping
step, ions are dragged through the drift cell by a fast axial gas flow while facing a linear
electric field that decelerates their movement. Depending on their mobility, each ion
reaches a steady state that balances the effects of gas flow and electric field. Ions with low
mobilities are carried far to the end of the gradient of the electric, while ions with high
mobilities are focused near the entrance of the ion mobility cell. In the second step, ions
are eluted selectively from the drift cell by a stepwise decrease of the magnitude of the
electric field gradient.'”® This technique separates ions with outstanding resolution in a
relatively compact drift cell and has a duty cycle of almost 100% due to the adjustable
electric field gradients.'?* In principle, TIMS can be understood as a reversed drift tube
which would allow the direct determination of absolute CCS, but the high gas velocities
and pressure impede accurate readouts. Therefore calibration procedures with known

calibrant standards (similar to TWIMS) are preferred to estimate CCS values.'?

In this thesis, a commercial travelling wave Synapt G2-S (Waters, Manchester) instrument
is used for the investigations (Figure 9). A detailed discussion about technical aspects of
the instrument can be found elsewhere.!'" 12 Here, only the distinctive features of the
instrument in general as well as an overview over the general workflow is briefly
presented. The instrument is equipped with a nano-electrospray ionization source (nESI)
which can be used to spray the analyte solution from metal-coated glass capillaries by
applying a high voltage of 1-2 kV. The needles are home-fabricated, and the opening of
the tip can be adjusted to diameters of 1-10 um to allow for very low natural flow rates in
the nL/min range. This is essential to reduce sample consumption as biological samples
are often limited. After ionization, the analyte is transferred to the high vacuum region of
the instrument and reaches a quadrupole which allows for m/z selection of a precursor ion

before the actual IMS separation. This region is divided into three parts (so-called
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Figure 9: Schematic representation of a Waters Synapt G2-S. This IM-MS instrument utilizes a
travelling wave ion mobility (TWIMS) drift cell to separate ions according to their mass, charge,

size, and shape. lllustration provided by Waters Corporation.

Triwave): trap, IMS, and transfer cell. The trap cell focuses incoming ions and pulses them
into the IMS cell as ion packages. In the IMS cell the actual separation takes place as
described for the TWIMS mechanism before. The transfer cell helps to maintain ion
mobility separation until the ions reach the time-of-flight analyser where they are
detected. The trap and transfer cells are filled with argon at a pressure of 1.5x10-> mbar
and can additionally be used as fragmentation cells via collision-induced dissociation
(CID). This setup allows the measurement of analytes with a high m/z-resolving power
and sensitivity, which benefits the detection of very low concentrated samples.
Furthermore, in contrast to front-end IMS instruments, CID fragmentation of m/z-selected

precursors can be performed before and after IMS separation.

For the studies described later in this thesis, two versions of the Synapt G2 were used. In
the original version, both instruments contained a TWIMS drift cells to separate ions
according to their mobility. As described before, TWIMS does not allow to determine
absolute CCS values due to the non-homogeneous electric field and requires careful
calibration with a suitable standard. of known CCS. In 2015, one of the instruments was
modified and the original TWIMS cell was replaced by linear drift tube in the same

dimensions.'? The replacement enables direct measurements of CCS values, but comes at
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the cost of reduced IMS resolution. While the original TWIMS cell had a maximum
resolution of AQ/Q(N2) = 40, the DTIMS cell of the same length is only able to separate
isomers with a resolution of ACQ/CQ(N2) = 20-25. Data obtained on the DTIMS version of
the instrument is labelled in the thesis as PTCCS to indicate absolute CCS values, while

estimated values are labelled as ™WCCS.

2.3.3 Examples of Ion Mobility Separations in Glycan Analysis*

One of the main advantages of ion mobility mass spectrometry (IM-MS) for glycan
analysis is its universal separation power. Unlike LC separations, which are very sensitive
to the stationary phase, IM-MS depends on the much more universal interaction principles
of the investigated ions with the drift gas. Due to their distinct atomic composition,
different molecular classes can exhibit a different mobility behaviour, especially when a
polarizable gas such as nitrogen is used. This property can be used to significantly reduce
the spectral complexity of acquired data '¥. It was recently demonstrated that whole
molecular classes can be easily distinguished based on their trend lines in a plot of CCSs
against m/z. For example, carbohydrates exhibit on average shorter drift times compared
to lipids and peptides of the same m/z, allowing a rapid identification of each class '*°.
Multiply charged ions generally exhibit a higher mobility than singly charged ions with
the same m/z, resulting in individual signal groups. Selectively extracted data from
complex spectra enables significantly reduced signal-to-noise ratios and thus allows for
improved molecular identification of signals. HARVEY ET AL. used this approach to extract
N-glycan profiles from crude incubation mixtures without further chemical clean-up 2. It
enabled the differentiation and analysis of distinct species within one measurement,

therefore significantly decreasing the sample consumption. However, IM-MS is not

* This sub-chapter is based on the publication “Glycan Analysis by lon Mobility-Mass Spectrometry
and Gas-Phase Spectroscopy” by C. Manz and K. Pagel, published in Curr. Opin. Chem. Biol. 2018,
42, 16-24. Figures and content adapted with permission. Copyright 2017 Elsevier Ltd.
https://doi.org/10.1016/j.cbpa.2017.10.021
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limited to a coarse separation of molecular classes but can also be used to distinguish

minor structural differences between isomers.

Recently, it was demonstrated that IM-MS can be used to distinguish small glycans as well
as various glycopeptide isomers ?°. Fundamental work on the capabilities of IM-MS for
glycan separation was done by HOFMANN ET AL., who investigated a set of six isomeric
trisaccharides, which differed in their composition, connectivity, or configuration 2. A
comparison of the CCSs of the intact deprotonated trisaccharides showed significant
differences for configurational isomers (alpha vs. beta glycosidic bonds) as well as for
connectivity isomers (1,4 vs. 1,3 glycosidic linkages), whereas compositional isomers
could not be distinguished. The study revealed the fundamental ability of IM-MS to
separate many glycan isomers in the gas phase. The results allow the conclusion that IM-
MS-based methods have the potential to serve as powerful analysing tool for glycans.
Essential for structural identification is the combination of mass and mobility information
within a multidimensional dataset and the comparison of obtained data with known,
authentic standards. Unlike retention times in LC, m/z and CCSs are highly reproducible
values when measured under controlled conditions. However, the assignment of drift
peaks/CCSs to specific structural motifs can be complex due to the possibility of multiple
ion conformations. In some cases, conformers can increase the number of drift peaks
although the number of individual analytes remains the same, which complicates the
analysis of the measured data '. The identification confidence can be increased by
comparing obtained CCSs with reference values of comprehensive databases '31% or
theoretical values. CCSs can be calculated theoretically by various methods 13413, however,
finding structural candidates for theoretical calculations is not an easy task due to various
effects such as solvation interaction, charge localisation and especially due to the

enormous structural flexibility of glycans as briefly described in the introduction.

The separation capability of IM-MS is mainly dependent on the resolution of the used
instrument, which is often defined by the length of the applied IMS cell '¥. Increasing
resolution therefore requires instrumental modification, which often is not feasible.
Alternatively, IM separation can often be improved when adding sodium or other metal

ions to an analyte. It is known that metal adducts can influence the conformation of
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a) Top-Down Fragment Analysis b) Rapid Screening Technique
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Figure 10: Application of IM-MS for structural analysis of complex carbohydrates. a) Top-down
fragment analysis of two isomeric hexasaccharides. The fragmentation pattern is indicated for the
two precursor structures and shown as respective fragment ATDs (Adapted with permission from
Nature Publishing Group: Nature, copyright 2015.). b) The fragmentation of glycopeptide
precursors leads to the generation of characteristic trisaccharide fragments (m/z 657), which can
be used to rapidly identify the sialylation pattern (upper panel). This is shown exemplarily for
tryptic digests of al-antitrypsin generated in Chinese hamster ovary (CHO) cell lines or extracted
from human plasma (lower panels). (Adapted with permission from the Royal Society of

Chemistry, copyright 2016.)

carbohydrate ions *. Experiments investigating oligosaccharides adducted with group I
metal ions showed a general trend of increasing drift times of adducted species
proportional to the size of the metal ion. However, many metal adducts showed an
isomer-specific drift time dependency, demonstrating the potential utility of metal/

carbohydrate interaction for improving the separation capability of glycans in IM-MS '3

140

Due to the decreasing impact of small structural differences on the overall shape, IM-MS
separation becomes less efficient for larger glycans. This often complicates the
differentiation of large intact ions. However, the fragmentation of intact precursors can
lead to diagnostic fragments with distinct CCSs, from which information on the structure
of the precursor can be deduced . Collision-induced dissociation (CID) experiments on
the Man3-GlcNAc2 pentasaccharide core of N-glycans and fragments thereof showed the

reproducibility of this approach #2. Regardless of the nature of the precursor, similar
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arrival time distributions (ATDs) and CCSs were obtained for mono- and disaccharide
fragments of similar structure 2. One application of this approach was shown for the
differentiation of isomeric Lewis and blood group epitopes. 1 Fragment trisaccharides of
larger glycans showed characteristic ATDs when compared to drift times of intact
trisaccharides and enabled the assignment of the underlying fucosylation pattern. This
procedure can also be used as top-down fragment analysis, as demonstrated by HOFMANN
ET AL (Figure 10) 2. Two isomeric hexasaccharides, which either exhibited a branched or
a linear alignment of identical building blocks, were investigated (Figure 10a, precursor
structures). As intact precursors, both oligosaccharides showed identical ATDs and CCSs.
From the resulting di- to pentasaccharide fragments, however, it was possible to obtain
detailed information on the structure and branching of the precursor ion (Figure 10a,
fragment spectra of n=2-4 fragments). The analysis of fragment CCSs can therefore be
more informative than analysing intact precursor ions ' and has great potential to be used

for the quality control and sequencing of larger, more complex glycans.

Fragment CCSs cannot only be used to piece together the structure of larger
oligosaccharides, but also have immense potential to be used for the rapid screening of
characteristic features in glycans and other glycoconjugates. In many cases, the
assignment of certain structural motifs such as fucosylation and sialylation is sufficient for
diagnostics or batch monitoring. The occurrence of specific glycan epitopes is for example
associated with several human diseases and a rapid diagnostic screening tool for these

epitope features is therefore highly desired 4.

Recently, differences in sialic acid linkages were identified by analysing trisaccharide
fragments derived from glycopeptide precursor ions (Figure 10b) 2 4. The fragments
derived from synthetic as well as biological glycopeptide precursor ions and exclusively
contained either a2,3 or a2,6 linked N-acetylneuraminic acid (NeuAc) (Figure 10b,
precursor structures). CID experiments of the glycopeptides resulted in the generation of
diagnostic trisaccharide fragments, which showed characteristic drift times depending on
the regiochemistry of the NeuAc moiety (Figure 10b, fragment spectra). The results of
these studies show that a rapid identification and unambiguous assignment of glycan

motifs can be performed independent of the nature and origin of the investigated sample.
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In addition, the method is fast and does not require derivatisation, therefore
demonstrating the potential of IM-MS as a high-throughput method to screen larger

glycans and glycoconjugates for specific biomarkers.

24 Combination of Liquid Chromatography and Ion

Mobility-Mass Spectrometry

Numerous experiments have illustrated the outstanding potential of IM-MS for the
analysis of stereo- and regioisomers of complex glycans and glycoconjugates. It was
demonstrated how mobility information can be used to reduce spectral complexity and
how diagnostic features in glycan structures can be used for rapid identification. There are
very few other methods that can provide a comparably extensive analysis of
compositional, regio- as well as stereochemical information of glycans on such short time
scales with similar low sample consumption. However, IMS alone only provides
information on the overall shape of the investigated ions; the separation power for
extremely similar structural isomers such as compositional isomers is clearly limited.
Therefore, the coupling of IM-MS to orthogonal techniques, most notably
chromatographic methods, represents a promising approach to obtain more detailed
information on the overall glycan structure. Although IM-MS in general is highly
compatible to liquid chromatography (LC) with respect to time scale and orthogonality, 4
very few studies have addressed the direct hyphenation of both techniques for routine
glycan analysis so far.>14 It is largely unknown how the commonly applied reducing end
modifications used for LC-MS affect the ion mobility separation of isomeric ions or how
to adapt established LC-MS workflows to enable a meaningful integration of IMS in
general. Current studies focus on technical aspects of glycan separation via IMS, while the
implementation of ion mobility separations into well-established workflows to analyse
real-world samples have been neglected. However, the solution of analytical problems
arising in the field of glycomics requires robust methods that step beyond proof-of-

principle studies.
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3  Separation of Isomeric Glycans by Ion
Mobility Spectrometry — the Impact of
Fluorescent Labelling’
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3.1 Introduction

As described in Chapter 2, glycans exhibit very complex structures due to the isomeric
character of its building blocks and a common way to tackle this challenge is LC in
combination with spectroscopic and/or spectrometric detection. However, as glycans
naturally do not contain chromophores or fluorophores, it is often necessary to derivatize
them with reducing end labels to facilitate a sufficient detection and enable
quantification.™® Although derivatizations are fundamental for LC-MS analysis, IMS does
not require any chemical modifications and studies on glycans have almost exclusively
been performed on native structures. Fluorescence labels, however, can substantially alter
the three-dimensional gas-phase structure of glycans, which makes a prediction of the

mobility behaviour and therefore the impact on the separation of isomeric glycans difficult

" This chapter is based on the work “Separation of Isomeric Glycans by Ion Mobility Spectrometry

— the Impact of Fluorescent Labelling” by C. Manz, M. Grabarics., F. Hoberg, M. Pugini, A.

