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Abstract

The characterization of biomolecules plays a central role in biomedical research.
The development of state-of-the-art technologies is needed to make such analyses
faster, more sensitive, and more accurate. While mass spectrometry continues to play
a central role in biomolecular analysis, the use of multidimensional approaches that
combine mass spectrometry, ion mobility spectrometry, and ion spectroscopy have
been rapidly developing. This thesis investigates the application of such an approach

for the routine analysis of glycans.

The first part of this thesis describes combining ultrahigh-resolution ion mobility
with cryogenic IR spectroscopy and mass spectrometry for analysis of N-linked
glycans. This approach is demonstrated by characterizing four N-glycans cleaved from
the therapeutic fusion protein Etanercept that differ in abundance from 1% to 22% of
the total N-glycan content. Our results demonstrate that the sensitivity, speed, and
resolution of vibrational spectra are sufficient for large-scale N-glycan characterization
and identification. In addition to the successful demonstration of our approach for
identifying known N-glycans, we developed a strategy to synthesize and identify
commercially unavailable positional isomers of N-glycans. This work demonstrates the
potential of the technique to become a broadly accessible analytical tool for glycan

analysis.

In the following part, the ability of our approach to quantify the glycan mixtures
is investigated. Spray instability, different ionization efficiency of analytes, and their
tagging efficiency complicate the process of quantification. Proposed solutions to these
issues are discussed. We also present a study demonstrating that cryogenic infrared
spectra of alkali metal complexes of carbohydrates of different complexity, including
disaccharides and N-glycans can serve as fingerprints. We showed that the identity of

the metal cation has no effect on the IR spectral complexity.

In the last part, cryogenic infrared spectroscopy with isotopic substitution in
positive and negative ion modes was used for structural characterization of the reverse
peptides GRGDS and SDGRG. The recorded cryogenic spectra represent a useful

benchmark for theoretical structural predictions due to their sharp and distinct



features. This work represents the first step towards the structural determination of

these peptides, with ongoing efforts focused on quantum chemical calculations.

Keywords: ion mobility spectrometry, high-resolution, cryogenic
vibrational spectroscopy, carbohydrates, therapeutic fusion protein,

biomolecules, metal complexes, structure, peptides.
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Résumé

La caractérisation de biomolécules joue un role central dans la recherche
biomédicale. Le développement des technologies de I’état de I'art est nécessaire pour
rendre ces analyses plus rapides, plus sensible, et plus précis. Alors que la
spectrométrie de masse continue a jouer un réle central dans I’analyse biomoléculaire,
I'utilisation d’approches multidimensionnelles combinant la spectrométrie de masse,
la mobilité ionique, et la spectroscopie ionique sont en croissance rapide. Cette these

examine I'application d’une telle approche pour une analyse routine de glycanes.

La premiere partie de cette these décrit la combinaison de mobilité ionique a
ultra-haute résolution avec de la spectroscopie IR cryogénique et la spectrométrie de
masse pour l'analyse d’oligosides N-glycosilé. Cette approche est démontrée par la
caractérisation de quatre N-glycanes coupés de la protéine thérapeutique de fusion
Etanercept qui difféere en abondance de 1% a 22% du contenance totale de N-glycanes.
Nos résultats démontrent que la sensibilité, la rapidité, et la résolution de
spectroscopie vibrationnel est suffisant pour la caractérisation et identification de N-
glycanes connues a grande échelle. Ce travail démontre le potentiel de cette technique

de devenir un outil analytique largement accessible pour l'analyse de glycanes.

Dans la partie suivante, la capacité de notre approche a quantifier les mélanges
de glycanes est examiné. L’instabilité de la source, les efficacités d’ionisation de
différents analytes, et leurs efficacités de complexation complique le processus de
quantification. Des solutions & ces probléemes sont proposés. Nous présentons
également une étude démontrant que les spectres infrarouges cryogéniques des
complexes de métaux alcalins et de glucides de différentes complexités, qui incluent
des disaccharides et des N-glycanes, peuvent servir d’empreinte digitale. Nous
montrons que l'identité de cation métallique n’a aucune influence sur la complexité

spectrale IR.

Dans la troisieme partie, la spectroscopie cryogénique infrarouge avec substitution

isotopique en mode cationique et anionique était utilisée pour la caractérisation de la



séquence de peptides inversés, GRGDS et SDGRG. Les spectres acquis représentent
des points de références utiles pour des prédictions structurales théoriques, due a leurs
caractéristiques distincts et biens définis. Ce travail représente le premier pas vers la
détermination structurale de ces peptides, avec du travail en cours, axé sur des calculs

quantiques.

Mots clés: spectrométrie de mobilité ionique, haute résolution,
spectroscopie vibrationnelle cryogénique, hydrates de carbone, protéine de
fusion thérapeutique, biomolécules, complexes métalliques, structures,

peptides.
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Chapter 1 Introduction

1.1 Carbohydrates are one of the main classes of

biological macromolecules

Carbohydrates, also rereferred to as sugars or glycans, are one of the main classes
of biological macromolecules that can be found in all forms of life. For example, ribose
and deoxyribose are important building blocks of ribonucleic acid (RNA),
deoxyribonucleic acid (DNA), and adenosine triphosphate (ATP). Carbohydrates are
also elements in various other molecules, including antibiotics, coenzymes, and toxins.
Cellulose is the main constituent of plant cell walls and the most abundant molecule

on the Earth.

Glycans play a myriad of roles in biological systems [1-6]. For example, they serve
as a source of energy [2,6]. There is also evidence for catalytic properties of certain
sugars [7]. Carbohydrates serve as structural and protective elements in the cell walls
of bacteria and plants and are found in the connective tissues and cell coats of
mammalians [1,8]. This layer of glycans (glycocalyx) plays a significant role in cell-to-
cell recognition, cell signaling, and immune system responses. Additionally, glycans
are involved in some way with nearly every disease [2,9,10]. The severe acute
respiratory syndrome coronavirus—2 (SARS-CoV-2) virus is no exception — the so-
called spike (S) protein responsible for its attachment to cells is heavily decorated

with glycans [11,12].

Understanding the structures and functions of glycans is central to understanding
life. However, glycomics remains a nascent field of study. This results from two factors:
(1) the intrinsic structural complexity of glycans and (2) a lack of tools for deciphering
glycosylation patterns. This is unfortunate, since the fields of genomics and proteomics
greatly benefit from existing sequencing methods that have led to a greater

understanding of many of the basic mechanisms present in biological systems [13-16].
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This thesis introduces a promising technique to study sugars released from
biological samples which is based upon preliminary work conducted by Masellis et
al [17,18].

This chapter will first describe fundamental principles of glycans, their synthesis,
and their functions. Then, glycosylated therapeutic proteins will be introduced.

Finally, an overview of the structure of the thesis will be given.

1.2 Intrinsic structural complexity of glycans

Glycan complexity arises from their intrinsic chemical nature. They are comprised
of the simplest sugar building blocks called monosaccharides (mono = one, sacchar =
sugar). Monosaccharides can be classified by their number of carbon atoms, for

example, trioses, tetroses, pentoses, hexoses, etc.

One level of glycan complexity arises from the isomeric nature of the most
common monosaccharides that differ only in the stereochemistry of the chiral centers.
Figure 1.1 demonstrates this variety using galactose, glucose, and mannose as an
example. Sugars differing in configuration at a single chiral carbon atom are isomers
known as epimers. For example, D-galactose and D-glucose are C-4 epimers, whereas
D-galactose and D-mannose are C-2 epimers, referred to as diastereoisomers. (Figure
1.1 a). Additionally, carbohydrates occur as a@ and S anomers depending on the

position of OH group at the C1 anomeric carbon (Figure 1.1 b) [1].

a) Epimers b) Anomers
OH OH OH OH OH OHOH
6 (o}
4 5 20 HO o} (0] m
HO\. 1-OH HO OH HO -~ HO Y
H H
0 © OH
D-Galactose D-Glucose a-D-Galactose B-D-Galactose
OH
HO OH
D-Mannose

Figure 1.1 Configurations of monosaccharides shown for galactose, glucose and
mannose. a) D-galactose and D-glucose are epimers that differ at the C4 carbon, D-

galactose and D-mannose are epimers that differ at the C2 carbon; b) a-D-galactose
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and B-D-galactose are anomers that differ by the orientation of OH group at the

anomeric C1 carbon.

Mammalian carbohydrate structures are primarily comprised of only a few
monosaccharide building blocks, such as D-glucose (Glc), D-galactose (Gal), D-
mannose (Man), N-acetyl-D-glucosamine (GlcNAc), N-acetyl-D-galactosamine
(GalNAc), L-fucose (Fuc) and N-acetylneuraminic acid (NeuAc) (Figure 1.2) [19].

OH OH
HO 0 D-Glucose HO o) N-acetyl-D-glucosamine
HO OH  (Glo) Ho OH (GlcNac)

OH NHAc
HO __-OH
55 fo) D-Galactose HO o':) N-acetyl-D-galactosamine
HO OH (Gal) HO OH (GalNac)
OH NHAC
HO OH
Hgo .0 D-Mannose HO OH COH N-acetylneuraminic acid
HO OH (Man) S 0 OH (NeuAc)
AcHN
OH
(] OH L-Fucose
oht OH (Fuc)
HO

Figure 1.2 Structures of the most abundant monosaccharides discovered in

animals.

