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Abstract

Glycans play an essential role in numerous physiological and pathological processes of
living organisms. Despite their significant biological relevance, glycobiology remains one of
the least explored fields of biochemistry. The intrinsic isomeric complexity of glycans poses a
great analytical challenge that limits the study of their functions. For this reason, increasing
efforts have been directed toward developing new methods that provide a fast, sensitive and
accurate analysis of glycans. In this work, we demonstrate a new multidimensional approach
for glycan identification based on their unique infrared fingerprints. Our experiments rely on
state-of-the-art technology that combines cryogenic messenger-tagging infrared (IR)
spectroscopy and ultra-high resolution ion mobility spectrometry (IMS). Adding a
spectroscopic dimension to the current databases allows differentiating even subtle structural

details between glycan isomers.

The first part of this thesis describes a spectroscopic database approach, in particular, the
mechanism for assigning IR spectra to structures that are not contained in our database. The
combined implementation of selective enzymatic digestion and collision-induced dissociation
(CID) with cryogenic IR spectroscopy provides an unambiguous identification of the primary
structure of parent glycan molecules. Each time we add a new species to the database, we can
identify it from a mixture based on its spectral fingerprint and obtain a new core structure that

can serve to identify larger glycans.

In the next part, we demonstrate the combination of ultra-high resolution ion mobility with
IR spectroscopy for the identification of isomeric glycans. We used a selective
chemoenzymatic approach to synthesize a pure glycan standard that could not be obtained
commercially and then used its IR fingerprint spectra to assign mobility-separated positional
isomers. Using these results, we then investigated the impact of the host cell line on the glycan
profile of a monoclonal antibody (mAb) at the isomer level. We demonstrated that our
technique can monitor glycosylation patterns in mAbs and can be used to complement, or even
replace, existing methods for establishing the similarity of glycan profiles between biological

drugs and their biosimilars.



In the last part, we apply our IMS-IR approach to study sialylated N-linked glycans. One
part of this work is focused on searching for new glycan biomarkers in blood serum samples
obtained from female donors with different stages of breast cancer. Exploiting the differences
in glycosylation between healthy and sick individuals, we identified a potential glycan
biomarker candidate. Moreover, we showed that adding a CID dimension to IMS-IR provides
a way for isomer identification without the need for glycan standards. In the second part of this
work, we described the relative quantification of sialylated glycans released from follicle-
stimulating hormone (FSH) using ion mobility spectrometry. This method allows a fast and

reliable analysis of the content of glycans in their native form directly from a complex mixture.

Keywords: cryogenic ion spectroscopy, ion mobility spectrometry, N-glycosylation,
enzymatic cleavage/synthesis, glycan isomers, IR database of glycans, collision-induced

dissociation, glycan biomarkers, liquid chromatography.



Résumé

Les glycanes jouent un rdle essentiel dans de nombreux processus physiologiques et
pathologiques des organismes vivants. Malgré leur importance biologique significative, la
glycobiologie reste 1'un des domaines les moins explorés de la biochimie. La complexité
isomérique intrinséque des glycanes représente un grand défi analytique qui limite 1'étude de
leurs fonctions. Pour cette raison, des efforts croissants ont été dirigés vers le développement
de nouvelles méthodes qui fournissent une analyse des glycanes rapide, sensible et précise.
Dans ce travail, nous présentons une nouvelle approche multidimensionnelle pour
l'identification des glycanes basée sur leurs empreintes infrarouges uniques. Nos expériences
s'appuient sur une technologie de pointe qui combine la spectroscopie infrarouge (IR)
cryogénique et la spectrométrie de mobilité ionique (IMS) a ultra-haute résolution. L'ajout
d'une dimension spectroscopique aux bases de données actuelles permet de distinguer méme

des isoméres de glycanes qui différent seulement par des détails structurels subtils.

La premicre partie de cette thése décrit une approche de base de données spectroscopique,
en particulier, le mécanisme d'attribution des spectres IR aux structures qui ne sont pas
contenues dans notre base de données. La combinaison de la digestion enzymatique sélective
et de la dissociation induite par collision (CID) avec la spectroscopie infrarouge cryogénique
fournit une identification sans ambiguité de la structure primaire des molécules du glycane
parent. Chaque fois que nous ajoutons une nouvelle espece a la base de données, nous pouvons
l'identifier a partir d'un mélange basé sur son empreinte spectrale et obtenir une nouvelle

structure de base qui peut servir a identifier des glycanes plus grands.

Dans la partie suivante, nous présentons la combinaison de la mobilité ionique a ultra-haute
résolution avec la spectroscopie IR pour l'identification de glycanes isoméres. Nous avons
utilisé une approche chimio-enzymatique sélective pour synthétiser un échantillon standard de
glycane pur qui ne pouvait pas étre obtenu dans le commerce, puis nous avons utilisé ses
spectres d'empreintes infrarouges pour identifier des isomeres positionnels séparés par leur
mobilité. En utilisant ces résultats, nous avons ensuite étudié l'impact de la lignée cellulaire
hote sur le profil glycane d'un anticorps monoclonal (mAb) au niveau des isomeéres. Nous avons

démontré que notre technique peut surveiller les modes de glycosylation dans les mAbs et peut



étre utilisée pour compléter, ou méme remplacer, les méthodes existantes pour établir la

similitude des profils de glycanes entre les médicaments biologiques et leurs biosimilaires.

Dans la derniére partie, nous appliquons notre approche IMS-IR pour étudier les glycanes
sialylés. Une partie de ce travail est axée sur la recherche de nouveaux biomarqueurs glycanes
dans des échantillons de sérum sanguin provenant de donneuses présentant différents stades de
cancer du sein. En exploitant les différences de glycosylation entre les individus sains et
malades, nous avons identifi¢ un candidat potentiel de biomarqueur glycane. De plus, nous
avons montré que l'ajout d'une dimension CID a I'IMS-IR fournit un moyen d'identification des
isomeres sans avoir besoin d’un glycane étalon. Dans la deuxiéme partie de ce travail, nous
avons décrit la quantification relative des glycanes sialylés libérés par I'hormone folliculo-
stimulante (FSH) a 1'aide de la spectrométrie de mobilité ionique. Cette méthode permet une
analyse rapide et fiable de la teneur en glycanes sous leur forme native directement a partir

d'un mélange complexe.

Mots clés : spectroscopie ionique cryogénique, spectrométrie de mobilité ionique, N-
glycosylation, clivage/synthése enzymatique, isomeres de glycanes, base de données IR de

glycanes, dissociation induite par collision, biomarqueurs glycanes, chromatographie liquide.
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Chapter 1. Introduction

1.1. The importance of glycan analysis

Glycans (also known as saccharides, carbohydrates or simply sugars) are one of the four
essential components of all living cells (along with oligonucleotides, proteins and lipids) and
represent the most abundant and diverse class of biopolymers.' In contrast to oligonucleotides
and proteins that have only one basic type of linkage between either nucleic or amino acids,
respectively, glycan monomers can be attached to one another by many different linkage
positions, leading to an almost unlimited number of structures.” Glycobiology is a relatively
young field of natural sciences that was first mentioned in the late 1980s." It focuses on the
structure, chemistry, biosynthesis, and biological function of glycans and their derivatives. The
majority of carbohydrates present in cells are attached to proteins or lipids and form two big

groups of glycoconjugates: glycoproteins and glycolipids.

Glycosylation is one of the most common and diverse post-translational modifications
(PTMs) that introduces significant complexity to a protein structure.’ It is estimated that about
70% of human proteins are glycosylated.” There are three different types of glycans that can
be attached to proteins: N-linked glycans, O-linked glycans and glycosaminoglycans (GAGs).
N-linked glycans are attached to the nitrogen atom of the amino group of the asparagine (Asn)
residue at the glycosylation motif Asn-X-Ser/Thr of a protein (X is any amino acid except Pro).
O-linked glycans are attached to the oxygen atom of the hydroxyl groups of serine (Ser) or
threonine (Thr) residues. GAGs are attached to the hydroxyl group of the Ser in the Ser-Gly-

X-Gly amino acid motifs of a protein (Figure 1.1).”

Glycoproteins are known to be involved in many important biological processes, including
cell growth, immune response, inflammation, fertilization, viral replication, parasitic infection
and blood hemostasis." ®° The glycosylation pattern of a protein has a crucial impact on its
intracellular and extracellular functions. Oligosaccharides ensure protein stability, solubility,
correct folding, and protease resistance. Their major role is modulating the interactions of
glycoconjugates with other molecules, allowing cell-to-cell recognition and signal transduction

(Figure 1.2).
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Figure 1.1. Major types of glycosylation in humans (Redrawn from Fig. 1 of Ref. 5).

Specific changes in glycan composition are directly linked to human diseases, many of

which are life-threatening. These include diabetes mellitus,'® Parkinson’s,"’ autoimmunity12

1 . 14 . 1 . .
? cardiovascular'® and Alzheimer’s'” diseases. Changes in

17, 18

and chronic inflammation,
glycosylation were observed during the progression of liver'® and kidney diseases.
Moreover, glycosylation patterns were one of the first biomarkers of various types of cancer

(lungs, breast, prostate).'”?!

The glycan composition changes together with the evolution of
cancer cells at different stages. Glycans represent a promising class of non-invasive biomarkers

that can reveal diseases with high specificity and sensitivity.*

A better understanding of glycan functions and their involvement in disease processes
would allow to identify therapeutic targets. The glycosylation pattern of biotherapeutic drugs

directly impacts their efficacy and safety.*>**

Recently, progress in HIV-1 vaccine was enabled
by a better understanding of the HIV-1 envelope glycoprotein and the effects of its glycan
composition on immune response and evasion.” Furthermore, the study of glycans is extremely
important for organ xenotransplantation, where the nature of carbohydrate antigens in donors

. . . 26.2
needs to be understood to prevent immune rejection.”® >’

12



Cell Ligand Effector !

.'.....q. adhesion | binding function

) i

. ° = f -‘&'-..Q\%/ |

Kmb\ . ;}’v‘"’ oy
X/ ) i 7/ Receptor

(X
Ectodomain kg:
cleavage

Y = S

Processing and
activity regulation

N/
L

dimerization

N Processing by
N pro-protein

convertases

| $
| R x xRS

) Cell-ce_ll T B.acteria-f‘\ost
interaction trafficking interaction
‘CF Golgi
--eo0eeq P
s S ER ﬂg' W
£4) Glycoprotein
d \ Nucl folding g
@0 :{.@/ ucleus vo‘ b
&) é\ DNA Polll | o i
D] 66.— ) s Pathogen mimicry

Nutrient sensing

Endocytosis and signalling

Figure 1.2. Different roles of glycans in regulating protein functions (Adapted from Fig. 4a of Ref.
8).

1.2. Challenges in glycan analysis

Oligosaccharides, or glycans, consist of monosaccharide building blocks that have an
empirical formula of (Cx(H20),) n=3-9. Monosaccharides exist in solution as an equilibrium
mixture of acyclic and cyclic forms. The ratio depends on the sugar structure; the acyclic form
usually represents less than 0.01% in an equilibrium mixture. The cyclic structure is formed by
the reaction of one of the hydroxy groups with the C-1 aldehyde or ketone. The C1 carbon
becomes an asymmetric center called the anomeric carbon.” The hydroxy group linked to this
C1 can have two possible orientations axial (a anomer) or equatorial (B anomer). Depending
on the solution conditions, these two stereoisomers can interconvert via the process of

mutarotation (Figure 1.3).

H CH,OH
H GCH,OH (I: H
I —
c H_o H,0 HO Ho' N\ T |
Ho” A — /| —_— H H
v HO~ . g \\c/
HO~ g \\C/OH ! oH |
i H OH
OH |
H H

B-D-Glucopyranose a-D-Glucopyranose

CH,OH

D-Glucose

Figure 1.3. Conversion from B-D-glucopyranose to a-D-glucopyranose through ring opening (Fisher
projection) and closing.
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The polymerization of monosaccharides occurs by the formation of a glycosidic bond
between the anomeric carbon of one monosaccharide and an OH-group of another. The
monosaccharide that keeps the anomeric OH-group is the reducing end, while the other
represents the non-reducing end. Figure 1.4 illustrates seven of the most abundant
monosaccharides found in mammals. It includes glucose (Glu) 2.5%", galactose (Gal) 24.8%,
mannose (Man) 18.9%, fucose (Fuc) 7.2%, N-acetyl-glucosamine (GIcNAc) 31.8%, N-acetyl-
galactosamine (GalNAc) 4.8% and N-acetyl-neuraminic acids (Neu5Ac) 8.3% ( relative

24
abundances).

a-D-Glucose B-D-Galactose a-D-Mannose a-L-fucose
OH OH
HO 0
B-D-N-acetyl-glucosamine B-D-N-acetyl-galactosamine a-N-acetyl-neuraminic acid

OH OH OH COOH
HO Q oH 0 HO, OH
"o NH Ho H : 2 OH
NH
0= o= OH Y H

CHs CHs 0
Figure 1.4. Structures of the seven most abundant monosaccharides found in mammalian cells.*

The monosaccharide building blocks are often isomeric, displaying subtle structural
differences. For example, the stereochemistry of a single asymmetric carbon atom is the only
difference between hexose saccharides (Figure 1.5a). Moreover, the diversity of ways in which
monosaccharides can be linked to each other dramatically increases the complexity of higher-
order structures. The linkage orientation can be a or § (Figure 1.5b), and two monosaccharides
can have different attachment positions, leading to different regioisomers (Figure 1.5¢). In
addition, monosaccharide units can form linear chains as well as branched structures with the
same monosaccharide content (Figure 1.5d). These factors come from the intrinsic chemical
nature of glycans and allow a vast number of possible combinations of monosaccharides.
Taking into account all types of isomerism present in glycans, it was calculated that the number
of possible structures for reducing hexasaccharides comprised of D hexoses alone could be
more than 10'2.%%

From a biological standpoint, though the known biosynthetic pathways limit the variety of
structures of physiologically relevant carbohydrates, it is not a template-driven process, unlike

nucleic acids and proteins. Over 250 enzymes participate in glycan synthesis, and the resulting

14



glycan structures are determined by their concentration, level of activity, expression and

localization, as well as the substrate/donor specificity and availability.”” All these factors

contribute to functionally significant glycan heterogeneity, which cannot be predicted a priori.
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Figure 1.5. Types of glycan isomerism: a) isomeric monosaccharide building blocks; b) anomericity
of the glycosidic linkage; ¢) different linkage positions; d) different connectivities (linear or branched

structures).
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1.3. Glycan nomenclature

Until the 1970s, the scientific community used either a drawing method or the standard
IUPAC abbreviations for glycan representation. However, the subsequent development of the
glycomics field and the discovery of more complex glycan structures made these two methods
impractical. In 1978, Kornfeld and colleagues introduced a new simple and elegant way to
depict glycan structures using a set of geometric shapes and colors.”® This system became
popular, though it had some limitations and inconsistencies. Over the following four decades,
the system has undergone many transformations and standardizations based on the inputs and
recommendations from scientists involved in this field. The most advanced and complete
version was published in Essentials of Glycobiology in 2015.' Editors advised the
representation to be called Symbol Nomenclature For Glycans (SNFG). Currently, the SNFG
is hosted by the National Center for Biotechnology Information (NCBI) in the US. Figure 1.6
(left) shows SNFG rules for depicting glycans on the example of the N-linked glycan A1F. On
the other hand, the Oxford nomenclature for glycan notation (UOXF) was independently
developed by the researchers from the Oxford Glycobiology Institute in 2009.** The UOXF

uses black and white for monosaccharide symbols (Figure 1.6, right).

Symbol Nomenclature for Glycans (SNFG) Oxford Nomenclature (UOXF)
or : I)

‘ Man Mannose O Man 6

O Gal Galactose <> Gal 4%
[ | GlcNAc N-Acetylglucosamine B GIcNAc 3 >
v Fuc Fucose <> Fuc Ol eeeeeeenes
‘ NeuSAc N-Acetylneuraminic acid Y NeuSAc p —

Figure 1.6. Comparison of the symbol nomenclature for glycans (SNGF) and the Oxford
nomenclature (UOXF) for glycan notation on the example of the N-linked glycan A1F.
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1.4. Synthesis of N-linked glycans in eukaryotes

The biosynthesis of N-linked glycans occurs via three major steps: (I) synthesis of a
dolichol-linked precursor oligosaccharide, (II) transfer of the precursor oligosaccharide to a
protein and (IIT) processing of the oligosaccharide.**> Steps I and II occur in the endoplasmic
reticulum (ER) and have highly conserved pathways. Thus, the spectrum of glycoforms
remains rather uniform until step III, which is carried out in the Golgi apparatus, where
structural diversification is introduced through a series of nonuniform species-, cell type-,
protein-, and even site-specific modifications.

The dolichol-linked precursor is represented by the GlcsManyGlcNAc; oligosaccharide
attached to the dolichol (a lipid molecule composed of repeating isoprene units) through a
phosphate linkage (Figure 1.7). The dolichol is attached to the ER and originally carries one
phosphate group. The oligosaccharide chain is then extended through the addition of the 2
GlcNAc, 9 Man and 3 Gle residues. Once the precursor oligosaccharide is assembled, it is
transferred by oligosaccharyltransferase (OST) to the Asn in a receptive Asn-X-Ser/Thr sequon

in a protein in the lumen of the ER membrane.

The first processing steps still take place in the ER and correspond to the trimming of the
three Glc residues and the terminal al-2Man from the central arm from the precursor. The
formed structure is a key intermediate to high-mannose type N-glycans. In the cis-Golgi, the
trimming continues to produce MansGlcNAc,, a key intermediate of hybrid N-glycans. This is
followed by addition of a GIcNAc residue to the core structure. In the medial-Golgi, the
terminal a1-3Man and a1-6Man residues are trimmed and a second GIcNAc is added to the
core to form the precursor for all biantennary, complex N-glycans. A further enzymatic
modification of N-glycan branches takes place in the trans-Golgi. It includes the extension
with different building blocks such as sialic acids, Fuc, Gal, GIcNAc, and sulfate, all of which
lead to a vast variety of complex N-glycans that differ in branch number, composition, length

and isomeric content.
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Figure 1.7. Scheme of the biosynthesis of the N-linked core oligosaccharide in eukaryotes.

All eukaryotic N-glycans share a common Man-3 core structure, Manal-3(Manal-
6)Manf1-4GlcNAcB1-4GIcNAcB1, and are divided into three types depending on the core
extension: (1) high-mannose (2) hybrid and (3) complex (Figure 1.8).%

al,3 al,6
Man-3
glycan core
High-mannose Hybrid Complex

Figure 1.8. Three major types of N-linked glycans.
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1.5. Traditional methods for glycan analysis

1.5.1. Mass spectrometry (MS)

Mass spectrometry is based on the production and detection of ions according to their mass
to charge (m/z) ratio. This is the only analytical method that can provide information on the
primary structure of glycans at femtomolar and even attomolar levels with a wide dynamic
range. Glycans contain labile residues such as fucose and sialic acid that might easily be
fragmented during ionization. For this reason, MS analysis of glycans became possible only
after the development of soft ionization techniques, which impart little excess energy and thus
generate intact biomolecular ions. To obtain an overall glycan profile, the two most widely
used techniques include Electrospray Ionization (ESI) and Matrix Assisted Laser

Desorption/Ionization (MALDI).*®

While MS is a key technique for glycan analysis, when used alone, it cannot provide
structural information, including glycan isomerism. However, the ability to employ controlled
dissociation steps and tandem mass spectrometry allows MS methods to overcome this
limitation. Low/high energy dissociation and enzymatic cleavage methods are employed for
this purpose. The most common low energy techniques are collision-induced dissociation
(CID)® and infrared multiphoton dissociation (IRMPD).*” These techniques result in primarily
glycosidic bond cleavages that provide information on glycan sequence and connectivity. The
high energy CID methods include high-energy CID, electron transfer dissociation (ETD),*"*!
electron capture dissociation (ECD)* and ultraviolet photodissociation (UVPD).* They lead
to more abundant cross-ring cleavages, which provide more detailed information on linkage
positions and bond anomericity, complementing low energy methods. However, they struggle

with issues related to interpreting a huge amount of generated MS data and the lack of

databases.