Stuckmann, W.B. Struwe, and K. Pagel, published in Analyst 2019, 144, 5292-5298. Figures and
content adapted with permission. Copyright 2017 The Royal Society of Chemistry.
https://doi.org/10.1039/C9AN00937]
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if not impossible. To close this gap, we present a systematically analysis using a set of
isomeric glycans derivatized with different common glycan fluorophores as well as native
and reduced species. Our data indicate that labelling can significantly affect the ability to
separate individual glycan isomers via IM-MS. Depending on the label, this can diminish
or improve selectivity, and therefore, labels should be specifically selected for a given

glycan analysis.

3.2 Experimental Details

3.2.1 Sample Preparation

All labelling reagents and solvents were purchased from Sigma Aldrich (St Louis, USA)
and used without further purification. Synthetically derived Lewis oligosaccharides were
purchased from Dextra Laboratories Ltd (Reading, UK). Prior to analysis, the Lewis
antigens were diluted to 1 mM stock solution in HPLC grade water. The stock solution
was divided into 10 pL (10 nmol) aliquots and freeze dried. Dried Lewis antigens were
labelled with 2-aminobenzoic acid (2-AA), 2-aminobenzamide (2-AB), 4-amino-N-[2-
(diethylamino)ethyl]benzamide (procainamide, ProA) via reductive amination.>® Removal
of excess label was performed using paper chromatography.'* Alditols were synthesised
via reduction with sodium borohydride.'>® The reduced, as well as 2-AB, 2-AA and ProA
labelled glycans were further purified using HyperSep Hypercarb SPE cartridges (Thermo
Fisher Scientific, Waltham, Massachusetts, US) according to manufacturer’s instructions.
Afterwards, the purified glycans were freeze dried and redissolved in HPLC grade water

to yield a ~ 100 uM stock solution.

3.2.2  Ion Mobility-Mass Spectrometry

Linear drift tube (DT) IM-MS measurements were performed on a modified Synapt G2-S
HDMS instrument (Waters Corporation, Manchester, UK), described in detail
elsewhere.’? Measurements were performed in positive and negative ion mode with

platinum/palladium (Pt/Pd, 80/20) coated borosilicate capillaries prepared in-house. Prior
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to measurements, each sample was diluted from stock solution with methanol: water (1:1)
to result in a final concentration of 10 uM. Salt solutions were generated by adding a 10
mg/mL aqueous stock solution of KCl/ LiCl/ NaCl to the labelled glycan solution to result

in a of 1:5 ratio (salt:glycan).

For nano-electrospray ionization (nano-ESI) typically 5 uL of sample were loaded to a
capillary and electrosprayed by applying a capillary voltage of 0.6-1.1kV. Typical
parameters in positive ion mode were: 60V sampling cone voltage, 1V source offset
voltage, 30°C source temperature, 0 V trap CE (MS) up to 30 V trap CE (MSMS), 2 V transfer
CE, 3 mL/min trap gas flow. Ion mobility parameters were: 2.2 Torr helium IMS gas, 27-
30°C IMS temperature, 5.0 V trap DC entrance voltage, 5.0 V trap DC bias voltage, -10.0 V
trap DC voltage, 2.0V trap DC exit voltage, -25.0 V IMS DC entrance voltage, 50-180 V
helium cell DC voltage, —40.0 V helium exit voltage, 50-150 V IMS bias voltage, 0 V IMS
DC exit voltage, 5.0V transfer DC entrance voltage, 15.0V transfer DC exit voltage,
150 m/s trap wave velocity, 1.0 V trap wave height voltage, 200 m/s transfer wave velocity,

5.0V transfer wave height voltage.

In negative ion mode typical parameters were: 90 V sampling cone voltage, 10 V source
offset voltage, 30°C source temperature, 0 V trap CE (MS) up to 30 V trap CE (MSMS), 2V
transfer CE, 3 mL/min trap gas flow. Ion mobility parameters were: 2.2 Torr helium IMS
gas, 27-30°C IMS temperature, 1.0 V trap DC entrance voltage, 2.0 V trap DC bias voltage,
-1.0V trap DC voltage, 1.5V trap DC exit voltage, —25.0 V IMS DC entrance voltage, 50—
150 V helium cell DC voltage, -40.0 V helium exit voltage, 50-150 V IMS bias voltage, 0 V
IMS DC exit voltage, 5.0 V transfer DC entrance voltage, 15.0 V transfer DC exit voltage,
200 m/s trap wave velocity, 10.0V trap wave height voltage, 250 m/s transfer wave
velocity, 3.0 V transfer wave height voltage. The resulting drift times were converted to

rotationally-averaged collision cross-sections (CCS) using the Mason-Schamp equation.'?
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3.3 Results and Discussion

3.3.1 ABO and Lewis Blood Group System

A common and widely studied set of isomeric glycans are the epitopes of two different
blood group systems: the Lewis antigens (Le) and the ABO blood group system (H
antigen, commonly referred to as BG H). These structures are typically found as features
on larger glycoconjugates such a N- and O-linked glycans or on human milk
oligosaccharides (HMO).!*! The two main types of Lewis antigens are the tetrasaccharide
motifs LeY and LeB, which feature a common monosaccharide composition and are
displayed in Figure 11. Type 1 antigens (LeB series) consist of galactose (Gal) 3-(1—3)
linked to N-acetylglucosamine (GIcNAc) core, whereas type 2 antigens (LeY-series)
contain a 3-(1—4) linked core. Both antigens are functionalized by two differently attached
fucose (Fuc) units. The loss of one fucose unit leads to the regioisomeric trisaccharides LeX
and BG H? (LeY-series) or LeA and BG H' (LeB-series). In larger glycan structures,
epitopes are formed by terminal fucosylation. Each of the resulting epitopes has specific
functional properties and

a) Lewis B Series c) Nomenclature
alteration is often associated

A—- A ) Composition
Bl GlcNAc with pathological processes,

‘ LeB LeA A BGH' 2 Si including cancer progression

_ 6 and  atherosclerosis.’’2 153

L R AL ?f?s':’cl,i-sw 4* Recently, we investigated
OA_. OA_. O—. Configuration i these isomeric tri- and
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underivatized form using IM-
Figure 11: The investigated set of isomeric blood group MS and showed that fragment
epitopes. A) Tetrasaccharide Lewis B (LeB) and the
corresponding trisaccharide fragments/motifs Lewis A (LeA) CCS  can  be wused as
and blood group H1 (BG H1). B) Tetrasaccharide Lewis Y (LeY)
and the corresponding trisaccharide fragments/ motifs Lewis X
(LeX) and blood group H2 (BG H2). C) Glycan structures are

depicted using the SNFG nomenclature. epitopes.?’ The intact

fingerprints to systematically

differentiate = between the
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Figure 12: Reducing end modifications investigated in this study. A) Native glycan and the
reduced alditol structure without chromophore at reducing end. B) Glycan derivatization with
chromophore such as procainamide (ProA), 2-aminobenzoic acid (2-AA) and 2-aminobenzamide
(2-AB) is a common strategy to increase sensitivity and enable quantification. For some labels there
are additional benefits such as an improved ionization efficiency in ESI or an improved selectivity
in HPLC.

tetrasaccharide precursors exhibit very similar drift times and CCS, which makes them
hard to distinguish using IMS. However, fragmentation of the tetrasaccharide precursors
with collision induced dissociation (CID) yields trisaccharide fragments that can be used
to identify specific terminal fucose motifs. Some of those isomeric fragments such as LeX
and BG H? can be readily distinguished by IMS, while LeA and BG H! are difficult to
differentiate in underivatized form. In the present study, we focus on the IMS separation

of derivatized forms of these epitopes.

3.3.2 Labelling of Glycans

Common glycan derivatization strategies, not only for the ABO and Lewis system, include
permethylation, reduction, and various reducing end modifications via reductive
amination.®® Reducing end modifications have been studied extensively, namely the
influence of fluorescent labels on retention in various chromatographic modes® 154 15,
ionization efficiency in electrospray ionization (ESI)!!, fragmentation patterns in MS5 15

and on rearrangement reactions of glycan ions” . On the other hand, very little is known
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Figure 13: ATDs and PTCCSte of the isomeric blood group epitopes LeA vs BG H1 (left panel) and
LeX vs BG H2 (right panel) as sodium adducts with helium as drift gas.

about their influence on ion mobility separations. In the present study, we focus on the
four most common reducing end modifications to study their influence on IMS separation
(Figure 12). Due to the high labelling efficiency of reductive amination and the stability of
the resulting labelled glycans, the fluorophores 2-aminobenzoic acid (2-AA) and 2-
aminobenzamide (2-AB) are currently the most used labels. They are readily available and
known for their sensitivity in fluorescence detection. Procainamide (ProA) is a beneficial
fluorophore used for coupling LC with MS because its tertiary amine moiety significantly
enhances ionization efficiency in matrix-assisted laser desorption/ionization (MALDI) and
ESI.'57.15 Since all three labels have a hydrophobic character, they increase retention of the
inherently polar glycans in reversed-phase separations. As only one label is incorporated
per individual glycan, derivatization with 2-AA, 2-AB or ProA furthermore enables a
simple quantification.’® After reductive amination with fluorescent labels such as 2-AB,
2-AA or ProA, the reducing end monosaccharide will exhibit an open ring structure. To
study the influence of this ring opening, we reduced glycans to open-ring alditols (Red)

to compare them with the predominantly closed-ring native structures. The reduction of
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glycans often precedes permethylation, but alditols themselves are also often used as

standalone modification for various stationary phases.!>

3.3.3 Ion Mobility Separation of Labelled Glycans

In order to address the impact of labelling on the CCS of glycans, the set of blood group
antigens shown in Figure 11 was subjected to reducing end modifications displayed in
Figure 12. For all modified species, the drift times in helium drift gas were measured and
CCSs calculated (PTCCSkhe). Measured arrival time distributions (ATDs) of the two
fucosylated trisaccharide isomer pairs LeX/BG H? and LeA/BG H! as sodiated species with
different reducing end modifications are shown in Figure 13. All ATDs were measured
under the very same instrumental conditions (such as pressure, drift voltages and drift
gas).

As native glycans, LeA and BG H' show minor isomer separation compared to LeX and
BG H?, which are almost baseline separated. Compared to the native closed-ring structure,
the ring opening during reduction to alditols does not seem to have a significant impact
on the separation of LeA and BG H. In contrast, the drift-time difference of LeX and BG
H? decreases significantly after reduction. This effect is further amplified after
introduction of the chromophore labels ProA, 2-AA and 2-AB. 2-AA and 2-AB labelled
glycans show the largest isomer separation for the LeA and BG H! isomers, while LeX and

BG H2 are basically indistinguishable.

Similarly, all native and derivatized isomers were measured as alkali metal adducts,
which are known to significantly alter isomer separation in IMS.1*® Negatively charged
adducts such as chloride and nitrate complexes predominantly lead to the formation of
deprotonated ions, which are therefore the only ions with negative polarity studied
here.’® 161 In Table 1, the CCSs of protonated and deprotonated glycans, as well as for
three commonly observed typical alkali adducts (Li*, Na*, K*) measured in helium
(PTCCSte) are shown. The upper part of Table 1 shows the CCSs of all derivatives and
metal adducts of the LeB series, while the lower part shows the CCSs of all modifications

of the LeY series. The exact masses of all labelled glycans are shown in Table 2.
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Table 1: Comprehensive overview over all CCSs measured in helium for native and derivatized

glycans.

PTCCSwe (A?) Type Native Red 2-AB 2-AA ProA
LeB [M+H]* 167 167 189 189 209
[M+Li]* 165 159 179 178 209

[M+Na]* 166 160 180 178 210

[M+K]* 166 164 182 180 214

[M-H] 165 161 184 179 218

LeA [M+H]* 144 144 168 167 183
[M+Li]* 143 138 159 158 188

[M+Na]* 145 141 161 159 190

[M+K]* 145 146 163 163 194

[M-HJ- 143 141 162 160 190

BG H! [M+H]* 144 144 170 168 188
[M+Li]* 146 142 167 167 195

[M+Na]* 147 143 169 168 195

[M+K]* 145 146 169 170 193

[M-HJ 143 143 163 157 192

LeY [M+H]* 171 169 190 191 209
[M+Li]* 163 163 190 190 219

[M+Na]* 164 164 192 191 218

[M+K]* 165 166 192 191 217

[M-HJ 167 164 185 183 213

LeX [M+H]* 144 145 169 170 188
[M+Li]* 138 141 169 165 202

[M+Na]* 140 142 171 168 202

[M+K]* 141 144 171 169 198

[M-HJ- 146 141 161 159 189

BG H2 [M+H]* 144 145 172 166 185
[M+Li]* 148 145 170 169 201

[M+Na]* 148 146 171 170 201

[M+K]* 149 148 172 172 197

[M-HJ 144 139 163 155 190

Generally, there is a clear trend of increasing CCS from the native glycans up to the ProA-
labelled glycans. The CCSs for all species is growing proportionally to the size of the
added fluorescent label, and is therefore correlated to the increase in molecular mass.13 A

similar trend is observed with the addition of alkali metals, which generally lead to larger
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Table 2: Masses of the measured antigens as native and derivatized species.

Glycan Modification [M+H]* [M+Nal]* [M+K]* [M+Li]* [M-HJ

Trisaccharides Native 530.49  552.49 568.49 53649  528.49
Red 532.49  554.49 570.49 53849  530.49

2-AA 65149  673.49 689.49 65749  649.49

2-AB 65049  672.49 688.49 656.49  648.49

ProA 74949  771.49 78749 75549  747.49

Tetrasaccharides Native 676.63  698.63 714.63 682.63  674.63
Red 678.63  700.63 716.63  684.63  676.63

2-AA 797.63  819.63 835.63 803.63  795.63

2-AB 796.63  818.63 834.63 802.63  794.63

ProA 895.63  917.63 933.63 901.63  893.63

CCSs in the order of H* < Li* < Na* < K*. Deprotonated species on the other hand behave
similar to their protonated counterparts. However, there are some exceptions to this
behaviour. Especially alditols (Red) seem to have their largest CCS when protonated or
adducted with potassium, while sodiated and lithiated species show significantly smaller
CCSs. Another example are glycans labelled with 2-AA, whose protonated species show
larger CCSs than metal adducted species, which indicates a compaction of the gas-phase
structure with the addition of small alkali metal ions. This behaviour is a result of the
structure of the oligosaccharide-metal complex, which is dictated by the solvation of the

metal cation.