The diversity and complexity of glycans increase when the monosaccharide units
are linked together by characteristic linkages called glycosidic bonds. Whereas in
peptides or proteins, amino acids have one possible connection point resulting in a
linear arrangement, two monosaccharide units can be connected in numerous ways,
giving a rise to an immense variety of glycans. Very large numbers of different glycans
can be made by varying number, order and type of monosaccharide units. This arises
from the fact that 1) the glycosidic bond can be formed in a- or B-configurations
(Figure 1.3 a); 2) each monosaccharide has many OH groups at different positions at
which to form a glycosidic bond (Figure 1.3 b); and 3) monosaccharide residues can
be involved in two glycosidic bonds, thereby serving as a branching point (Figure 1.3
¢). As an example of the isomeric complexity of glycans, an aldohexose (C¢H1205) and

four asymmetric carbon atoms can be described in 16 different isomeric forms.
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) Configuration b) Linkage position
OH
H
HO 0 OH OH.OH 48°H
Ho HONS—0 AN
OH oH HO 10 < OH
[o} o OH OH
a 1-3
OH OH
OH OH 0
OH
HO o (o] ort OH 4 5 _0O
HO ' oH
f’ OH
1-4
c)  Branching
OH
Ho—~=R-0
HO 1
6
HO Q-0
L OH
3
HO y
HO Ho-0
OH
3and 6

Figure 1.3 Carbohydrate structural diversity. a) two stereoisomers differ in
configuration at the anomeric carbon; b) two structural isomers (regioisomers) that
differ in the linkage position; ¢) monosaccharide residue of trisaccharide exhibits two

branching points at C3 and C6.
1.3 Structural nomenclature of glycans

Given the intrinsic complexity of carbohydrate structures, it is not always
practical to draw each chemical formula, especially if the drawings include multiple
structures for the complex glycans. To address this issue, one uses symbols and
abbreviations to depict monosaccharides in complex glycans [20]. Historically, there
has been no consensus regarding a standard way of sugar representation; however, in
1999, a standardized nomenclature for glycans was first introduced. In 2005, the
revised notation received the approval of the Consortium for Functional Glycomics
(CFG) and was known as a CFG nomenclature (Figure 1.4 a) [1,21]. In this
nomenclature the monosaccharide units are denoted by colored geometric forms. The
shape specifies the class of the monosaccharide (hexose, deoxy-hexose) while the color

designates the specific monosaccharide, such as mannose, glucosamine, fucose. Anomer
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and linkage information is presented as text close to the line of the glycosidic bond.
The Oxford Glycobiology Institute introduced an alternative, the UOXF notation [22]
that indicates the configuration by the line type (continuous for o-configuration,
dashed for B-configuration), while the linkage position is visually represented by the

orientation and angle of monosaccharides (Figure 1.4 b).

a) CFG notation b) UOXF notation

Glycan . N
representation ™ ~

A Fuc Symbols @ Fuc
Il GicNAc Bl GicNAc
@ Man O Man
8
Linkage 6 ——  a
Text position 4* —_— B
and type 3, “N_ unknown

Figure 1.4 The comparison of a) the CFG and b) the UOXF nomenclatures

based on the representation of glycans, used symbols, linkage type and position.

Finally, in 2015 the symbol nomenclature for glycans (SNFG) was introduced [23]
that combines elements of the CFG nomenclature with those of UOXF. Here, all
glycosidic linkages may follow the UOXF notation that inserts both the anomericity
and specificity of the monosaccharide linkages. This nomenclature is widely used in
the community. Figure 1.5 demonstrates the application of the SNFG to the A2F
glycan. To simplify the presentation and discussion of glycan structures, the SNFG is

used in this thesis.

<t
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Composition Structural formula

. GlcNAc

Man

Gal

NeuAc

¢ O O

Figure 1.5 The demonstration of the symbol nomenclature for glycans (SNFG).
Monosaccharides are depicted using symbols, stereochemistry is omitted for the
simplicity. A2F N-glycan is used as an example that drawn as the structural formula

and by the SNFG representation.

1.4 N-linked glycosylation as a post-translational

modification of proteins

In addition to the intrinsic chemical nature and various structures of glycans,
they also can form glycoconjugates. Glycoconjugates are molecules of glycans
covalently bonded to other biomolecules, including proteins and lipids, through
glycosidic linkages. The main classes of conjugates that cover the outer surface of

mammalian cells are shown in Figure 1.6 [1,24,25].
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GLYCOSAMINOGLYCANS
PROTEOGLYCANS

Hyaluronan

N-Glycans

CH,~CHy-NH
PO;

{

GLYCOLIPIDS
3s

0-Glycans
i

Cell membrane é %

__________________________________________
- /‘ o-ieNAe i@ O ccAdd Xy QL sufae S ;
\‘ A GLYCOPROTEINS i alenac [l Gainac[] A4 Sadp hostl O !
~ ]

GeNM  Man@ Fuc.

CYTOPLASMIC GLYCOPROTEINS R g

Figure 1.6 A schematic representation of the common glycans and
glycoconjugates in mammalians. The filled light blue boxes indicate the core structure

for each glycan. Glycans are represented according with the SNFG.

The majority of eukaryotic proteins are modified by post-translational
attachment of complex oligosaccharides/glycans to generate the most complex
modification — protein glycosylation. There are various types and mechanisms of
glycosylation, but the most common type is N-glycosylation. In fact, 90% of all
glycoproteins in nature are expected to be N-glycosylated, which is not surprising,
since N-linked glycosylation is a co-translational event (i.e. a glycan is attached to a
protein as the latter is being translated and transported in the endoplasmic reticulum
(ER)). N-glycosylation holds the "N" in its name since the glycan moieties contain a
GlcNAc bound via a B1-glycosidic linkage to the nitrogen atom of the amino group of
asparagine (Asn, N) at the consensus glycosylation motif Asn-X-Ser/Thr (in which X

denotes any amino acid except for Pro) of the nascent recipient protein [1].
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Considering that N-glycans cover the cell surface, they are involved in a myriad
of cellular and molecular processes, including cell-cell interaction, cell/matrix
interaction, cell growth, cell differentiation, cell adhesion, etc [3,4,26]. Bound N-
glycans can modulate the functions to proteins and lipids. For example, al-6 core
fucosylation of N-glycans can alter signaling of transforming growth factors that might
lead to abnormal lung development [27]. Additionally, it has been demonstrated that
N-glycans play a major role in glycoprotein folding, since the primary steps of protein
N-glycosylation, involving the removal of glucose and mannose residues, have a major
impact on protein quality control [4]. Moreover, N-glycans are a significant target for
glycoprotein-based therapeutics, since these sugars affect structural integrity and
glycoprotein function. Glycosylation of therapeutic proteins is considered a critical
quality attribute (CQA) that affects their bioactivity, efficacy, solubility, stability,
pharmacokinetics, pharmacodynamics, and immunogenicity [28,29]. Monitoring batch-
to-batch glycosylation consistency in therapeutic glycoprotein production and
comparing biosimilar monoclonal antibodies (mAbs) and Fec-fusion proteins to their

originator biologics are required to ensure the product quality [30].

N-glycans can affect immune reactions in humans [31]. The alterations of the
glycosylation of tumor cells can lead to immunosuppressive response [32]. Many
diseases, such as congenital disorder of glycosylation (CDG), cancer, diseases of blood
vessels, and rheumatoid arthritis are associated with N-glycans [10,12]. For example,
CDG was initially described as a genetic defect in the N-glycosylation pathway. An
overexpression of branched N-glycan is typical for tumor cells. In addition, N-glycans
can bind to various bacteria, parasites, and viruses [4,33]. For instance, many viruses
comprise the protein hemagglutinin that specifically recognizes the type of host sialic
acid, its modifications, and its linkage. Severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) recently emerged as a threat to the global society.
Consequently, N-linked glycans on the Coronavirus spike glycoprotein that can result
in receptor binding, membrane fusion, and vaccine design [12,34] have been extensively
studied.

While N-glycans are unquestionably important, they are also exceptionally
complex. Two large obstacles in the study of glycans are their aforementioned non-

linear complex chemical structure and the absence of a direct genetic template. Unlike
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proteins, which are synthesized strictly according to their genetic blueprint, glycan
biosynthesis is not template-driven. The biosynthesis of N-glycans, shown
schematically in Figure 1.7, can be divided into the following steps [35]: 1) precursor
glycan assembly; 2) attachment of the glycan precursor to asparagine residues of the
protein; 3) trimming; and 4) maturation. It is important to mention that the steps of
the synthetic pathways that take place in the ER are highly conserved within
eukaryotes. However, the steps in the Golgi pathway lead to the structural diversity
of N-linked glycans, because they require a large number of enzymes and precursors.
In fact, the Golgi pathway leads to the principal differences between plants, fungi,

and mammalians.
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Figure 1.7 A schematic biosynthesis of N-glycans.

The resulting glycan structures have a common core Man;GlcNAcs and can be
divided into the stated groups: a) high(oligo)mannose (Figure 1.8 a); b) complex
(Figure 1.8 b); hybrid (Figure 1.8 ¢) [4].

a) b) * ¢ o0
I e} @) O 00 I
 # LY.
o @ o o 5
N4 \ / / \
08! ™
05\
°5 [ [ ]
1 m < < B <

High
(Oligo)mannose Biantennary Triantennary Tetrantennary m

Figure 1.8 Types of N-glycans that share a common pentasaccharide core
MansGleNAc, (indicated in blue dashed boz), a) high(oligo)mannose, b) complex with
different antennary forms and c) hybrid. Regio- and stereochemistry is not mentioned

to simplify the presentation.

High(Oligo)-mannose glycans contain only mannose residues varying from five to
nine in total attached to the (GlcNAc).. The glycan name abbreviations are derived
from the total number of mannose residues in the structure. For example, Man5 has
five mannose residues in total. Complex N-glycans contain GlcNAc sequences that are
known as “antennae”. Complex glycans exist in bi-, tri- and tetra antennary forms
(Figure 1.9 b). Hybrid glycans contain both terminal mannose residues and N-

acetylglucosamine residues.