Enzymatic digestion employs a set of exoglycosidases, which selectively cleave
monosaccharides from the non-reducing end. Knowing the specificity of the applied enzymes,

one can infer the primary structure of the unknown parent glycan.**
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1.5.2. Liquid chromatography (LC)

High-performance anion-exchange chromatography (HPAEC) in combination with pulsed
amperometric detection (PAD) is a widely used method for glycan separation and
quantification.”” ™ It is based on the separation of negative analyte ions according to their
affinity to the cationic stationary phase. The main advantage of HPAEC-PAD is that it does
not require a derivatization step. Characterization of sialic acid content in monoclonal
antibodies is an important application of HPAEC. Even though HPAEC demonstrates a great
promise in glycan analysis, this method suffers from challenges associated with coupling it to
ESI-MS due to high salt gradients, high pH and the corrosive nature of NaOH in the mobile
phase. In addition, HPAEC exhibits issues with the noise level and the baseline.

Porous graphitized carbon (PGC) liquid chromatography demonstrates high selectivity

towards linkage and positional glycan isomers.*> *

Its separation mechanism is based on the
hydrophobic interactions of the stationary phase with the analytes. The packing material
exhibits several advantages: excellent mechanical, thermal and chemical stability, applicable
in the pH range of 0—14; well-defined pores; no swelling nor shrinking.””>' Carbohydrates are
typically derivatized to make them more hydrophobic and to increase affinity to the stationary
phase. The most commonly used labels for N-glycans include a 2-aminobenzamide (2-AB) and
a 2-aminobenzoic acid (2-AA) with ultraviolet (UV)- and fluorescence (FL)-based detection.
Derivatization with a hydrophobic label also increases glycan ionization efficiency. In addition,

the mobile phase (an acetonitrile-water solution) used in PGC chromatography allows it to be

compatible with ESI-MS.

Among all LC-based approaches, hydrophilic interaction liquid chromatography (HILIC)
combined with FL, UV or evaporative light scattering (ELSD) detection is considered to be the
method of choice for analysis of released N-linked glycans, as it is especially efficient at
separating highly polar compounds such as carbohydrates. HILIC employs polar stationary
phases like normal-phase chromatography (NP-LC) and the mobile phase is similar to the
reversed-phase (RP) LC type. Typical HILIC stationary phases consist of bare silica or silica
gels modified with polar functional groups (amide, diol, amino, cyano, pentalol).”> >

In HILIC, the components of the analyte mixture are separated by differential distribution
between two liquid layers: an organic mobile phase and a water layer adsorbed onto the

hydrophilic stationary phase (Figure 1.9). More hydrophilic molecules elute later from a

column as their partitioning equilibrium is more shifted towards the adsorbed water layer on
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the stationary phase. The separation mechanism takes into account the polarities of the
separated compounds and their degree of solvation, as well as hydrogen bonding, dipole-dipole
and electrostatic interactions. Each of these parameters can dominate depending on the type of
a stationary phase and mobile phase, including the ratio between water and organic solvents,

salt concentration and pH.
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Figure 1.9. Scheme of the HILIC conditions.>

Though it is capable of separating both native and modified glycans, a typical workflow
includes glycan labeling with fluorophores.” > A typical mobile phase includes a high content
of a water-miscible polar organic solvent such as methanol or acetonitrile with a volatile buffer
solution, which allows coupling with MS.’® Elution is achieved by increasing the aqueous

buffer concentrations.

Since LC systems often suffer from run-to-run variations, the retention time is usually

measured relative to glucose units (dextran ladder), enabling oligosaccharide identification.

1.5.3. Capillary electrophoresis (CE)

In capillary electrophoresis, the separation mechanism is based on the charge-to-size (c/s)
ratio of analytes in an electric field. It is carried out in a silica capillary filled with a background
electrolyte. Electroosmotic flow (EOF) and electrophoretic mobility (EM) are two factors that
affect the transport of analytes in CE. CE with laser-induced fluorescent (LIF) detection is a
powerful analytical method that has been widely used for glycan analysis in free solutions
(zone electrophoresis) or gel-filled columns (gel electrophoresis). It has demonstrated its ability
to distinguish between certain linkage and positional glycan isomers at relatively high speed
and separation efficiency.””® In addition, it requires a low amount of sample (much < 1 pL)

for protein analysis.

Despite its advantages, oligosaccharide analysis in CE is limited by several factors. The

separation is complicated by the lack of charge on glycan molecules, except for glycans with
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acidic sugars. In addition, carbohydrate molecules do not have a chromophore and cannot be
detected by light adsorption in the UV region. To facilitate the glycan analysis in CE, labeling
the carbohydrates with a charged fluorophore 8-aminopyrene-1,3,6-trisulfonate (APTS) is
used. Coupling CE to MS is challenging due to the presence of buffers in CE that are not
compatible with MS and due to the low flow rates of CE. Only recent studies have
demonstrated successful hyphenation of CE with ESI-MS for rapid and sensitive glycan
analysis. In addition, similarly to LC, CE migration times should be normalized by internal

standards, and the corresponding glucose-unit (GU) are used for identification.

1.5.4. Nuclear magnetic resonance (NMR) spectroscopy

NMR has proven to be a suitable tool for de novo glycan structural characterization.’' ®

Due to its non-destructive nature, NMR leaves the sample intact for further analysis (by e.g.,
LC, MS). The main approach for determining a glycan sequence is 2-D heteronuclear multiple-
bond correlation (HMBC), which detects the coupling between the anomeric H and the C atom

on the opposite side of the glycosidic linkage.

Though NMR provides a way to unravel structures of completely novel sugars, this method
shows low sensitivity compared to other spectroscopic and spectrometric techniques. To
perform an NMR analysis, a large amount (mg-g range) of pure samples with predefined
isotope labeling is required. The total amount of released glycoprotein glycans is not sufficient,
as it is usually available at nM—uM levels. Moreover, the limitations of NMR include the cost
of spectrometers and the high level of expertise required for the interpretation of the NMR

4
spectra.®°

22



1.6. Ion mobility separation (IMS)

Ion mobility spectrometry is based on the separation of ions in an inert gas (buffer gas)
under the influence of an electric field.®®® This idea originates from the works of Thomson
and Rutherford in 1896, before it was introduced as an analytical tool in the 1960s and applied
for the analysis of peptides and proteins in the 1990s. The mobility of an ion in a gas (K) is
calculated as the quotient of the drift velocity (v4) and the applied uniform electric field (E)
(Equation 1.1).

K=—= (1.1)

Ions are separated either in a time-dispersive or space-dispersive manner (the ions with
different mobilities are separated in time or in space, respectively) based on the particular IMS
method. The experimentally derived K is normalized to standard conditions in order to obtain
the reduced mobility (Ko) that is used under different experimental conditions depending on

the temperature (T) and pressure (P) of the buffer gas (Equation 1.2).

P 273.2
Ky =K 760 T (1.2)
The measured mobility is usually converted into the calculated ion-neutral collision cross-
section value (CCS or Q) using the Mason-Schamp equation (Equation 1.3).* The CCS
represents the effective area (typically denoted in units of A%) of the ion that interacts with the
drift gas under precise experimental conditions and gives information about the conformation

of the ion.
1
0= 3 ( 27 )2 ze 13
16N \uk, T/ K, (13)

This equation includes the following parameters: N - buffer gas density; ze - charge state of an

ion (e = 1.6 x 10 —19 C); p - reduced mass of an ion (m) and buffer gas (M): [ 0 = mM/(m +
M)]; k» - Boltzmann’s constant (1.38 x 107> J/K). CCS is used for the construction of
databases, calibration of methods and the prediction of molecular structures. Helium and
nitrogen are two of the most widely used inert drift gases. The resolving power (R, = Q/AQ)

of typical IMS instruments is in the order of 50-400. An IMS analysis can be conducted on
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different available platforms and the choice depends on the experimental objectives, taking

into account their individual advantages and disadvantages.

1.6.1. Drift tube 1on mobility spectrometry (DTIMS)

Drift tube ion mobility spectrometry is the simplest form of IMS that is widely used for
glycan analysis.”””> A DTIMS setup includes a tube filled with a buffer gas. The tube is
composed of a series of electrodes generating a weak uniform electric field (~5—15 V/cm) that
propels ions through the drift region (Figure 1.10). Ions move against neutral gas and are
separated in a time-dispersive manner. The drift velocity (vq) in DTIMS is defined by L/tq (L
- length of the drift tube, t4 - drift time). The mobility of ions depends on the number of
collisions with the buffer gas. For a given charge, compact ions drift faster than elongated ones
because they undergo fewer collisions with the buffer gas. The electric field must be maintained
low to obtain a correlation between mobility and shape/size. At the exit of the drift tube, ions

are detected as a function of time, leading to an arrival time distribution (ATD).

The most significant advantage of DTIMS is its ability to directly obtain highly accurate
CCS values without calibration. Other IMS methods require a calibrant with a CCS value
previously obtained from a calibration curve based on DTIMS. Moreover, DTIMS instruments
do not require RF for ion confinement which minimizes ion heating effects. On the other hand,
DTIMS analyses have a very low duty cycle. In many experiments, less than 10 % of ions in
each pulse are used. Increasing the resolving power of DTIMS devices represents an additional
challenge.

Electric field

Detector

voltage

—

distance

Figure 1.10. Schematic representation of the DTIMS platform (Adapted from Fig. 1 of Ref. 67).
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1.6.2. Traveling wave ion mobility spectrometry (TWIMS)

Traveling wave ion mobility spectrometry was first described in 2004 and commercialized
in 2006 with the Synapt HDMS systems from Waters. TWIMS is also a time-dispersive method
and is very similar to DTIMS. It consists of stacked ring electrodes and uses pulsed ion packets
(Figure 1.11). However, while DTIMS applies a uniform electric field to move ions through
the full length of the mobility region, TWIMS uses a combination of RF and DC voltages to
create a wave that induces the migration of ions. Ions with a smaller CCS experience fewer
collisions with the drift gas and surf on the wave, while ions with a larger CCS undergo more
collisions and slip more often behind the waves, which makes their migration slower. RF
potential provides radial ion confinement and prevents them from diffusion, allowing for a
higher ion signal. The mobility separation in TWIMS is defined by the traveling wave (TW)

amplitude and its speed, as well as the pressure of the drift gas.

Due to the incomplete understanding of ion trajectories in TWIMS, the CCS cannot be
determined directly from the drift time but only after a calibration using molecules with known
CCS values, ideally of a similar class to the studied analytes. The main advantage of the
TWIMS technology is that it allows to manipulate ions along extremely long paths to enhance
the mobility separation (tens to hundreds of meters in length) without significant ion loss. This
has been implemented in the circular IMS device from Waters and in the Structures for Lossless
Ion Manipulations (SLIM) technology developed in the Smith group (PNNL, Richland,
WA).” ™ Moreover, TWIMS-based devices are more compact and more flexible due to the
possibility of coupling a fragmentation step before and after the mobility region and the much

greater duty cycle in comparison with DTIMS platforms.”>”"”

Electric field

Detector
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Figure 1.11. Schematic representation of the TWIMS platform (Adapted from Fig. 1 of Ref. 67).
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1.6.3. Trapped ion mobility spectrometry (TIMS)

In contrast to DTIMS or TWIMS, where the drift gas has no directional flow, TIMS uses a
high flow of nitrogen buffer gas that propagates ions towards the detector. An electric field is
applied in the opposite direction to the gas flow and traps ions in different regions of the TIMS
mobility region depending on the Q/z (Figure 1.12).”* 7 Then the electric field is gradually
decreased, ejecting ions from high to low /z. In DTIMS and TWIMS, all ions are studied
under the same experimental conditions, while TIMS requires changes to the experimental

parameters to be able to see all ions.

Similarly to DTIMS and TWIMS, TIMS uses pulsed ion packets and has some losses in its
duty cycle. In addition, TIMS also operates at a low electric field that enables the extraction of
the CCS values via calibration.”” Despite the fact that TIMS appeared very recently, this
method has already demonstrated several advantages. These include high resolving powers
(200-400 K/AK), compactness (5—10 cm) of the TIMS devices and the flexibility to incorporate

several TIMS separations with fragmentation steps.
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Figure 1.12. Schematic representation of the TIMS platform (Adapted from Fig. 1 of Ref. 67).

1.6.4. Field asymmetric waveform 1on mobility spectrometry (FAIMS)

Field asymmetric waveform ion mobility spectrometry is a space-dispersive IMS method
that is also known as differential mobility spectrometry (DMS) and differential ion mobility
spectrometry (DIMS). In FAIMS, ions are carried by a drift gas at reduced or atmospheric
pressure between two electrodes applying a high asymmetric waveform, up to 10 000 V/ecm
(Figure 1.13).*" A compensation voltage (CV) is then superimposed on the waveform. By
varying the CV, the trajectory of the ions of interest can be changed to release them while all

other ions are eliminated.

Unlike all previously described methods, FAIMS operates at high electric fields and the

CCS values cannot be calculated from the mobility data. For this reason, FAIMS is used as a
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filtering technique rather than a method for structural characterization. Several groups have

demonstrated the application of FAIMS for the study of glycans.** *?

voltage

We Detector W
distance

Gas flow direction

Electric field

Figure 1.13. Schematic representation of the FAIMS platform.

1.7. Gas-phase infrared (IR) spectroscopy of 1ons

Gas-phase IR spectroscopy is a relatively new tool for glycan analysis; however, this area
of research is rapidly growing. The interest is driven by two factors: the increasing accessibility

of tunable IR laser sources and the additional information provided by vibrational spectra.

In conventional vibrational spectroscopy, where chemical substances are studied in liquid
or solid forms, the sample directly adsorbs IR radiation and the relation between the incident
() and transmitted light beams (Iy) measured as a function of the frequency of the IR radiation

(v) is described by the Lambert—Beer law:
I(v) = Iye=oMIn, (1.4)

o(Vv) - absorption cross section, L - path length, n - number density of the sample. However, in
the gas phase, the number density is so small (< 10® cm™) that the difference between I(v) and
Iy is not detectable. In contrast, action spectroscopy measures the absorption-induced change

in the sample. The fraction of molecules affected can be defined as:

N(v) = Nye oMPM), (1.5)

®(v) - the number of photons per second per unit area experienced by the sample. The argument
of the exponent has values of the order of 1 for typical laser systems. Measuring the IR spectra
eliminates matrix interferences revealed in liquid and solid phase vibrational spectroscopy. The
main types of action spectroscopy implemented for carbohydrate analysis include IR multiple

photon dissociation and cold ion spectroscopy techniques.
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1.7.1. IR multiple photon dissociation (IRMPD)

The concept of IRMPD is based on the irradiation of a mass-selected ion of interest with a
tunable IR laser at a particular frequency. If the laser frequency is in resonance with a
vibrational transition of the molecule, the ion adsorbs one or several IR photons leading to its
dissociation. IRMPD represents a non-coherent process where the absorbed energy is quickly
dissipated between different vibrational degrees of freedom of the molecule via a process called
intramolecular vibrational redistribution (IVR) (Figure 1.14). The sequential absorption of
multiple photons increases the internal energy of the ion, until it becomes high enough for the
dissociation to occur. This process causes a change in the mass spectrum where the precursor
ion intensity is decreased while the ion signal of the dissociation product appears. IR spectra
are constructed by plotting the fragmentation yield as a function of the laser frequency.
Multiple photon processes require powerful IR light sources such as free electron lasers (FELSs)

or optical parametric oscillators (OPOs).

Using IRMPD spectroscopy, Compagnon and coworkers recently demonstrated that the
anomericity of glycosidic linkages can be retained in the dissociation process, which is
important structural information.** In addition, this spectroscopic approach does not require
chemical tags. However, common issues in IRMPD spectroscopy are spectral congestion and
low resolution, since spectra are recorded at room temperature.* * The spectral congestion
arises from the coexistence of several conformers with different adsorptions patterns at room
temperature and from the molecular heating of the ions during the absorption of multiple
photons. Nevertheless, IRMPD remains a powerful method for the analysis of small systems

such as mono- and disaccharides.

Dissociation
threshold

Internal energy

IVR _WR,
IVR —
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Figure 1.14. Scheme of the IRMPD mechanism. The sequential absorption of multiple photons
increases the internal energy of the ion through the IVR process. When the dissociation
threshold is exceeded, the ion undergoes fragmentation.
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1.7.2. Cold 10n spectroscopy

Thermal congestion in the vibrational spectra can be fully eliminated by confining all the
ions in a single rovibrational state. In order to suppress the broadening, the method of cryogenic
cooling of rovibrational degrees of freedom is used and widely represented in different
experimental realizations. Figure 1.15 demonstrates a significant difference between the UV
spectra of gas-phase protonated tyrosine recorded at room temperature (red) and at 12 K (blue).
The room temperature spectrum is very broad and does not provide any information on the
molecule, while the cryogenic spectrum exhibits highly-resolved transitions and can be used

both for calculations and as a unique identifier.
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Figure 1.15. The left part illustrates the suppression of thermal congestion by cryogenic cooling; the
right part compares the UV spectra of gas-phase protonated tyrosine measured at room temperature
(300 K) and at 12 K.V

HeDrop spectroscopy

Mucha et al. used superfluid helium nanodroplets to achieve ion cooling to ~ 0.37 K.** Tons
produced by nESI and mass-selected were encapsulated in He droplets inside a linear ion trap.
The doped droplets were then irradiated with IR photons from a tunable FEL, leading to the
resonant absorption of photons followed by the ion ejection from the droplets. The absorption
does not lead to ion heating in He droplets due to evaporative cooling. Scanning the IR
wavelength enables the plotting of an IR spectrum. The spectra of six extremely similar
isomeric trisaccharides displayed unprecedented resolving power. Each spectrum
demonstrated highly resolved bands, leading to a unique vibrational fingerprint that allows

unambiguous distinction between all possible types of glycan isomerism.
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Despite the remarkable spectral resolution, only very few groups use this method for glycan
analysis. An extremely complex experimental setup and limited accessibility to a free-electron

laser are two major drawbacks that leave HeDrop spectroscopy far from the broad application.

Messenger-tagging spectroscopy

Tagging spectroscopy is a more widely used technique to perform cold ion spectroscopy.
Its concept is based on forming weakly bound complexes between a precursor analyte and inert
‘tag’ atoms or molecules.”” The adsorption of a single photon induces a tag detachment,
therefore this method requires less powerful light sources (typically OPO laser systems).
Although tagging spectroscopy cannot reach temperatures below 1 K, the accessible range is
sufficiently low (from ~ 10 K) to obtain highly-resolved IR fingerprints of glycans.”® Moreover,
the experimental setups are more user-friendly than in HeDrop IR and will possibly be
commercially available in the near future. This type of spectroscopy will be discussed in more

detail in Chapter 2.

IR-IR double-resonance spectroscopy

In order to obtain spectra of individual glycan conformers, cryogenic IR-IR double-
resonance spectroscopy can be implemented. In an IR-IR scheme, one IR laser is fixed at a
specific resonance frequency associated with a particular conformer and depletes its population
while the second IR laser spectroscopically interrogates the other conformer, yielding its IR

1, 92
spectrum.”’’”’