3.3.4 Comparison of Isomeric Labelled Glycan Isomers

As shown above, the CCSs of each species strongly depends on the modification of the
reducing end and the type of adduct. The type of label will therefore also affect the ability
to separate isomers. Based on the CCS for each individual species it is difficult to rank the
quality of each individual separation. A highly useful index for evaluating this
performance is the peak-to-peak resolution (Rs). It serves as a quantitative measure of the

extent to which a pair of peaks is separated. The definition of Rs — universally accepted in
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column chromatography, ion mobility spectrometry, etc. — is given by the following

equation:

-ty
- 20,+20,

)

S

Here, 20 is the temporal peak width measured between the two inflection points of a peak
of Gaussian profile and t the drift time. In case of separating isomers of the same charge
state by linear drift tube ion mobility spectrometry (DTIMS), Equation 2 can be rewritten

in the following form:

R, = LMEH ()

In Equation 3, N and R, are the average plate number and average resolving power,

respectively (the latter one should not be confused with peak-to-peak resolution). The

relation between the two figures of merit is given by definition as R, = JN/8In2, the
origin of the constant in the formula being the difference between the standard deviation
and the full-width-at-half-maximum (FWHM) of Gaussian distributions. The fraction
|ACCS|/CCS is the relative difference between the collision cross sections of the ions that
are to be separated, i.e., it is a measure of selectivity. In following, we used this term to
describe the difference in CCS between the tetrasaccharide isomer pair LeY/LeB as well as
the trisaccharide isomer pairs LeX/BG H? and LeA/BG H! and visualize this difference as

heat map in Table 3.

The upper part of Table 3 shows the isomer separation for the tetrasaccharides LeY/LeB.
Here two general trends are observed: 1) isomer separation is increased when a
fluorescent label is introduced and 2) isomer separation is improved upon adduct
formation with alkali metal adducts. There are, however, significant differences between
each individual modification. While native tetrasaccharides only show up to 2.4% CCS
difference, 2-AA and 2-AB labelled species separate much better with a difference of up
to 6.9% for sodium adducts. ProA-labelled isomers, on the other hand are separated as
lithiated species with a difference of 4.9%. Thus, specific labels can increase isomer

separation, which in some cases makes them beneficial for IMS separation.
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Table 3: CCS differences of the three derivatized fucose-containing isomer pairs LeY/LeB, LeX/BG

H2 and LeA/BG H1 displayed as heat map.

LeB/LeY
[M+H]*
[M+Li]*
[M+Nal*
[M+K]*
[M-HI

LeA/BG H!
[M+H]*
[M+Li]*
[M+Nal*
[M+K]*
[M-HJ

LeX/BG H?
[M+H]*
[M+Li]*
[M+Nal*
[M+K]+
[M-HI

ACCS/ CCS(%)

Native
2,4
1,2
1,2
0,6
1,2

Native
0,0
2,1
1,4
0,0
0,0

Native

Red
0,8
2,3
2,5
1,0
1,8

Red
0,1
3,5
1,5
04
1,1

Red
0,2
3,0
2,5
2,5
1,3

2-AB 2-AA ProA
1,1 0,0

3,8

1,5
04 2,4 2,3
2-AB 2-AA ProA

0,2 2,8

2,5

0,3

0,7 1,4 1,1
2-AB 2-AA ProA

2,1 2,1 1,6
1,0 1,9 0,6
0,1 1,5 0,5
0,8 1,4 0,3
0,9 2,3 0,3

- S

A very similar behaviour of improved separation is observed for the LeB submotifs LeA

vs. BG H'. Native structures of these isomers do practically not separate in IMS

independent of the charge carrier; only lithiated and sodiated species do show minor

differences up to 2.1%. In contrast, a functionalization with fluorescent labels yields

considerably different CCSs, which differ up to 5.5%.

However, as shown for the LeY submotifs LeX vs. BG H?, the above-mentioned trends

cannot be generalized and may in some cases even be reversed. Here, the native,
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underivatized from of the glycan can be separated best with 7% CCS difference for lithium
adducts. Upon modification of the reducing end, the quality of the separation suffers
drastically. With up to 3% difference alditol structures may be resolvable on some
instruments, while 2-AA, 2-AB and ProA labelled ions cannot be distinguished (<2%).
Remarkably, although the trend is reversed for the trisaccharide isomer pairs LeA / BG H!
and LeX vs. BG H?, the average CCS difference is similar at ~2%. For the tetrasaccharides,

the CCS difference is even larger with almost 3%.

To evaluate which CCS difference is sufficient to identify two isomeric species in a
mixture, the resolving power from Equation 3 must be considered. Besides showing the
most important factors that influence and, ultimately, determine R in DTIMS, Equation 3
also provides a means to calculate the required resolving power (Rer) to achieve a specified
peak-to-peak resolution for a given pair of ions. If the relative CCS difference of two ions
is 2%, a resolving power of 64 (corresponding to a plate number of 22,500) is required to
distinguish them (i.e., separation with a peak-to-peak resolution of Rs = 0.75). To achieve
baseline resolution for the same two peaks (Rs = 1.5), the resolving power must be
substantially higher, approximately 127 (corresponding to a plate number of 90 000). This
is already achievable with state-of-the-art custom-built and commercial instruments and
shows that IMS can be readily applied for isomer separations, as shown in this study for

fucose-containing isomers.

3.3.5  The Impact of Labelling on Fucose Migration

The isomer pairs LeA/BG H' and LeX/BG H? are known to undergo fucose migration as
protonated ions. Fucose migration is a gas-phase rearrangement reaction during which
fucose residues relocate within a glycan during a MS experiment. As a result, sequence
information can get lost in tandem MS experiments, which can lead to erroneous structural
assignments.’®> Traditionally, fucose migration was always closely related to a
fragmentation via CID.” However, more recent studies using cold-ion IR spectroscopy
showed that fucose migration reactions have a rather low activation barrier and can
therefore also occur without dissociation.’ ° In this context, the type of adduct as well as

the position of the charge was shown to be crucial.’® Metal adducts generally do not show
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fucose migration; protonated species on the other hand can rearrange when the proton is

mobile and located at a certain position within the glycan.

The results of the isomer pairs LeA/BG H' and LeX/BG H? obtained here fully agree with
those of previous reports. LeA/BG H! as well as LeX/BG H? yield very similar CCSs as
protonated ions and the ATDs are overlapping perfectly, which indicates migration into a
similar structure. A similar behaviour can by hypothesized for protonated reduced
glycans, which show very similar CCSs that are well within the error of the measurement
(relative standard deviation (RSD) of 0.5%).""® However, based on the present data a clear
conclusion cannot be drawn. In strong contrast, most of the metal adducts differ
substantially in CCS, which clearly contradicts a rearrangement reaction. Labelling with
2-AA, 2-AB and ProA not only changes the UV and fluorescence activity of the glycan, but
also introduces apparent basic sites, which reduces or inhibits proton mobility. As a result,
different structures leading to distinct CCSs are retained. Fluorescence labelling can
therefore not only help to increase isomer separation in IMS as shown above but can also

inhibit fucose migration in protonated glycan ions.

34 Conclusion

Here we systematically evaluate the impact of reducing end modifications on the CCS and
isomer separation of glycans. A set of Lewis and ABO blood group isomers was
derivatized using labels established in LC. Their PTCCSsue were measured in positive and
negative ion polarity. Furthermore, the influence of alkali metal salt adduction was
evaluated. Our results show that fluorescent labels can significantly influence the gas-
phase structure of glycans. As a result, reducing end modifications can considerably
improve, but in some cases also diminish the quality of a given isomer separation. Based
on the limited set of investigated glycans, no general trends to increase selectivity was
observable. Therefore, more glycans have to be analysed in order to predict, which

reducing-end modification is required to optimize a particular isomer separation.

Seen from a broader perspective, the presented data show the great potential of an LC-

IM-MS coupling for glycomics. Both methods have previously shown their individual
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strengths and weaknesses in glycan analysis. LC can resolve and quantify certain isomers
and retention indices (i.e. glucose units'®®) can be used for the structural identification of
known components. IM-MS on the other hand is more sensitive and can also resolve
isomers with an amphiphilic character such as synthetic glycans or glycolipids, which due
to their mixed polarity can often not be separated by LC.2! In addition, fragmentation and
subsequent IMS analysis enables the rapid identification of unknown components based
on database CCSs of small fragments.' 2 1% Regarding time scale, LC and IM-MS are
furthermore highly complementary and data can be obtained simultaneously on a high-
throughput scale.® 1% A combination of LC and IM-MS is therefore highly synergistic and
more than the sum of its parts. When combined with suitable software tools to annotate
tandem MS spectra and calculate glucose units® and CCSs'%, LC-IM-MS has the potential

to serve as the future core technology in glycomics.
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4  Determination of Sialic Acid and Fucose
Isomers from Released N-glycans Using Ion
Mobility Spectrometry*
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41 Introduction

An interesting field for the application of LC-IM-MS lies in diagnostic research to study
the impact of glycosylation on different glycoconjugates and particularly on
glycoproteins. Glycosylation is very sensitive to the environment of the protein and
changes are therefore often directly associated to diseases.’ 5 In the case of N-linked
glycans for example, pathologic changes can translate into altered levels of sialylation¢”

or fucosylation.!®®

The sialylation pattern is described by the type and linkage of sialic acid, which is a generic

term for a family of more than fifty different acidic monosaccharides and is used

tThis chapter is based on the work “Determination of Sialic Acid and Fucose Isomers from Released

N-glycans Using Ion Mobility Spectrometry” by C. Manz, M. Mancera-Arteu, A. Zappe, E.

Hanozin, L. Polewski, E. Giménez, V. Sanz-Nebot and K. Pagel, submitted to Analytical Chemistry
2022.

This is a pre-peer-review, pre-copyedit version of an article published in Analytical Chemistry. The

final authenticated version is available online at: https://doi.org/10.1021/acs.analchem.2c00783
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synonymously in humans for its most prominent member, N-acetylneuraminic acid
(Neu5Ac). Neu5Ac is usually found at the non-reducing end of branched N-glycans as
terminal monosaccharide residue connected to a galactose via a2,3- or a2,6-linkages. Due
to its exposed location, sialic acids often participate as recognition sites in biological
processes including cancerogenesis.!®® As the up- or downregulation of each linkage
isomer can correlate to different types of cancer*- 7171, it is important to monitor the sialic

acid linkage type and the glycan structure in general.

The detailed analysis of sialylated glycans is a particularly challenging task, especially
when isomers must be identified. Today, the gold standard method for glycan analysis
relies on LC-MS and involves the enzymatic release of the glycans from a glycoprotein
and derivatization with a fluorescence tag. While LC-MS is able to separate and identify
most of the common N-glycan structures, a detailed assignment of a2,3- or a2,6-linkage
isomers is still laborious and tedious due to their very similar MS/MS fragmentation
patterns.’”> 173 In addition to conventional LC-MS, sequential digestion with several
exoglycosidases can be applied to identify the regiochemistry of the sialic acid linkage.®>
174 This however, also leads to significant increase in costs and analysis time. Recently,
linkage-specific derivatization of a2,3- and a2,6- isomers in combination with matrix-
assisted laser desorption/ionization-MS (MALDI-MS) emerged as a promising alternative
to the slower LC-MS and enzyme based approaches.® % Using this approach, the linkage
types can be directly identified by a mass difference, however, the sample preparation is

complex and not yet applicable in routine work.

As alternative to common MS-based approaches, ion mobility spectrometry (IMS) recently
emerged as a promising tool in the field of glycomics.'> % 2! Although IMS is only able to
partially resolve intact sialylated glycans'”> 176, a2,3- and a2,6- sialic acid linkages can be
unambiguously identified using a fragment-based approach.?’ 45 Furthermore, and in
contrast to MALDI-MS, IMS can be easily implemented in existing LC-MS workflows and

is fully compatible with commonly applied fluorescent labels.!””

In this study, we assessed the potential of IM-MS to assign sialic acid linkage isomers on

the level of released complex N-glycans. For this purpose, we selected human alpha-1-acid
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glycoprotein (hAGP) as model due to its large N-glycan microheterogeneity and its
potential as biomarker in pancreatic cancer and other diseases. In addition,
characterization of the sialic acid linkage type of hAGP N-glycans has been previously
addressed by several LC-MS approaches® 17 which allows a thorough validation of our
results. Our data indicate that a direct injection IM-MS approach can identify the general
sialic acid distribution of hAGP without prior derivatization. It allows the quantification
of sialic acid linkage isomers individually for each isomeric class and is highly suitable for
a rapid screening of glycoproteins. Subsequently, we used hydrophilic interaction liquid
chromatography (HILIC) directly coupled to IM-MS to simultaneously analyse the glycan
composition and sialylation pattern of complex N-glycans released from hAGP. The
combination of both techniques proved to be a powerful tool for the characterization of N-
glycans. It can fully resolve all sialic acid linkage isomers for each glycan individually,

while being fully compatible with existing workflows for N-glycan analysis.