The crucial role that N-glycans play in numerous life processes together with their
complexity were the motivation factors in choosing them as the primary target of

study in this thesis.
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1.5 Glycoproteins are a major class of

biotherapeutic proteins

Recombinant biotherapeutic proteins, or biologics, are produced in living cells.
Biologics, including mAbs, fusion proteins, and other recombinant protein products,
are accepted worldwide biological drug classes [36]. In 2018, eight of the top ten
highest-selling drugs in the world were biologics [37]. This increasing number of
biologics highlights their impact in the pharmaceutical industry. Therapeutic
recombinant proteins have advantages over small-molecule drugs, such as high
specificity, decreased immunogenicity, and fast clinical development and regulatory
approval [38,39]. Biologics are commonly used for clinical treatment of a large variety
of diseases, such as cancers, chronic inflammatory diseases, metabolic disorders, and

other life-threatening conditions [40,41].

The main expression systems used to produce recombinant proteins are
mammalian, bacteria, and yeast cells [42]. Due to the differences among them,
especially in terms of post-translational modifications, it is hard to guarantee the
product quality. Glycosylation is one of the most ubiquitous and by far the most
complex post-translational modifications of recombinant proteins [43]. Nearly 70% of
all therapeutic recombinant proteins are glycosylated [44]. For example,
Erythropoietin, known as Epogen® (Amgen), was the first glycosylated recombinant
glycoprotein produced in Chinese hamster ovary (CHO) cells. This drug was approved
by the US FDA (Food and Drug Administration) in 1985 [45].

As has been discussed in the previous section, glycosylation is an important
quality attribute of a recombinant protein that can alter intracellular trafficking,
folding, stability, and solubility of a protein [13,14,34]. Glycosylation heterogeneity is
influenced by various factors, such as host cell type and cell culture environment,

which includes pH, dissolved oxygen, stirring rate, and temperature [47,48].

The safety, purity, and biological activity of a glycosylated recombinant protein
are generally impacted by its formulation during the manufacturing process.
Consequently, the primary focus is the control of the manufacturing process to achieve
the desired product quality. Additionally, there is a growing market of biosimilars,

which are less expensive copies of the licensed biologics. Biosimilars can only be
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approved if a manufacturing process demonstrates similarity and batch-to-batch
consistency in glycosylation comparing to the originator biologics. As a result,
glycosylation is categorized as a critical quality attribute that needs an adequate
analytical approach to guarantee product quality. However, the isomeric complexity
and branched structure of glycans makes their analysis a significant challenge for the
existing techniques. This is why there is a need for a new tool for glycan analysis of

biotherapeutics.
1.5.1 Therapeutic Fc-Fusion Proteins

The type of biotherapeutics studied in this thesis is therapeutic Fc-fusion
proteins. They are also known as Fc chimeric fusion proteins. Therapeutic Fe-fusion
proteins are innovative biological entities with potential as valuable therapeutic drugs
[49]. They have been broadly used in academic and industrial endeavors. Fc-fusion

proteins are used as alternatives to mAbs and other drugs.

Fc-Fusion proteins are made of a specific polypeptide or protein genetically
attached to the Fc (fragment crystallizable) part of immunoglobulin G (IgG). The Fc
domains have been selected for fusion to polypeptides for therapeutic application since
the Fc¢ part contributes to prolonged the half-life of recombinant proteins and
peptides [50,51]. A longer half-life of the drug leads to reduced total drug requirements

and improved pharmacological exposure.

The most successful Fc-Fusion protein in clinical use is Etanercept, which is a
key pharmaceutical component of the drug Enbrel® [52]. This drug is considered as
one of the top products in the therapeutic biologics market. It is used to treat
autoimmune diseases, including rheumatoid arthritis, juvenile idiopathic arthritis,

psoriatic arthritis, and plaque psoriasis [51,52].

Etanercept is a dimeric fusion protein containing the extracellular domain of the
human tumor necrosis factor receptor (TNFR) attached to the F portion of human
IgGl by disulfide bonds (and hence its abbreviation TNFR-Fc). A schematic
representation is shown in Figure 1.9 [54]. It is produced by recombinant DNA
technology in CHO cells. Etanercept functions as a tumor necrosis factor (TNF)
inhibitor by binding to TNF, a proinflammatory cytokine, and blocking the

inflammatory cellular responses. TNFR-Fc is a glycoprotein with 934 amino acids and

12
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a molecular weight of ~ 128 kDa. The glycans attached to the protein can potentially

affect the structure, clearance, signaling, and immunogenicity [54].

TNRF-Fc
protein

TNFR

Fc of human IgG 1

Figure 1.9 A schematic structure of Elanercept. Interchain disulfide bonds

within the hinge region are presented.
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Overview of the thesis

The main part of this thesis focuses on the analysis of N-glycans cleaved from a
therapeutic protein. In Chapter 2, an overview of the existing techniques to analyze
released N-glycans from therapeutic proteins is provided. Chapter 3 gives a detailed
description of our experimental approach that we used to analyze native glycans
cleaved from a biotherapeutic protein in the gas phase. Chapter 4 demonstrates the
ability of our technique to identify N-linked glycans cleaved from a therapeutic protein
using a database approach, which serves as a proof of principle that the sensitivity,
speed, and resolution should be sufficient for large-scale N-glycan characterization and
identification. Mathematical methods to quantify the similarity between IR spectra of
reference and cleaved glycans are also presented. A promising strategy to synthesize
and distinguish positional isomers of N-glycans that are not available on the market
is described in Chapter 5. Moreover, we discuss the necessary future experiments
which are needed for this strategy to prove its utility. The “Conclusion and future
perspectives” section summarizes our key results and gives an overview of future

directions.

Another part of this thesis focuses on the quantitation of cryogenic spectra of
glycans. In Chapter 6, an overview of the existing methods to quantify glycans is
described. Additionally, it provides a description the experimental set-up and the
mathematical methods that we used to quantify sugars in the gas phase. The limiting
factors are investigated and the future perspectives to improve the current results are
given. The effect of metals on the complexity of cryogenic IR spectra of glycans

employing our technique is discussed in Chapter 7.

Chapter 8 is not related to glycans but involves a side project applying similar
experimental techniques for structural characterization of two reverse sequence
peptides GRGDS and SDGRG.

14
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Chapter 2 Analysis of N-glycans

This chapter describes currently used techniques for the analysis of N-glycans
released from glycoproteins, highlighting some of their advantages and disadvantages.
The approach that we have developed in our laboratory and used in this thesis is then

presented, highlighting some of the advantages of this new method.
2.1 Separation techniques

Because of the intrinsic complexity of glycan samples comprising numerous
compositional and linkage isomers, glycan analysis requires a separation step in
combination with a detection/identification step. There are many different
combinations of separation and detection techniques that are commonly used. We first
describe  here the wvariety of separation techniques followed by the
detection /identification techniques that are typically coupled with them, pointing out

some of the advantages and disadvantages of the various approaches.
2.1.1 Capillary electrophoresis

Capillary electrophoresis is a powerful tool for glycan separation [1], providing
relatively high-speed and high resolution [2,3]. It is based on the electrophoretic
mobility of an ion under an applied voltage. The electrophoretic mobility is influenced
by the number of ionic charges of the molecule and its size. The rate at which the
ions move is directly proportional to the applied electric field. Carbohydrate
separation by CE is limited, since many glycan species are uncharged, excluding acidic
sugars (e.g., N-acetylneuraminic acid, glucuronic acid, etc.). Moreover, most of
carbohydrate molecules cannot be detected light absorption in the UV range, since
they lack a chromophore. Labeling carbohydrates with a fluorophore that carries a
charge helps to overcome these limitations and make CE applicable for glycan
separation. The separation relies on electrophoretic transport to emphasize differences

in charge-to-size ratio.
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Several studies have shown that CE enables high-throughput isomer separation
and linkage analysis, and the possibility of glycan quantitation [2-5]. Additionally, the
CE method offers a considerably reduced cost per sample. However, limitations include
necessity of the glycan label to allow its detection, the lack of a structural database,
and difficulties to couple with mass spectrometry (MS) detection technique [4,5],

which has led to its limited acceptance by the glycomics community.
2.1.2 Liquid chromatography

Liquid chromatography is a broadly applicable separation technique, and in
combination with tandem MS it is considered the “gold standard” for glycan analysis.
Separation is based on the interactions of the sample in a liquid state with the mobile
and stationary phases. The stationary phase is placed within the LC column, and a
sample with the analyte is injected onto the column then pumped through with a
mobile phase flow. As the sample passes through the column, the mixture of glycans
has different affinity with the stationary phase that leads to glycan separation and

elution from the column at different times, so-called retention times.

The most common stationary phases for released glycan analysis that can be
coupled to MS or used with other detection include high-pH anion-exchange
(HPAE) [6,7], hydrophilic interaction liquid chromatography (HILIC) [8,9], porous
graphitic carbon (PGC) [10-12], and reversed phase (RP)[13,14].

Non-labeled glycans have been commonly studied by using HPAE with pulsed
amperometric detection (PAD), which provides high-sensitivity, high-efficiency
separations of linkage and positional isomers based on partial deprotonation of
hydroxyl groups at high pH >12 [6,15]. Despite the benefits of HPAE, high-salt eluents
that are required for these separations are incompatible with many nebulizer-based

detectors, such as MS.

High resolution and selectivity to separate native and derivatized glycan isomers
are achieved applying HILIC [6,8,9]. Separation is accomplished due to increasing
hydrophilicity of the analyte which increases with N-glycan size. The major drawbacks
are that sample preparation can be laborious and mobile phases may lead to ion

suppression [16].
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Using PGC as a stationary phase is a robust method to separate complex mixtures
of isobaric and isomeric glycans [10]. However, the implementation of PGC-based
separations in studies of glycans has been limited since system-independent retention
values have not been established to normalize technical variation [11]. To address this
limitation, Ashwood at al. applied an internal standard (hydrolyzed dextran) together
with Skyline software to reduce retention time and peak area technical variation in

PGC-based glycan analyses [12].

Reversed phase LC separates only derivatized sugars on the basis of their
hydrophobicity [13,14]. Moreover, the mobile phases used for RP HPLC are highly
MS-compatible.