The main limitation of this approach is the necessity to identify conformer-
specific transitions that can be time-consuming and simply impossible in case of large glycan

structures where the adsorptions of different conformers are overlapping.
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1.8. Multidimensional techniques

While mass spectrometry is the main technique for glycan analysis, when used alone, it
cannot provide full structural and quantitative information. A variety of MS-based hyphenated
techniques have been developed for a more complete characterization of carbohydrates.
Coupling MS with separation methods dramatically improves the ionization efficiency and
leads to simplified mass spectra, which is crucial for the analysis of complex mixtures.
Moreover, MS cannot distinguish all different types of glycan isomerism and needs orthogonal
techniques for their elucidation. The most widely used example that already became routine is
the combination of MS with liquid chromatography (LC-MS).”* It has proven to be a powerful
method for glycan separation and characterization. The development of sheath-liquid interfaces

made it also possible to combine capillary electrophoresis with mass spectrometry (CE-MS).”*
95

Recently, ion mobility spectrometry was introduced as a promising orthogonal technique
for glycan analysis. In a relatively short time, it has been established as a robust analytical
method that can resolve many of the glycan isomers on the timescale of milliseconds. Nearly
all major MS companies have already implemented different types of IMS into their
instruments, including DTIMS (Agilent), TWIMS (Waters), FAIMS (Thermo) and TIMS

(Bruker), making IMS-MS more accessible for wide applications.

Other examples include three-dimensional platforms where IM—MS is coupled to LC/CE in
order to enhance glycan analysis. One other possibility is adding a spectroscopic dimension to
IMS-MS for further isomer discrimination. Several groups demonstrated promising results on
combining IMS-MS with IRMPD spectroscopy.”® However, IRMPD spectra of glycans are
recorded at room temperature and suffer from spectral congestion and low resolution that limit
IRMPD spectroscopy to mono- and disaccharides. In order to overcome this limitation,
cryogenic-ion IR spectroscopy was recently combined with IM-MS for glycan analysis as it

provides highly resolved IR fingerprints that are unique even for complex molecules.”
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1.9. Our approach for glycan analysis

Despite the huge progress in glycan analysis associated with the hyphenation of different
analytical techniques, even the most powerful of them (represented by coupling IMS or LC to
MS) are still blind to many of the structural details in isomeric glycans. Moreover, the TW-
based IMS devices that now provide the highest resolving power for glycan separation cannot
be used alone for identification and database construction. Arrival time distributions
determined with this technique depend sensitively on the traveling wave speed and amplitude
as well as the temperature and pressure of the drift gas and hence need to be calibrated to obtain
CCSs. Given a typical deviation of reported CCSs of approximately 2%, it would be tenuous
to identify isomers with a difference in CCSs less than this value by IMS alone, even if done
carefully. In order to overcome these limitations, an orthogonal technique needs to be

implemented.

In our laboratory, we have recently demonstrated that cryogenic vibrational spectroscopy
provides unique fingerprints of isolated glycans that are extremely sensitive to the slightest
structural differences.”” " The reason of this sensitivity stands behind glycans’ nature itself.
Glycans contain many highly polar OH groups (each monosaccharide block contains 4—5 OH
groups) that are strongly coupled to one another. A change in orientation, even in one of them,
affects the entire network of interactions which is directly reflected in the vibrational spectrum.
In addition, performing an experiment at cryogenic temperatures allows us to obtain highly
resolved spectra, which would not be possible with room temperature spectroscopic

techniques.

One very important advantage of IR spectroscopy is that the vibrational spectrum is an
intrinsic property of the molecule that is insensitive to external parameters. The IR laser needs
to be calibrated with a standard wavemeter, and sufficiently low temperatures should be
reached to perform tagging spectroscopy. Adding cryogenic IR to IMS-MS provides an

additional dimension for glycan isomer discrimination.

We have developed a novel method for analyzing the primary structure of glycans, which
combines state-of-the-art ultra-high resolution ion mobility spectrometry, cryogenic
vibrational spectroscopy and time-of-flight mass spectrometry into a single instrument. The
measured data includes the mass and a cryogenic vibrational spectrum of each species, while
the IMS dimension is used as a separation tool. All obtained data can be tabulated in a database

and used for glycan identification.
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It is also important to note that a wide analytical application of vibrational spectroscopy
became possible due to recent progress in solid-state IR laser sources. Powerful fiber-pumped
lasers allow to reduce the scanning time from 20 to 2 min in comparison with measurements
done on the OPO systems and make IR spectroscopy competitive with other analytical

techniques.

1.10. Outline of the thesis

Chapter 2 introduces experimental techniques that we employed in this work to study N-
linked glycans. The first part provides an overview of the three generations of home-build
instruments for the analysis of glycans in the gas phase using cold ion spectroscopy. We also
present a detailed description of the SLIM-based ion mobility modules incorporated into the
instruments and the basic principles of cold messenger-tagging spectroscopy. The second part
describes ultra-performance liquid chromatography (UPLC) coupled to a Q-TOF mass

spectrometer in a HILIC mode.

Chapter 3 demonstrates our results on developing a new approach for determining the
primary structure of glycans based on the combination of cryogenic IR with two fragmentation
techniques. By combining the protocols for selective exoglycosidase digestion and collision-
induced dissociation with our home-built setup, we demonstrate them as powerful methods for
the identification of unknown glycan structures and for expanding our spectroscopic database.
We also show the complementarity of these two methods by enzymatically generating

standards for some isomeric CID glycan fragments.

Chapter 4 focuses on the separation and identification of positional isomers of N-glycans
using ion-mobility-selective IR fingerprints and their comparison with a machine-learning
approach. For this purpose, we implemented a chemoenzymatic synthesis of an asymmetric N-
glycan standard that is difficult to obtain commercially. In addition, we studied positional
isomers of glycans cleaved from monoclonal antibodies and demonstrated the impact of the
host cell line on their glycan profile. We showed that our IMS-MS-IR approach can
complement existing methods for establishing the similarity of glycan profiles between

biological drugs and their biosimilars.

Chapter 5 describes the search of new glycan biomarkers in human blood serum using our
approach. We studied sialylated glycans released from samples of healthy female donors and

patients diagnosed with different stages of breast cancer. Exploiting the differences in
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glycosylation between diseased and healthy individuals, we have defined a preliminary
potential glycan candidate that will be used for more detailed screening. In addition, we
demonstrate a scheme for isomer identification of sialylated glycans combining the IMS-MS-

IR approach with CID.

In Chapter 6, we describe experiments in which we performed a relative quantification for
mono, doubly, triply and quadruply sialylated glycans released from follicle stimulating
hormone (FSH) using ion mobility spectrometry, since their content is critical to guarantee
drug quality. We demonstrate the comparison of the results obtained using two types of

electrospray sources and the reproducibility between measurements.

Chapter 7 summarizes the results and proposes future work.
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Chapter 2. Experimental approach

The first part of this chapter introduces three generations of home-built instruments on
which we performed all our experiments. It begins with an overview of a first-generation
tandem mass spectrometer for cryogenic ion spectroscopy (CIS). We then discuss a second-
generation instrument that incorporates a SLIM-based ion mobility module (referred to the
IMS-CIS 1) and a third-generation instrument that is an upgraded version of IMS-CIS I to

overcome some of its limitations (referred to the IMS-CIS II) (Figure 2.1).

The second part of this chapter describes in detail and compares the high resolution SLIM
devices of the IMS-CIS I and II instruments. It also explains the principles of cryogenic
messenger-tagging spectroscopy that was implemented to obtain vibrational fingerprints of
glycans. The last section of this chapter presents glycan analysis with ultra-performance liquid
chromatography (UPLC) with a HILIC column coupled to a Q-TOF mass spectrometer that we

used in some experiments.

First generation Second generation Third generation
Two dimensions Three dimensions Four dimensions
10 m path
|R 1.8 m path
L IMS

Figure 2.1. Overview of the three generations of instruments used in this work.
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2.1. Experimental setup

2.1.1. Generation I: the cold ion spectroscopy (CIS) instrument

A home-built tandem mass spectrometer coupled to a cryogenic ion trap was used to perform

the experiments discussed in the first part of Chapter 3.

Quadrupole
Bender

Quadrupole
Mass Filter Q1

Quadrupole

S Bender
ctopole
\.é > Quadrupole
% wter Q2
B \
Nanospray

Source IR Laser Pulse

Metal lon Hexapole

Capillary Fynnel

Octopole

Quadrupole  lonTrap
Bender T=40-50 K

Figure 2.2. Scheme of the first-generation cryogenic home-built tandem mass spectrometer.

Figure 2.2 shows a schematic overview of the instrument." We produce cationized glycan
ions via a nanoelectrospray ionization (nESI) source from a 50:50 acetonitrile-water solution.
The ions are transferred into the instrument through a metal capillary in a continuous fashion
and then focused in an ion funnel. The ion funnel is equipped with a jet disruptor that prevents
the propagation of large droplets from the ESI into the next stages of the setup.” > The ions are
then pre-trapped in a hexapole ion guide and released as short pulses matching the 10 Hz duty
cycle of the laser. Accumulation in the hexapole region reduces the fluctuations of the ion
signal due to the instability of the electrospray. The resulting ion packets then pass through a
quadrupole mass filter (Q1), which selects those with a particular m/z. The transmitted ions are
then turned by 90° using a static quadrupole deflector, guided through an octopole, and
deflected an additional 90° before passing through a set of decelerating lenses. After the set of
lenses, the ions enter a cold octopole ion trap that is maintained at 40—50 K by a closed cycle
helium cryostat.* Before the ion packet arrives in the trap, we inject a pulse of helium and
nitrogen gases (90:10 mixture), which cools in collisions with the trap wall. Once in the trap,
the ions collide with this cold gas mixture, cooling them and forming weakly-bound complexes

with nitrogen, which we use to perform messenger-tagging spectroscopy.

The nitrogen-tagged ions are then irradiated with infrared pulses generated from a Nd:YAG
pumped, tunable optical parametric oscillator (LaserVison). When the OPO wavenumber is

tuned in resonance with a vibrational transition, IR radiation is absorbed and then internally
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redistributed, causing the weakly bound N, molecule to evaporate. Monitoring the depletion of
the tagged ions as a function of the IR wavenumber allows us to obtain an infrared absorption
spectrum. All the ions are then ejected from the trap, bent 90° one more time by the third
quadrupole bender to be analyzed by a second quadrupole mass filter (Q2) and detected by a

channeltron detector.

2.1.2. Generation II: ion mobility spectrometry coupled to cold ion
spectroscopy (IMS-CIS I instrument)

A home-built instrument, which we refer to as IMS-CIS 1, couples ion mobility and cold ion
spectroscopy. This instrument was used to perform the experiments discussed in the first part

of Chapter 4.

Electrostatic TOF MS
Bender

Differential
Pumping

S .
SLIM-IMS ’* S) | g /
lon i _'.- P Cryogenic
Funnels #4 Planar Trap
< T=45K

~ - t' 'l

Figure 2.3. Schematic overview of the second-generation instrument combining ultra-high resolution
SLIM-based IMS with cryogenic IR spectroscopy.

Figure 2.3 shows a schematic overview of the IMS-CIS I instrument.” The major differences
between this machine and CIS instrument include the addition of a traveling-wave ion mobility
device based on structures for lossless ion manipulations (SLIM) that was appended to an
existing drift tube instrument.® Moreover, the octopole ion trap is replaced by a planar trap,
mass analysis is done by TOF rather than a quadrupole and the OPO system was replaced with

a tunable continuous-wave mid-IR laser.

Doubly sodiated glycan ions are produced via nESI and transferred into the instrument
through a stainless-steel capillary heated to 160—170 °C. A dual-stage ion funnel trap (IFT)
assembly (MassTech, United States) focuses and stores ions before releasing them in short

packets (~150 ps) into the SLIM ion-mobility region (described in detail below). In the SLIM-
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IMS device (1.8 m single-cycle path length), which is filled with helium drift gas at 3 mbar,
ions are separated based on their respective collision cross section. They are then directed
through differential pumping stages using ring-electrode ion guides and hexapoles. A set of
steering electrodes mounted prior to the electrostatic ion bender gives the possibility to
selectively send ions of a particular drift time for further investigation and electrostatically
deflect unwanted ions. After the m/z selection in a quadrupole mass filter, the ions enter the
planar cryogenic ion trap (45 K), where they are stored and cooled through collisions with a
He : N, mixture (90:10).” The nitrogen-tagged ions are then spectroscopically interrogated for
50 ms by a continuous-wave, mid-IR laser (IPG Photonics) operated at 0.2 W output power.
An IR spectrum is generated by monitoring the wavelength-dependent ion signal of the N»-

tagged species in the TOF mass spectrum.

2.1.3. Generation III: ion mobility spectrometry coupled to cold ion
spectroscopy version II (IMS-CIS II instrument)

The IMS-CIS II instrument was designed as an upgrade to the IMS-CIS I instrument to
increase the IMS resolving power and introduce the possibility of multiple-stage IMS. A
schematic overview of the instrument is shown in Figure 2.4. It was used to conduct the
experiments described in the second parts of Chapters 3 and 4, as well as all the experiments

in Chapters 5 and 6.°

IR Laser Pulse Cryogenic

Planar Trap

Figure 2.4. Schematic overview of the third-generation instrument combining ultra-high resolution
SLIM IMS with cryogenic IR spectroscopy.
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Ions are generated in a nESI source, transferred through a stainless-steel capillary into the
instrument and guided via a dual ion funnel assembly (MassTech, USA) toward the SLIM-IMS
module (10 m single-cycle path length) filled with nitrogen drift gas with a pressure of 2.2
mbar. We then accumulate ions in a 2 m storage section of the SLIM device and release them
in pulses from hundreds of ps to 10 ms in duration into the separation region where ions follow
a serpentine path. After mobility separation, ions are sent through differential pumping stages

into a cryogenic ion trap maintained at 45 K to perform messenger-tagging spectroscopy.

2.2. SLIM-based ion mobility

2.2.1. Basic principles of the SLIM platform

Recently R. Smith and co-workers introduced the Structures for Lossless lon Manipulations
(SLIM) technology to perform high resolution IMS.”!! SLIM is a type of traveling-wave ion
mobility that utilizes two mirrored printed circuit boards (PCBs) to create a path in which the
ions move (see Figure 2.5). The SLIM module employs three different types of electrodes:
guard electrodes, radio frequency (RF) electrodes and traveling-wave (TW) electrodes. Each
board consists of six RF and five TW tracks (Figure 2.5b). The DC guard electrodes confine
the ions laterally (i.e. the x-direction in Figure 2.5a). The RF electrodes are located between
the guard electrodes and serve to confine ions between the two planar surfaces (i.e., the y-
direction in Figure 2.5a). The traveling wave electrodes have DC potentials applied by them in
such a way as to produce a square wave — in this case by a repeating sequence of eight DC
pads over the length of the module, on both sides. The TW sequence can be defined as
11110000, meaning that at each period of time a high DC potential is applied to four individual
pads while the other four stay at a low potential. The square wave “travels” by propagating the
set of four “high” electrodes one pad at a time (i.e., 11110000, 01111000, 00111100,
00011110, etc.). The TW drives the ion motion and enables mobility separation of the

molecules.
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Figure 2.5. Scheme of the main parts of a SLIM module. (a) Two PC boards that form the separation
path; (b) the RF, traveling wave and guard electrodes; (c) the traveling wave potential (d) the field
created by the RF electrodes in the x-y plane. (Adapted from Fig. 1of Ref. 12)

The arrangement of the electrodes allows two key features of the SLIM-board (illustrated
in Figure 2.6b, c). The possibility of 90° turns in the ion path without ion loss over a wide m/z
range and degradation in the resolution permits extremely long path lengths in a small footprint.
In addition, T-shaped switches provide flexibility in ion manipulation, allowing one to divert
them from their separation path. These can be used, for example, to eject ions from the SLIM
module or to divert them into on-board traps. One can also use them to direct ions along the
serpentine path multiple times to achieve higher resolution. A great advantage of these PCB-
based SLIM platforms is that new designs can be rapidly and easily fabricated at a low cost.

The initial design of the SLIM module created in the Smith’s group had a size of 12" x 18"
and consisted of linear paths connected via 44 turns to create a longer path of ~13 m. The
performance of the short linear path (44 cm) was comparable to the separation performed on a
1 m drift tube for two reverse peptides (GAGAS and SAGAG). However, a 13 m long TW
SLIM device was able to achieve baseline separation. The difference between DT and TW
SLIM devices was more significant in the separation of various pentasaccharide isomers."
While a 1 m drift tube was able to distinguish only three conformers, the 13 m long path length
identified at least five conformers. To evaluate the resolving power in the SLIM SUPER IM
mode separations, the Agilent tuning mix was subjected to 40 passes (~540 m) and a resolution

of ~400 was achieved. The corresponding resolving power was ~1870.”
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2.2.2. The ion mobility module of the IMS-CIS I instrument

To perform ultra-high resolution ion mobility separation, we implemented SLIM-based
traveling-wave ion mobility spectrometry into our second-generation instrument IMS-CIS 1.
We used two printed circuit boards of size 15 x 15 cm placed 2.75 mm apart to obtain a single-
pass serpentine ion path length of 1.8 m (Figure 2.6a). An on-board T-switch is used either to
send ions toward the cryogenic ion trap or to cycle them multiple times over the same

serpentine path to increase the resolving power (Figure 2.6¢).

(b) A section of a SLIM
module with a 90° turn

(a) Serpentine SLIM board (1.8 m single cycle path length)

90° Turn

T-switch
Exit

(c) A section of a SLIM
module with a T-switch

Entrance

Exit electrodes

Blocking electrodes
| 150 mm |

Figure 2.6. (a) Schematic view of the SLIM board with a 1.8 m serpentine path incorporated into the
IMS-CIS T instrument; (b) detailed layout of an on-board section with a 90° turn that enables a
serpentine path; (c) detailed layout of an on-board T-switch that enables cycling IMS. (Adapted from
Fig. 3.9 of Ref. 14)

We measured the resolving power of this device on the [M+2H]*" ions of the ion mobility
standard reverse-sequence pair of peptides GRGDS/SDGRG.’ Figure 2.7 shows the resulting
resolving power R as a function of the number of cycles #. It reaches approximately 500 after
28 cycles and can be increased by further cycling. However, one must take into account the
fact that the separated packets of ions with high mobility will start overlapping with less mobile
ions at the highest values of n. The instrument demonstrated a loss of ions of up to 3% per

cycle.
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Figure 2.7. Resolving power of the SLIM board with a 1,8 m (IMS-CIS II) single cycle path length.

2.2.3. The 1on mobility module of the IMS-CIS II instrument

While the electrode design is the same as in the SLIM module of the IMS-CIT I instrument,
the ion mobility device in the third-generation apparatus includes several new features (Figure
2.8). The larger size of the board (50 cm x 40 cm) enables a single-path of 10 m, which allows
to perform an increased number of separation cycles and offers a much higher peak capacity,

preventing ions from overlapping in the separation path.

90° Turn - )
Grid assembly

Traps

T-switch
I—v Exit

Entrance

Accumulation region

Figure 2.8. Schematic view of the SLIM board with a 10 m serpentine path incorporated in the IMS-
CIS II instrument. The board offers a 2 m accumulation region (green section) and 5 traps (red
section). One of the traps also includes a CID grid assembly. (Adapted from Fig. 7.5 of Ref. 14)

Figure 2.9 shows the resolving power of this board as a function of the drift length using a
pair of reverse sequence peptides GRGDS/SDGRG in their singly sodiated form.® A single
separation cycle reaches a resolving power of approximately 200, and almost 1000 after 200

m or 20 separation cycles.
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Figure 2.9. Resolving power of the SLIM board with a 10 m (IMS-CIS 1) single cycle path length.