4.2 Experimental Details

4.2.1 Chemicals

All chemicals and reagents were at least analytical reagent grade and used without further
purification. Rapid™ PNGase F and Rapid™ PNGase F Buffer were supplied by New
England Biolabs (Ipswich, USA). Human alpha-l-acid glycoprotein (hAGP, >95%),
Discovery Glycan solid phase extraction (SPE) tubes, TFA (299%), procainamide
hydrochloride (=98%) and both trisaccharide standards 6'/3'-Sialyl-N-acetyllactosamine
were purchased from Sigma-Aldrich (St Louis, USA). The fucosylated standard 3’-Sialyl-
Lewis X were supplied by Biosynth Carbosynth (UK). Hypercarb SPE tubes were
purchased from Thermo Fisher Scientific (Waltham, USA). Ammonium formate (>99%)
was obtained from VWR International (Radnor, USA). All solvents (acetonitrile, methanol,

water) were LC-MS grade and purchased from Sigma-Aldrich (St Louis, USA).
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4.2.2  Sample Preparation for Native Glycans

10 uL of glycoprotein stock solution (10 mg/mL in water) was mixed with 10 uL water and
4 uL Rapid™ PNGase F Buffer and denatured at 95°C for 10 min. After cooling to room
temperature, 1 uL of Rapid™ PNGase F was added to the mixture and incubated at 50°C
for 10 min. Afterwards, the released glycans were enriched with Hypercarb SPE tubes
according to vendor’s instruction, dried via SpeedVac (Thermo Fisher Scientific, Waltham,
USA) and suspended in 50 pL water: methanol: formic acid (1:1:0.1 v/v/%) prior to direct

injection IM-MS analysis.

4.2.3 Sample Preparation for Labelled Glycans

10 uL of glycoprotein stock solution (10 mg/mL in water) was mixed with 10 uL water and
4 uL Rapid™ PNGase F Buffer and denatured at 95°C for 10 min. After cooling to room
temperature, 1 uL of Rapid™ PNGase F was added to the mixture and incubated at 50°C
for 10 min. Afterwards, the released glycans were labelled with procainamide according
to established protocols.'”” 178 The labelled glycans were purified with the Discovery
Glycan SPE tubes according to vendor’s instruction, dried via SpeedVac (Thermo Fisher
Scientific, Waltham, USA) and further suspended in 50 uL. water before storing them in
the HPLC autosampler at 4°C.

4.2.4  Offline IM-MS Experiments

Travelling wave (TW) IM-MS measurements were performed on a Synapt G2-S HDMS
instrument (Waters Corporation, Manchester, UK), described in detail elsewhere.!"! Direct
infusion measurements with released native glycans were performed in positive ion mode
using platinum/palladium (Pt/Pd, 80/20) coated borosilicate capillaries prepared in-house.
For nano electrospray ionization (nESI), typically 5 uL of sample were loaded to a capillary

and electrosprayed by applying a capillary voltage of 0.6-1.1kV.

50



4.2.5 Online HILIC-IM-MS Experiments

Released and procainamide-labelled glycans were separated by a glycan BEH amide
column (150 mm x 2.1 mm, 130A, 1,7 um, Waters, Milford, USA) before ESI ionization.
Solvent A was 50 mM ammonium formate adjusted to pH 4.4, and solvent B was
acetonitrile. The column temperature was set to 65°C and samples were analysed at a flow
rate of 0.4 mL/min using a linear gradient of 75-54 % B from 0-35 min. The injection volume
was 4-5 uL. The separated glycans were then ionized online with a capillary voltage of

2.2-2.5kV.

Typical MS parameters in resolution mode (for offline and online measurements) for
positive ion polarity were: 30 V sampling cone voltage, 1V source offset voltage, 120°C
source temperature, 0V trap CE (MS) up to 30 V trap CE (MS/MS), 2V transfer CE,
3mL/min trap gas flow. lon mobility parameters were: 5.0 V trap DC entrance voltage,
5.0V trap DC bias voltage, -10.0 V trap DC voltage, 2.0 V trap DC exit voltage, -25.0 VIMS
DC entrance voltage, 50-180 V helium cell DC voltage, —-40.0 V helium exit voltage, 50-
150 V IMS bias voltage, 0 V IMS DC exit voltage, 5.0 V transfer DC entrance voltage, 15.0 V
transfer DC exit voltage, 150 m/s trap wave velocity, 1.0V trap wave height voltage,

200 m/s transfer wave velocity, 5.0 V transfer wave height voltage.

Data were acquired with MassLynx v4.1 and processed with Driftscope version 2.8
software (Waters, Manchester, UK), and OriginPro 8.5 (OriginLab Corporation,

Northampton).

4.3 Results and Discussion

4.3.1 Direct Injection IM-MS Analysis of Released Glycans

As the separation power of IMS is often insufficient to fully separate larger glycan
structures, intact precursors are usually cleaved into smaller fragments to deduce their
overall structure from specific motifs. Such a characteristic fragment for the differentiation
of sialic acid isomers via IM-MS was recently established on the level of glycopeptides.

The proteolytic digestion of glycoproteins derived from Chinese hamster ovary cells
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Figure 14: Differentiation of N-acetylneuraminic acid (Neu5Ac) linkage isomers using CID
fragmentation and subsequent IM-MS analysis in positive ion mode. (a) MS/MS spectra of
sialylated N-glycans A2G2S2 (top panel), A3G3S3 (middle panel) and A4G4S4 (bottom panel).
Upon CID activation each sialylated precursor exhibits a characteristic B3 trisaccharide fragment
(m/z 657). (b) Mobilogram of two synthetic trisaccharide standards which contain a terminal a2,6-
linked sialic acid (blue trace) or a terminal a2,3-linked sialic acid (red trace). They can be used as
reference to identify the isoforms of the B3 fragments cleaved from the sialylated glycan
precursors. The black dotted line is the original ATD while the blue and red traces represent the
gaussian fits to indicate a2,6- and a2,3-linked sialic acid isomers. Glycans are represented using
the SNFG nomenclature which depicts monosaccharides as coloured symbols. The here crucial

regiochemistry is defined by the angle of the glycosidic bond.

(CHO) and human plasma resulted in N-glycopeptides, which were subsequently
analysed in a fragment-based IM-MS approach.?> 4> The fragmentation of sialylated
glycopeptides wvia collision-induced dissociation (CID) generates a characteristic Bs
trisaccharide fragment which contains a terminal a2,6- or a2,3-linked Neu5Ac. Both
trisaccharide fragments exhibit almost baseline separated IMS features and can therefore

be used to qualitatively differentiate sialic acid isomers on the level of glycopeptides.

The above-mentioned approach, however, was never applied for isomer separation on the
level of released glycans. Therefore, we established the direction injection approach for
complex N-glycan samples with the released glycans of hAGP as references. hAGP is an

acute phase protein (APP) found in human plasma and displays a high N-glycan content
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(45 %, w/w). The N-glycans of hAGP are relatively large (up to tetraantennary) and heavily
sialylated, with both a2,6- and a2,3-linked Neu5Ac isomers.'”> 17> APPs in general are
prone to contain potential biomarkers as they show changes on the protein and
glycosylation level when confronted with inflammatory processes.!® 18! In the case of
hAGP, altered glycosylation was observed for several cancer types in which specific
sialylated epitopes are formed.!®? To release the glycans from the glycoprotein, hAGP was
treated with PNGase F and the free glycans were enriched via PGC SPE. Subsequent direct
injection MS analysis of the released glycans in positive ion mode reveals multiple highly
sialylated glycan structures (see Figure S-4 in the appendix). The fragmentation of these
sialylated glycans via CID generates highly abundant Bs fragment ions (m/z = 657) which
is exemplarily shown for the glycan species A2G2S2, A3G3S3 and A4G454 of hAGP in
Figure 14. They represent typical complex N-glycans with multiple sialic acids which are
usually very demanding to distinguish by MS and MS/MS alone. The resulting MS/MS
spectra reveal several fragment ions; in all cases the characteristic Bs fragment (m/z = 657)
was the dominant and most intense signal (Figure 14A). The mobilograms of the Bs
fragments reveal two almost baseline separated features at ~8.7 ms and ~9.5 ms (Figure
14B). The structural assignment of both arrival time distributions (ATDs) can be
accomplished by comparison with two synthetic trisaccharide standards (Figure 14B, top
panel). 6’-sialyl-N-acetyllactosamine (blue trace) and 3’-sialyl-N-acetyllactosamine (red
trace) share the same structure as the characteristic Bs fragment (mm/z = 657) cleaved from

sialylated N-glycans.? 145

The ATDs clearly reveal that the ratio of sialic acid isomers is highly dependent on the size
of the glycan and the degree of branching (Figure 14B). While biantennary species almost
exclusively contain a2,6-linked sialic acid (~91% a2,6 : 9% «2,3), a more balanced ratio of
both isomers (~60%:40%) is observed for the triantennary species. The tetraantennary

structure, on the other hand, exhibits a reversed trend with a higher content of a2,3-linked
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glycans from hAGP. (a) MS of native glycans shows nine Structures containing multiple sialic

complex-type, sialylated species. Without prior acids. Although acidic glycans are

quadrupole isolation, CID activation leads to the

fragmentation of all ionized glycans. The resulting B3 usually analysed in negative ion

fragrnent is resulting from all sialylated glycans. (b) The mode (due to the negative Charge of

ATD of the B3 fragment represents the averaged drift T :ds). thi h 1
time of a2,6- and a2,3-linked sialic acids for all sialylated sialic acids), this approach can only

glycans and can be used to estimate the overall sialicacid be performed in positive ion mode.
ratio. Both ion polarities were assessed by
direct injection and isomer separation was only observed in positive mode. Furthermore,
only protonated precursors are amenable to the presented IMS analysis as metal adducted
species (e.g., sodium adducts) do not allow to distinguish the characteristic Bs fragment
via IMS. The direct injection analysis of the complex N-glycans released from hAGP shows

that the IM-MS workflow is suitable to distinguish sialic acid isomers qualitatively on the

level of released glycans.

In addition to the targeted approach described for individual glycans, we assessed the
possibility to quantify the sialylation by IMS in a non-targeted approach. For this we
induced fragmentation of all precursor ions without prior mass selection in the
quadrupole, which results in the combined ATD from all released N-glycans (Figure 15).
The overall ratio of sialic acid linkage isomers released from hAGP shows a balanced ratio

of 58% a2,6- vs. 42% a2,3-linked sialic acids. This ratio matches values obtained in earlier
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IMS experiments on glycopeptides.'*> This underlines the quantitative character of the

presented fragment-based IMS approach on the level of released glycans.

Taken together, the results show the enormous potential of direct infusion nESI as a high
throughput approach to recognize changes in the sialic acid isomer ratio without prior
derivatization steps. IMS can quantitatively detect minor isomeric components with
relative concentrations as low as 1%.2' The method described here is therefore well suited
to quantitatively describe the ratio of a2,6- and a2,3-linked Neu5Ac isomers without
chromatographic separation. In comparison to the corresponding glycopeptide
workflows? 145183 it js more straightforward to identify sialic acid isomers on the level of
released glycans. Sialic acid isomers of complex N-glycans (like hAGP) can be identified
and quantified separately for individual N-glycan classes as bi-, tri- and tetraantennary
glycans. In the case of glycopeptides, this is much more challenging as not only the
microheterogeneity of the glycans (i.e., multiple possible isomers on one glycosylation
site), but also the macroheterogeneity of the glycopeptides (i.e., multiple possible
glycosylation sites) needs to be considered. The presented approach is therefore a major
advancement for screening purposes in clinical biomarker research where general

statements about sialic acid linkage isomers are required to identify pathological changes.

4.3.2 HILIC-MS Characterisation of N-Glycans Released from hAGP

When hyphenated to liquid chromatography, the above-described method should in
principle be able to provide glycan-resolved sialylation data. To evaluate this, we
implemented the developed IMS technique into the existing gold standard HILIC-MS N-
glycan analysis workflow. Accordingly, the sample preparation for hAGP was modified
to match typical HILIC-FLD and HILIC-MS workflows: the N-glycans were cleaved from
the glycoprotein via PNGase F digestion and directly labelled at the free reducing end with
procainamide. As the LC-MS and the LC-IM-MS workflow are not dependent on the
utilized fluorescent dye, this method is generally applicable to any available reducing end
modification. Subsequently, the labelled glycans were purified using HILIC SPE and
analysed by HILIC-ESI-MS. More than 20 individual glycan species were identified based

on their retention time, mass, and literature data®? (see Table S-2 in the appendix).
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According to the elution order of the identified glycans, the chromatogram can be divided
into three areas, corresponding to bi-, tri- and tetraantennary glycans, respectively.
Biantennary glycans elute first (<~20 minutes), followed by triantennary (from 20 to 26
minutes) and tetraantennary species (> ~26 minutes). Although HILIC can separate
multiple glycan isomers, it struggles to confidently identify all structural components.
Especially the orientation of the terminal sialic acid building blocks can often only be
identified on the basis of glucose units (GU).1¢* GU values serve as reference standards to
calibrate relative retention times of each eluting species, which can further be compared
with database information.’® However, with growing complexity of glycans the LC
resolving power can reach its limit and database assignments may be inconclusive.
Especially, unknown samples are challenging to characterize solely based on LC-MS data
and GU databases. Therefore, additional experiments are usually required to confidently

assign all structural elements.