2.1.3 Ion mobility spectrometry

Recently, ion mobility spectrometry (IMS) has become an appealing and rapid
alternative to liquid chromatography for glycan analysis. The main advantages of ion
mobility (IM) techniques over chromatography are speed and ease of coupling to other
orthogonal techniques, particularly MS. Here, the widely-used IMS techniques coupled

to MS for glycan studies are presented.

Ion mobility spectrometry measures the mobility, K, of ions in gas phase under
an electric field in the presence of a buffer gas. The mobility depends on the ion
charge, shape, and size [17]. Ion mobility spectrometry is similar to capillary
electrophoresis in its principle of operation, but because it is carried out in the gas
phase, the timescale is significantly shorter (high-us to ms). Thus, IMS can be a
foundation for high-throughput analysis, which is commonly required for studies of
complex samples. The mechanism of ion mobility of glycans in the gas phase varies
among instrument classes or ion mobility types. The nature of the electric field to

propel the ions through the IM cell differs among these types.

Differential/field asymmetric ion mobility spectrometry (DMS/FAIMS) is a
spatially-dispersive IM-based technique. It is based on the difference in mobility
between high and low electric fields and can be easily combined with MS. Despite its
high resolution, collisional cross sections (CCS) cannot be derived from the mobility
data. Nevertheless, FAIMS coupled to tandem MS has been proven to separate glycan

isomers differing in linkage positions [18].
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Drift tube ion mobility spectrometry (DT-IMS) is the simplest form of IMS. It is
the only time-dispersive ion-mobility technique where ion collisional cross-sections can
be directly derived from the measured ion drift times [19]. Numerous research groups,
including ours, performed studies on complex mixtures of glycans employing DT-IMS-
MS [20,21]. As an example, DT-IMS-MS has been applied to characterize serum N-
linked glycans from 81 individuals to determine variations among patients with
different diseases [22]. One of the drawbacks of using DT-IMS is the limited resolution
(50-100). Since the resolution is proportional to the square root of drift length, there

is only so much one can extend this length in a practical device.

This problem of limited resolution can be overcome with a different type of IMS,
which is known as a traveling wave ion mobility spectrometry (TW-IMS) [23,24].
Another advantage is commercial availability of the TW-IMS that made this IM type
widely accepted and attractive within the research community. The first commercial
TW-IMS instrument (Synapt HDMS) has been introduced by Waters™ in 2006 [24].
Since then many improved versions have been released. Several studies have
demonstrated the importance of using both precursor and fragment ions to determine
complex glycan structures by coupling tandem MS with TW-IMS on the Synapt
instruments [25-27]. Another study by Pagel and coworkers showed the ability of
combination of IM with MS to separate and quantify anomers and regioisomers of
tri— and penta—saccharides [28]. Unfortunately, the resolution of these instruments
is typically ~50, which is not sufficient for separating most glycan isomers. However,
Waters™ has recently introduced the SELECT SERIES Cyclic IMS system with a
new cyclic geometry [29] in which ions can be circulated through the same drift path
multiple times, increasing the separation path length. The new IMS instrument has a
resolution more than 900 [30]. Torano et al. applied cyclic IMS in combination with
collision-induced dissociation (CID) to study fucosylated glycans and determine
precisely their fycosyl positions [31]. Another study by Ujma and coworkers
demonstrated separation of anomers and ring-open forms of a series of three

pentasaccharides and their mixtures [32].

Smith and co-workers have pioneered a competing approach called Structures for
Lossless Ton Manipulations (SLIM). It creates tracks between electrodes on a

“sandwich” of PC boards to create extended paths along which ions are separated by
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TW-IMS. By using labyrinthine paths for the ions in which they can turn corners,
this approach allows a TW-IMS device to be compact and increase its resolution to
~1000, which can resolve miniscule differences in the arrival time distributions of
isomeric ions [33,34]. Additionally, SLIM can accumulate ions on the board with
minimal loss, which helps to improve the sensitivity [35]. The SLIM-based IM
separations have demonstrated the ability to provide additional information about
possible conformers of glycans that was previously not accessible [36]. Moreover, recent
studies on isotopologues and isotopomers use SLIM separation paths of more than 1
km [37]. The work performed in this thesis implements SLIM-technology for glycan

separation in combination with cryogenic infrared spectroscopy.

Trapped ion mobility spectrometry (TIMS) is a field-dispersive type of device
that flows gas through an ion trap to separate ions in space and is able to achieve a
resolving power of ~300 [38]. Bruker has developed a commercial instrument
implementing TIMS technology. Pe et al. demonstrated an application of TIMS with

electron activated dissociation (ExD) tandem MS to separate isomeric glycans [39].

For TIMS and TWIMS techniques, external calibration must be employed to
obtain CCS of the molecules.

2.2 Identification techniques

2.2.1 Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a non-destructive technique
for the characterization of the structure and dynamics of molecules that can be applied
to glycans. It provides structural information, including anomeric configuration,
stereochemistry, linkage position, and glycan sequence using samples in solution [40].
Moreover, NMR is applicable to study glycan-protein interactions [41]. Its main
limitation is that it requires large quantities and high purity of the biological sample,
which are often not available. Additionally, it might need some chemical preparation,
including tagging with a metal or isotopic labeling. Interpretation of the NMR data
requires high-level quantum calculations [42]. Thus, it is difficult to envision using

NMR as an online analytical technique for glycan identification.
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2.2.2 Mass spectrometry

Mass spectrometry, which generates ions and detects them according to their
mass-to-charge (m/z) ratios, has been extensively used for glycan analysis alone or in
combination with other methods. Glycans are typically produced as gas-phase ions by
either Electrospray lonization (ESI) or Matrix-Assisted Laser Desorption/lonization
(MALDI).

Given that MS method alone cannot distinguish isomeric species, tandem MS
techniques (MS") are used to distinguish the isomers and obtain detailed information
about glycan structure. Tandem MS techniques include low- and high-energy CID [43—
48], electron-based dissociation [49-54|, infrared multiphoton dissociation (IRMPD)
[55-57] or ultraviolet photodissociation (UVPD) methods [58-61].

While CID is the most common dissociation technique used for glycan analysis,
N-glycans can undergo structural rearrangements under low energy CID conditions
that can complicate structural analysis. In particular, some studies reported unusual
rearrangement of fucose and xylose in during the CID experiments of N-
glycans [45,46]. In order to prevent fucose migration, glycans are studied as metal
adducts [62]. For N-glycans, high-energy CID conditions are applied to produce cross-
ring fragments with the aim of obtaining information on the glycosidic linkages [47].

In this case, permethylation of the hydroxyl groups is typically used [48].

Electron-based dissociation techniques are complementary to CID [44-49]. For
example, electron capture dissociation (ECD) enhances cross-ring fragmentation over
glycosidic bond cleavage, which preserves linkage information [44,45]. While ECD
generates fragmentation in the positive ion mode for analysis of neutral glycans,
electron detachment dissociation (EDD) is widely used in the negative mode to study
acidic glycans [49]. However, these dissociation techniques are implemented on
Orbitrap or FT-ICR MS instruments. Currently, the software and databases needed
to analyze the extensive data produced by these dissociation techniques does not yet

exist.

Photodissociation techniques, such as IRMPD and UVPD are widely employed
to obtain branching and linkage information. The group of Lebrilla applied IRMPD
with FTICR-MS for the structural characterization of complex sugars [50,51]. Reilly
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and coworkers reported extensive fragmentation patterns obtained upon UVPD at 157
nm of permethylated N-glycans [58,59]. They also demonstrated the ability to generate
significant cross-ring cleavages that is an advantage of UVPD methods to characterize

oligosaccharides.

In summary, tandem MS using a variety of dissociation techniques shows the
ability to reveal many structural details of chemically modified glycans. However, the
data interpretation is time-consuming and currently lacks extensive databases.
Hyphenated techniques that combine any of aforementioned separation methods (see

Section 2.1) with MS detection play a crucial role in glycan analysis.
2.2.3 Spectroscopy

Gas-phase spectroscopy is a technique that has been gaining popularity in the
field of glycomics. Simons and coworkers were one of the first groups to study
carbohydrates spectroscopically [63]. They labeled small neutral carbohydrates with
an aromatic chromophore and applied UV-IR double resonance spectroscopy in a
supersonic molecular beam. The absorption patterns allowed conformational

assignments of small sugars.

Gas-phase spectroscopy opens a new door to identification of glycan isomers.
Several groups demonstrated this by adding a spectroscopic dimension to existing
techniques for isomer separation [64,65]. For example, Hernandez and coworkers
coupled differential IMS-MS (DIMS) with IRMPD spectroscopy to study anomeric
monosaccharides [64]. Polfer et al. combined IMRPD with high-resolution MS to
identify disaccharides [66]. Compagnon and coworkers measured IR fingerprints of
fragments and compared them to reference standards of GAGs [67]. Later, they
discovered that glycans retain memory of the anomericity of the glycosidic bond upon
fragmentation [68] to form Cn fragments, which holds great promise for carbohydrate
sequencing. In a subsequent publication, the group of Compagnon applied the LC—

MS-IRMPD approach to mixtures of monosaccharides and disaccharides [69].

Using IRMPD spectroscopy of room temperature ions to identify relatively large
N-glycans runs into the problem of spectral congestion, where peak overlaps and

broadening limit the spectral information one can obtain. Moreover, larger glycans
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might exist as multiple conformers at room temperature with different absorption

patterns.

Cryogenic-IR spectroscopy has been applied to overcome this limitation. Pagel
and coworkers have employed a combination of MS and ultra-cold IR spectroscopy in
helium nanodroplets to study oligosaccharides [70,71]. Recorded spectra exhibit
unambiguous vibrational bands characteristic of each sugar that serve as a unique
fingerprint. This study shows a clear advantage of using low temperatures for
structural identification. However, it is difficult to imagining commercializing the use
of superfluid helium droplets in an analytical technique. As described below, our group
has introduced approaches for glycan analysis by combining either MS or IMS-MS
with cold messenger tagging spectroscopy [20,72-75].