In addition, the device contains a 2 m accumulation region that is constantly filled from the
ion source. The high-volume of the accumulation region allows for an increased ion utilization
efficiency compared to previous implementations that were using ion funnel traps for storage
prior to the mobility separation. Five on-board trapping regions based on the design of the
SLIM T-switches can be used for intermediate ion storage and enrichment of low abundance
analyte ions. Two of the five SLIM traps (Figure 2.8) offer the possibility to perform
fragmentation via collision-induced dissociation. One of these CID traps also includes a grid
assembly that consists of two metallic grids separated by a Teflon spacer of 0.8 mm. After
being separated by mobility along the serpentine path, parent ions are extracted into the
trapping region, which is held at a lower bias voltage than in the rest of the IMS device (a
typical voltage step is ~100 V). Passing through the grid system at the trap entrance, ions
experience a homogenous electric field of up to 3300 V/cm, which induces them to collide with
N, molecules, leading to their dissociation. After the bias voltage of the trapping region is raised
to the level of the separation region, the resulting fragments can exit the trap and follow the
serpentine path to either exit the SLIM device or undergo additional mobility separation before
being directed to the cryogenic ion trap, hence allowing for the acquisition of IR spectra of

mobility separated fragments.
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2.3. Cryogenic messenger-tagging spectroscopy

In all three generations of instruments, we use the cryogenic messenger-tagging
spectroscopy technique to acquire the IR spectra of molecules. This method was originally
proposed by Y.T. Lee’s group in 1980°s,'* '° then it was further developed and employed by M.
A. Johnson and coworkers.'” '® Messenger-tagging spectroscopy is based on the following
principle: the ion of interest forms a weekly bound cluster with one or more neutral molecules
(messengers or tags) through van der Waals interactions at sufficiently low temperatures. When
the laser wavenumber is tuned in resonance with a vibrational transition, a resonant photon is
absorbed and then its energy redistributed via IVR, causing tag molecules to evaporate.
Monitoring the depletion of tagged ions as a function of the IR wavenumber allows one to

obtain an infrared absorption spectrum (Figure 2.10).

In the gas phase, two molecules can stick upon colliding only if their binding energy finds
a way to be dissipated. Usually, clusters are formed as a result of a three-body collision."” An
excited two-body cluster of the ion of interest with a tag molecule collides with a second tag

molecule to dissipate the excess energy and form a stable complex.

Y fa’
+£}*’_, P - S — !

Messenger tagging Cluster Photon adsorption followed by IR spectrum
tag evaporation

Figure 2.10. Schematic overview of messenger-tagging spectroscopy.

To be applicable to this type of experiment, a tag molecule must fulfill the following

requirements:

1) The tag molecule should not have any absorption in the IR region. Monoatomic and
homonuclear diatomic molecules fulfil this requirement, and thus H,, D,, He, N, Ne

and Ar have all been used in the past as tag molecules.***’

2) The sticking efficiency of the tag molecule should be high enough to obtain a detectable
number of complexes with a parent molecule. Heavier tags such as Ar, Ne and N,
condense more easily and at higher temperatures than the light ones due to their higher

polarizability. On the other hand, if one aims to obtain information about the 3D
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structure of a molecule, it is preferable to work with H,, D, He as it was demonstrated
in many studies that Ar, Ne and N, can significantly perturb the vibrational spectrum of

a bare molecule.

3) The mass shift between complexes and a bare ion should be easily detectable. In this
regard, H, and D, reveal a disadvantage, as even for singly charged ions their mass
shifts (H, (2 Da), D, (4 Da)) are relatively small and they become even smaller for
multiply charged ions. While modern mass spectrometers have no problem resolving
the peaks of the tagged species, for large molecules peaks of the tagged species will

overlap with the isotope peaks of the parent species.

In our approach, we use the IR spectra as unique glycan identifiers. We do not aim to unravel
their 3D structures based on the analysis of the IR spectrum but to identify primary structures
using the comparison of IR fingerprints with a database. For this reason, requirement 2 is not

an issue using larger tag molecules, as long as the database is constructed with the same tag.

Regarding requirement 3, N-linked glycans have high masses and are present in the gas
phase mostly in multiply charged states. We observed this from the N-linked glycan core
structure, Man-3 (910 Da), which was studied in a doubly charged state, up to the glycan A4F
(3681 Da), the biggest glycan in this work, which was studied in a quadruply charged state.
For these reasons, N, was chosen as the optimal compromise for a tag molecule in our
experiments. In addition, N, tags condense into an ion of interest at ~ 45 K, which makes them
more practical as an analytical tool compared to He, which requires cooling to 4 K to produce
a sufficient number of complexes.

We obtain the IR spectrum by plotting the number of clusters divided by the total number
of clusters and bare ions as follows (Figure 2.11):

Y clusters

IR spectrum =
P Y.(clusters + bare ions)

After the absorption of a photon, the number of clusters decreases while the number of bare
ions increases by the same amount. The cluster depletion is normalized to take into account a
possible ion signal fluctuation during the recording of the spectrum, mostly coming from
electrospray instability.

The infrared radiation for our measurements was generated by two laser systems. All the
experiments with the first-generation CIS instrument were performed using an OPO/OPA

(Laser Vision) system pumped by a Nd:YAG (Innolas) laser system, while the second- and
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third-generation instruments (IMS-CIS I / II) use a continuous-wave, mid-IR laser (IPG

Photonics).

[Man-2-Na]*
771 m/z
Bare ion
+1tag
[Man-2-Na]*-N,
799 m/z
+ 2 tags
[Man-2-Na]*-2N,
k 827 m/z
IIII.I|IIIIIIIII|IIIIIIIII|IIII|III.I.|IIIIIIm/z
760 780 800 820 840

Figure 2.11. Typical recorded mass spectrum of parent and tagged species using the example of
glycan Man-2.
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2.4. Ultra-performance liquid chromatography (UPLC) coupled to a Q-
TOF mass spectrometer

In this work, we developed a new approach for glycan analysis that combines enzymatic
digestion and synthesis with our IMS-MS-IR technique. Before being introduced into the
instruments, glycan samples were analyzed and purified using a commercial LC-MS setup.
This sample preparation step was performed on the AQUITY UPLC H-Class Plus System
(Waters) coupled to a Q-TOF mass spectrometer (Waters Premier) (Figure 2.12). We used an
HILIC XBridge Glycan BEH Amide Column (130 A, 3.5 um, 4.6 x 150 mm) from Waters
(kept at 60 °C) with a bisolvent system as a mobile phase — acetonitrile and ammonium formate
buffer solution (100 mM, pH = 4-5; flow rate - 0.4 ml/min). For some applications, glycan
fractions were collected using a Waters Fraction Collector III coupled to the UPLC-MS system
and the solvents were evaporated to concentrate the samples up to 15-20 pM final
concentration, calculated assuming a 100% elution of the samples from the column. To be able
to perform the detection and collection at the same time, we installed a T-shape splitter right
after the column to divide the eluate into two parts: 20 % of the flow is directed to the Q-TOF

mass detector and 80% to the fraction collector.

The stationary phase of XBridge Glycan BEH Amide Column
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Figure 2.12. AQUITY UPLC H-Class Plus System and an XBridge Glycan BEH Amide Column
with detailed representation of the mobile phase. (https://www.waters.com/nextgen/us/en.html).
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Chapter 3. Combining enzymatic cleavage and
collision-induced dissociation with cryogenic IR
spectroscopy for determining the primary structure
of glycans

3.1. Database approaches for the identification of glycans

Given the biological relevance and intrinsic structural complexity of glycans, many different
approaches have been employed for their analysis. In the past decades, with progress in
separation and mass spectrometry-based techniques, the amount of glycan data has increased
significantly. As a result, the development of databases and bioinformatics tools was greatly
needed to provide all the available information on glycans in a user-friendly way. In this
chapter, we discuss the main advantages and drawbacks of current databases and demonstrate
the necessity of adding a spectroscopic dimension to classic techniques. Moreover, we show a
new approach for determining the primary structure of unknown glycans based on the

combination of cryogenic IR with two fragmentation techniques.

The first glycan database with public access was the Complex Carbohydrate Structural
Database (CCSD), which is also known as the CarbBank.' This DB was constructed by the
Complex Carbohydrate Research Center of the University of Georgia (USA) in the 1980s. It
collected all published carbohydrate structures larger than disaccharides that were known at
the time, together with citations and supplementary information, providing more than 40 000
entries. However, the funding needed for further maintenance of the CarbBank was
discontinued in 1997. Since then, and inspired by this work, several different databases have
been developed that incorporate the data from CCSD. Current major glycan databases are listed
in Table 3.1. They provide data for glycan identification and characterization as well as

biochemical information obtained using different approaches and techniques.
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Table 3.1. Glycan databases

Abbreviation Database name Type of data
CFG Consortium for Data on glycan structures, glycan-binding
Functional Glycomics | proteins and glycosyltransferases.”
http://www.functionalglycomics.org
JCGGDB Japan Consortium for | MS data, including tandem MS" spectra,
Glycobiology and glycoprotein and lectin array data.’?
Glycotechnology http://jcggdb.jp/database en.html
— UniCarbKB (composed | Glycosylation site information as well as MS,
of GlycoSuiteDB, HPLC and NMR glycan data; incorporates
GlycoBase, and bioinformatics tools.”
EUROCarbDB) http://www.unicarbkb.org
KEGG Kyoto Encyclopedia of | Glycan biosynthesis and metabolism pathways.5
Genes and Genomes https://www.genome.jp/kegg/

— GLYCOSCIENCES.de | Glycan 3D structures; links glycomics and
proteomics data.’
http://www.glycosciences.de

— UniCarb-DB Collection of LC-MS/MS glycan fragments
released from glycoproteins.’
https://unicarb-db.expasy.org

— GlyTouCan Provides a globally unique accession number to
each glycan structure.®
https://glytoucan.org

- GlycoStore U/HPLC/PGC chromatography and capillary
electrophoresis data.’
https://www.glycostore.org

CSDB Carbohydrate Structure | NMR data of carbohydrates in bacteria, archaea,
DataBase fungi and plants."
http://csdb.glycoscience.ru/database/

— GlycoMob Ion mobility-mass spectrometry data; glycan
identification based on the mass and CCS
value."
http://www.glycomob.org

Though current glycan DBs represent powerful tools for fundamental research in chemistry
and molecular biology as well as for the pharmaceutical industry, they still have several
drawbacks as bioinformatics services. The content of different DBs is partially overlapping
and not standardized. Moreover, the DBs are not interconnected and have incompatible
formats, which make it impossible to obtain an overview of all saved structures. Most

importantly, there is still a big gap in the field of isomeric glycan structures. Even the
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combination of such powerful techniques as IMS or LC with MS does not allow one to

determine many of the subtle structural details that distinguish glycan isomers.

In the last few years, vibrational spectroscopy has been proven to provide unique structural
fingerprints of isolated glycans. We aim to complement currently existing databases by adding
a vibrational fingerprint for each glycan species. Though our method is based on spectroscopic
measurements, the philosophy of our experiment is different from standard spectroscopic
approaches, which determine ion structures based on the comparison of measured spectra with
those of structures derived from high-level quantum chemical calculations.'*'* Our approach
is to separate isomeric glycans using ultra-high resolution ion mobility and record IR spectra
of each mobility-selected peak. The database will include glycan mass and isomer-specific IR
fingerprints (Figure 3.1). We will then identify an unknown glycan structure by measuring
these parameters and comparing them with the database.

@ MS

Mass Spectrometry

m/z
Glycan sample - )
Q lon Mobility Separation

O ILE \
/\/\U\

Arrival time

Cryogenic Infrared Spectroscopy

IR wavenumber

Figure 3.1. Scheme of the three-dimensional approach for glycan analysis developed in our
laboratory.

It is worth noting that the quantum chemical calculations for determining glycan structure
are extremely complicated for those consisting of more than a few monosaccharide units. This
is mainly due to the challenges associated with determining precise band positions for large
flexible molecules with many interacting chromophores, such as N-linked glycans."” On the
other hand, performing spectroscopic measurements at cryogenic temperatures allows us to
obtain highly structured glycan ion spectra that serve as unique identifiers even for large

glycans. Even in cases where IMS is not able to separate glycan isomers fully and the recorded
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spectrum is a superposition, we can still derive individual IR fingerprints using the spectral
deconvolution method.'®

One big advantage of using an IR spectrum as an identifying fingerprint is that it is an
intrinsic property of the molecule, determined only by quantum mechanics. As such, it is a
robust identifier that is insensitive to the experimental conditions, depending only relatively
weakly on the temperature, making it easy to reproduce from one laboratory to the next. This
removes the need for continual calibration, as is required when using LC or IMS for molecular
identification. In this thesis, the comparison between measured spectra and those in the
database are made visually, although eventually, quantitative metrics should be applied to

estimate the level of certainty of the assignments.

While this spectroscopic database will be constructed initially using standard/known
glycans, one needs a mechanism to associate a vibrational fingerprint with glycan structures
that are presently unknown or those for which standards are not easily obtained. For the
identification of unknown glycans, we propose a bottom-up approach using cryogenic
spectroscopy to identify specifically cleaved glycan fragments. Glycan structures can be
obtained from their fragments using two approaches: enzymatic digestion and collision-
induced dissociation. The aim of this work is to evaluate the feasibility of combining
exoglycosidase digestion and CID techniques with cryogenic IR-spectroscopy as a new tool

for glycan identification.

3.2. Approaches for the identification of unknown glycans

3.2.1. Selective enzymatic digestion

The enzymatic digestion approach allows the identification of complex glycans through a
series of bond-specific cleavages. Unknown glycans can be sequenced by a set of
exoglycosidases that selectively cleave monosaccharides from the non-reducing glycan end."’
This class of enzymes is highly specific to the monosaccharide type, the anomeric
configuration (o/f anomer) and the linkage position. Some of them are also specific to the
saccharide branching. The mechanism of the cleavage is based on the hydrolysis of the
glycosidic bond. In acidic media, protonation of the glycosidic O atom leads to the cleavage of

the glycosidic bond between two monosaccharides, forming an anomeric carbocation, which
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then reacts with water to yield a mixture of a,-anomers of the removed monosaccharide from

the non-reducing end and the smaller intact glycan (Figure 3.2)."

Glycosidic bond Smaller intact glycan
o HH o /H/ o 0 +H,0 o /My 0
@ = o O = o —— o 2 g e QU on
HO HO N\ HO + HO HO N HO /‘ a/B
R H

Removed monosaccharide

Figure 3.2. Simplified reaction mechanism of the glycosidic bond hydrolysis.

Figure 3.3 shows a scheme of the exoglycosidase sequencing of a complex glycan where
arrows of different colors correspond to specific enzymes that can be applied in a single or an
array mode."” The first method involves the removal of a single monosaccharide from the non-
reducing end of its parent carbohydrate by one specific enzyme at each stage. This procedure
is repeated until one obtains a known glycan. In the second technique, the oligosaccharide
sample is divided into aliquots that are incubated with a precisely defined mixture of
exoglycosidases. Recombining the products of each incubation and performing a single
analysis on the product pool allow to obtain the glycan structure. Both of these methods are
frequently applied for the identification of the primary structure of glycans. The first method
is less ambiguous but takes much time in the case of relatively large glycans, as one has to
repeat the isolation and determination of the product prior to each incubation. The second
approach is much faster; however, it can be challenging to interpret the results unambiguously.
In a standard procedure, exoglycosidase digestion is normally used in combination with LC-
MS, where the enzymatic treatment is followed by a chromatographic analysis and a detection
of the shifts in the retention time. Moreover, there are several bioinformatics tools that help to

. . . . . . . . 20.21
design enzymatic mixtures and simulate their action on oligosaccharides.*”

Non-reducing end *

Figure 3.3. Scheme of exoglycosidase sequencing of a complex glycan from the non-reducing end.
Arrows of different colors correspond to specific enzymes. (Redrawn from Fig. 4 of Ref. "*)
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While we will initially add as many known glycan structures as possible into our database, we
will certainly encounter species that do not have references. In part 3.3.1. of this chapter, we
show the results of combining the exoglycosidase digestion with IR spectroscopy as proof of a
new principle for the identification of unknown glycan structures. Figure 3.4 illustrates our
approach on the example of G2, which was used as a model for an unknown glycan. We
degraded a parent glycan G2 through unknown glycan GO until glycan Man-3 whose spectrum
is already present in our database. Knowing the isomeric specificity of the applied enzymes,
we can reconstruct the primary structure of both unknown parent glycan G2 and intermediate
glycan GO and then add their vibrational spectra to the database. This way, we identify

unknown glycans and expand our spectroscopic database.
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Wavenumber, cm’
—
]
| L B L B L BB

3200 3400 3600 3200 3400 3600
Wavenumber, cm”' Wavenumber, cm’’

Database match!

Figure 3.4. Scheme of database usage and construction based on the combination of IR spectroscopy
and enzymatic degradation techniques.

3.2.2. Collision-induced dissociation

Tandem mass spectrometry (MS"), including low- and high-energy collision-induced
dissociation, is a powerful method for glycan structure identification. After being isolated by a
mass filter, the ion of interest undergoes one or more collisions with an inert buffer gas. The
kinetic energy from this process is converted into an internal energy, which causes bonds in the
molecule to break.”>* The resulting fragments are then analyzed by MS/MS to reconstruct the
molecular structure of the precursor molecule. Low-energy CID leads to the cleavage of
glycosidic bonds and occurs between monosaccharide units (Y/B, and Z,,/C, fragments in
Figure 3.5). It reveals details on the glycan sequence and branching. High-energy CID induces

cross-ring cleavages that involve the breaking of multiple bonds within the sugar rings,

66



resulting in A, and X, fragments. These fragments provide valuable information regarding
linkages and branching. According to the nomenclature, fragments A,, B, and C, contain the
non-reducing end, while Xy, Y, and Z, keep the reducing end. The subscripts correspond to
the position in the glycan chain relative to the reducing end and the superscripts denote the

bonds that were cleaved during the cross-ring fragmentation.
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Figure 3.5. Nomenclature for oligosaccharide fragments introduced by B. Domon and C. Costello in
1988.%¢

In part 3.3.2. of the present chapter, we show our results on combining IR-IMS-MS with
on-board CID as a four-dimensional approach for glycan structure identification. Moreover,
we demonstrate the complementarity of exoglycosidase digestion and CID as both techniques
have drawbacks and can only provide sufficient information for an unambiguous interpretation
of the parent structure when implemented together. In order to identify unknown structures, we

use C- and Y-fragments that represent intact glycans.
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3.3. Combining cryogenic IR with selective enzymatic
cleavage for determining the primary structure of glycans

The content of this section is adapted with the permission of the authors from the article: 1.
Dyukova, E. Carrascosa, R. P. Pellegrinelli, and T. R. Rizzo. “Combining cryogenic infrared
spectroscopy with selective enzymatic cleavage for determining glycan primary structure”.

Anal. Chem. 2020, 92, 1658-1662.%

3.3.1. Exoglycosidase digestion of N-linked glycans

In this work, we monitor the enzymatic degradation of N-linked glycans using UPLC-MS.

For our experiment, the following set of glycan standards was used: Man-1, Man-3, GO0, and

G2 (Figure 3.6).
vt @ E-E ::)—ll 0
s COME O H O e mE

Figure 3.6. Schematic structures of the N-linked glycans used in this study.

All glycan reference compounds were purchased from Dextra (UK) and exoglycosidases
(B(1-3,4)-galactosidase (Bovine testis), a(1-2,3,6)-mannosidase (Jack bean), [-N-
acetylhexosaminidase (Jack bean)) were purchased from Prozyme (Denmark). The glycan

purity is certified to be of minimum 85 %.

To demonstrate our approach, we used an N-linked glycan, G2, as a model for an unknown
glycan. To generate smaller glycans, we performed single enzymatic digestions for Man-3, GO
and G2, and an array of multiple digestion for G2. All reactions were carried out in a total
glycan concentration of 0.4 mg/mL. A solution of oligosaccharide and exoglycosidase in a 50
pL of buffer solution was incubated at 37 °C for various periods of time. Man-3 was incubated
with 1 pl of a(1-2,3,6)-mannosidase (10 U) in a sodium acetate buffer solution (pH = 4-5, 100
mM) for 1 hour; GO was incubated with 1 pul of f-N-acetylhexosaminidase (5 U) and a sodium
citrate/phosphate buffer solution (pH = 4-5, 100 mM) for 18 hours; the single cleavage of G2
was performed with 1 pl of B(1-3,4)-galactosidase (0.5 U) in a sodium citrate/phosphate buffer
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solution (pH = 5-6, 100 mM) for 18 hours; the multiple cleavage of G2 was carried out by the
enzymatic mixture consisting of 1 ul of P(1-3,4)-galactosidase (0.5 U) and 1 ul of B-N-
acetylhexosaminidase (5 U) in an ammonium acetate buffer solution (pH =5, 100 mM) for 18
hours. In order to prevent column contamination, the enzymes were always removed using
Sep-Pak C18 (1 cc, 50 mg) cartridges prior to the UPLC-MS analysis of the products of each

cleavage reaction.