4.3.3 Quantitative Assignment of Sialic Acid Isomers based on LC-IM-MS

The incorporation of IMS into the described standard HILIC-MS workflow is
straightforward and does not require changes to the general routine. The workflow in a
data dependent acquisition with IMS is shown in Figure 16 for the doubly sialylated
biantennary species (A2G2S2). This glycan structure shows two well-separated peaks in
the HILIC chromatogram (Figure 16A) but exhibits identical MS/MS spectra in positive
ion mode (Figure 16B) as both species correspond to isomeric structures. To investigate if
these isomers differ in the orientation of the terminal sialic acid residues, the mobilograms
of the Bs fragments obtained from both precursors were studied. As can be observed, they
significantly differ from each other (Figure 16C). The fragment generated from peak 1
shows two features in the mobilogram with similar peak areas (48%:52%) while the
fragment of peak 2 only shows a single feature in the mobilogram (100%). In contrast to
the direct injection experiments shown before, the upstream separation of isomers
achieved by HILIC in combination with the IMS peak areas and drift times enables a
quantitative assessment of sialic acid isomer proportions. In the case of A2G2S2, only three

possible sialic acid ratios are possible (2x a2,6; 2x «2,3; or a 1:1 mix of both). The
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Figure 16: HILIC-CID-IM-MS feature
mapping of released glycans of hAGP.
(a) Extracted ion chromatogram (EIC)
of a doubly sialylated biantennary

glycan (m/z 1222) in positive ion
mode. Minor peaks marked with an
asterisk are fragment ions generated
from larger glycans. (b) MS/MS spectra
of the precursor ions 1 and 2, which are
the

dominant B3 trisaccharide fragment.

almost identical and show
(c) Mobilograms of the B3 fragment
generated from precursor ions 1 and 2
respectively. Comparison with the
synthetic standards (red and blue
overlay) allows to identify the sialic
acid isoforms and to deduce the
general structure of the glycans 1 and

2.

proportions derived from IMS
separation allow a confident and
simple structural assignment of
both LC peaks. While the glycan
corresponding to LC peak 1
contains a mixture of one a2,6- and
one o2,3-linked sialic acid, the

glycan corresponding to LC peak 2

exclusively contains a2,6-linked sialic acids located at both terminal positions of the

biantennary structure. This structural assignment shows that the retention time of a glycan

correlates with the type of sialic acid linkage. The higher the content of «2,6-linked

isomers, the later the glycan species will elute, which is in good agreement with reported

HILIC data.'” The structural assignments is confirmed by previous assignments of hAGP

N-glycans using exoglycosidase digestions®?> and MS/MS'7® demonstrating the reliability

of the established LC-IM-MS method. Although the total number and proportion of sialic

acid isomers can be identified based on the presented data, no information on the relative

position of the sialic acids on the individual antennae is obtained. For an application in
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Figure 17: HILIC-IM-MS analysis of
large, sialylated glycans. (a) Extracted
ion chromatogram (EIC) of a triply
sialylated triantennary glycan (m/z =
1550) of hAGP in positive ion mode.
Minor peaks marked with an asterisk
are fragment ions generated from
larger glycans. (b) Mobilograms of the
B3 fragment generated from precursor
ions 3, 4 and 5 respectively. (c)
Extracted ion chromatogram (EIC) of a
quadruply sialylated tetraantennary
1878) of hAGP in
positive ion mode. (d) Mobilograms of
the
precursor ions 6 and 7 respectively.
with  the

standards (red and blue overlay)

glycan (m/z =
B3 fragment generated from

Comparison synthetic

allows to identify the sialic acid
isoforms and to deduce the general

structure of the glycans species.

diagnostics, however, these details
are usually not important. Instead,
a general quantitative and
qualitative assignment is more
crucial to monitor pathological

changes.

Similarly to the biantennary
glycans, the LC-IM-MS workflow
can also be applied to larger
sialylated structures. Figure 4
shows the analysis of the fully
sialylated tri- and tetraantennary

glycans released from hAGP. The

distinct LC peaks (Figure 17A). As shown in Figure 17B, the mobilogram of the Bs
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fragment generated from LC peak 3 reveals a peak area ratio of 1:2 (30% vs 70%), which
indicates that the three antennae contain in total one «2,6- and two a2,3-linked sialic acids.
The fragment of LC peak 4 has a ratio of 2:1 (63% vs 37%), which indicates the presence of
two a2, 6-linked sialic acids and one a2,3-linked sialic acid. The latest eluting LC peak 5
exclusively contains a2,6-linked sialic acid. The quadruply sialylated tetraantennary
species show two signals in the chromatogram (LC peaks 6 and 7, Figure 17C). The ATD
reveals that isomer 6 exclusively contains a2,3-linked sialic acid, while isomer 7 shows a
1:3 ratio of a2,6: a2,3-linked sialic acid (Figure 17D). These quantitative sialic acid
assignments are in good agreement with the general ratios obtained by the direct injection
approach (Figure 14). After chromatographic separation, however, only integer ratios of
sialic acid isomers are possible which significantly simplifies the detailed assignment of
larger glycan structures. A comprehensive list of all identified glycans from hAGP and
their respective sialic acid composition is shown in the supporting information (see Table

S-2 and Table S-3).

Taken together, the presented results show the universal applicability of the approach to
all sialylated N-glycans independent of their size and structure. In addition to the
diagnostic nature of the Bs fragment to distinguish a2,6- and «a2,3-linked sialic acid
isomers, the workflow can be used to derive quantitative information based on the relative
IMS peak area of the two isomers and thereby benefits the general structural assignment

of sialylated glycans.

4.3.4 Assignment of Fucosylated Complex N-glycans

Another important structural motif of N-glycosylation is the type and level of
fucosylation. Similar to the sialylation pattern, fucosylation can be used as potential
biomarker for cancer and therefore represents a particular important target for diagnostics
applications. Fucosylation of complex glycans frequently occurs as core fucosylation
linked via a1,6 to the N-acetyl-glucosamine at the reducing end. However, it can also be
present as antenna fucosylation which mainly occurs via al,3-linkage at the antenna N-
acetylhexosamine but can occasionally be linked to galactose residues to form typical

blood group antigens.!® 77 For diagnostic purposes, the primary concern is to distinguish
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native state of the fucosylation.

between core and antenna
fucosylation while the secondary
concern is related to the actual
fucosylation motif (blood group

antigens).

In our HILIC-IM-MS studies, we
identified three fucosylated species,
namely FA2G2S2, FA3G3S3 and
FA4G454. the

For smallest

observed  fucosylated  species
FA2G2S2 we observe four distinct
isomers for the mass of m/z = 1295

which represents the biantennary

glycan with two sialic acids and one fucose attached (Figure 18A). The identification of

sialic acid linkage isomers is based on the ATD of the Bs fragment for each separated
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species and reveals that precursor 1 has a 0:2 ratio, precursor 2 and 3 have a 1:1 ratio and
precursor 4 has a 2:0 ratio (see Table S-3 in the appendix). The trend in elution order is
similar to that of non-fucosylated glycans and is highly dependent on the type of sialic
acid attached. For isomer 2 and 3, however, we can observe two baseline separated peaks
in the chromatogram although both species contain a 1:1 ratio of a2,6- and a2,3-linked
sialic acid isomers. Therefore, we can assume that differences in the retention times stem
from a different fucosylation pattern (core vs. antenna). A tentative identification of core
or antennary fucosylation can be achieved by the analysis of the MS/MS data (Figure 18B).
Isomers 1,2 and 4 share a very similar fragmentation pattern and a common Y2 fragment
(m/z = 587) which corresponds to [GIcNAc + Fucose + Procainamide + H]J*. It was shown
previously that this fragment is characteristic for core fucosylation.'® Although fucose
monosaccharides tend to migrate along the oligosaccharide backbone during mass
spectrometry analysis® %7, core fucose is strongly bound to the sugar core!®> and migration
reactions are further inhibited by an immobilization of the charge at the procainamide
label®. Therefore, this specific fragment is a strong indicator for core fucosylation. On the

other hand, there is a clearly recognisable difference in the MS/MS spectra for isomer 3.

Instead of a Y2 fragment indicating core fucosylation, isomer 3 shows an intense fragment
signal at m/z = 803. This signal corresponds to a terminal B4 fragment [Neu5Ac + Gal +
GlcNAc + Fuc + H]*. Although this fragment is indicative for antennary fucosylation,
antennary fucosylation is very labile and requires low activation energies for migration
reactions to occur.””- 1% In this case IMS can support the discrimination between native
antennary fucosylation and non-native, migrated structures. Recent studies showed that
natively fucosylated structures yield reproduceable ATDs which can be compared to
suitable standards, while rearranged structures exhibit multiple features in the ATD.*
This can be explained by the fucose migration mechanism as the rearrangement might
only occur to certain functional groups (such as N-Acetylation on Neu5Ac and GlcNAc)

and therefore creates distinguishable isomeric structures.

A typical antenna fucosylation for sialylated species is the Sialyl Lewis X (al,3-linked
fucose) epitope.'® We therefore compared the ATD of the occurring terminal B4 fragment

[NeubAc + Gal + GIcNAc + Fuc + H]* with a commercially available standard of Sialyl
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Lewis X (Figure 18C). Both ATDs show one distinct feature at ~10.5 ms and additionally
have a small shoulder on the right side at 11.6 ms which is in good agreement with
literature ATDs”. Migrated structures, for example migration reactions resulting from
other epitope structures or from the core position, exhibit significantly different ATDs and
can therefore be readily distinguished from native al,3-linked structures.” The perfect
match of both standard and sample ATD supports the assignment as native antenna
fucosylation and more specifically as native Sialyl Lewis X epitopes. This observation
agrees with recent experiments conducted with sequential enzymatic reactions utilizing

fucosidase digestions.

Both larger fucosylated structures observed in this study (FA3G3S3 and FA4G454) were
examined in the same way to identify both the sialic acid and the fucosylation pattern. The
characterisation of the sialic acid linkage isomer ratio was performed on basis of the
generated Bs fragment and allowed for unambiguous assignment of all sialylated isomers
(see Table S-2 and Table S-3 in the appendix). We further checked the fragmentation
pattern of all fucosylated species for either Y2 or Bs fragmentation to indicate core or
antenna fucosylation (see Figure S-4 and Figure S-5 in the appendix). All tri- and
tetraantennary species with one fucose showed exclusively Bs fragments which is
indicative for antenna fucosylation. Additionally, we compared the ATD of all B.
fragments to check for native Sialyl Lewis X epitopes or migrated structures. As all ATDs
showed good agreement with the ATD from Sialyl Lewis X, we assume that the
triantennary and tetraantennary glycans of hAGP exclusively contain native antenna

fucosylation and more specifically Sialyl Lewis X epitopes.

This example shows that LC-IM-MS is not only able to clearly distinguish core and
antenna fucosylation, but the sialylation and fucosylation pattern in general. Furthermore,
this workflow can be applied within a single LC run without further modification of
established LC-MS workflows. Alternative approaches such as enzymatic digestions
require multiple LC runs and additional experimental effort for sample processing.
Furthermore, enzymatic approaches often have problems with the analysis of larger
glycans such as tri- and tetraantennary species as their digestion leads to multiple

overlapping species due to the sheer number of possible isomers. This is especially
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difficult for structural motifs that contain both sialic acid and fucose at the same time as
they can mutually inhibit enzymatic digestion of each other.®> The proposed LC-IM-MS
approach does not show this limitation and can be easily applied to very large glycans.
With suitable glycan standards and instrumental conditions, it could be possible to study
all kinds of fucosylation motifs including blood group antigens for an extensive N- and

even O-glycan analysis.

44 Conclusion

In conclusion, IMS has the potential to fill the informational gap in N-glycan analysis left
by LC-MS. It enables the analyst to unambiguously identify characteristic structural motifs
such as the sialic acid and fucose pattern in both a qualitative and a quantitative way. The
regiochemistry of terminal sialic acid linkages can be identified based on Bs-type
fragments that are cleaved from the corresponding N-glycan before the IMS separation
and further quantified based on their respective peak areas in the mobilogram. While in
direct injection approaches this allows to derive a general a2,6- and a2,3 ratio, LC
separation in combination with IM-MS allows to deduce more accurate N-glycan
structures. Here, this workflow was applied to characterize the sialic acid of the released
glycans from hAGP for highly sialylated biantennary, triantennary and tetraantennary
glycans. Furthermore, it is possible to distinguish core and antennary fucosylation based
on the LC-MS/MS data in conjunction with IMS data. The presented approach adequately
complements existing LC-MS workflows and allows to obtain information on structural
motifs without the need for further sample preparation and instrument modification.
Given the already broad distribution of commercial IM-MS instruments, the proposed
fragment-based approach can be readily implemented and applied in many laboratories.
As IMS identification works independently from the LC dimension, the approach is not
limited to HILIC methods and can be used with PGC, C18 or even capillary
electrophoresis. Furthermore, the strategy does not require special sample preparation

and can therefore be easily implemented into existing methods.
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Very few other methods are able to identify a comparable level of structural information
within the time frame of a single LC run. LC-IM-MS therefore has the potential to serve as
a universally applicable analysis tool for future N-glycan analysis. In principle, the method
should also be applicable for O-glycan analysis. It was for example shown that IMS of
characteristic terminal fragments can also be used to identify the fucosylated structural
motifs of glycans'® and further experiments are required to test if this approach is also

compatible with existing LC-MS workflows.
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5  Dextran as Universal Calibrant for N-Glycan
Analysis by Liquid Chromatography Coupled
to Ion Mobility-Mass Spectrometry?

Internal calibration i

-

External calibration

——

5.1 Introduction

The analysis of released glycans is often based on liquid chromatography (LC) in
combination with fluorescence (FLD) or mass spectrometry (MS) detection.'> > Although
MS-based sequencing is generally a powerful approach for the analysis of biomolecules,
it is often brought to its limit by the broad variety of same-mass glycan isomers. LC
separation therefore takes a crucial role in the routine analysis of N-glycans. The
combination of retention time and m/z can be stored in databases and is essential for the

identification of unknown samples.!** However, retentions times are highly dependent on

t This chapter is based on the work “Dextran as Universal Calibrant for N-Glycan Analysis by

Liquid Chromatography Coupled to Ion Mobility-Mass Spectrometry” by C. Manz, M. Gétze, C.

Frank, A. Zappe, and K. Pagel, submitted to Analytical and Bioanalytical Chemistry 2022.

This is a pre-peer-review, pre-copyedit version of an article published in Analytical and Bioanalytical

Chemistry. The final authenticated version is available online at: https://doi.org/10.1007/s00216-022-

04133-0
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instrumental parameters and can therefore not be directly used in databases. For this
reason, an external calibration with a standard glucose homopolymer — usually referred
to as dextran ladder — is indispensable to convert retention times into robust, comparable
values, the so-called glucose units (GU).% % For larger sets of samples, multiple calibration
runs in regular intervals are necessary to achieve accurate GU values. In ideal case, each
sample run is accompanied by a second dextran ladder run to maximize identification
confidence. This calibration procedure significantly increases the measurement time and
prevents a higher throughput in LC-FLD and LC-MS workflows. New developments for
creating relative retention times are therefore necessary to increase the speed of N-glycan

analysis.