2.3 Glycan databases

Due to the abundance of glycans in nature and the development of new techniques
to study them, considerable amounts of information about glycans is available, and it
is important to structure this information to make it accessible and usable. The
scientific community would greatly benefit from a universal database (DB) containing
all data on glycans and their analysis. Moreover, the database would require a
powerful and user-friendly software to access the information. Eventually, this
universal database would greatly assist in deciphering the glycome of humans and

understanding the relation with other types of life.

Several databases currently exist and can be divided into two groups based on
the type of the provided information. The first group includes databases with
experimental data for glycan characterization and identification. Among these are
GlycoBase 3.2 with LC, MS, and exoglycosidase sequencing data of approximately
650 N- and O- linked glycan structures [76]. Another well-known database is UniCarb—
DB, which is hosted by Swiss Institute for Bioinformatics [77] and contains LC-
MS/MS data of glycans.The UniCarb KnowledgeBase (UniCarbKB) is a platform that
helps researchers access UniCarb-DB, GlycoBase, and GlycosuiteDB, together with
the EUROCarbDB software [78,79]. Glycomob is another glycan repository that
provides IM-MS data based on precursor glycan mass and CCS [80].

30



Chapter 2. Analysis of N-glycans

GLYCOSCIENCES.DB contains NMR shifts and 3D structures [81]. Carbohydrate
Structure Database (CSDB) provides NMR data [82].

Other databases are devoted to biochemical information, such as
glycotransferases, glycan-binding proteins (lectins). The Consortium of Functional
Glycomics (CFG) DB contains data from glycan array screening and glycan
profiling [83]. Carbohydrate-Active Enzyme (CAZy) DB provides the data on the
enzymes for glycan sequencing [84]. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) GLYCAN DB gives access to glycan structures together with glyco-enzyme
data [85].

Currently existing databases do not include gas-phase IR spectra of glycans. This
is because the use of spectroscopic techniques for glycan identification is still relatively
new and requires a high degree of specialization to operate the state-of-art
instruments. Our ultimate goal is to create a database of mass, mobility, and IR

fingerprint spectra for known N-glycans and make our technique widely available.

Over the last decade, the growth of data for glycan analysis has increased in
complexity. However, the content of the glycan databases and the representations of
glycan sequences in the aforementioned databases are diverse and not standardized.
Moreover, the information that one can obtain from the different databases can
partially overlap. Additionally, the access to the data is not always user-friendly.
Nowadays, data collection about a single glycan structure is a cumbersome procedure.
There is a clear need for an easy and standard tool to access and collect all the variety

of the information about glycans.
2.4 Our new approach to glycan analysis

All the existing techniques for glycan analysis listed above have their advantages
and limitations. In this thesis, we propose a multidimensional approach for monitoring
released glycans that combines ultrahigh-resolution IMS and cryogenic vibrational

spectroscopy to study N-glycans.

In our approach, ions of glycan adducts are generated by electrospray, their
arrival time distribution is measured in a SLIM module, and ions are then injected

into a cryogenic ion trap, where we cool them and tag them with N>. We then measure

31



Chapter 2. Analysis of N-glycans

a linear vibrational spectrum by monitoring the loss of the N» tag as the molecule
absorbs infrared photons. The depletion of the tagged species is detected in a time-of-

flight mass spectrometer (TOF-MS) as a function of the infrared frequency.

Comprehensive high-level quantum mechanical approaches to determine glycan
structures have been typically limited to disaccharides, mostly because of long
computational times and the vast conformational space of such complex molecular
ions. Recently, molecular dynamics calculations on large glycans have become
tractable yielding insight into their structure and isomeric complexity [70]. Since we
focus only on the covalent structure of glycans, including all isomeric forms, rather
than comparing our measurements with calculated spectra, we take a totally different
approach. Our goal is to identify glycan molecule by recording a mass, arrival time
distribution, and vibrational fingerprint spectrum and comparing them later with
entries in a database that we will create. This means that our determination of
primary structure of large native glycans does not depend on accurate, high-level,
quantum-chemical calculations. Thus, this work represents an advance in the analysis
of N-linked glycans cleaved from biopharmaceutical proteins that could eventually be
used as a tool for monitoring biopharmaceutical glycoforms. The detailed method
description, the proposed database approach, and the obtained results will be

presented in the next chapters of this thesis.
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Chapter 3 Experimental approach

This chapter describes the general principles of the gas-phase experimental
method to analyze native glycans that includes the details of SLIM—based ion mobility

module and the principles of cryogenic messenger tagging spectroscopy.

3.1 Ion mobility spectrometry coupled with

cryogenic ion spectroscopy

3.1.1 Overview of the instrument

Our experiments have been performed on a home-built instrument (Figure 3.1)
that couples a TW SLIM-based IM module with a cryogenic ion trap and a time-of-
flight (TOF) mass spectrometer.
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Figure 3.1 Schematic overview of the current experimental set-up [1].

Glycan ions were generated by a nanoelectrospray ionization (nESI) source using
commercial borosilicate nano-ESI emitters (Thermofisher, Germany). The emitters
were gold/palladium-coated by the manufacturer to allow electrical contact. The high

voltage (~1800 V) used to sustain the nESI was applied through the stainless steel
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alligator clip by a high voltage power supply (BERTAN Associates Inc., USA). Sample
flow rate was facilitated by a backpressure on the liquid in the needle holder. Pressures
up to 1 bar above atmospheric pressure were typically applied to achieve optimal
spraying conditions. After each needle was loaded and placed in the holder, the needle
position, voltage, and pressure were adjusted for maximum ion signal. The generated
glycan ions are introduced into the first vacuum stage through a heated flared stainless
steel capillary (100°C -150 °C) [2]. After exiting the capillary, the ions enter a dual
ion funnel trap (IFT) (Masstech, USA), which was used to focus and accumulate ions
in front of a dual grid assembly. Ions were typically accumulated for 100 or 200 ms
and then released as short intense packets of ~150 us duration. The RF frequency and
amplitude applied to the IFT was 950 kHz and ~200 Vpp respectively, and the
pressure in the IFT trapping region was typically 4 mbar. The ions exiting the
trapping region move through a 2.5 cm long converging region of the IFT before being
transferred through ring electrode guide into a TW IMS device based on the SLIM
technology originally developed by Smith and coworkers [3-5].

After drifting through the TW SLIM module, the ions are focused and guided
using a series of 3D-printed ring electrode ion guides and hexapoles through two
differentially pumped regions with pressures 10 and 10° mbar [6]. We use an
electrostatic steering-lens system to deflect unwanted ions and select the ions of
interest with a certain drift time. After moving through the last hexapole guide, the
ions are turned 90° by a DC quadrupole bender that facilitates separation from neutral

molecules.

The ions are then guided by an octupole to a quadrupole mass filter. For the
measurement of IMS arrival time distributions (ATDs), the mass-selected ions passing

through the quadrupole mass filter are detected using a channeltron.

To measure vibrational spectra, the channeltron is moved out of the beam path
and mobility- and mass-selected ions are injected into a planar, cryogenic trap (Figure
3.2) [7,8]. Trap consists of two sets of 16 gold RF electrodes deposited on a printed
circuit board (PCB), each set being connected to opposite phases of the RF. A pair
of these PC-board electrodes serve to confine the ions in the z-direction. Four DC
plates surround the RF electrodes and confine the ions in the x- and y-directions. The

pair of PCBs are mounted onto a copper frame and sandwiched in between two copper
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plates, which are attached to the cold head of a helium cryostat (Sumimoto,

Germany). The cold trap is electrically isolated from the cold head by sapphire plates.

TOF Extraction

|

IR Laser Z

RF
electrodes

DC
plates

Figure 3.2 Schematic representation of the planar, cryogenic trap and PCB

electrodes.

Upon entering the planar trap, the ions are cooled by collisions with a cold buffer
gas composed of a He/N, (90:10) mixture. The gas is pulsed into the trap, which is
maintained at 39 K, using a pulsed valve (Parker Series 9, Germany). At low
temperatures, one or more nitrogen molecules attach to the glycan ions, serving as a
“messenger tag” for detecting photon absorption. The temperature of the trap is kept
constant and monitored using a Lake Shore 350 PID Controller (Lake Shore
Cryotronics, Inc; USA) and a cartridge heater.

In this thesis, two laser systems were used to acquire cryogenic infrared (IR)
spectra. In early experiments, the tagged ions were irradiated with an IR pulse from
a tunable optical parametric oscillator/amplifier system (OPO/OPA) (Laser Vision,
USA) pumped by a Nd:YAG laser (Innolas, Germany). Before irradiation with an IR
pulse, ions are equilibrated for 50-90 ms with the cold buffer gas. After irradiation,

ions are extracted through slots between the electrodes on the upper PCB into the
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time-of-flight mass spectrometer (TOF) (Jordan TOF Inc., USA). Extraction is
achieved by applying ~3.9 kV to the RF electrodes of the bottom PCB board, ~2.8 kV
to the RF electrodes of the top PCB, and ~ 1.2 kV to the extraction plate on the top
(Figure 3.2). Resonant absorption of IR photons by tagged ions followed by
intramolecular vibrational energy redistribution leads to the evaporation of the tag(s),
which is measured as a depletion of ion signal at the mass of the tagged glycan species.
A plot of the number of tagged ions as a function of the laser wavenumber provides a
vibrational fingerprint by which we can identify a given glycan. The linewidth of the
IR light delivered by the OPO/OPA system is ~ 3 ¢cm, and the IR pulse width is
10 ns. In order to increase the IR spectral resolution and acquisition speed, a
continuous wave (CW) Cr?"/ZnS/ZnSe mid-IR fiber-pumped laser (IPG Photonics,
Germany) was installed, delivering IR linewidth of ~ 0.3-2 em™. For spectroscopy with
this laser, the ions in the cryogenic trap were subjected to 0.2 W of IR light for 50 ms
and subsequently ejected into the TOF mass spectrometer. A chopper system
(MC2000B-EC, Thorlabs, Inc., Germany) synchronized with the main experimental
trigger is used to produce 50 ms pulses from the CW laser output. The TOF data is
acquired using a WaveSurfer MXs-B Oscilloscope (Teledyne LeCroy SA, Switzerland),

transferred to a PC, and processed using in-house control software written in Labview.
3.1.2 SLIM—based ion mobility module

One of the key components of our experimental approach is to use high-resolution
ion mobility separation of glycans using SLIM technology. The SLIM technology is a
type of a travelling wave ion mobility that employs a “sandwich” of electrodes
patterned on two mirrored printed circuit boards (PCBs). A basic unit of a SLIM

module is shown in Figure 3.3.