To control the products of each reaction, we first obtained the retention times of all four
standards, including Man-1, Man-3, G0, and G2, by doing an LC run of their mixture (Figure
3.7A). During the incubation period of Man-3 with a(1-2,3,6)-mannosidase, two mannose
residues were removed from the non-reducing end of Man-3, leaving the glycan Man-1. The
chromatogram (Figure 3.7B) of the mixture after cleavage confirms the full conversion of Man-
3 to Man-1, showing a single peak for Man-1 with a retention time of 6.07 min. During the
incubation period of GO with p-N-acetylhexosaminidase, two N-acetylglucosamine
monosaccharides were removed from the non-reducing end of GO and the resulting smaller
glycan was Man-3. The chromatogram (Figure 3.7C) of the mixture after cleavage confirms
the full conversion of GO to Man-3, showing a single peak with a retention time of 10.82 min.
The single cleavage of G2 by B(1-3,4)-galactosidase led to the removal of two galactose units
and the chromatogram (Figure 3.7D) of the mixture after cleavage confirms the full conversion
of G2 to GO, showing a single peak for GO with a retention time of 13.22 min. After the multiple
exoenzyme cleavage of G2 using a combination of [(1-3,4)-galactosidase and [-N-
acetylhexosaminidase, the same chromatogram (Figure 3.7C) was obtained as after a single
exoenzyme cleavage of GO. The observation of a single peak with a retention time of 10.82
min confirms the full conversion of G2 to Man-3 in which two galactose units and two N-

acetylglucosamine monosaccharides were removed from the non-reducing end.
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Figure 3.7. Left panel — chromatograms of a mixture of glycan standards (A) and smaller glycans
after enzymatic cleavage (B—D). B — conversion of Man-3 to Man-1; C — conversion of G0 and G2
to Man-3; D — conversion of G2 to GO. Right panel — a typical mass spectrum recorded by the Q-
TOF instrument using the Man-3 glycan standard.

After digestion, smaller glycans were purified by the LC-MS and collected using a fraction
collector. It is important to note that here we do not follow the standard procedure for glycan
analysis that includes labeling followed by UV or fluorescence detection. Using a Q-TOF mass
spectrometer as a detector allows us to simplify and shorten the sample preparation procedure

as we work with free glycans.

3.3.2. Infrared spectroscopy of glycan standards and smaller glycans
after enzymatic cleavage

Before introducing the collected samples into the CIS instrument, purified glycans were
concentrated and reconstituted in a 50:50 water/acetonitrile solution up to a final concentration
of 10—15 uM. The flow rate for nESI was approximately 1-100 pl/min (depending on the
needle and pressure), leading to 0.3—41 pmoles of the total sample amount for this experiment.
The acquisition time using the Nd:YAG laser pumped OPO with 15 averages for each IR-
spectra was ~ 30 min for the range 3200-3750 cm™. In the present work, we did not aim to

show the relative sensitivity of our machine in comparison with another method for glycan
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characterization. We were primarily focusing on the combination of two techniques and
proving their compatibility as a new mechanism for the identification of unknown glycan

species.

Due to the presence of at least two N-acetylglucosamine monosaccharides in the core
structure, all N-linked glycans can be easily protonated in acidic medium. Since we used a
buffer solution with low pH (4-5) during the clean-up procedure after enzymatic cleavage, the
corresponding protonated glycans were the predominant species observed in all mass spectra
of our collected samples. On the other hand, the glycan standards were mainly present in a
sodiated form. In order to obtain a number of protonated species sufficient for measurements,
acetic acid was added to the glycan standards before spraying. Based on the procedure
described in Chapter 2, the IR spectra of protonated glycan standards and glycans after

enzymatic cleavage were measured using the messenger-tagging technique.

Man-1 IR-spectra

Figure 3.8A shows the measured IR-spectra of protonated Man-1 obtained by enzymatic
cleavage of Man-3 along with that from the Man-1 reference compound. Both consist of a
number of overlapping transitions in the range 34503550 cm™ and four distinct lines in the
“free” OH-stretch region (3550-3700 cm™). The good agreement in both the position and
intensities of the vibrational bands of the reference and cleaved Man-1 confirms the identity of
the enzymatic degradation product. Figure 3.8B and 3.8C show the corresponding spectra of
the sodiated and ammoniated Man-1. To obtain a number of sodiated and ammoniated adducts
sufficient for the measurements, a sodium acetate was added to all collected glycans, and an
ammonium acetate was added to glycan standards before spraying. As in the case of the
protonated species, the spectra of the enzymatic digestion product matches that of the reference
compound unambiguously. One expects the spectra of the protonated, sodiated and
ammoniated species to differ, since the proton, sodium and ammonium cations will bind
differently, leading to a different geometry and hence different vibrational frequencies. The
spectral matches of the three species with their respective standards provide independent

information with which to identify the enzymatic digestion product.
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Figure 3.8. A, B, and C correspond to IR-spectra of the protonated, sodiated and ammoniated Man-
1, respectively. Purple, blue and green spectra correspond to the reference Man-1; grey spectra
correspond to Man-1 after enzymatic cleavage of Man-3.

All these spectra can further serve as glycan identifiers and be included in a spectroscopic
database. Since the choice of solvent and concentration, as well as the specific enzymatic
digestion procedure, will affect the relative intensities of these adducts, it is useful to include
all these spectra in a database. This will enhance the probability of glycan identification

irrespective of the experimental method.

Man-3 IR-spectra

Man-3 was obtained by both the single digestion of GO with -N-acetylhexosaminidase and
multiple digestion of G2 with a mixture of p(1-3,4)-galactosidase and [-N-
acetylhexosaminidase. We measured the IR-spectra of these cleaved Man-3 oligosaccharides
and compared them with the reference Man-3 spectra for protonated, sodiated and ammoniated

adducts (Figure 3.9). The spectra of Man-3 after the single enzymatic digestion of GO and
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multiple digestion of G2 are in excellent agreement with the reference spectra of Man-3. These

results demonstrate that the spectra of smaller glycans do not depend on the means by which

they are produced and reinforce the practicality of using a spectroscopic database to identify

them.
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Figure 3.9. A, B, and C correspond to IR-spectra of the protonated, sodiated and ammoniated Man-
3, respectively. Purple, blue and green spectra correspond to the reference Man-3; grey spectra
correspond to Man-3 after enzymatic cleavage of GO; red spectra correspond to Man-3 after multiple
enzymatic cleavage of G2.

GO IR-spectra

For G2, we performed the single digestion with B(1-3,4)-galactosidase and obtained the

smaller glycan GO. Figure 3.10 shows the IR-spectra of the cleaved species together with that

of the standard for the protonated and sodiated glycan GO.
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Figure 3.10. A and B correspond to IR-spectra of the protonated and sodiated GO, respectively.
Purple and blue spectra correspond to the reference GO; grey spectra correspond to GO after
enzymatic cleavage of G2.

G2 IR-spectra

The goal of our approach is to identify either unknown glycans or known glycans for which
we cannot obtain standards. In the present case, we have used G2 as a model for an unknown
glycan to demonstrate our procedure. Once we have identified the target parent glycan, we can
then add its cryogenic IR spectrum to our database and identify it subsequently by its
spectroscopic fingerprint. The spectrum of the G2 parent, shown in Figure 3.11, is sufficiently
structured that it would serve well as such a fingerprint. Moreover, it provides the basis for

identifying larger glycans that we can enzymatically degrade to G2.
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Figure 3.11. IR-spectrum of the protonated (purple) and the sodiated (blue) G2 reference.
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3.4. Combination of CID and enzymatic cleavage for the
identification of isomeric glycan fragments

As collision-induced dissociation is an intrinsically non-specific technique, the multitude of
generated isomeric fragments can lead to an ambiguous interpretation of the parent glycan
structure. In contrast, the enzymatic digestion approach allows a series of bond-specific
cleavages that generate strictly defined structures; however, the variety of possible fragments
is limited by the specificity of applied exoglycosidases. This part of the project aimed to show
the complementarity of exoglycosidase digestion and CID for the identification of isomeric
CID fragments that would further serve as the basis for the unravelling of unknown glycan

structures.

We demonstrate our strategy using the example of two groups of isomeric fragments that
were generated by an on-board CID of a triantennary N-linked glycan core (NGA3F)
[NGA3F+2Na]*" with m/z = 856 on the third-generation IMS-CIS II instrument. The first group
of fragments corresponds to the mass m/z = 754 and to the loss of one N-acetylglycosamine
monosaccharide, namely fragment [GOF+2Na]*". The second group corresponds to the mass
m/z = 771, which involves the loss of three N-acetylglycosamine, one mannose
monosaccharide and one fucose residues from NGA3F, leaving [Man-2+Na]". Figure 3.12

shows possible positional isomers for fragments with these masses.

NGA3F GOF (I) GOF (IT)

1-6
B(1-6) B(1-2) p1-6)
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Figure 3.12. Possible “GOF” and “Man-2” isomeric structures after fragmentation of NGA3F.

After 3 cycles of separation (30 m path length) of the CID fragments [GOF+2Na]*" on the
SLIM board, we observed two distinct peaks (Figure 3.13A). Figure 3.13A* depicts their IR

75



fingerprints. A symmetrical GOF (I) glycan standard with two 1,2 bonds between the non-
reducing end N-acetylglycosamine and a mannose was purchased from Dextra (UK). Pure
standards of the other two structures were not found on the market due to the complexity of
their synthesis and separation. To be able to assign those peaks, we implemented the enzymatic
digestion approach to generate one of the standards. We applied B-N-acetylhexosaminidase
(Agilent) to NGA3F, which specifically removes an N-acetylglycosamine monosaccharide
from the al,3-arm, leading to the GOF (II) isomer shown in Figure 3.12. The substrate (10 ug)
was incubated in a 50 pl Tris-HCI buffer solution (20 mM, pH = 7.5) with 1,5 pl of the enzyme
(1.6 U) at 37 °C for 1 hour. After 3 cycles of separation, the purchased isomer GOF (I) displayed
two peaks in the ATD that most likely correspond to two reducing-end anomers (Figure 3.13B).
Under the same separation conditions, the enzymatically generated isomer GOF (II) showed
only a single peak that we presume contains both reducing-end anomers (Figure 3.13C). The
second IMS peak of the CID fragments overlaps with the peak 1* of the GOF (I) and the peak
of the GOF (II).
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Figure 3.13. A, B, C — ATDs after 3 cycles separation of the [GOF+2Na]*" isomeric fragments after
an on-board fragmentation, the GOF(I) and GOF(II) isomers, respectively. A* — IR fingerprints of the
CID generated fragments.

We then used spectroscopy for further isomer discrimination. Based on the comparison of
the IR fingerprints (Figure 3.14), we found that the spectrum of peak 2 contains features from
both GOF (II) and peak 1* of GOF (I). To determine the ratio between the two isomers, we
performed a decomposition of the spectrum of peak 1 in MATLAB. The fminsearch function

was used to minimize the root-mean-square deviation (RMSD) between the spectrum of the
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mixture and a synthetic spectrum constructed from spectra of peak 1* of GOF (I) and the lone
peak of GOF (II) within the range of 33803686 cm™'. The best fit for the measured spectrum
corresponds to 68.8 % of GOF (II) isomer and 31.2 % of GOF (I) isomer with RMSD = 4.7 %.
While this approach provides qualitative information, ion suppression and charge competition
limit its ability to be truly quantitative. The ratio between GOF (II) and GOF (I) isomers

calculated above represents an approximate composition.

Peak 1 of the CID fragments could be matched neither to the arrival time nor to the IR
fingerprint of any reference compounds. By exclusion, this peak must correspond to the third
possible fragment (GO (III)) for which we did not have a reference. This is an example where
we can determine the primary structure of glycans and expand our database by adding

vibrational fingerprints of those that cannot be purchased or generated enzymatically.
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Figure 3.14. Isomer selective IR spectra of peak 1* of GOF (I) (blue) and the loan peak of GOF (II)
(green); synthetic spectrum (grey) constructed from spectra of peak 1* of GOF (I) (31.2 %) and GOF
(I1) (68.8 %), peak II after CID (red).

For the identification of the second group of CID fragments [Man-2+Na]", we enzymatically
synthesized one of the standards by applying a(1-2,3,6)-mannosidase to the glycan Man-3. The
a(1-2,3,6)-mannosidase is known to completely cleave the Man-Man bond on the al,3-arm
first and then on the al,6-arm. Man-3 was incubated with 1 pl of a(1-2,3,6)-mannosidase (10
U) in a sodium acetate buffer solution (pH = 4-5, 100 mM) for different periods of time within
1 hour (10, 30, 60 min) (Figure 3.15). Monitoring the kinetics of the enzymatic reaction, a 10
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min incubation period was defined as optimal to produce al,6 Man-2 isomer before the full

conversion of Man-3 to Man-1 happens.
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Figure 3.15. Kinetics of the conversion of a Man-3 substrate to Man-1 through the intermediate
product Man-2 with a(1-2,3,6)-mannosidase.

After 3 cycles separation (30 m path length) of the CID fragments [Man-2+Na]" on the
SLIM board, we observed two peaks (Figure 3.16). Based on the comparison between the IR
fingerprints of these two peaks and the only peak of the a1,6 Man-2 isomer, we found that peak
2 of the CID fragments corresponds to the al,6 Man-2 isomer and peak 1 must correspond to
al,3 Man-2. We can now add the spectra of these two structures (a1,6 Man-2 and al,3 Man-

2) to our database, even though we only had one standard.

B peak 1
A 2
>
=
(%]
c
[J]
E=
£ peak 2
c
1)
1 o
>
o= 'm
% 1,6 Man-2 isomer
— o
230 235
Time, ms

3400 3500 3600 3700
Wavenumber, cm’”

Figure 3.16. A — ATD of [Man-2+Na]" isomeric fragments after an on-board CID and 3 cycles
separation. B — isomer selective IR spectra of peaks I and II after CID (red); al,6 Man-2 isomer
(blue).
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Conclusions

The present work demonstrates the feasibility of combining enzymatic digestion and
collision-induced dissociation with cryogenic IR-spectroscopy for the identification of
unknown glycan using our spectroscopic database. For the development of this database, we
will initially measure the spectra of as many known glycan structures as possible. Yet, one
major goal is to analyze glycans from biological samples, which will certainly include species
that are not (at least initially) contained in our database. By combining the existing protocols
for exoglycosidase cleavage and CID with cryogenic infrared spectroscopy, we have developed
a mechanism by which to determine unknown glycan primary structures and add them to the
database. The IR-spectra of enzymatically cleaved and CID-generated glycans are in very good
agreement with those of reference standards. The fact that G2 is the biggest glycan
demonstrated in this work does not mean that our method is limited to this size/mass. G2
consists of nine monosaccharide units and we believe that, while obviously showing a broader
and more complex vibrational spectrum than the spectra of trisaccharide Man-1, it possesses
well-structured IR fingerprints in the region of OH stretching vibrations. To our knowledge,
the spectra presented here show the best resolved infrared spectra of such a complex glycan
entity to date. We strongly believe that even increasing the structural complexity of the
molecules, we will be able to identify them at least in the “free”” OH-stretch region (3550-3700

cm™).

These results serve as a starting point for constructing a glycan database and can be useful
to benchmark future calculations of the structure of increasingly complex glycans. It is
important to note that the methodology described in this work represents a procedure for
constructing rather than using the database. We only have to go through this time-consuming
process once for each unknown species. Each time we add a new species to the database, we
gain the ability to identify it from a mixture based on its spectral fingerprint and obtain a new
core structure that can be used in identifying still larger glycans that are built upon it. By
initially focusing on N-linked glycans, we will construct a functional database that will
progressively expand. While G2 will serve as a minimal motif for larger unknown glycans,
these new species will serve as new minimal motifs in the stepwise construction of the future
database. This process will continue until all possible glycan structures are added to the

database.
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Chapter 4. Identification of positional 1somers of
glycans cleaved from monoclonal antibodies

4.1. Introduction

The content of this chapter is adapted with the permission of the authors from the article: 1.
Dyukova, A. Ben Faleh, S. Warnke, N. Yalovenko, V. Yatsyna, P. Bansal, and T. R. Rizzo.
“A new approach for identifying positional isomers of glycans cleaved from monoclonal

antibodies”. Analyst 2021, 146, 4789-4795.'

Biologics or biological drugs are products made from living systems. Biosimilars represent
copies of licensed biologics made by different manufacturers.” Biologics and biosimilars are
used to treat the deadliest diseases such as various types of cancer,” immune-mediated
disorders® and diabetes.” According to the guidelines of the European Medicines Agency's
(https://www.ema.europa.eu/en), “biosimilars can only be approved as long as there are no
clinically meaningful differences in their safety and effectiveness in comparison with the

original drug”.

Due to the high cost of production and characterization of originator biologics, there is a
huge interest in developing biosimilars, which are much cheaper since they do not need to
undergo clinical trials.® The typical decrease in price is 15-45 % and in some cases can even
reach 80 % (e.g. biosimilars of Humira from AbbVie Inc.).”® Cost savings allow to increase
patient access to the therapy and help to implement the treatment already at an early stage of
the disease. Moreover, the competition between biologics and biosimilars stimulates the
development of next-generation products. In Europe, by 2018, 34 biologics became patent-free

and the patents of 15 more will expire in the next 5 years.” '°

Monoclonal antibodies (mAbs) represent one of the biggest groups of all biologics. Most of
the current therapeutic mAbs are humanized or human immunoglobulins G (IgGs), produced
as recombinant glycoproteins in eukaryotic cells.'' IgGs are about 150 kDa in size and
composed of two identical heavy chains of ~50 kDa and two identical light chains of ~25 kDa
(Figure 4.1)."
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Figure 4.1. Schematic structure of Immunoglobulin G antibody.

The N-terminal domain of an IgG consists of a variable region with the complementarity-
determining region that binds to a specific epitope of an antigen. The other domains within the
IgG make up the constant regions. The structure of an IgG is divided into the Fab (2/3) and the
Fc regions (1/3). Each of the two identical Fabs consists of light and heavy chains linked by an
interchain disulfide (S-S) bond. The hinge region connects the Fabs to the Fc via a double

disulfide linkage between the heavy chains."

In contrast to small molecules (150—600 Da), it is challenging to reproduce mAbs precisely,
as they are very large and complex systems exhibiting micro-heterogeneities. To produce the
same biosimilar product, suppliers use different cell lines and manufacturing processes that
may affect the molecular structure and, as a result, the quality and safety of the final medicine.”
Moreover, biologics might also have a micro-heterogeneity problem that comes from the batch-
to-batch variability. Therefore, all parties (innovators and biosimilar manufacturers) are

interested in comprehensively analyzing their products.