Here, we present a dextran ladder with a reduced number of oligosaccharides as internal
calibration standard to reduce absolute measurement time. By minimizing the number of
dextran oligosaccharides, the calibrant can be spiked directly into the sample without
generating overlapping signals. This allows the qualitative and quantitative analysis of N-
glycans in a single LC run. We demonstrate the use of the minimized dextran ladder for
GU calibration in HILIC chromatography with the released glycans of human
immunoglobulin (hIgG) as reference. Furthermore, we illustrate the use of the minimized
dextran ladder for the estimation of collision cross-section (CCS) values from travelling

wave (TW) ion mobility-mass spectrometry (IM-MS) experiments.

5.2 Experimental Details

5.2.1 Chemicals

All chemicals and reagents were at least analytical reagent grade and used without further
purification. Rapid™ PNGase F and Rapid™ PNGase F Buffer were supplied by New
England Biolabs (Ipswich, USA). Immunoglobulin from human serum (hIgG, >95%),
Human alpha-1-acid glycoprotein (hAGP, >95%), Dextran Mw5000, dextran Mw1000,
Discovery Glycan solid phase extraction (SPE) tubes and procainamide hydrochloride

(298%) were purchased from Sigma-Aldrich (St Louis, USA). Ammonium formate (>99%)
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was obtained from VWR International (Radnor, USA). All solvents (acetonitrile, water)

were LC-MS grade and purchased from Sigma-Aldrich (St Louis, USA).

5.2.2  Sample Preparation for Labelled Glycans

10 uL of glycoprotein stock solution (10 mg/mL in water) was mixed with 6 uL water and
4 uL Rapid™ PNGase F Buffer and denatured at 95°C for 10 min. After cooling to room
temperature, 1 uL of Rapid™ PNGase F was added to the mixture and incubated at 50°C
for 10 min. To create the dextran calibration ladder, a 1:1 mix of dextran 5000 and dextran
1000 was solved in 20 pL water. Afterwards, both the released glycans and the dextran
mix were labelled with procainamide according to established protocols.'”” 178 The labelled
glycans were purified with the Discovery Glycan SPE tubes according to vendor’s
instruction, dried via SpeedVac (Thermo Fisher Scientific, Waltham, USA) and further

suspended in 50 uL water before storing them in the HPLC autosampler at 4°C.

5.2.3 Offline IM-MS Experiments

Drift tube (DT) IM-MS measurements were performed on a modified Synapt G2-S HDMS
instrument (Waters Corporation, Manchester, UK), described in detail elsewhere.'?® Direct
infusion measurements were performed in positive ion mode using platinum/palladium
(Pt/Pd, 80/20) coated borosilicate capillaries prepared in-house. For nano electrospray
ionization (nESI), typically 5 pL of sample were loaded to a capillary and electrosprayed

by applying a capillary voltage of 0.6-1.1 kV.

5.2.4 Online HILIC-IM-MS Experiments

Procainamide-labelled glycans were separated by a glycan BEH amide column (150 mm x
2.1 mm, 1304, 1,7 um, Waters, Milford, USA) before ESI ionization. Solvent A was 50 mM
ammonium formate adjusted to pH 4.4, and solvent B was acetonitrile. The column
temperature was set to 65°C and samples were analysed at a flow rate of 0.4 mL/min using
a linear gradient of 75-48 % B from 0-40 min. The injection volume was 4-5 uL. The

separated glycans were then ionized online with a capillary voltage of 2.2-2.5 kV.
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Typical MS parameters in resolution mode (offline and online measurements) for positive
ion polarity were: 30 V sampling cone voltage, 1V source offset voltage, 120°C source
temperature, 0 V trap CE (MS) up to 30 V trap CE (MS/MS), 2 V transfer CE, 3 mL/min trap
gas flow. Ion mobility parameters were: 5.0 V trap DC entrance voltage, 5.0 V trap DC bias
voltage, —-10.0 V trap DC voltage, 2.0V trap DC exit voltage, —25.0 V IMS DC entrance
voltage, 50-180 V helium cell DC voltage, —40.0 V helium exit voltage, 50-150 V IMS bias
voltage, 0 V IMS DC exit voltage, 5.0 V transfer DC entrance voltage, 15.0 V transfer DC
exit voltage, 150 m/s trap wave velocity, 1.0 V trap wave height voltage, 200 m/s transfer
wave velocity, 5.0 V transfer wave height voltage. Data were acquired with MassLynx v4.1
and processed with Driftscope version 2.8 software (Waters, Manchester, UK), and

OriginPro 8.5 (OriginLab Corporation, Northampton).

5.2.5 CCS Determination

Absolute PTCCSn: were determined via Stepped-Field method described elsewhere.! 116
In short, each sample was measured at eight different drift voltages with increasing axial
potential across the drift tube. For each ion, the corresponding arrival time distribution
(ATD) is recorded and extracted by fitting a gaussian distribution to the raw data. The
extrapolation of the reversed axial potential against ATD gives an intercept that is
equivalent to the dead time required to transport the ions from the end of the drift tube to
the detector. Subtracting the dead time from the observed ATD results in the corrected
drift time of each ion to actually traverse the drift cell. This corrected drift time can be used
to calculate the mobility of the ion which can be inserted into the Mason-Schamp equation

to determine CCS values.

Estimated ™CCSn2 were obtained by measuring a calibrant (procainamide-labelled
dextran) at a fixed travelling wave (TW) height and speed.'® The drift times were
extracted by fitting the ATDs of the ions with a Gaussian distribution and plotted in a
logarithmic scale against the corresponding absolute CCS values obtained before. A linear
regression can then be used as a calibration curve to estimate CCS. Further details about

the calibration procedure can be found in the Supporting Information.
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5.3 Results and Discussion

5.3.1 External GU calibration

The retention behaviour of N-glycans in HILIC mode can slightly change over extended
periods of time due to external conditions such as the column age, alterations in solvent
mixture or system temperature.'®” 188 Although minor drifts are normal, they can impede
structural identifications which are based on accurate retention times. External calibration
with a homopolymeric glucose standard (dextran ladder) allows the conversion of
retention times into more robust glucose units which can help to minimize this problem.
Dextran calibration in HILIC applications is usually performed by plotting a polynomial
curve of the respective dextran oligosaccharide retention time against log(GU) (Figure 19).
The polynomial equation of this curve can then be used to calibrate the retention time of
unknown samples. The resulting GU values are universally comparable and can therefore
be used as references in suitable databases® 8 %, This is inevitable to simplify structural

assignments of unknown glycans.

To reach maximum calibration precision, it is necessary to accompany sample runs in
regular terms with calibration runs (ideally for each sample) which can double the total
measurement time. Coinjection of the calibration standard directly within the sample run
is one way to circumvent this increase in measurement time.?* % Although very simple to
perform, direct spiking of the complete dextran ladder into the sample leads to
overlapping sample and calibrant peaks. LC-MS based experiments can circumvent this
by separating calibrant and sample signals based on exact masses. However, overlapping
signals interfere with spectroscopic detection methods such as fluorescence or UV
detection, which in turn complicates quantification. As fluorescence detection represents
the gold standard for glycan analysis, coinjection of calibrant and sample seems
impractical without modifications. For applications involving capillary electrophoresis,
Guttman et al. circumvent the problem of overlapping peaks by reducing the absolute
number of spiked oligosaccharides.®> Based on only three data points, they generate a

virtual calibration ladder to determine GU values for CE, empirically. For HILIC
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5.3.2 Internal GU calibration

19: workflow for

external GU calibration shown for the

Figure Typical
released glycans of human IgG. (a)

Chromatogram  of  procainamide-
labelled dextran oligomers in HILIC
mode with corresponding DP (degree of

(b)

Plotting GU retention times against

polymerisation) assignment.
log(GU) results in a polynomial shape
which can be fitted with a fifth-order
equation. (c) Chromatogram of glycans
released from human IgG. The resulting
polynomial fit of part B can be used for
external calibration of unknown
samples as indicated by the red-dotted

line.

applications, however, no
comparable approach for internal
calibration was reported although
the potential time savings for HPLC
runs (hours) would be much larger
compared to short CE runs (seconds

to minutes).

To adapt the dextran ladder for internal calibration in HILIC applications, we have to

consider three major points: 1) Typical gradient times in HILIC N-glycan analysis are up

to 40 minutes and result in a total run time of 60 minutes per sample (including washing

and re-equilibration steps).! To avoid extension of the original measurement time, only

dextran oligosaccharide peaks observed in this gradient window can be considered. The

chromatogram of the dextran ladder shows 20 peaks in this time frame. The dextran

mono- and disaccharides (GU 1 and 2) usually elute with the injection peak, together with

excess label and salts. In the intended internal calibration these signals therefore must be

excluded and only the GU data points from 3 to 20 can be considered (fig. 1A+B).
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detection (e.g., fluorescence or UV). Similar to the CE approach reported by Guttman et
al.,® this makes it necessary to reduce the number of spiked dextran oligosaccharides to
omit an elution window in the HILIC chromatogram (Figure 20). The spiked dextran
peaks only should occur before and after the elution window in which the actual sample
elutes from the column. To determine the elution window for the applied gradient, the
released N-glycans of human IgG and human AGP are used as reference points. Human
IgG glycosylation mainly consists of complex biantennary N-glycans with a high degree
of fucosylation but low levels of sialylation.*® It can therefore serve as lower limit for the
N-glycan elution window. As example for larger glycan structures human AGP can be
applied as it mostly contains fully sialylated bi-, tri- and tetraantennary N-glycan
structures.'® With these two sets of samples, it is possible to estimate the elution window

for a vast majority of N-glycans.

Figure 20 shows the HILIC separation of the N-glycans from IgG and AGP with the
corresponding external GU calibration. The chromatograms reveal that the smallest N-

glycans from human IgG start to elute after GU 5 while the largest N-glycans from AGP
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an elution window of ~10 to ~32

minutes or between GU values 5

IgG glycan and 15, respectively. To avoid
overlapping signals of sample and calibrant, it is therefore necessary to omit the GU values
between 6 and 14. An internal dextran calibration should hence only rely on the GU values

3 to 5 and 15 to 20.

3) The most important part is the quality of the calibration. The internal dextran calibration
needs to be as accurate as the routinely used external calibration. For this purpose,
different combinations of dextran oligosaccharides of GU 3 to 5 and 15 to 20 were
evaluated (see Figure S-6 in the appendix). Although the absolute number of data points
is reduced (especially in the N-glycan elution window), the polynomial fit must
compensate for this to resemble the actual GU values. The combination of GU 4+5 and GU
15 to 20 resulted in the most accurate polynomial fit and nicely resembles the external
calibration (see Table S-7 in the appendix). This combination of data points is therefore

utilized as internal dextran ladder for the following experiments.
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To generate the minimized set of standards, all relevant dextran oligosaccharides were
fractionated and then a small aliquot was spiked into the released glycans of human IgG.
Figure 21 shows the HILIC chromatogram with internal dextran calibration. As intended,
there is a clear separation of sample (from minutes ~10 to ~25) and calibrant signals. This
allows the simple discrimination of signals from human IgG and leads to the identification
of 11 N-glycans (marked with a number). The comparison with the external calibration
(mirror plot, Figure 21A) shows that multiple IgG signals overlap with the dextran ladder
and would therefore be difficult to quantify based on optical detection methods. Both, the
internal and the external dextran ladder are used to calculate the GU units of the 11 IgG
peaks and the resulting values are compared in Figure 21B. Although the minimized
dextran ladder uses nine data points less than the full set of standards, the differences
between both calibration strategies are surprisingly small (see Table S-8 in the appendix).
The highest deviation is 0.04 GU, while most other species show deviations below 0.01
GU. Databases usually apply a GU tolerance of 0.05 to 0.2% 1% which is easily accessible
with the internal calibration as indicated by the dashed line in Figure 21B. As the GU
values for procainamide-labelled N-glycans of human IgG can be found in the glycostore
database®, we further compared the results of the internal and external dextran calibration
with GU values of the database (see Table S-9 in the appendix). The GU datasets of both,
internal and external, calibrations are in good agreement with the database entries and
exhibit average deviations below 1.5%. With these results, we can conclude that the spiked
dextran ladder produces an accurate calibration on equal grounds with the external
dextran ladder. Spiking of the calibrant into the sample can be easily applied to a large
number of samples and can therefore help to speed up the time-consuming calibration

procedure.