48



Chapter 3. Experimental approach

(@)

(b)

Travelling DC
RF wave (TW) | guard
electrodes electrodes electrodes

6
— Tg
=
(c) & = | ! |
2 iTw Tw Tw W
E | |y |
s : : ; :
E ol : - i
< 12345678123456728

Electrode number

Figure 3.3 Schematic representation of the basic unit of a SLIM module unit
(adapted from Ref. 4). a) Two mirrored PCBs that create channels to separate ions;
b) SLIM board indicating the application of DC and RF potentials; c) travelling wave

potential.

The potentials generated by the two PCBs together make up the SLIM IM
channel used to separate ions (Figure 3.3 a). In order to generate the electric fields
between the boards, DC and RF potentials are applied to three types of electrodes,
the DC guard, RF, and travelling wave (TW) electrodes. The DC voltage applied to
the guard electrodes enables the required ion confinement in the x-direction. In
addition to these guards, each PCB contains eleven tracks, six of which are RF
electrodes (shown in grey in Figure 3.3 b), while five other tracks (shown in red) are
TW electrodes. The RF electrodes carry alternate phases of an RF potential and
confine the ions in the y-direction. The TW electrodes create a travelling wave that
moves ions in the z-direction. The traveling square-well potential is generated by
simultaneous application of a DC potential to four sequential electrodes while the next
four electrodes are kept at ground potential. The TW then propagates by changing
the potential of the first electrode from high to low and that of the fifth electrode from

low to high (Figure 3.3 ¢). This sequence is then shifted one electrode at a time in the
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direction of ion motion in a repeating manner across all electrode sets within the TW

tracks.

In our initial implementation of the SLIM technique, we used 15 cm x 15 cm
PCBs to reach a single-pass path length of 1.8 m [9]. The initial design included a
serpentine path with 90° turns and a T-shaped switch that enables cycling ions over
the same drift path multiple times or ejecting them from the SLIM device for detection
[10]. Ton ejection from the board is achieved by applying 40-45 V DC potential to the
blocking electrode and the TW potential to the exit electrode (see inset, Figure 3.4).
In order to cycle ions, the DC potential on the blocking electrode is switched back to
the TW potential and the exit electrode is set to a 45 V DC potential.

This design allows us to achieve high IMS resolution by propelling ions through
a 1.8 m serpentine path, and this resolution can be further increased by cycling ions
through this path multiple times (Figure 3.4). The resolution scales with vn, where n

represents the number of cycles [6, 11].

Entrance

Blocking
electrode

15 cm

Figure 3.4 Schematic representation of serpentine SLIM board with the option
to cycle ions multiple times through the same track before ejecting them for detection

or spectroscopy. Adapted from Refs. 1 and 6.

A second SLIM design used in our experiments has two sections that incorporate

ion trapping regions (Figure 3.5) onto the board [1]. The separation region is similar
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our initial design apart from a decrease in path length from 1.8 m to 1.5 m. The trap
sections allow selection and storage of mobility-separated ions. This region is useful
for increasing the sensitivity by accumulating several IMS-selected ion packets from
the IFT in the on-board trap before detection and spectroscopic analysis. This signal
enrichment process for the ions of interest is performed in the following manner. Ion
packets (130 ps wide) are released from the IF'T at a repetition rate of 5 Hz to 10 Hz,
depending upon the time window that is needed to mobility-separate the ions. After
1.2 m of separation path, the ions of interest are selectively diverted to the on-board
trap. This is done by applying a 50 V bias to the blocking electrodes (inset, Figure
3.5) and the TW potential to the trap entrance electrodes, which guide the ions of
interest into the trap. Additionally, to anneal conformational distributions and
reassure that the ATDs are reproducible, we apply ‘harsh’ and ‘normal’ conditions to
operate the trap. Under normal conditions the bias potential of both the trap and
normal serpentine track region is maintained at 40 V. Under harsh conditions, 3ms
before the stored ions exit the trap, the bias potential of the all electrodes of the trap
(incl. DC guard, TW, RF, entrance electrodes) is raised by 65 V, while that of the
exit electrode is raised by 100 V. Additionally, a potential difference of 25 V between
the trap and normal serpentine track region leads to collisions with the buffer gas,
thus activating the ions of interest upon being released from the trap to follow the
normal serpentine track. The ions then can either undergo additional cycles of mobility
separation or sent to the cryogenic trap for IR spectroscopy. For signal enrichment
purposes, ions from the next IFT pulse can be separated on the 1.2 m drift path,
selected, and added to the same on-board trap, which typically results in doubling of
the number of mobility selected ions of interest. While the on-board trap starts to
overfill after 3 IFT packets, an increase in signal is still observed using up to 6 IFT
ion packets. The optimal TW amplitude and speed in the SLIM-IMS region were
found experimentally for each glycan. Typical IMS parameters used for the
experiments were: RF frequency 885 kHz, RF amplitude 150 Vpp, TW amplitude
20 V, TW speed 500 m/s, drift gas pressure 3 mbar (He).
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Figure 3.5 Layout of the updated SLIM-IMS device. Left: scheme of the SLIM
board. Right: detailed layout of the on-board trap used for signal enrichment. Adapted
from Ref. 1.

3.1.3 Principles of cryogenic messenger-tagging spectroscopy

The application of messenger-tagging IR spectroscopy was initially reported by
Okumura and Lee in 1985 [12]. Johnson and coworkers at Yale university further

developed this technique over many years [13-15].

The fundamental principles of messenger tagging spectroscopy are following: the
ions of interest, in our case glycans, form a complex at cryogenic temperatures with
one or several chemically inert gas molecules, used as messengers or tags, through
weak van der Waals interactions. Upon resonant absorption of a single infrared photon
by the analyte ion, the energy is redistributed and the tag is then detached. The ratio

of tagged to untagged species is then monitored by a mass spectrometer.

In most applications of messenger-tagging spectroscopy the goal is to obtain
vibrational spectra that resemble that of the bare molecule. In this case, one wants to
use a light species that will cause minimal perturbation of the IR spectrum of the
parent molecule. However, in our case, we simply seek to establish spectroscopic

fingerprints by which to identify glycans, and it is not important if the spectrum
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resembles that of the untagged molecule. Thus, the main requirement to choose the
messenger molecule is to find something that attaches efficiently but not so strongly
as to remain after IR excitation. While helium might seem to be an ideal messenger
molecule from spectroscopic point of view, it condenses onto molecules at temperatures
~4K, which is not practical for an analytical technique. Hydrogen (H.) and Deuterium
(D,) can form tagged species more easily than He, however the mass shifts by H»
(2 Da), or D, (4 Da), are relatively small. If the N-glycan ions are multiply charged,
the mass-shift of the tagged species with respect to the parent is even lower than for
singly-charged species in mass spectrum. These smaller, more weakly bound species
may lose their tag upon collisional activation during extraction into the time-of-flight
mass spectrometer. Heavier tags, such as nitrogen (N) (28 Da) and argon (Ar)
(40 Da) are thus preferable for our application, given their higher polarizability and
their low cost. Moreover, the trap temperature needed to form complexes with N»
(~39K) is higher, which makes it a good compromise for our experiment. One factor
that complicates these experiments is that the tag molecules can freeze out on the
walls of the trap. To overcome this, the N, tag molecules are usually added as a small
percentage of a He gas mix. Helium is used to collisionally cool the ions, while N, is

easily condensed onto the molecules via three-body collisions.

We record a spectrum as a depletion of the tagged ion complexes. Upon
absorption of an IR photon, the intensity of untagged ions increases while the tagged

ion signal decreases. The signal is normalized following:

Y. tagged ion complexes

spectrum = ; (Equation 3.1)

M tagged ion complexes+bare parent ion

The normalization is used to compensate fluctuations in the ion intensity from

the ion source and helps to increase S/N.

A typical recorded mass spectrum using the TOF (Figure 3.6) exhibits clear

separation the glycan of interest (blue) from the tagged complexes (green).
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Figure 3.6 Typical mass spectrum acquired with LabView software. The blue-
colored peak corresponds to the untagged glycan of interest (bare parent ion). The

green-colored peaks correspond to the tagged glycan ion complexes with the molecules.
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Chapter 4 Analyzing glycans cleaved
from a biotherapeutic protein using
ultrahigh-resolution ion mobility
spectrometry together with cryogenic ion

spectroscopy *

This chapter demonstrates that combining ultrahigh-resolution IMS with
cryogenic vibrational spectroscopy can provide characteristic fingerprints for N-linked
glycans that can be used as a rapid and sensitive means to monitor them. We also
discuss how this approach might be used more generally as a tool for glycan analysis
of biotherapeutics. Finally, we provide the results of the mathematical methods used

to quantify the similarity between IR spectra of standard and released glycans.
4.1 Sample preparation

4.1.1 Sample preparation of standards

Synthetically derived N-glycans standards (estimated to be > 85% pure) were
purchased from Dextra Laboratories (UK). The standards were then analyzed without
any additional purification. HPLC grade solvents were used. Ultrapure water was
obtained from a Milli-QQ Integral system. All standards were reconstituted in
water/acetonitrile (70:30) to a concentration of 80 uM prior to analysis. The stock solutions
were further diluted using water /acetonitrile (70:30) to obtain 5-20 uM analyte solutions.
We added 3-5 pL of 0.1% formic acid to enhance generation of the protonated N-glycan

species.