Immunoglobulin G molecules are glycosylated in the Cy2 domains of the Fc region (Figure
4.1), with glycans being covalently attached to the Asn297 residue. The N-glycans of the Fc

region contribute approximately 2—3% to the total mass of the IgG protein.'" 2

Despite this
low percentage, the N-glycan moieties can have a significant impact on the effector functions
of antibodies, such as the antibody-dependent cell-mediated cytotoxicity (ADCC) and the
complement-dependent cytotoxicity (CDC).'* > For example, it has been established that the
absence of core fucose (Fuc) residues in the N-glycans of the Fc region substantially increases

the ADCC activity. Moreover, a high sialic acid content reduces ADCC activity but at the same
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time plays an important role in anti-inflammatory responses.'® '’ Terminal galactose is well

known to enhance CDC activity and its impact on ADCC activity has also been reported.'®>’

It has only recently been demonstrated that the terminal galactose position (i.e., on either
the core mannose (Man) al,6 or a1,3 branch) has a significant effect on the effector functions
of mAbs. Aoyama et al. have shown that the Gl(al,6)F mAb has higher complement
component 1q (C1q)- and Fc gamma receptor (FcyR)-binding activities and CDC activity than
the G1(a1,3)F mAb because of the greater involvement of the galactose on the 1,6 branch in
the structural stability of the Cy2 domain.** It is important to note that mAbs exhibit micro-
heterogeneities that can lead to the presence/absence or different ratios between the N-glycans
in the Fc region with terminal Gal on the Man al,6 and al,3 arms. Effective tools are thus
needed to analyze protein glycoforms, even at the isomer level, for both biological mAbs and

biosimilars. >’

Several methods have been implemented to distinguish and identify positional isomers of
released N-linked glycans with terminal Gal (al,6/al1,3). These include tandem mass
spectrometry,” ion mobility spectrometry,”’ and various combinations of selective enzymatic
digestion or synthesis with NMR or liquid chromatographic analysis.’*>* The most commonly
used method currently combines HILIC and mass spectrometry, where the chromatographic
peak assignment is based on the previously published work indicating that the glycan with a
terminal galactose on the upper Man (a1,6) arm elutes prior to that with galactose on the lower
Man (al,3) arm.** Despite the potential of this hybrid technique, glycan LC workflows
typically involve a derivatization step to label the glycans with a fluorescent tag. While this
improves sensitivity and facilitates quantification, it complicates the workflow, and the labels

can be expensive.

In the present work, we use a combination of ultra-high resolution IMS with cryogenic
infrared spectroscopy as a rapid and reliable technique for glycan isomer identification. Our
approach allows one to obtain highly resolved, isomer-specific vibrational spectra, even of
larger, more complex glycan ions. We have implemented a chemoenzymatic approach to
synthesize selectively the glycan isomer G1(a1,6)F and characterized it by IMS and vibrational
spectroscopy.”> *® We then demonstrated the impact of the host cell line (CHO and HEK-293)
on the ratio of G1F isomers within the glycan profile of IgG.
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4.2. Ton-mobility-selective IR spectroscopy of glycan GI1F
isomers

For the first time, we demonstrate a comprehensive analysis of N-linked glycan GI1F
positional isomers using a combination of IMS and cryogenic IR spectroscopy. Commercially
available G1F (Dextra Laboratories) was provided as a mixture of two positional isomers, with
the terminal galactose sitting on either the Man al,6 or Man al,3 arms. The solutions were
prepared by dissolving the respective powder in a 50/50 H,O/acetonitrile mixture for a
concentration of 15-20 uM. We performed our experiments for the doubly sodiated G1F
glycan standard ((G1F+2Na]*", m/z = 835) on the second-generation IMS-CIS I instruments.
Four peaks were observed after three cycles on the SLIM board (4.87 m drift path) (Figure
4.2). We compared our results with a separation by LC. Two positional isomers elute from the

HILIC column as one single peak regardless of the separation conditions.
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Figure 4.2. A — Positional isomers of glycan G1F: G1(al,6)F and G1(al,3)F; B — one peak separation
of the G1F mixture with HILIC after 22 min; C — arrival time distribution of the G1F mixture after 3
cycles on the SLIM board of IMS-CIS L.

In order to achieve a better separation of the peaks II and III (Figure 4.2C), we would need
to send ions for more cycles along the traveling path. However, after 4 cycles, the ATD starts
overlapping with a previous cycle on the SLIM board of the IMS-CIS I instrument. In addition,
we were not able to obtain a pure ATD for doubly sodiated species as it has a very close arrival
time with [G1F+H+K]*" (m/z = 832) species. The quadrupole mass filter could not select such

a narrow window that transmits m/z = 835 without m/z = 832. Therefore, to increase mobility
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and mass resolving power, all the experiments for this project were transferred to the third-

generation IMS-CIS II instrument.

Figure 4.3 shows four distinct peaks of the G1F mixture after six cycles on the SLIM board
(60 m drift path) of the IMS-CIS II instrument. Since two neighboring peaks (II and III) are
just resolved, we can estimate the difference in their CCS values to be 0.2-0.3%. For the two
positional isomers, we observed four distinct peaks on the ATD. These peaks could arise from
the two reducing-end anomers, which we have shown can be separated by ultra-high resolution

IMS,*” or from different conformers for each isomer.
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Figure 4.3. Arrival time distribution of G1F after a 60 m IMS separation (i.e., six separation cycles)
on the SLIM board of IMS-CIS II, representing a mixture of the G1(al,6)F and G1(al,3)F positional
isomers.

Figure 4.4 displays the cryogenic IR spectra of each peak in the ATD of G1F. Even though
GIF consists of nine monosaccharide units, each spectrum exhibits a highly distinct spectral
fingerprint that can serve as a unique and robust identifier. We spectroscopically confirmed
that regardless of the experimental conditions affecting the arrival time distribution, the same

species corresponds to each peak in the ATD.
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Figure 4.4. Cryogenic IR spectra of peaks I-IV observed in the ATD of the G1F glycan shown in
Fig.4.3.

Each IR spectrum was acquired within ~10 min to allow for averaging of three scans.
However, many fewer spectral data points are needed to uniquely identify each species.
Moreover, one can see that the 3600-3700 cm™ range exhibits sufficiently unique absorption
bands in every one of the four spectra to facilitate compound identification. Taken together,

this would allow us to identify each of these glycans in less than one minute.

4.3. Selective enzymatic synthesis of the glycan G1(al,6)F

In order to assign each peak in the ATD of G1F to one of two positional isomers, we needed
pure standards. However, pure isomers Gl(al,6)F and G1(al,3)F are difficult to obtain
commercially. The samples we purchased from the few manufacturers that offer them were of
unsatisfactory isomeric purity, exhibiting the same ATD profile as for the G1F mixture.

There are three main strategies to produce the standards of N-linked glycans.
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1. Releasing from natural sources

Naturally occurring N-linked glycans are extremely micro-heterogeneous due to the
processes by which they are assembled in biosystems, and they are often found in low
concentrations. Moreover, isolated glycans represent a mixture of compounds with close
structures that are difficult to separate by current analytical techniques. All these factors make
it challenging to obtain adequate amounts of N-glycans with specific structures from natural

SOUIC€&3&39

2. Chemical synthesis

Chemical synthesis has significantly contributed to the construction of libraries for
oligosaccharide standards. Regioselective protection/deprotection methods for multiple
hydroxy groups of sugars and efficient glycosylation reactions have provided tools for the
synthesis of a large variety of N-glycans, even with complex structures such as tri- and tetra-
antennary oligosaccharides. However, this type of synthesis is a difficult and time-consuming
task that usually requires many steps, including purification of stereoselective glycosidic
linkages. Even biantennary complex-type oligosaccharides are synthesized in at least 20
steps.*** Moreover, the chemical synthesis of glycans represents non-trivial work that relies

on the solid synthetic experience of the researchers.

3. Chemoenzymatic synthesis

The surge in the study of glycans over the last two decades has stimulated the development
of the chemoenzymatic method, which has been proven to be a fast and reliable technology to
produce glycan standards. The main principle of chemoenzymatic synthesis is based on the
modification of synthetic glycan precursors by one or a set of glycosyltransferases (GTs) to
yield derivatives of higher complexity. GTs are a class of enzymes that catalyze the formation
of glycosidic bonds by transferring a donor sugar block to an acceptor substrate.**
Glycosyltransferases demonstrate stereo- and regiospecificity, and they transfer donors with
either retention or inversion of the configuration at their anomeric carbon (Figure 4.5). The
name of each enzyme includes the name of the donor used in the reaction, the position of the
bond formation on a substrate and the stereochemistry of the transfer. Initially, such an

45, 46

approach was exclusively focused on symmetrically branched oligosaccharides, and only
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recently, a few groups demonstrated a strategy for chemoenzymatic synthesis of asymmetrical

glycans. 36 474
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Figure 4.5. Reaction mechanism of glycosyltransferases upon inversion or retention of the anomeric
glycosidic bond.

FUTS (al,6-fucosyltransferase) is the only enzyme that catalyzes core-fucosylation in
mammals. Previous studies have demonstrated that galactosylation of the GlcNAc residue at
the al,3-mannose branch and the bisecting of N-glycans prevent FUTS8 activity. For this
reason, it has been widely used in the synthesis of asymmetrical N-glycans. We have thus used
a chemoenzymatic approach to synthesize the G1(al,6)F isomer selectively. The enzyme
catalyzes the transfer of L-fucose to form an al,6-linkage to the reducing-end GlcNAc of

G1(al,6), leading to the selective synthesis of the G1(al,6)F isomer (Figure 4.6).%> %%

s GDP-Fuc GDP N
NP
Gl(al,6) G1(01,6)F
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Figure 4.6. Positional isomers of GO and G1F glycans with a scheme of chemoenzymatic synthesis
of the G1(a1,6)F isomer using human al,6-fucosyltransferase FUTS.

The synthesis of G1(al,6)F was performed in a total volume of 50 pl containing 0.27 mM
of an acceptor G1 N-linked glycan (Dextra Laboratories, UK), 0.54 mM of GDP-Fuc
(guanosine 5’-diphospho-B-L-fucose sodium salt) (Sigma-Aldrich), a MES (2-(N-
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morpholino)ethanesulfonic acid) buffer solution (100 mM, pH = 7.0) and 0.12 mg/mL of FUTS
(Creative BioMart, USA). The reaction was incubated overnight at 37 °C. In order to determine
the optimal reaction time, samples were incubated for 1, 2, 3, 4, 6, 8, 16 and 48 h. The reactions
were then quenched by adding 30 pl of ice-cold acetonitrile to the mixture and analyzed by
LC-MS. The conversion efficiency was calculated as % = Product peak area/ (Product peak

area + Substrate peak area) x 100 (Table 4.1).

Table 4.1. Conversion efficiency for different incubation times of the reaction

Gl(al,6)F

Time Conversion (%)

1h 17.1

2h 18.2

3h 19.6

4h 21.5

6h 26.8

8h 30.3

16h 43.7

48h 57.7

Figure 4.7 depicts the liquid chromatogram of the reaction mixture after 8h of incubation
along with a typical MS spectrum. The final product, the G1(a1,6)F isomer, was collected after
16 h, with a yield of ~50%, using a fraction collector, and the solvents were evaporated to
concentrate the sample up to 15-20 uM (50/50 H2O/acetonitrile mixture). Our assumption was
that we start with a 50/50 mixture of the positional isomers of GO. Since we were producing
only one of the positional isomers, the conversion efficiency should be less than 50%.
According to the results, the best incubation time of the reaction was 16h. It can be seen from
Table 4.1 that a conversion rate of more than 50% was observed after 48 h (i.e., 57%), possibly
due to the reaction of G1(al,3) and the formation of the G1(a1,3)F isomer. For this reason, we
chose 16h as the optimal incubation time of the reaction, assuming that Gl(al,6)F is

exclusively formed.
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Figure 4.7. Liquid chromatogram and MS spectrum of the reaction mixture after 8h of incubation.

4.4. Identification of the positional isomers of the G1F based
on the ion-mobility-selective IR fingerprints

Figure 4.8 displays the ATD obtained for the doubly sodiated G1F glycan mixture (purple)
and the synthesized Gl1(al,6)F isomer (green) performed under the same experimental
conditions after 6 cycles (60 m) of separation by SLIM-IMS. One can see that the ATD of the
G1(al,6)F isomer is simpler, exhibiting only two distinct peaks (III* and I'V*) that match the
drift times of peaks IIl and I'V of the G1F mixture, respectively.

I mixture of

G1(al,6)F and G1(al,3)F

n*

G1(al,6)F

Iv*

B T s e e e ]
450 460 470 480 490 500 510 520
Arrival time, ms

Figure 4.8. ATDs of the G1F glycan representing a mixture of G1(a1,6)F and G1(al,3)F positional
isomers (purple) and the synthesized G1(a1,6)F isomer (green) after a 60 m SLIM-IMS separation.
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To confirm that peaks III* and IV* in the ATD of G1(al,6)F correspond to peaks III and
IV in the ATD of the GIF mixture, we measured and compared their respective IR spectra.
The good agreement between the IR fingerprints of III*/IIT and IV*/IV shown in Figure 4.9

indeed confirms our assignment.

Based on the selectivity of the chemoenzymatic synthesis of the G1(a1,6)F isomer, these
results demonstrate that peaks III and IV of the ATD of the G1F mixture correspond to G1(al-
6)F, and thus peaks I and II must correspond to G1(al,3)F. It is worth noting that in the ATD
measured here by ion mobility, G1(al1,3)F arrives prior to G1(a1,6)F, while using HILIC, the
opposite is observed.*® This difference results from the different mechanisms of separation. In
HILIC, G1(al1,3)F has a higher affinity to the stationary phase and elutes after G1(a1,6) F. In
IMS, Gl(al,3)F has a more compact structure and therefore undergoes fewer collisions with

the buffer gas, which makes it arrive sooner than G1(a1,6)F.”
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Figure 4.9. Cryogenic IR spectra of peaks III vs III* and IV vs IV* observed in the ATDs of G1F,

representing a mixture of the G1(al,6)F and Gl(al,3)F positional isomers (purple), and the
synthesized G1(al,6)F isomer (green) (Figure 4.8).
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4.5. Impact of the host cell line on the glycan profile

Different biosimilar suppliers use independently derived cell lines and different
manufacturing processes that affect the glycosylation profile and thus potentially the quality,
safety, and efficacy of the final protein product. In the case of G1F, we demonstrate the impact
of the host cell line (CHO and HEK-293) on its ATD profile, which reflects the ratio of

positional isomers.

Recombinant IgG glycoproteins from CHO and HEK-293 cell lines were produced and
purified at the EPFL protein production and structure core facility. One hundred pg of
lyophilized mAb was diluted in 16 pl of H>O and incubated with 4 pl of Rapid PNGase F buffer
and 1 pl of PNGaseF enzyme (BioConcept, Allschwil, Switzerland) at 50 °C for 10 minutes to
detach the N-linked glycans.

To remove peptides, protein and other contaminants present in the glycan samples after
digestion, we used Sep-Pak C18 cartridges. The cartridges were first conditioned with 1 mL of
MeOH, followed by 1 mL of 5% acetic acid three times before the glycan samples were applied
directly after the deglycosylation step. Then the cartridges were washed three times with 1 mL
of 5% acetic acid. The collected fractions with released N-linked glycans were lyophilized and
diluted in 80 pl of a 30/70 H,O/acetonitrile mixture. The mixtures of released N-linked glycans
from IgG produced in CHO and HEK-293 cell lines were analyzed by UPLC-MS (Figure 4.10).
The obtained glycoprofiles for both mAbs are consistent with previously published data. They
include three major glycans: GOF, G1F and G2F.”">* The glycan G1F appears as a single peak
consisting of two positional isomers: G1(al,6)F and G1(al,3)F. Using the fraction collection
procedure explained above, the peak corresponding to G1F cleaved from four portions of 100
ug of each mAb was collected and concentrated. The sample solutions were stored at —20 °C.
We added sodium acetate to all collected fractions to observe the doubly sodiated adduct as the

predominant species for ion mobility and spectroscopy measurements.
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Figure 4.10. Chromatograms of three major N-linked glycans released from IgGs produced in CHO
(blue) and HEK-293 (red) cell lines.

Figure 4.11 shows the ATD profile of the G1F standard together with those of G1F released
from IgG antibodies produced in either CHO or HEK-293 cell lines. While the ATDs look
quite similar in the number of features and their respective drift times, demonstrating the
presence of both positional isomers in all three samples, their ratio changes. Based upon the
integrated area of each pair of peaks corresponding to the respective positional isomers, the
ratio of G1(al,3)F to G1(al,6)F increases in the following order: standard (65/35) < HEK-293
(70/30) < CHO (75/25) (Figure 4.12, Table 4.2). In addition to the different ratios of positional
isomers, we observe a difference in the relative intensities of the two peaks in the ATD assigned
to each isomer. As discussed above, these peaks could arise from the two reducing-end anomers

or from different conformations for each isomer.
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Figure 4.11. ATDs of the G1F standard (purple) and G1F released from a recombinant IgG antibody
produced in the HEK-293 (red) cell lines and CHO (blue) after a 60 m SLIM-IMS separation.
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Figure 4.12. Integrated peak areas after gaussian peak fitting of each signal in the ATDs of the G1F
standard (A), G1F from the HEK-293 cell line (B) and G1F from the CHO cell line (C).
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Table 4.2. Integrated and normalizes peak areas of ATD signals of the G1F standard, G1F from the
HEK-293 cell line and G1F from the CHO cell line

Integrated peak areas, %
GIF Gl(al,3)F Gl(al,6)F G1(al,3)F/G1(al,6)F
Peak I | Peak I | Peak Il | Peak IV
Standard 22 43 26 9 65/35
HEK-293 33 37 16 14 70/30
CHO 17 58 18 7 75/25

4.6. IR spectral comparison using PCA analysis

The IR spectra were compared using an algorithm that combines principal component
analysis (PCA) and automatic cluster detection to identify and assign the positional isomers of
GI1F. The algorithm makes use of the ‘scikit-learn’ python software library using both the
‘PCA’ fit function from the decomposition library and the ‘kmeans’ fit and predict functions
from the cluster library.” As a first step, PCA is used to reduce the dimensionality of the
considered IR spectra to a few principal components that sufficiently describe the original data
set (in this case 3 principal components). Following this, the different reference spectra are
automatically identified and classified into so-called ‘clusters’ in the principle-component
space. Finally, the predict function automatically assigns the analyte spectra to the
corresponding references. This approach allows for rapid and accurate identification and
assignment of the IR spectra to the different isomers of the considered molecule. Moreover, no
user interpretation is required, making the analysis fully automated and thus putting machine

learning at the service of glycan analysis.

The PCA and clustering algorithm correctly assigns the different IR spectra of the references
(3 spectra per isomer) to the same cluster, depicted in the same color in Figure 4.13. The spectra
in the principle-component space are represented by colored circles where peaks 1 and 2 of the
ATD of Gl(al,3)F isomer are depicted in different shades of red and peaks 1 and 2 of the
G1(al,6)F are depicted in different shades of blue. The explained variance ratios of the
principle components describe the percentage of variance that is attributed to each of the

components and are shown in Table 4.3.
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Table 4.3. The variance ratios of the principle components

Principle components

First

Second

Third

Explained variance ratio

0.55

0.28

0.08

It is important to note that the different colors corresponding to different isomers in Figure

4.13 were automatically assigned by the algorithm through the ‘kmeans’ fit function, which

classifies the data set into 4 separate clusters.

Finally, the analytes, depicted by a black star for peak 1 of the ATD of the synthesized

molecule and by a black triangle for peak 2 of the same ATD are assigned to the corresponding

references using the ‘kmeans’ predict function. The resulting assignment confirms that the

observed ATD peaks correspond indeed to the Gl(al,6)F isomers. The probability that
“Analyte peak ATD peak 1" belongs to the cluster of “Isomer G1(al,6)F peak 1 is 92% and
“Analyte peak ATD peak 2 belongs to the cluster of “Isomer G1(a1,6)F peak 2” is 89%. This

will depend slightly on the number of spectra that are used for each database entry.
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Figure 4.13. Scatter plot of the PCA and clustering results for the different isomers of G1F. (a) First
and second principle components, (b) first and third principle components.
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Conclusions

Our results demonstrate that the combination of ultra-high resolution ion mobility
separation with cryogenic vibrational spectroscopy represents a rapid and reliable analytical
method to distinguish positional isomers of glycans. We used a chemoenzymatic approach with
the FUTS8 enzyme for the selective synthesis of G1(al,6)F which we employed as a standard
for assigning the mobility-separated positional isomers of G1F based on their unique IR
fingerprint spectra. With this assignment, we can now identify G1F positional isomers in
subsequent experiments based on their vibrational fingerprints alone. One should note that the
observed isomers differ by as little as 0.2% in their collision cross section, emphasizing the
difficulty to distinguish them by IMS-MS methods alone. We then applied this technique for
determining the difference in the ratio of the individual G1F positional isomers from mAbs
that have been produced in two different cell lines: CHO and HEK-293. The higher content of
the Gl(al,6)F isomer in the IgG from the HEK-293 cell line may lead to its higher
complement-dependent cytotoxicity compared to the IgG from the CHO cell line. This work
demonstrates the power of our approach for monitoring subtle differences in galactosylation of

N-glycans cleaved from mAbs.
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Chapter 5. Searching for new N-glycan biomarkers

5.1. Motivation and objectives

Cancer is a major cause of death worldwide. The statistics reveal that the highest cancer
mortality levels are found among patients with breast, prostate, lung, colon, stomach or liver
cancers.' Breast cancer is the leading cause of cancer death (16% of all cancer cases) among
women in Europe (www.europadonna.org). The discovery of reliable biomarkers for various
cancers will allow early-stage detection, monitoring of disease progression and efficient

therapy. All these factors, taken together, will enhance the survival rate.