5.3.3 CCS calibration

Besides the widespread LC methods, IMS emerged as promising orthogonal tool to
improve glycan characterization.'> 1 IMS can separate glycan isomers based on their drift
times in the gas phase to identify specific glycan motifs.*?! The generated drift time

behaves similar to retention times of LC applications and represents an instrument-
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Figure 22: CCS calculation with internal and external dextran ladder. (a) MS spectrum of
procainamide-labelled dextran ladder. Singly charged species are notated with a red circle while
doubly charged species are highlighted in blue. (b) MS spectrum of procainamide-labelled N-
glycans of human IgG. (c) CCS plot of absolute DTCCSN2 values of dextran and IgG. (d) Bar plot

of CCS deviation for internal and external calibration in comparison to absolute CCS values.

dependent parameter. This means that drift times are affected by external conditions and
therefore hard to compare between different instruments (or in databases). This can be
avoided by converting the drift times into collision cross-sections (CCSs) which describe
a molecular property of the ion and are independent of instrumental parameters.' For
linear drift cells (DTIMS) drift times can be directly converted mathematically using the
Mason-Schamp Equation.'? Most of the state-of-the-art IMS instruments, however, utilize
non-homogeneous electric fields which preclude the determination of absolute CCSs (e.g.
TWIMS, TIMS).”? To enable the estimation of CCSs, these IMS instruments require careful
calibration with a suitable standard. The calibrant should ideally be of the same
biomolecular class and in the same m/z range as the actual sample. For CCS calibration of
glycans, dextran is regularly used as external standard as it is well-characterized and
readily available.” "5 The IMS calibration process requires absolute PTCCS values as
reference. We therefore measured the IM-MS data for the procainamide-labelled glycans
of dextran and IgG on a modified Synapt G2 instrument equipped with a linear drift cell

(Figure 22). The resulting mass spectrum of dextran shows oligomers starting from
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monomers up to 20-mers with charge states ranging from 1+ to 2+ (Figure 22A). This
covers basically all types of N-glycans as the typical m/z range starts from biantennary
glycans (m/z 500-1000 with charge states 1+) and goes up to fully sialylated tetraantennary
glycans (m/z up to 4000 with charge states 2+/3+). The mass range for the released glycans
of human IgG are presented in Figure 22B and shows doubly charged species ranging
from m/z ~750 to 1250. For all these species, we determined absolute P"CCSn: (Figure 22C).
The singly charged oligosaccharides of dextran cover a CCS range from ~200 to ~400 A2,
while the doubly charged dextran oligomers cover a bigger span of ~300 to ~600 A2, The
glycans of IgG are inside this limit and range from ~400 to ~550 A2. As dextran covers the
complete mass and CCS range, it is suitable as calibrant for IgG. With this information, we
estimated the " CCSn: of IgG glycans calibrated by either internal calibration with eight
data points in total (GU 4+5 and 15-20) or via external calibration with a complete set of 17
data points (for a comprehensive table of all calculated CCS values, see table Table S-10
and Table S-11). To evaluate the estimated ™CCSnz, we compared both datasets (external
and internal calibration) to the calculated absolute P"CCSn: values from IgG (Figure 22D).
The CCS deviation for each glycan is shown as bar plot to visualize the negligible
differences between internal and external calibration (<0.1%). Bot datasets follow a similar
trend with decreasing CCS deviation for increasing m/z-ratio. The error is highest for the
smallest glycans (FA2 to FA2G2) with 1 to 1.5% and decreases for the largest glycans to
well below 1%. The average CCS deviation over all glycans is <0.8% and therefore in the
order of the general calibration error reported for CCS estimations.!'® ! Similarly to the
GU calibration discussed above, CCS calibration with a reduced number of dextran
oligosaccharides does not reduce the accuracy of the calibration. The internal calibration
therefore results in very similar GU and CCS values compared to the external calibration

but has a significant advantage with respect to throughput.

54 Conclusion

In this study we established an internal calibration approach for the analysis of released
N-glycans via LC in conjunction with FLD and/or IM-MS. For the internal calibration, we

reduced the number of dextran oligomers to spike the dextran ladder directly into the
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sample. It was found that only 8 dextran oligosaccharides are necessary for accurate
calibration. When used for GU calibration, the minimized dextran ladder can be clearly
discriminated from sample signals in the HILIC chromatogram and therefore does not
disturb quantification via optical detection. Although the absolute number of data points
for calibration is reduced, the minimized dextran ladder exhibits negligibly deviations
from the external GU calibration and allows for accurate determination of GU glucose
units. The situation is similar for CCS calibration. The reduced number of dextran
oligosaccharides did not lead to a loss in calibration accuracy and only minor differences
to the external calibration are observed. Furthermore, the GU and CCS datasets generally
exhibit very low error margins and therefore are readily compatible to established

databases such as Glycostore or GlycoMob.83 164

For the internal calibration, dextran proved to be a universal standard for the analysis of
N-glycans. It is readily available, cheap, and well-characterized. Once the dextran
oligosaccharides are fractionated, the direct spiking of calibrant into the sample
significantly reduces the measurement time as there is no need for additional LC or CCS
calibration runs. It further requires minimal adaptions in data acquisition and processing
as the general calibration procedures does not change. It can therefore directly replace

external calibration to save time and increase the throughput for N-glycan analysis.
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6 Summary and Future Perspective

In this thesis, it was investigated if IMS can be hyphenated to classical LC-MS workflows
to create a novel and powerful technique for the structural elucidation of complex N-
glycans. For this purpose, three major aspects were studied: How does the sample
preparation employed for LC-MS affect the IMS separation? How can IMS be effectively
integrated into LC-MS to improve glycan analysis? And how can data acquisition and

processing be unified to avoid unnecessary calibration steps?

A major part of sample preparation for N-glycan analysis relies on the modification of the
original glycan structure and in particular on the addition of a fluorescence label at the
reducing end. These labels can substantially alter the three-dimensional gas-phase
structure of glycans, which makes a prediction of the mobility behaviour difficult if not
impossible. We addressed this problem by the systematic study of a set of six isomeric
fucose-containing blood group antigens that are derivatized with the most common
fluorescent tags using IMS. The quality of the separation is evaluated by comparing the
CCS values of all species in positive and negative ion mode as well as with adduct ions.
The comparison reveals that isomer separation of the tri- and tetrasaccharides strongly
depends on the type of label and the ion polarity. In some cases, the derivatization with a
fluorescent label significantly enhances the peak-to-peak resolution and enables a better
separation compared to native glycans. However, there seems to be no clear bias for a
specific type of fluorescent label based on IMS separation. The selection of the type of
reducing end label should therefore be based on the influence that a label has on the LC

and MS dimension rather than on the IMS dimension.

Previously, it was shown that glycans at the size of tri- to pentasaccharides exhibit the
greatest potential for IMS separation as larger glycans tend to be less resolved.?’ The
integration of IMS into typical LC-MS N-glycan workflows is therefore especially effective
for the analysis of characteristic glycan motifs that are cleaved from a m/z-selected
precursor in the gas phase. In particular, we focused on the characterisation of sialylated

and fucosylated N-glycans which pose an enormous challenge to conventional LC-MS.
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The exact assignment of a2,3- and a2,6-linked sialic acid isomers usually require time-
consuming and expensive enzymatic digestions or sample derivatization. We
demonstrated here that IMS can identify sialic acid and fucose isomers and proved the
applicability of HILIC-IM-MS by analysing the released glycans from human AGP. HILIC
separated the crude mixture of highly sialylated multi-antennary glycans, MS provided
information on glycan composition, and IMS was used to distinguish and quantify a2,6-
and a2,3-linked sialic acid isomers based on characteristic fragments. We fully unravelled
the isomeric structure of even highly sialylated glycans up to tetraantennary species
without changing the sample preparation and within a single LC run. In addition, the
analysis of fucosylated fragments via IMS allowed for an effective distinction of core vs
antenna fucosylation and in some cases even a detailed assignment of the specific fucose

epitope.

One reason for the limited use of LC-IM-MS for glycan analysis is the lack of robust
calibration routines that readily integrate into existing LC workflows. While LC relies on
a dextran ladder to process retention times into GU values, IMS utilizes a variety of
different calibration standards to calculate CCS values from drift times. Furthermore, both
calibration approaches are based on the measurement of external standards that
unnecessary prolongs the overall measurement time. Both problems were circumvented
by establishing dextran as universal calibration standard for both, LC and IMS, for the
analysis of N-glycans. In particular, we focus on the direct spiking of the standard into the
analyte solution to obtain an accurate GU and CCS calibration in a single measurement,
without the need of external calibration. Technically, this is achieved using a dextran
ladder with a reduced number of oligosaccharides to avoid overlap with the analyte
signal. Although this internal calibration is performed with much less data points than a
conventional external calibration, similar and sometimes even more accurate GU and CCS
values are obtained. The minimized dextran ladder shows only minor deviations of well
below 1% and can be applied without modifications in sample preparation or data
processing. This enables a faster, more accurate analysis for both LC and IMS without loss

in calibration accuracy or informational content.
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The above findings present significant progress in the field of N-glycan analysis, but they
also leave some space for improvements. Future developments will evolve around
instrumental improvements and in particular around the separation power of IMS
instruments. In this thesis, a DTIMS with a peak-to-peak resolution of AC)/Q = 20 and a
TWIMS instrument with AQ/Q) = 40 were used for the separation of complex N-glycans.
This basically limited all measurements to the separation of smaller glycan motifs, while
modern instruments employ a much higher resolution and thus potentially allow for the
effective separation of intact N-glycans. Although fragment ions often provide a sufficient
level of detail to backtrack the overall structure of the precursor, it is not straightforward
to generate the same fragments on all mass spectrometers. Ion polarity, adducts, type of
activation and even the structure of the glycan itself play a huge role in the formation of
specific fragments.”>* Contrary, the generation of precursor ions with a defined number
of charges is generally much easier on common MS instruments. There are the first
examples of state-of-the-art IMS instruments with resolutions AQ/CQ) > 200°>1%, that can
separate intact glycan compounds. It was shown that sialylated as well as fucosylated
biantennary glycans can be distinguished based on IM-MS data of intact glycan structures
alone without the need for additional fragmentation experiments. However, the
application for very large glycans, such as tri- or tetraantennary glycans, still needs to be

shown.

The analysis of intact glycans would also have a positive impact on the development of
supporting bioinformatic tools. Despite the rapid development of powerful techniques for
glycan analysis, the field of glycomics still lags behind the advances that have been made
in genomics and proteomics. One major reason for that is the absence of computational
tools to store and handle the growing quantity of glycomics data.’> 1 There are very few
software approaches available to annotate fragment spectra from complex N-glycan
spectra as the fragment ions very often exhibit exactly the same masses. Without prior
knowledge of the structure or the biosynthesis of the molecule, it is often impossible to
manually characterize a molecule based on its fragmentation spectra and much less in an
automatic way. Although IMS can support the assignment of some specific fragments (as

shown for the characteristic Bs fragment of sialylated glycans in chapter 4), the sheer
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number of possible fragment ions makes it difficult to create a comprehensive CCS
database for all of them. The combination of m/z, GU, and CCS for intact precursor ions,
however, is much more tangible and could provide an alternative to the difficult
interpretation of tandem MS data. Databases for m/z and GU values already exist, so CCS
values can easily be added. N-glycan analysis soon will very likely profit from this
powerful combinational dataset as it enables a straightforward analysis of almost all

known N-glycans and glycoconjugates.
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Appendix A Sialic Acid and Fucose Determination

Supporting Information for Chapter 4: Determination of
Sialic Acid and Fucose Isomers from Released N-glycans

Using Ion Mobility Spectrometry

Table S-1: Observed glycan species in the direct injection approach for the analysis of native,

released glycans of hAGP in positive ion mode.

Peak no. | Glycan species mliz |z m Hexose | HexNAc | Fuc | Sia
1 A2G2S1 966.85 | 2 | 1931.7 5 4 0 1
2 A2G2S2 1112.39 | 2 | 2222.79 5 4 0 2
3 FA2G252 1185.43 | 2 | 2368.85 5 4 1 2
4 A3G3S2 1294.96 | 2 | 2587.92 6 5 0 2
5 A3G3S3 1440.51 | 2 | 2879.02 6 5 0 3
6 FA3G3S3 1513.54 | 2 | 3025.08 6 5 1 3
7 A4G453 1623.08 | 2 | 3244.15 7 6 0 3
8 A4G454 1768.63 | 2 | 3534.60 7 6 0 4
9 FA4G454 1841.65 | 2 | 3681.31 7 6 1 4
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Table S-2: Compositional analysis of released and procainamide-labelled N-glycans from hAGP
based on LC-MS results.

LC Retention | Glycan
peak no. time species mlz |z m Hexose | HexNAc | Fuc | Sia
1 17.4 A2G2S1 | 1076.43 | 2 | 2150.86 5 4 0 1
2 17.6 A2G2S1 | 1076.43 | 2 | 2150.86 5 4 0 1
3 18.6 A2G2S1 | 1076.43 | 2 | 2150.86 5 4 0 1
4 18.7 A2G2S1 | 1076.43 | 2 | 2150.86 5 4 0 1
5 20.3 FA2G2S2 | 1294.99 | 2 | 2587.98 5 4 1 2
6 21.3 FA2G2S2 | 1294.99 | 2 | 2587.98 5 4 1 2
7 22.3 FA2G2S2 | 1294.99 | 2 | 2587.98 5 4 1 2
8 22.5 FA2G252 | 1294.99 | 2 | 2587.98 5 4 1 2
9 20.6 A2G2S2 | 1221.98 | 2 | 2441.96 5 4 0 2
10 21.7 A2G252 | 1221.98 | 2 | 2441.96 5 4 0 2
11 22.2 A3G3S2 | 1404.54 | 2 | 2807.08 6 5 0 2
12 23.2 A3G3S2 | 1404.54 | 2 | 2807.08 6 5 0 2
13 24.1 A3G3S2 | 1404.54 | 2 | 2807.08 6 5 0 2
14 24.7 A3G3S3 | 1550.07 | 2 | 3098.14 6 5 0 3
15 25.6 A3G3S3 | 1550.07 | 2 | 3098.14 6 5 0 3
16 26.5 A3G3S3 | 1550.07 | 2 | 3098.14 6 5 0 3
17 25.7 FA3G3S3 | 1623.08 | 2 | 3244.16 6 5 1 3
18 26.2 FA3G3S3 | 1623.08 | 2 | 3244.16 6 5 1 3
19 26.6 FA3G3S3 | 1623.08 | 2 | 3244.16 6 5 1 3
20 26.1 A4G4S3 | 1732.60 | 2 | 3463.2 7 6 0 3
21 27.0 A4G4S3 | 1732.60 | 2 | 3463.2 7 6 0 3
22 27.6 A4G4S3 | 1732.60 | 2 | 3463.2 7 6 0 3
23 28.2 A4G4S4 | 1878.12 | 2 | 3754.24 7 6 0 4
24 28.9 A4G4S4 | 1878.12 | 2 | 3754.24 7 6 0 4
25 28.9 FA4G4S4 | 1951.11 | 2 | 3900.22 7 6 1 4
26 29.3 FA4G4S4 | 1951.11 | 2 | 3900.22 7 6 1 4
27 29.7 FA4G4S4 | 1951.11 | 2 | 3900.22 7 6 1 4

\O
Qo



Table S-3: LC-IM-MS analysis of procainamide-labelled N-glycans from hAGP. Sialic acid linkage

ratio is derived by the peak area of the characteristic Bs fragment in percent for each glycan species.