This Chapter is partially based on the publication “Analyzing glycans cleaved from a biotherapeutic protein using
ultrahigh-resolution ion mobility spectrometry together with cryogenic ion spectroscopy” N. Yalovenko, V. Yatsyna,
P. Bansal, Ali H. AbiKhodr, T. R. Rizzo, Analyst, 2020. It is available online: https://doi.org/10.1039/D0AN01206H
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4.1.2 N-linked glycans release from Etanercept and clean-up

Etanercept was kindly provided by Johnathan Paz Montoya from the EPFL
Proteomics Facility. It was expressed in CHO cell lines. PNGase F (recombinant) was

purchased from Roche (Basel, Switzerland).
The entire sample preparation procedure is shown schematically (Figure 4.1).
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Figure 4.1 Schematic representation of the sample preparation and fraction

collection of the released N-glycans. All the steps are described in detail below.

In step 1, N-glycans were released from Etanercept using PNGase F. Two 300 pg
portions of the protein were reconstituted in 20 mM sodium phosphate buffer (pH 7.2)
to a final concentration of 1 pg/ul. The enzymatic digestion was followed by overnight

incubation at 37 °C.

In step 2, we first employed C18 cartridges (ThermoFisher, Germany) to separate
N-linked glycans from O-glycopeptides, proteins and other contaminants. The

procedure was following:

a) We conditioned a C18 cartridge with 1 ml of methanol (x3) and then with 1
ml of 5% acetic acid (AcOH) (x3).

b) We loaded the glycan sample onto the C18 column and rinsed the sample

container with 100 pL 5% acetic acid 2 times to make sure all the sample was
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transferred. This step allows to wash off the non-glycan contaminants.
¢)  We eluted N-glycans with 1 ml 5% AcOH (x3).

d) We dried the resulting N-glycan sample using speed vacuum (SpeedVac,
Eppendorf). This step allows post elution work-up.

In order to remove salts and detergents, we then applied porous graphitic carbon
(PGC) cartridges (ThermoFisher, Germany). The steps in the procedure were similar

to the one for C18 cartridges, differing in solution composition.

a) Conditioning of the PGC cartridge with 1 ml ACN (x3), followed by 1 ml of
60% ACN (x3).

b) Equilibration of the cartridge with 1 ml of water (x3).

¢) Loading of the glycan mixture onto the PGC cartridge, either directly after
deglycosylation with PNGase F or after cleanup with C18 cartridges.

d) Washing the glycan mixture twice with 1 ml water, discarding the filtrate.

e) Elution of glycans with 100 pl of 40% ACN/60% 100 mM ammonium formate
pH 4.5.

f) Drying samples using a SpeedVac.

The combined dried residues were then reconstituted in 50 pl distilled
water /acetonitrile (70:30) prior to analysis (step 3). We monitor the efficiency of the
enzymatic digestion (step 4) with a UPLC (ACQUITY™ H-Class Plus, Waters, UK)
coupled to a Micromass Q-TOF Premier (Waters, UK). In step 5, the digested sample
was further separated on an XBridge Glycan BEH Amide Column (3X150 mm,
2.5 pm) (Waters) at 0.4 mL/min at 60°C. The glycans were eluted by following linear
gradients: 22% mobile phase A (ammonium formate buffer, 100mM) and 78% mobile
phase B (ACN) for 38.5 min. The mobile phase A was increased from 22% to 44%
after 1 min, then from 44% to 100% after an additional 1 min. In the final wash step,
mobile phase A was held at 100% for 5 min. Prior to analysis, the column was
equilibrated by running 22% mobile phase A and 78% mobile phase B for 2 min. The

auto-sampler was kept at 8°C. In the final step (6), each eluted glycan was collected
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using a Waters Fraction Collector III, evaporated down, and reconstituted to a total
volume of 1 ml. Assuming no loss during the sample preparation, we estimate a final
maximum concentration of 0.33 uM for the least abundant glycan (G0) and 7 uM for
the most abundant (GOF). Sample solutions were stored at -20°C.

4.2 Comparison of the released sugars with their

respective standards

The glycans released from a therapeutic protein Etanercept (TNFR-Fc, see
Chapter 1, Section 1.5.1 for details) studied in this work are shown in Figure 4.2.
They span the range of relative abundance from 22% for GOF to 1% for GO [1,2]. The
released glycans have been separated and purified prior to analysis as described in
Section 4.1. A typical chromatogram for the studied glycans is presented in Appendix
(see Appendix A, Figure A.1). The fractions for each glycan were collected for 1 min.

T
E [ GIcNAc
@ Man
A Fuc
O Gal
Go GOF G1F G2F

Figure 4.2 Schematic structures of the N-glycans studied in this work. Glycans
are represented using the Symbol Nomenclature for Glycans (SNFG). Note that in the
case of G1F, we do not distinguish the two positional isomers. However, a strategy to

distinguish them is described in Chapter 5.

Here, we compare our different N-glycans cleaved from TNFR-Fc¢, GO, GOF, G1F,
G2F, to a targeted database that we created using standards. The database contains
mass, ion mobility ATDs, as well as reference IR spectra. Figure 4.3 shows a mass
spectrum obtained for the GOF standard compared with that for GOF cleaved from
TNFR-Fc (see Section 4.1.2.). The spectrum of the standard shows multiple ion
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adduct species, including [M + H + NHy*", [M + H + NaJ*", [M + H + K*", [M +
2Na*" and [M + K + Na]*, whereas the sample cleaved from TNFR-Fc shows
primarily the doubly protonated form. The predominance of the latter is related to
the clean-up procedure of the cleaved N-glycans performed in acidic (pH 4.5) media.
The mass spectra for other glycans are shown in Appendix A (Figures A.2-A.4). For
this reason, we compare the cleaved glycans with their corresponding standards in
their doubly protonated form. To avoid salt presence, one can consider to treat
samples using preparative HPLC prior sample analysis. However, this step can be

time-consuming and may cause the sample losses.

a) Standard

2+
[M+2H]2+ [M+H+Na]

[M+H+NH4]?*

+

IM+Na+K]J?

b) Released from TNFR-Fc

[M+2H]?*

[M+H+NH4]?* ,
IM+H+Nal”* [M+H+K**
S —
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Figure 4.3 Comparison of ion adducts of GOF produced in positive EST mode.
a) standard, b) released of TNFR-Fe.

Figure 4.4 shows ATDs of the GOF standard. The three sharp peaks observed
after one cycle on the SLIM board (Figure 4.4 a) separate into multiple peaks after
three SLIM cycles (Figure 4.4 b). We clearly observe additional small peaks that
correspond to ions having slightly different three-dimensional structure from the major
species. Multiple peaks in the ATD could correspond to different isomers (e.g., o and

B anomers at the reducing end OH [3-5]) or to multiple conformers of those isomers.
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There can also be different protonation sites or different sites to which fucose might

migrate [6].

a) 1cycle

I

b) 3 cycles

5 10 15 20 25 30 35 40
Arrival time / ms
Figure 4.4 Arrival time distribution of doubly protonated GOF after (a) one
cycle on the SLIM board (drift length of 1.5 m) and (b) three separation cycles (drift
length of 5.27 m).

The ATDs reveal that glycan ions can adopt numerous stable conformations in
the gas phase. An important aspect to consider while defining a protocol for the
database is to ensure that the observed ATDs are highly reproducible between
different experimental runs and do not depend on the nESI conditions. Here, we have
used significantly high electric field gradients and RF amplitudes in the first stages of
our instrument prior to IMS separation to anneal the conformational distribution.
While this does not necessarily imply that we are observing the lowest energy
conformers, since some may be kinetically trapped [7-9], it ensures that the observed
ATDs are reproducible between different experimental runs and independent of the
nESI conditions. In all cases for the measured ATDs, we detected no significant change
under acceleration in the trap segment on the SLIM board (see Chapter 3, section
3.1.2 for details). As an example, we show in Figure 4.5 the ATD of doubly protonated
GOF, under harsh (Figure 4.5 a) and normal conditions (Figure 4.5 b). As one can
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observe, apart from the slight change in some peak intensities that are designated

with the dash lines, the ATDs are reproducible.

a) Harsh conditions

b) Normal conditions

W

45 50 55 60 65
Arrival time / ms

Figure 4.5 Arrival time distribution of the doubly protonated GOF of (m/z
732.7 Th) after three cycles after trapping (5.22 m) on the SLIM board. a) under
harsh conditions (see Chapter 3 for details); b) under normal conditions (see Chapter

3 for details).

For our N-glycan database of standards, we recorded cryogenic IR spectra of the
most intense peaks in the ATD, shown in Fig. 4.6 for GOF. The infrared spectra
exhibit sharp, distinct features in the free OH stretch region (3580—3700 cm™) and
broad transitions in the weakly hydrogen-bonded OH stretch region (3450—3550 cm'!),
all of which provide a fingerprint that can be used to identify the molecule. While
these mobility-selected infrared spectra likely represent subtly different molecular
conformations, the reproducibility of the ATD’s ensures that they provide a reliable

identifying fingerprint.
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Figure 4.6 Arrival time distribution of the doubly-protonated GOF of m/z
782.7 Th shown on the left. The cryogenic IR spectrum of mobility-separated drift
peaks is shown on the right (red, green, and blue trace for first, second and third peak

respectively).