Despite the importance of early-stage detection, screening rates are still low. Current tests
based on traditional tissue biopsies suffer from their invasive and uncomfortable nature, their
high cost, and their lack of specificity or sensitivity. Body fluids (urine, sputum, blood serum
and plasma) offer a minimally invasive source of new molecular biomarkers that promise to

overcome the main issues of the traditional screening methods.

Changes in glycosylation have been proven to be one of the hallmarks of cancer. Glycans
are involved in numerous pathological processes, including cancer progression and
metastasis.”® The N-linked serum glycome has been shown to be different between normal and
cancer cells due to dysregulated glycosyltransferases and glycosidases. These differences are
reflected in the degree of glycan branching, truncation, mannose content, core fucosylation and
sialylation levels. N-glycan structures from serum glycoproteins of breast,”” prostate,'
ovarian,'' colorectal,'” liver," and lung'* cancer patients have already been characterized. N-
glycan markers from serum represent a promising, non-invasive group of novel cancer

biomarkers.

Sialic acids (SAs) are an important family of monosaccharides when it comes to cancer-
associated glycan changes. They include more than 50 forms and the hydroxyl groups at the
positions 4, 7, 8, and 9 can be methylated or esterified, leading to an even larger variety of
forms. Sialic acid is also the name used for the most abundant member of this group, NeuSAc
(Figure 5.1). These negatively charged and hydrophilic units are usually attached to galactose
residues at the end of the glycan through an a-2,3 or a-2,6 glycosidic linkage in humans. Due

to their special location and wide distribution, sialylated N-glycans are involved in a variety of
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physiological and pathological processes.'” SAs interact with carbohydrate-binding proteins

with high specificity and selectivity. Changes in the expression of the a-2,3- and a-2,6-linkage

16-19

isomers are recognized to be signs of different stages of cancer. Therefore, the analysis of

sialyl-linkage isomers can be used to monitor the progression of the disease.

Figure 5.1. Structure of the most common sialic acid monosaccharide — N-acetylneuraminic acid
(Neu5Ac).

Classical methods for analyzing sialylated glycans include exoglycosidase digestion and
lectin binding. While these methods have proven to be of value, both also have several
drawbacks. Enzymatic cleavage is a time-consuming method that requires a large amount of
purified sample. In turn, lectins often suffer from low binding affinity and limited specificity.
In recent years, the combination of mass spectrometry with HILIC or CE has been implemented
for the analysis of sialyl-linkage glycan isomers. Glycans are analyzed either derivatized or in
their native form. Both methods are widely used to study the sialylated glycan content, and the
choice depends on the experiential setup of the laboratory. Permethylation is used with MALDI
ionization to prevent the loss of labile sialic acid groups and to improve the sensitivity of MS.
However, the process of permethylation can lead to glycan degradation, and partially

methylated products can produce a chemical noise.

Thus, the identification and quantification of sialylated glycans from serum at the isomer
level remain challenging due to their structural complexity, low abundance and high
heterogeneity. Therefore, the development of a new robust method is greatly needed to
determine sialyl-linkage and positional isomers. We demonstrate a method for the analysis of
native sialylated N-glycans and for finding new glycan biomarkers at the isomer level based

on a four-dimensional approach, which combines MS, IMS, IR and on-board CID techniques.

108



5.2. Sialylated N-glycans from human blood serum

In this study, we analyzed the N-glycans in serum samples from healthy female donors
(control samples) and from patients diagnosed with different stages of breast cancer,
specifically invasive ductal carcinoma. The samples were purchased from the Central BioHub
GmbH (Germany). It is well known that glycan structures are affected by both pathological
and physiological conditions in the human body. In order to minimize the difference in
glycosylation profiles associated with the physiological characteristics of each individual, we
selected healthy and sick donors with the same principal parameters, including race, age and
body mass index (BMI) (Table 5.1). The glycan standards were purchased from Dextra (UK),
TheraProteins (Portugal) and Agilent (Switzerland). All samples were stored at =20 °C.

Table 5.1. Serum samples

[
Serum Stage | Treatment | Gender | Diagnosis Race Age BMI
donor (v-0) | (kg/m?)
1
p Control | Healthy
Invasive
I 0 Treated | pemale ductal | Caycasian | 4 30
II IA carcinoma
I IHA | Not treated
v IIB

Ten pl of the serum sample from each donor were denatured by incubation with ammonium
carbonate (55 pl, 100 mM) and dithiothreitol (2 pl, 1 M) for 1h at 60 °C. The sample was then
cooled down to room temperature and incubated with iodoacetamide (3 pl, 1 M) in a dark place
for 1h. Finally, the reaction mixture was digested with 1 pl of PNGaseF enzyme (BioConcept,
Allschwil, Switzerland) at 50 °C for 2 h and left overnight at 37 °C to allow for complete
detachment of the N-linked glycans. After the enzymatic reaction, the mixture was centrifuged,
and the precipitated part with proteins and other contaminants contained in the serum was
discarded. In turn, the solution with the released glycan pool was subjected to a cleaning
procedure with Amicon centrifuge filters (10 kDa MW cut-off) followed by Sep-Pak C18
cartridges. The mixture of the released N-linked glycans was then analyzed by UPLC-MS.

N-glycans containing sialic acid were found to be the most abundant oligosaccharides in the
serum samples. Using a short LC method and the fraction collection procedure explained
above, glycans with 1-3 terminal sialic acid monosaccharides (Table 5.2) were collected

together and concentrated for further measurements on the IMS-CIS II instrument. The serum
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N-glycan profiles are dominated by glycans extracted from the most abundant glycoproteins
contained in the blood serum. These include IgG, transferrin, haptoglobin, IgA, alpha-1-

antitrypsin and alpha-2-macroglobulin.

Table 5.2. Structures of the most abundant sialylated N-linked glycans released from the serum
samples

Glycan structure Charge state m/z

Al - { m“ [A1-H] 1930

AIF . |§:§“; [A1F-H] 2078
A2 m“ [A2-2H]> 1111

A2F m}; [A2F-2H]* 1184
A3(2)
%' e :!%bll [A2-2H]> 1294

:
A3(2)F . {@4 :{% [A2F-2H]> 1367
A3(3) %p“ ﬁ)ﬂ [A3-2H]> 1439
A3(3)F m: w.l [A3F-2H]* 1512

5.3. Identification of glycans released from the serum samples
using the spectroscopic database

Sialylated glycans (standards and released from the serum) were reconstituted in a 50:50
water/methanol solution up to a final concentration of 5 puM. Since sialic acid can easily
deprotonate, measurements were performed in the negative ion mode. This helps to improve
sensitivity and to simplify the mass spectrum. Each glycan appears in a single negatively
charged state (depending on the number of sialic acid units in the molecule and the pH of the
medium) and is not distributed over different charge states as we typically observe in positive
ion mode. A crucial factor in observing such large glycan structures (Table 5.2) was a long

time (5 s) in the accumulation region of the SLIM device.

The glycan A2 represents the most abundant sialylated glycan released from the serum

samples. We thus use it to demonstrate the workflow for identification based on our
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spectroscopic database. Glycan A2 has four linkage isomers: two symmetrical structures with
sialic acid linked to galactose through an 02,3 (Figure 5.2A) or 02,6 bond (Figure 5.2B) on
both the a1,6 and al,3 branches of the glycan core; two asymmetrical structures with sialic
acid linked through an 02,3 bond to galactose on the al,6 branch and through an 02,6 bond on
the a1,3 branch (Figure 5.2C), and the mirrored opposite (Figure 5.2D). Our database contains
two symmetrical A2 isomers (A and B). After separation by 2 cycles on the SLIM board, each
isomer exhibits two peaks, the IR fingerprints of which are illustrated in Figure 5.3. Each
spectrum displays a series of unique absorptions across the entire region that are sufficient for
identification. The two peaks in the ATD of each linkage isomer could arise from the two
reducing-end anomers, which we have shown can be separated by ultra-high resolution IMS,*’
or from two different conformers.

A ‘/ c ’/

A2(a2,3) | | A2(a2,3; a2,6)

S Tl

A2(a2,6) A2(a2,6; 02,3)

¢

Pad

Figure 5.2. Linkage isomers of the glycan A2.
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Figure 5.3. Left part — 2-cycle separation of the A2(a2,3) and A2(02,6) standards on the SLIM board
of IMS-CIS II. Right part — database IR fingerprints of peaks I, I and I*, II* in the ATD of the
A2(a02,3) and A2(a2,6) standards, respectively.
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Glycans extracted from real biological samples can contain one isomer or a mixture of
isomers. Before we applied our procedure to the glycan A2 released from a serum sample, we
determined the optimal separation conditions using a synthetic mixture of the A2(a2,3) and
A2(02,6) standards. Four peaks of the mixture (two peaks from each isomer) are well resolved
after 4 cycles separation on the SLIM board. Based on the comparison of the IR fingerprints
of each peak in the mixture with the database spectra of the individual A2(a2,3) and A2(02,6)
isomers, we identified peaks I, III to be the A2(02,6) isomer and peaks II, IV to correspond to
the A2(02,3) isomer (Figure 5.4). Even though the spectra look relatively congested and similar
(specifically in the case of peaks I and III of A2(a2,6), the high reproducibility of the

measurements allows for precise identification.

peak |
A2 (a2,6) standard
peak |

peak Il

A2 (a2,3) standard
peak |

Q:
| 1 v _
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Relative ion intensity

T T
400 420
Time, ms

peak IV
A2 (a2,3) standard
peak II
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3400 3500 3600 3700
Wavenumber, cm”

Figure 5.4. Left part — 4 cycles separation of the synthetic mixture of the A2(a2,3) and A2(a2,6)
standards on the SLIM board of IMS-CIS II. Right part — comparison of the IR fingerprints of each
peak in the synthetic mixture with the database spectra of the individual A2(02,3) and A2(02,6)
isomers.

Under the same separation conditions, the glycan A2 released from the Control 1 sample
exhibited two peaks in the ATD, and the IR spectra of peaks I* and II* correspond to peaks I
and II of the A2(a2,6) isomer, respectively (Figure 5.5). We identified A2 from Control 1 and
found that it is only present in the form of one A2(a2,6) isomer. It has previously been reported
that the pathway of A2 biosynthesis in humans is restricted to symmetrical structures and that

21, 22

the o-2,6-sialylated N-glycans are the predominant species. However, a complete

dysregulation of enzymes and a deviation from the usual pathway could lead to isomeric
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structures of A2 that are not contained in our database. In this case, we would implement our
method for the identification of isomeric structures without the need for standards, which will
be explained later in this chapter. Additionally, it is important to note that the same
identification procedure can be applied to any glycan (known or unknown) released from

different biological samples, including serum, urine, saliva etc.

0 peak |
peak I*

I m v
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A2 from Control 1
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Relative ion intensity
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Figure 5.5. Left part — 4 cycles separation of the synthetic mixture of the A2(a2,3) and A2(a2,6)
standards (blue) and the A2 released from the Control 1 serum sample (grey) on the SLIM board of
IMS-CIS 1II. Right part — the comparison of the IR fingerprints of peaks I and II in the synthetic
mixture with the IR spectra of peaks I* and II* in the ATD of A2 released from the Control 1 serum
sample, respectively.

5.4. Comparison of arrival time distributions of glycans
collected from healthy and sick donors

We used our ultra-high resolution IMS to separate isomers of each observed glycan and
monitor differences in glycosylation profiles between healthy and sick donors at the isomer
level. The ATD profiles of Al, A1F and A2 (Table 5.2) showed no difference between all
studied samples; these glycans were not subjected to further investigations. Figure 5.6
compares the ATDs of glycans A3(2) and A3(3) extracted from Control 1 and from sick
individuals I, IT and III. The separation on the SLIM board only revealed the slight differences
between samples, and these can come from signal fluctuations. On the other hand, glycan A2F
from donor II and glycan A3(2)F from donor III (Figure 5.7) showed significant differences in
comparison with the control experiment (highlighted with check marks). Although the number

and the location of the features on the ATD did not change in both cases, their relative
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intensities are notably different. Nevertheless, the differences were observed only in one donor
for each glycan (A2F from Donor II and A3(2)F from Donor III), and there was no consistency

between all samples.
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Figure 5.6. Comparison (vertically) of ATDs of glycans A3(2) (left) and A3(3) (right) extracted from
the Control 1 sample and the sick individuals I-III.
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Figure 5.7. Comparison (vertically) of ATDs of glycans A2F (left) and A3(2)F (right) extracted from
the Control 1 sample and the sick individuals I-III.
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Glycan A3(3)F has up to 16 possibilities for linkage and positional isomers. ATD profiles
of A3(3)F released from sick individuals with stage IA (donor II) and stage IIA (donor III)
cancer exhibit a much higher content in the first part of the ATD (from the left; specifically,
the sharp peak™ at the very beginning) than the A3(3)F from the healthy donor (Control 1)
(Figure 5.8). In order to confirm the consistency of our preliminary results, we performed the
experiment using two more serum samples: Control 2 and donor IV with stage IIB cancer. We
obtained two groups of ATD profiles: the first group includes Control 1, Control 2 and donor
I (stage 0), while the second group includes donors II-IV with stages IA, IIA and IIB,
respectively. The results demonstrate that the isomeric content of A3(3)F starts to undergo a
modification at stage IA. The glycan A3(3)F is found to be a promising candidate for a
biomarker of ductal carcinoma that will be used for more detailed screening on a large group

of patients with this diagnosis at different stages.

Upcoming studies will allow for a complete conclusion and outline prospects regarding this
glycan. Thus, we have proven that ultra-high resolution IMS can be used as an effective tool
for screening glycosylation profiles at the isomer level. This technique allows to select potential
biomarker candidates by exploiting the difference between the ATDs of glycans extracted from

healthy and sick donors.
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16 possibilities for - Stage IIB
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ML Stage lIA
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Figure 5.8. Comparison of ATDs of the glycan A3(3)F released from the Control 1, 2 samples and
the samples of the sick individuals [-IV.
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5.5. Scheme for isomer identification of sialylated N-glycans

Another essential part in the search for glycan biomarkers is the identification of the
isomeric structures standing behind the differences between glycans extracted from healthy
and sick donors. In the case of A3(3)F, it is impossible to purchase standards of all 16 isomers
due to the complexity of their synthesis and the difficulty of their isolation; A3(3)F(a2,3; al,6)
(Figure 5.9) is the only available isomer on the market. For this reason, we propose an
alternative way to identify isomers using the combination of CID, IMS and IR. The scheme is
based on the fragmentation of the parent molecule in order to generate diagnostic C fragments
that keep sialic acid. The comparison of the isomer-selective IR fingerprints of the fragments
with their standards contained in our database will allow for the identification of the parent

molecule.

To be able to identify isomers of glycan A3(3)F we needed to create a small database of tri-
and tetrasaccharide diagnostic fragments (Figure 5.9) that will serve to elucidate sialic acid
linkage and branching, respectively. For this, we purchased and used the following pure glycan
isomers: A3(3)F(a2,3; al,6), A3(3)(a2,6; al,3), A2(a2,3) and A2(02,6). In addition, a CID
experiment of tri-antennary core standards (A3(3)F(a2,3; al,6) and A3(3)(a2,6; al,3)) will
provide an overall fragmentation pattern of the A3(3)F isomers extracted from the serum

samples, assuming it will be similar between the isomers.

Purchased pure isomer standards

e
a2,3 a2,6

A3(3)F(a2,3; al,6) A3(3)(a2,6; al,3)
- mﬂ - mﬂ
a2,3 a2,6
AZ((!Z,3) AZ(C(Z,G)

\/

Diagnostic fragments

a2,3 a2,6
a2,3 B1-2 2,6 B1-2
a2,3 B1-6 a2,6 B1-4

Figure 5.9. Scheme for the generation of diagnostic CID fragments for the identification of sialylated
N-glycan isomers.
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Trisaccharide fragments

We performed on-board CID of the glycan A3(3)F(a2,3; al,6) followed by ion mobility
separation of the C;3(a2,3) fragment with m/z = 673. Breaking any of the three GIcNAc—Man
bonds in the molecule leads to the same Cs(a2,3) fragment. This fragment displayed one single
peak in the ATD even after multiple cycling. We generated the same Cs(a2,3) fragment from
the glycan A2(02,3), which also exhibited one peak on the ATD. The IR spectra of the C;(a2,3)
fragments from A3(3)F(02,3; al,6) and from A2(a2,3) matched well (Figure 5.10). These
results prove that the IR fingerprints of fragments do not depend on the structure of the parent

molecule they were generated from, demonstrating the flexibility of our approach.

A3(3)F(a2,3; a1,6) fragment m/z 673
/ 1 peak on the ATD IR spectra of fragment m/z 673
& 1.ap/ “2 ’ from A3(3)F(a2,3; a1,6)
a2,3 2.IMS

Q:

Relative ion intensity

fragment m/z 673

A2(a2,3) %//7
1.CID
&
w23 2.1Ms
1 peak on the ATD

Figure 5.10. IR spectra of the C5(0:2,3) fragments obtained by CID of A3(3)F(02,3; a1,6) (grey) and
of A2(a2,3) (red).

-1
Wavenumber, cm

To obtain the spectrum of the C;(02,6) fragment, we performed CID of A3(3)(a2,6; al,3).
After 2 cycles of separation, the ATD of the C;(a2,6) fragment unexpectedly displayed two
peaks. However, under the same separation conditions, the C3(a2,6) fragment from A2(a2,6)
showed only one peak. The IR spectra of peak I of the C;(02,6) fragment from A3(3)(a2,6;
al,3) and the single peak of C3(a2,6) from A2(a2,6) displayed a good match (Figure 5.11).

The origin of peak II was initially unclear.

The comparison between the IR fingerprints of peak II of the C;3(02,6) fragment generated
from A3(3)(02,6; al,3), from A3(3)F(a2,3; al,6) and from A2(a2,3) displayed a good match
(Figure 5.12). These results revealed that the purchased A3(3)(02,6; a1,3) was not a pure 02,6
standard but contained both 02,6 and 02,3 linkages, which was spectroscopically confirmed.

The ratio between peaks approximately I and II was 3:2.
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Figure 5.11. IR spectra of the C3(02,6) fragments obtained by CID of A3(3)(02,6; al,3) (peak I —
grey; peak Il — blue) and A2(a2,6) (red).
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Figure 5.12. IR spectra of the C;(02,3) fragments obtained by CID of the A3(3)(a2,6; al1,3), (peak II
in the ATD — blue), the A3(3)F(a2,3; al,6) (grey) and A2(a2,3) (red).

We experienced a similar issue with samples of pure positional and linkage isomers of
glycans from different suppliers. The standard methods they use cannot detect such subtle
structural differences. Adding the IMS-IR dimension would definitely improve the quality of
the final glycan products.
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Tetrasaccharide fragments

The fragments generated from A3(3)F(a2,3; al,6) with m/z = 835 correspond to two
tetrasaccharide structures, differing in the linkage between the N-acetylglucosamine and the
mannose monosaccharides (Figure 5.13). Breaking the Man-Man bond on the al,3 branch
yields a tetrasaccharide fragment with a B1-2 GIcNAc—Man linkage (C4(02,3; f1-2)); breaking
the Man-Man bond on the 1,6 branch and the GIcNAc—Man bond with 31-6 or 31-2 linkages
yields a tetrasaccharide fragment with a $1-2 GlcNAc—Man linkage (C4(02,3; f1-2)) or a B1-
6 GIcNAc—Man linkage (C4(02,3; B1-6)), respectively. The fragments of A2(a2,3) with m/z =
835 correspond to one tetrasaccharide fragment with a f1-2 GIcNAc—Man linkage (C4(02,3;

p1-2)).