This percentage ratio is normalized to the number of sialic acids and then rounded to absolute

integers.
Peak no. | ATD ratio | (rel.in %) | ATD ratio | (norm.in %) | Abs. ratio
2,6 a2,3 2,6 a2,3 2,6 a2,3
1 0 100 0,0 1,0 0 1
2 0 100 0,0 1,0 0 1
3 100 0 1,0 0,0 1 0
4 100 0 1,0 0,0 1 0
5 0 100 0,0 2,0 0 2
6 46 54 0,9 1,1 1 1
7 54 46 1,1 0,9 1 1
8 100 0 2,0 0,0 2 0
9 46 54 0,9 1,1 1 1
10 100 0 2,0 0,0 2 0
11 0 100 0,0 2,0 0 2
12 43 57 0,9 1,1 1 1
13 100 0 2,0 0,0 2 0
14 30 70 0,9 21 1 2
15 63 37 1,9 1,1 2 1
16 100 0 3,0 0,0 3 0
17 36 64 1,1 1,9 1 2
18 59 41 1,8 1,2 2 1
19 90 10 2,7 0,3 3 0
20 0 100 0,0 3,0 0 3
21 40 60 1,2 1,8 1 2
22 83 17 2,5 0,5 3 0
23 0 100 0,0 4,0 0 4
24 28 72 1,1 29 1 3
25 11 89 0,4 3,6 0 4
26 24 76 1,0 3,0 1 3
27 47 53 1,9 2,1 2 2
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Figure S-4: Determination of fucosylation pattern for triantennary species. (a) Extracted ion
chromatogram (EIC) of a triply sialylated triantennary glycan with one fucose attached (m/z =
1623). (b) MS/MS spectra of the precursor ions 1 to 3 which are almost identical and show the
dominant B3 trisaccharide fragment. In addition, all three species show the characteristic B4
fragmentation (highlighted in red) which indicates antenna fucosylation. (c) Mobilogram of a
synthetic standard (3’-Sialyl-Lewis-X). (d) Mobilograms of the B4 fragment generated from all
precursor ions. Comparison with the synthetic standard allows to identify the fucose isoforms and
confirm the native state of the fucosylation. As the fucosylated species are generally low in intensity
(especially in positive ion mode) the right shoulder of the ATD at ~11.6 ms exhibits a very low S/N

ratio. The main signal at 10.5 ms, however, can still be used for unambiguous assignment of the
ATD.
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Figure S-5: Determination of fucosylation pattern for tetraantennary species. (a) Extracted ion
chromatogram (EIC) of a quadruply sialylated tetraantennary glycan with one fucose attached (m/z
= 1951). (b) MS/MS spectra of the precursor ions 1 to 3 which are almost identical and show the
dominant B3 trisaccharide fragment. In addition, all three species show the characteristic B4
fragmentation (highlighted in red) which indicates antennary fucosylation. (c) Mobilogram of a
synthetic standard (3’-Sialyl-Lewis-X). (d) Mobilograms of the B4 fragment generated from all

precursor ions. The intensity of the large tetraantennary species is very low in positive ion mode

and therefore the fragment intensity is even lower. Therefore, the shoulder on the right-hand side

of the ATD at ~11.6 ms is almost non-existent. The main signal at 10.5 ms, however, can still be used

for unambiguous assignment of the ATD.
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Appendix B Internal Dextran Calibration

Supporting Information for Chapter 5: Dextran as Universal
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Figure S-6: Generation of polynomial fits for different combinations of minimized dextran ladder.
GU 1 and GU 2 (dextran mono- and disaccharides) are ignored in all cases, as they elute early
together with access label and salts and therefore are impractical to use for accurate calibration
curves. As described in the main manuscript, GU 6-14 are also left out to leave an N-glycan elution
window. Only GU 3-5 and 15-20 are therefore considered for an accurate fit. To determine the
accuracy of the respective fit, we generate a polynomial of fifth grade only based on the reduced
number of data points (individual for each combination) and used the resulting equation to
generate absolute GU values (see table S-2). (a) Combination 1 utilizes 8 data points (GU 4+5 and
15-20). (b) Combination 2 utilizes 7 data points (GU 4+5 and 16-20). (c) Combination 3 utilizes 9
data points (GU 3-5 and 15-20). and (d) Combination 4 utilizes 8 data points (GU 3-5 and 16-20).
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Table S-7: Calculated GU values for the different combinations of the minimized dextran ladder.

Gu values are calculated based on the polynomial fit generated in figure S-1. The theoretical GU

values serve as reference to evaluate the calculated GU values for the different combinations. The

GU values in the range of 6-14 are highlighted as the majority of N-glycans should elute in this

time frame. The calculated GU values in this range should therefore be as accurate as possible to

calibrate for actual samples. Combination 1 shows the highest accuracy in this range (deviations

<0.02) and exhibits very similar values to the theoretical GU values and the external GU calibration

which utilizes all data points. Combinations 2-4 show larger deviations up 0.1 GU, especially in

the smaller GU range of 6-11. Therefore, less data points than the ones used in combination 1 seem

impractical and were not further tested.

Retention time | GU GU
(min) theo | all data points | Combi1 | Combi2 | Combi3 | Combi 4
3.88 3 29.3 3.08 3.04 3.00 3.00
6.25 4 3.99 4.00 4.00 4.00 4.00
9.20 5 5.04 5.00 5.00 5.00 5.00
12.37 6 6.03 6.00 5.98 5.96 5.95
15.49 7 6.99 7.00 6.95 6.91 6.90
18.39 8 7.98 7.99 7.93 7.83 7.87
21.05 9 8.98 8.98 8.93 8.88 8.86
23.48 10 9.99 9.98 9.94 9.89 9.88
25.69 11 11.01 10.99 10.95 10.92 10.91
27.71 12 12.02 11.99 11.97 11.95 11.94
29.55 13 13.02 12.99 12.98 12.97 12.96
31.26 14 14.01 14.00 13.99 13.99 13.98
32.83 15 15.00 15.00 15.00 15.00 14.99
34.28 16 15.99 16.00 16.00 16.00 16.00
35.62 17 16.98 17.00 17.00 17.00 17.00
36.88 18 17.98 18.00 18.00 18.00 18.00
38.06 19 19.00 19.00 19.00 19.00 19.00
39.16 20 20.02 20.00 20.00 20.00 20.00
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Table S-8: GU deviation between external and internal dextran calibration for the released glycans
of IgG. The differences in absolute GU values (between external and internal calibration) and the
difference relative to the GU value from the external calibration are broken down for each glycan

species of human IgG.

LC peak GU GU Deviation Deviation
no. Glycan int ext (abs.) (in %)
1 FA2 5.66 5.70 0.04 0.70
2 FA2B 6.05 6.07 0.02 0.33
3 FA2G1 6.41 6.42 0.01 0.16
3 FA2G1 6.52 6.53 0.01 0.15
4 FA2BG1 6.71 6.71 0.00 0.00
5 FA2G2 7.21 7.25 0.04 0.55
6 FA2BG2 7.47 7.46 0.01 0.13
7 FA2G2S1 8.28 8.29 0.01 0.12
8 FA2BG2S1 8.41 8.40 0.01 0.12
9 FA2G2S2 9.55 9.59 0.04 0.42
10 FA2BG2S2 9.73 9.77 0.04 0.41

Avg.
deviation 0.02 GU 0.28%
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Table S-9: Comparison of calculated internal and external GU values of IgG with database values.

The calculated values of the internal dextran ladder (8 data points) are in very good agreement
with reference GU values from glycostore. The biggest deviation is 0.21 GU for FA2BG251, while

the average deviations is around 0.106 GU. The error is therefore well below 1.5% for all identified

glycans from IgG. A similar picture can be seen for the external calibration. Although the largest
deviation is a little bit bigger with 0.23 GU for the largest glycan FA2BG2S2, the general trends for

deviations are very similar and the average deviation is roughly the same with 0.114 GU.

GU GU | deviation | deviation | GU | deviation | deviation
Glycan ref int (abs) (%) ex (abs) (%)
FA2 5.66 5.66 0.00 0.00 5.70 0.04 0.71
FA2B 6.06 6.05 0.01 0.17 6.07 0.01 0.17
FA2G1 6.48 6.41 0.07 1.08 6.42 0.06 0.93
FA2G1 6.60 6.52 0.08 1.21 6.53 0.07 1.06
FA2BG1 n.A. 6.71 n.A. n.A. 6.71 n.A. n.A.
FA2G2 7.35 7.21 0.14 1.90 7.25 0.10 1.36
FA2BG2 7.56 7.47 0.09 1.19 7.46 0.10 1.32
FA2G2S1 8.39 8.28 0.11 1.31 8.29 0.10 1.19
FA2BG2S1 8.62 8.41 0.21 2.44 8.40 0.22 2.55
FA2G2S2 9.39 9.55 0.16 1.70 9.59 0.20 2.13
FA2BG2S2 | 9.54 9.73 0.19 1.99 9.77 0.23 2.41
Avg.
dev. 0.11 GU 1.30% 0.11 GU 1.38%
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Table S-10: Absolute CCS values of the dextran ladder obtained by direct infusion IM-MS. All CCS
values are measured in nitrogen in positive ion mode for the singly protonated (1+) or doubly
protonated (2+) species. The singly charged species of dextran can be seen up to the 7-mer, while
the doubly charged species almost cover a range from GU 3 to GU 20. This list of absolute PTCCSna2

is used to generate the calibration curve for estimating "CCSn2 values.

Glycan m/z z m CCS (in A?)
Dextran GU 1 400.24 1 400.24 212.64
Dextran GU 2 562.29 1 562.30 228.05
Dextran GU 3 724.34 1 724.35 256.11
Dextran GU 4 886.39 1 886.40 283.82
Dextran GU 5 1048.45 1 1048.45 308.92
Dextran GU 6 1210.50 1 1210.50 329.58
Dextran GU 7 1372.56 1 1372.56 352.46
Dextran GU 3 362.67 2 724.35 325.01
Dextran GU 4 443.70 2 886.40 327.72
Dextran GU 5 524.72 2 1048.45 331.75
Dextran GU 6 605.75 2 1210.50 354.02
Dextran GU 7 686.78 2 1372.56 373.15
Dextran GU 8 767.80 2 1534,61 392.75
Dextran GU 9 848.83 2 1696.66 411.96

Dextran GU 10 929.85 2 1858.72 430.14
Dextran GU 11 1010.88 2 2020.77 444.69
Dextran GU 12 1091.91 2 2182.82 461.99
Dextran GU 13 1172.93 2 2344.87 478.73
Dextran GU 14 1253.96 2 2506.93 498.37
Dextran GU 15 1334.99 2 2668.98 517.84
Dextran GU 16 1416.02 2 2831.03 534.17
Dextran GU 17 1497.04 2 2993.08 550.28
Dextran GU 18 1578.07 2 3155.14 566.94
Dextran GU 19 1659.10 2 3317.19 582.57
Dextran GU 20 1740.12 2 3479.24 593.90
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Table S-11: Comparison of calculated and theoretical CCS from human IgG. All CCS values are
given in A2 and measured in nitrogen in positive ion mode as doubly protonated (2+) species. The
absolute PTCCSn2 of IgG were measured via direct injection IM-MS and are used here to evaluate
the accuracy of the external and internal calibration. The estimated ™CCSn2 are generated via a
calibration excel sheet created in the working group.” In short, the absolute CCS from dextran
(Table S-10) and the measured TWIMS drift times of each dextran oligosaccharide are used to
generate a calibration curve. By using the TWIMS drift time of the IgG glycan, the CCS of the

sample can be estimated with help of the calibration curve.

Glycan | MS peak m/z z | PTCCSne | ™CCSyne | Devi. | ™CCSn2 | Dev.
no. internal | (in %) | external | (in %)

FA2 1 841.89 |2 | 42456 | 420.16 1.04 | 420.33 1.00
FA2B 3 943.43 | 2| 448.41 | 454.90 1.45 | 454.92 1.45
FA2G1 2 922.92 | 2| 446.58 | 440.34 | 1.40 | 440.43 1.38
FA2G2 4 1003.94 | 2 | 467.16 | 468.73 | 0.34 | 468.69 | 0.33
FA2BG1 5 1024.46 | 2 | 461.20 | 453.73 1.62 | 453.76 1.61
FA2BG2 6 1105.48 | 2| 491.71 | 490.91 | 0.16 | 490.76 | 0.19
FA2G2S1 7 1149.49 | 2| 479.72 481.5 0.37 481.4 0.35
FA2BG2S1 8 1251.03 | 2| 494.34 | 490.61 | 0.75 | 490.47 | 0.78
FA2G2S2 9 1295.04 | 2| 520.13 | 518.21 | 0.37 | 517.93 | 0.42
FA2BG2S2 10 1396.58 | 2 | 530.22 | 530.26 | 0.01 | 529.92 | 0.06

Avg.
dev. 0.75% 0.76%

“The calibration process in general and the utilized excel spreadsheet can be found here:

www.bcp.fu-berlin.de/en/chemie/chemie/forschung/OrgChem/pagel/research/carbohydrates/index.html

For further information see: Hofmann, J.; Struwe, W. B.; Scarff, C. A.; Scrivens, ]. H.; Harvey, D. ].;
Pagel, K. Estimating Collision Cross Sections of Negatively Charged N-Glycans Using Traveling
Wave Ion Mobility-Mass Spectrometry. Anal. Chem. 2014, 86, 10789-10795.
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