The C4(02,3; B1-2) standard generated from A2(02,3) allows to identify the C4(a2,3; B1-6)
fragment from A3(3)F(02,3; al,6). After 2 cycles separation of the fragments generated from
A3(3)F(a2,3; al,6) and A2(a2,3), we observed two peaks in both cases. The IR fingerprints of
the separated peaks are depicted in Figure 5.13. Peaks I and II from A3(3)F(a2,3; al,6)
represent a good match with peaks I and II from A2(a2,3), respectively. These results
demonstrate that under the applied CID conditions, we only perform a single bond

fragmentation of A3(3)F(a2,3; al,6), generating the fragment C4(a2,3; B1-2).
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Figure 5.13. IR spectra of peaks I and II of the C, fragments obtained by CID of A3(3)F(a2,3; al,6)
and A2(a2,3).

A similar result was obtained for the fragments with m/z = 835 generated from A3(3)(a2,6;

al,3) and A2(a2,6). After 2 cycles separation of the fragment, we observed two peaks in both
cases. The IR fingerprints of the separated peaks are depicted in Figure 5.14. Peaks I and II
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from A3(3)(02,6; al,3) represent a good match with peaks I and IT from A2(a2,3), respectively.
These results demonstrate that under the applied CID conditions, we only perform a single

bond fragmentation of A3(3)(a2,6; al,3), generating the fragment C4(0:2,6;5 f1-2).

IR spectra of fragment m/z 835
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Figure 5.14. IR spectra of peaks I and II of the C4 fragments obtained by CID of A3(3)F(a2,6; al,3)
and A2(02,6).

The spectra of the trisaccharide fragments — C;(02,3), C3(a2,6) and of the tetrasaccharide
fragments — C4(02,3; B1-2), C4(a2,6; B1-2) were added to our database. Future work on
optimization of the CID conditions that yield the C4(02,3; f1-6) and Cs(02,6; p1-4) diagnostic
fragments will continue to complete the database. This will allow for full identification of the

isomer content of the glycan A3(3)F extracted from the serum samples.
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Conclusions

In this work, we demonstrated that ultra-high resolution IMS represents an effective tool for
selecting potential biomarkers of diseases associated with changes in the glycocontent at the
isomer level. The application of this method to a set of serum samples from patients with breast
cancer revealed a significant difference between the ATDs of the triply-sialylated glycan
A3(3)F from healthy and sick individuals. A future study of this potential biomarker on a large
group of patients will allow for more complete conclusions. It is important to note that the same
procedure can be applied to any glycan released from different biological fluids, including
urine, sputum, blood serum and plasma.

Based on the high reproducibility of IR fingerprints, the assignment of glycan biomarkers
can be done automatically using a spectroscopic database. Furthermore, we showed that adding
a CID dimension to IMS-IR provides a way for isomer identification without the need for
glycan standards that are not yet contained in our database and are impossible to obtain
commercially. Thus, our four-dimensional IMS-MS-IR-CID approach is proven to be an

important addition to existing techniques for discovering new glycan biomarkers.
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Chapter 6. Relative quantification of sialylated N-
glycans

6.1. Introduction

Follicle-stimulating hormone (FSH, follitropin) belongs to the gonadotropin family of
hormones which are involved in the regulation of essential reproductive processes. FSH is a
heterodimer that consists of a common o-subunit noncovalently linked to a hormone-specific
B-subunit for all members of this family. In humans, the subunits each contain two
glycosylation sites. Glycans are one of the main components of FSH, representing ~30 % of
the total mass of the hormone. They are involved in a number of processes, including the
assembly of subunits, intracellular sorting and metabolic clearance. FSH glycosylation exhibits
both macro and micro-heterogeneity. The macro-heterogeneity relates to the absence or
presence of glycosylation of the B-subunit (the a-subunit being always glycosylated on both
sites). The micro-heterogeneity comes from the wide variety of oligosaccharide structures,

including isoforms."

Follitropin is widely used in the clinical treatment of both men and women. Between 88—
99% of FSH oligosaccharides are sialylated, and several studies have shown that the sialylation
has a significant impact on the pharmacokinetics and biological effects of the medicine.”* The
attached glycans can be singly, doubly, triply and quadruply sialylated (Figure 6.1). Different
cell lines and production processes can lead to a difference in the glycosylation profiles,
including the sialic acid pattern. For example, a first generation of FSH (FSH alpha) is more
acidic and contains more tetra-antennary sialylated structures than the second generation (FSH
beta).” Follitropin beta induces a greater estradiol response in patients, whereas follitropin
alpha is associated with a higher pregnancy rate.® Thus, it is critical for the pharmaceutical

industry to monitor the degree of sialylation of the recombinant FSH.

The content of sialylated glycans is generally detected by capillary electrophoresis and
anion exchange chromatography. The separation is based on the different charge states of
glycans and depends on the number of sialic acids in the molecule. While both techniques have
been proven to be powerful tools for the study of FSH sialylation, they are time-consuming

and require a derivatization step. In this work, we demonstrate our approach for the relative
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quantification of sialylated glycans based on ion mobility spectrometry that allows to perform

an analysis of glycans in their native form and on the millisecond time scale.

Figure 6.1. Four groups of sialylated N-glycans studied in this work.

6.2. Releasing sialylated N-glycans from r-hFSH

To release the sialylated N-glycans from r-hFSH, 250 pg of the lyophilized hormone was
first reconstituted in 100 pl of water. The sample was then denatured by incubation with 10 ul
of ammonium carbonate (2M) and 10 pl of DTT (1 M) for 1h at 60 °C. Subsequently, the
sample was cooled down to ambient temperature and incubated with 10 ul of iodoacetamide
(1 M) in a dark room for 1h. Finally, the reaction mixture was digested with 5 pl of PNGaseF
enzyme (BioConcept, Allschwil, Switzerland) at 50 °C for 2 h and left overnight at 37 °C.
After the reaction, the glycan mixture was cleaned from the protein and peptides with C18
cartridges and desalted using a dialysis device Float-A-Lyzer G2 (100-500 Da, SpectraPor,
USA). The mixture of released N-linked glycans was lyophilized to dry powder and
reconstituted in a 50:50 water/methanol solution. To confirm the complete release of all four
glycan groups, the mixture was analyzed by UPLC-MS. Figure 6.2 displays a 60 min LC run
on the example of some of the most abundant singly, doubly, triply and quadruply sialylated
glycans released from the r-hFSH samples.
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Figure 6.2. LC of the most abundant singly, doubly, triply and quadruply sialylalted glycans released
from the r-hFSH samples.

6.3. Ion mobility for relative quantification of glycans

For the IMS measurements, the lyophilized glycans were reconstituted in a 50:50
water/methanol solution up to a final concentration of 5 uM. In this work, we aimed to establish
the ratio between four families of sialylated glycans. For this reason, the ATDs were recorded
without isomer separation. A crucial factor in observing such large glycan structures was a
long time (5 s) in the accumulation region. We demonstrate our approach on the example of
doubly sialylated glycans. Figure 6.3A illustrates their ATD profiles. In this mode, doubly
sialylated glycans arrived within a 65-75 ms range, overlapping with each other. For the sake
of clarity, the ATDs of A2F, A3(2), A3(2)F, A4(2) and A4(2)F were shifted along the x-axis
in Figure 6.3B. We then integrated the area of each mobility peak of the group and summed
them up. This procedure was performed for singly, triply and quadruply sialylated groups as

well.

The intensities of the mobility peaks depend on many parameters, including the TW speed
and height, the accumulation time, the drift gas pressure and the nESI conditions. In order to

evaluate the reproducibility of our measurements for the relative quantification of sialylated
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glycans, we chose one set of parameters and applied it to all glycans in the studied mixture.
Our method favored singly and doubly charged states. Singly sialylated glycans were observed
in a singly deprotonated charge state, whereas doubly, triply and quadruply sialylated groups

were observed in a doubly deprotonated charge state.

A 1 ® | scasenn
1111 m/z (2H-)
A2
A4(2)F -
1549 m/z (2H) &
- [~ —
. A4(2) >
8 1476 m/z (20 & @"
.S D —
: wer | odeu
g | 1376 m/z (2H-)
% A3(2) :%;r“
4 1294 m/z (2H-)
A2F

LI B s
60 Time, ms 70

Figure 6.3. A) ATDs of doubly sialylated glycans released from the r-hFSH; B) Peak areas in 6.3.A
shifted along the X-axis.

6.3.1 Relative quantification with nESI needles

To evaluate the reproducibility of our measurements, we performed experiments using nESI
needles (Figure 6.4). We pulled the needles from borosilicate capillaries (Warner Instruments;
OD = 1.2 mm, ID = 0.69 mm) on a micropipette puller (Sutter Instrument Co., model P-2000).
The same glycan mixture was sprayed using three different needles produced from capillaries

randomly taken from the same batch.

Figure 6.4. nESI needles used in this work.
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Figure 6.5 illustrates the calculated content (%) of singly, doubly, triply and quadruply
sialylated glycans after three independent measurements (experiments I, II, IIT) with the nESI
needles (see Appendix I for details). The calculations were performed using the following

expression:

o Y. integrated areas of ATD peaks of glycans from the same group
= *
° total ion signal from four groups of glycans

100

70
X 60
3 Glycan
& 50 group
5 s
40 el ¢
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Figure 6.5. Relative amount of singly (blue), doubly (green), triply (orange) and quadruply (yellow)
sialylalted glycans obtained in three parallel experiments (I, II, III) for the same sample using
different nESI needles.

These results show a significant inconsistency between our measurements. Relying on the
reproducibility of the capillary manufacturing process and the puller program, the reason for
this difference is likely to come from the needle-cutting step, even if done carefully. It is not
an automated process but done by hand. The way needles are cut affects the inner diameter and
as a result, the diameter of the droplets. The latter has a strong influence on the electrospray
ionization process, leading to a different distribution of the sialylated glycan groups. In order
to perform reproducible measurements, it was critical to eliminate the inconsistency introduced

by human error.

6.3.2 Relative quantification with ESI source

In order to improve the reproducibility of the measurements, we installed a new ESI source

with a syringe pump on the IMS-CIT II instrument (Figure 6.6).
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Figure 6.6. ESI source with a syringe pump used in this work.

The measurements were performed at 7 uL/min injection flow rate, and the source was kept
at 70 °C. The syringe (100 pl) was filled with the same mixture of glycans that was used in the
previous part 6.4. Prior to each experiment, the syringe and the connecting line were flushed
with a mixture of solvents (50/50 MeOH/H,0) until the total signal in the ATD dropped to the
baseline. Figure 6.7A illustrates the calculated content of sialylated glycans after three
independent measurements with a syringe pump in one day, and Figure 6.7B shows

measurements for three different days.
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Figure 6.7. A) Relative amount of singly (blue), doubly (green), triply (orange) and quadruply
(yellow) sialylalted glycans obtained in three parallel experiments (I, II, III) for the same sample
using a nESI source with a pumped syringe in one day; B) in different days.

Figure 6.7 demonstrates the degree of reproducibility between measurements performed

with a syringe pump on one day and between different days. The values for the different days
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were taken as the average of three measurements on each day. Table 6.1. shows the content

(%) of four glycan groups in the mixture with confidence intervals (A) given by:

_ 0%1.960 2= w)?
A=—75 0= TN

where o — standard deviation, N — number of samples, x; —each value of the group, 1 — average

value of the group, 1.960 — coefficient for 95% confidence level.

Table 6.1. Calculated content (%) of sialylated glycans for Figure 6.7B

Glycan group Number of %
sialic acids
Ay 1 459+ 0.5
A, 2 40.1 +0.1
Az 3 13.0+0.5
Ay 4 1.0+0.1

We subsequently performed experiments with different samples. Each sample was taken
from the same batch and independently treated using the same glycan releasing procedure
described in part 6.2. The ATDs of released glycans from five samples were measured one
after another. We repeated this cycle two more times to obtain three independent

measurements.

Figure 6.8 shows the reproducibility between five different samples (I-V) from the same

batch.
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Figure 6.8. Relative amounts of singly (blue), doubly (green), triply (orange) and quadruply (yellow)
sialylated glycans obtained in 5 samples from the same batch using a nESI source with a pumped
syringe.
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Table 6.2. Calculated content (%) of sialylated glycans for Figure 6.8

Glycan group Number of %
sialic acids
Ay 1 21.1+£0.5
A, 2 72.2+0.5
Az 3 6.2+0.2
Ay 4 0.5+0.1

These results show a good reproducibility both for measurements and for the sample
preparation procedure. The next step in this research would be to monitor the difference in
glycosylation profiles of FSH from different batches. The corresponding samples will be

provided by the same manufacturer, we have been collaborating with in this project.

Conclusions

In this work, ion mobility has been demonstrated to be a fast and reliable method for the
relative quantification of sialylated glycans. It is important to note that with this method,
glycans can be analyzed in their native form and directly from a complex mixture. We
demonstrated that the inner diameter of nESI needles has a strong influence on the electrospray
process and cannot be used for the quantification of glycans since the needle-cutting step
introduces inconsistency in measurements. In contrast, the capillary of an ESI source has a
fixed inner diameter. We showed that the replacement of the nESI needles by an ESI source
with a syringe pump allows obtaining reproducible results between measurements performed
on different days with the same set of parameters. Moreover, good reproducibility between
independently treated samples from the same batch confirmed the accuracy of our sample
preparation procedure. Thus, ion mobility is a promising technique that can be used to control
the quality of recombinant glycoproteins, including FSH, by monitoring their glycosylation

pattern.
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Chapter 7. Summary and future perspectives

Traditional analytical methods alone cannot unravel glycans’ structural complexity and
heterogeneity. However, over the last two decades, orthogonal approaches have opened new
ways to solve this problem. Despite the significant progress, glycan analysis remains
challenging, particularly for isomeric structures. In this work, we presented a novel, state-of-
the-art technique that introduces an additional metric for glycan identification based on IR
fingerprinting. The development and gradual improvement of our method were accomplished

in three generations of homebuilt instruments.

The first-generation instrument incorporates tandem mass spectrometry and cryogenic
messenger-tagging spectroscopy, which provides unique vibrational fingerprints of
biomolecules. The extreme sensitivity of cryogenic IR to the slightest structural differences is
a prerequisite for applying this method to the study of glycans. The preliminary data showed
that even glycans consisting of nine monosaccharide units exhibit sufficiently distinct spectral
fingerprints that can serve as unique identifiers. Based on these results, we proposed a new
approach for glycan identification using a spectroscopic database, without high-level quantum-
chemical calculations. While this method can deal with structures that are already present in
the database, we needed to find a solution for the identification of unknown glycans. By
combining selective enzymatic cleavage with cryogenic infrared spectroscopy, we have
developed a mechanism to identify unknown glycans and expand our database. The IR spectra
of enzymatically cleaved glycans demonstrated no difference regarding the cleavage procedure
and were in very good agreement with those of reference standards. These results served as a

starting point for constructing a spectroscopic glycan database.

The second-generation instrument provides an additional dimension for analysis by
implementing an ultra-high resolution ion mobility module based on SLIM technology. This
allows to separate isomeric glycan structures and obtain isomer-specific IR fingerprints. We
showed that even structures as close as positional isomers could be easily distinguished.
Moreover, the robustness and speed of the experiment were significantly improved due to
recent progress in solid-state IR laser sources. This has made IR spectroscopy competitive with

other techniques for routine analysis.
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The third-generation instrument is an upgraded version of the previous one for more
accurate, sensitive and rapid analysis of glycans. It provides a higher IMS resolving power and
one more dimension by implementing on-board CID fragmentation. We demonstrated our
approach on the example of two positional isomers of the glycan G1F. The observed isomers
differ only by 0.2% in their CCS, which makes it challenging to distinguish them by IMS-MS
alone. Moreover, we implemented a chemoenzymatic approach for the selective synthesis of
one of the isomers, since it is not possible to obtain pure isomers of G1F commercially. We
then employed the synthesized standard for assigning the mobility-separated peaks based on
their unique IR fingerprints. These results were used to monitor the difference in G1F isomers
extracted from IgGs that have been produced in two different cell lines. We thereby

demonstrated the potential of our approach to control the glycosylation in mAbs.

Our IMS-MS-IR approach was then used for the identification and relative quantification of
sialylated glycans released from different biological samples. We have shown it to be an
effective tool for discovering new glycan biomarkers for different diseases and controlling the
quality of recombinant glycoproteins at the glycan isomer level. It is important to note that this
method allows for the analysis of glycans in their native form and directly from a complex
mixture, which eliminates additional steps in the sample preparation procedure. Furthermore,
we developed a method for the identification of sialyl-linkage and positional isomers using C-
fragments in the CID experiment. This eliminates the necessity of glycan standards that are
difficult or impossible to obtain. Table 7.1 summarizes the main advantages and limitations of

the techniques (MS, IMS, IR) combined in our approach.

Table 7.1. Summary of the main advantages and limitations of the techniques (MS, IMS, IR) combined
in our approach

Advantages Limitations

Mass spectrometry

_ High sensitivity - Ion suppression in the electrospray

- Wide dynamic range
- Does not require a derivatization step

when working with complex mixture
- Requires a pre-separation step (LC,
CE)
- Quantification requires an internal
standard from a similar class to the
studied analytes

for detection
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Advantages Limitations

SLIM ion mobility

- Ultra-high resolution separation - Limited peak capacity

- Fast separation on the timescale of
milliseconds
- Easy to fabricate and has a small

size
Cryogenic messenger-tagging spectroscopy
- High scanning speed - Tag distribution can affect the IR
- Orthogonality to IMS-MS spectrum

. . o - Requires low temperatures
- Provides unique vibrational q P

fingerprints that are sensitive to the
slightest structural differences
- Highly reproducible IR spectra

Additionally, for all of the above

- Compatibility with fragmentation
techniques that reduces the need of
standards for identification

The continuation of this work will include the following steps:

1. Method improvement: expanding the spectroscopic database of glycans,
implementing the multiplexing approach for high throughput analysis and applying

machine learning for the automatic spectra assignment.

2. Collaboration with hospitals to access the donor libraries for the glycan biomarker
search.
3. Collaboration with biopharmaceutical companies to monitor the glycosylation

pattern of their products.
4. Expanding the classes of biomolecules to metabolites and glycolipids; applying our
method to issues which traditional analytical methods for biomolecular

identification cannot solve.
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Appendix I

Calculated content (%) of sialylated glycans from Figure 6.5

Glycan group Number of Experiment | Experiment II | Experiment III
sialic acids
Aq 1 27.2 55.1 31.7
A, 2 61.3 41.0 60.0
A3 3 11.3 3.5 7.5
Ay 4 0.2 0.4 0.8
Calculated content (%) of sialylated glycans from Figure 6.7A
Glycan group Number of Experiment | Experiment II | Experiment III
sialic acids
Aq 1 45.2 44.6 46.1
A, 2 40.2 40.5 40.0
Aj 3 13.7 14.0 12.9
Ay 4 0.9 0.9 1.0
Calculated content (%) of sialylated glycans from Figure 6.7B
Glycan group Number of Day I Day II Day III
sialic acids
Aq 1 454 46.4 46.0
A, 2 40.2 40.1 40.1
Aj 3 13.5 12.5 12.9
Ay 4 0.9 1.0 1.0
Calculated content (%) of sialylated glycans from Figure 6.8.
Glycan Number of I II I v \Y
group sialic acids
A4 1 20.5 20.6 21.2 22.2 20.8
A, 2 72.6 72.5 71.7 71.3 72.8
Az 3 6.3 6.4 6.5 6.0 59
Ay 4 0.6 0.5 0.6 0.5 0.5
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