The data of Figure 4.7 below highlight the utility of ultrahigh-resolution ion
mobility for comparing the released sugars with their respective standards in the
doubly protonated form. The ATD for the GO standard (Figure 4.7 a, top) shows
numerous peaks that are not fully resolved after five cycles on the SLM board, while
that for the released GO (Figure 4.7 a, bottom) shows a similar profile, but the
intensity distribution differs. For the GOF standard (Figure 4.7 b, top) the ATD has
multiple peaks that agree well both in position and intensities with those of released
GOF (Figure 4.7 b, bottom). In the case of the G1F standard which is a mixture of
two positional isomers (Figure 4.7 ¢, top), the ATD exhibits various prominent peaks,
and while that of the cleaved G1F has the same number of peaks, they differ slightly
in their intensities (Figure 4.7 ¢, bottom). The G2F standard shows two main peaks
in the ATD with slight shoulders that are not fully resolved (Figure 4.7 d, top), and
the released G2F has a similar shape with slightly different intensities of these two
peaks (Figure 4.7 d, bottom). While some minor differences appear in the ATDs of
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the released sugars compared to their respective standards, as demonstrated below,

their respective cryogenic IR spectra confirm unambiguously our ability to identify

them.
a)Go b)GoF C) G1F N d)GaF

72 76 80 84 88 45 50 55 60 65 65 70 75 80 120 130 140 150
Arrival time /ms  Arrival time / ms Arrival time / ms Arrival time / ms

Figure 4.7 Arrival time distributions for the doubly-protonated a) GO standard
(top, grey) and GO from the Etanercept (red), 5 cycles after enrichment (8.62 m); b)
GOF standard (top, grey) and GOF from the Etanercept (green), 3 cycles after
enrichment (5.22 m); ¢) G1F standard (top, grey) and GI1F from the Etanercept
(blue), 3 cycle after enrichment (5.22 m); d) G2F standard (top, grey) and G2F from
the Etanercept (violet), 5 cycles after enrichment (8.62 m). ATDs have been recorded
using the different IMS settings for each glycan sample, and consequently cannot be

directly compared.

We recorded cryogenic IR spectra of the four cleaved N-glycans and their
respective standards without ion mobility selection, shown in Figure 4.8. The
spectrum of each N-glycan has unique, well-resolved transitions in the free OH stretch
region (3580—3700 cm™) that can be used for identification. In addition, GO and GOF
have distinct broad bands in the weakly hydrogen-bonded OH stretch region
(3450—3550 cm™) that are also distinctive. We chose to use only the 3450—3750 cm'™

region for identification purposes.

The IR spectra of standard and released GO (Figure 4.8 a) generally match in

both the position and intensity of the vibrational bands, with only minor differences
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for broader bands (3471 cm™ and 3511 em™). Spectra of the reference and cleaved GOF
(Figure 4.8 b), G1F (Figure 4.8 ¢), and G2F (Figure 4.8 d) were nearly identical in
both the band positions and intensities. To quantify the similarity between IR spectra
of standard and released glycans, we calculated the correlation coefficient between
each corresponding pair (see subsection 4.3). The resulting high degree of correlation
(95.9 % for GO, 97.7 % for GOF, 98.8 % for G1F, and 98.3 % for G2F) confirms their
visual similarity and shows the feasibility of using a spectroscopic database to identify
them. The strong correlation is mostly due to the sharpness of the features in the high
frequency region of the spectrum, which is the result of the low temperature of the
trapped ions, rendering this approach sensitive to the subtlest structural differences.
The slight differences between the reference spectra and those of the released glycans

likely arises from small differences in the conformer distributions.

a) GO

b) GOF

Cc) GIF

:::::::i:i::::::::::::%fuia2F

3450 3500 3550 3600 3650 3700
Infrared wavenumber / cm !

Relative ion intensity
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Figure 4.8 Cryogenic IR-spectra of doubly-protonated glycan standards (grey)
and released glycans: (a) GO; (b) GOF; (¢) G1F; and (d) G2F. The spectra of G1F

represent the mixture of the two positional isomers.

Here, we did not record IR spectra for individual ion mobility peaks of each
released N-glycan, as the total spectra of the sugars were nearly identical to their
respective standards and match well both in the position and intensities of the
vibrational bands. As demonstrated, mobility-selected IR spectra are slightly sharper
and more distinctive and therefore provide a more stringent spectroscopic fingerprint.
Nevertheless, this comes at the cost of sensitivity, since we are only sampling a subset
of the ions, and hence we do this only when necessary to resolve ambiguous

assignments.

To further assess the feasibility of this approach as a general tool for glycan
analysis of large-scale production of biotherapeutics, we also need to demonstrate that
the amount of sample required is reasonable. We used Etanercept having a mass of
~128 kDa, of which, 12-13 kDa can be attributed to N-glycans [10]. Consequently, in
the 600 pg sample of Etanercept that we used, ~60 pg corresponds to N-glycans. To
determine an upper bound for our limit of detection, we assume that we lose none of

the sample during preparation and clean-up.

The glycan GO (~1316 Da) has ~1 % abundance among N-glycans attached to
TNFR-Fec [2]. This represents ~0.73% by mass, which would mean that we would have
~0.44 pg of this particular glycan. We typically had ~ 1 ml of the combined fractions
together for GO, which gives us ~0.33 pM of the cleaved sugar G0O. The measurement
of one IR spectrum takes on average 3 mins to scan the range from 3400 cm™ to
3750 cm’!; and using an upper limit to the nESI flow rate of 100 nl/min, this means
we use 300 nL of solution. From this, we can estimate that a total amount of sample
upon which we made our measurement is ~100 fmol. If we repeat the same calculation
for GOF, which is the most abundant N-glycan from Etanercept (21.8%), this means
that our measurement was made on ~2 pmol. Any losses in sample during the clean-
up procedure, which we neglected, would mean that our measurements were made on
smaller amounts than this. While higher sensitivity is always better, our detection
limit is in the range that would make this approach feasible for monitoring N-

glycosylation in the large-scale production of biotherapeutics [11].
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In addition to necessitating adequate sensitivity, a feasible analytical approach
must be able to make measurements rapidly. An example of a cryogenic IR spectrum
of the GOF standard measured in 55 seconds compared to one measured over a period
of 180 s is given in Figure 4.9. Although the signal-to-noise ratio is not as good in the
faster scan marked in pink, it still clearly exhibits resolved IR transitions in the OH
spectral region that can be used as an identifying fingerprint. The resulting 95.8%
degree of correlation between the fast and the slow cryogenic IR spectra confirms their
visual similarity. Such a short analysis time scale emphasizes the promise of our

approach for rapid N-glycosylation profiling.

a) bbs

Relative ion intensity

3500 3550 3600 3650 1 3700 3750
Infrared wavenumber / cm’

Figure 4.9 Cryogenic IR spectrum of GOF standard recorded in a) 55 s and b)
in 180 s.

4.3 Comparison of mathematical methods to
quantify the similarity between IR spectra of reference and
cleaved glycans

Quantification of spectral similarity is a key aspect of using a spectroscopic
database. We need to have a proper method to determine how good the match is
between our reference and analyzed compounds. Additionally, the mathematical

method should be able to tell apart even minor differences between spectra and should

be easily implemented in our future database search engine.
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Here, we applied and compared three different mathematical methods to quantify
the IR spectral similarity between N-glycans released from TNFR-Fc¢ and their

respective standards. All the calculations have been done using Matlab software.
4.3.1 Dot product method

The dot product or “the spectral contrast angle” has been routinely applied to
quantify the similarity of mass-spectra, but it can also be used for the comparison of
IR spectra [12,13].

The dot product treats each spectrum as a vector of ordered peak intensities and
measures the cosine of the angle between the vectors. The closer the angle value to
zero, the greater the similarity between the vectors. The higher angle value means

greater differences between vectors.

The dot product of two vectors X and y is defined in the following manner:

_ xy . .
cosf = T (Equation 4. 1)

where X is the reference spectrum vector and y is the analyte (cleaved sample)
spectrum vector, and 6 is the angle between them. As the angle 6 approaches 0°, cos

© approaches 1.
Note that
X'y =2i=1X " Vi,

where x; represents the individual points of the reference spectrum and y;

represents the individual points for the analyte;

and:

Ixll = [T, xf and llyll = I, ¥7,

where ||X|| and ||y|| designate the length of vectors X and y. The vectors X and y

must be normalized to the total number of points.
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The dot product has been employed in the “CromAlign” algorithm [14] which is
used for LC-MS. Stein et al. have made a comparison of the existing algorithms,
including the dot product in the NIST/EPA/NIH Mass Spectral Library [15].
Additionally, this method is quick to compute, since the formula is easy to apply.

Table 4.1 presents the similarity coefficients between the spectra of the doubly
protonated standard and the cleaved sugars calculated by the dot product method.

Table 4.1 The results of the dot product method applied to the spectra of each

corresponding pair between the reference and the cleaved sugars.

GO(cleaved) | GOF(cleaved) | G1F(cleaved) G2F (cleaved)
GO
0.9923 0.9813 0.9784 0.9734
(standard)
GOF
0.9697 0.9927 0.9629 0.9691
(standard)
G1F
0.9819 0.9811 0.9977 0.9926
(standard)
G2F
0.9733 0.9712 0.9933 0.9968
(standard)

The similarity between the reference and the cleaved sugars, as measured by the
dot product method, are the following: 99.2 % for GO, 99.3 % for GOF, 99.8 % for
G1F, and 99.7 % for G2F. From Table 4.1 we can also conclude that all our IR spectra
are very similar which is true since they belong to one class of molecules and have the
same functional groups. Moreover, the data shows that dot product method fails to
distinguish clearly between G1F and G2F. To circumvent this, some constraints, such
as intensity scaling or mass weighting could be introduced [15]. Moreover, the dot
product algorithm might require a peak selection process to reduce the complexity of

spectra for comparison.
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4.3.2 Cross-correlation method

We also applied the weighted cross-correlation method. It is generally used to
compare NMR spectra, where one needs to recognize the similarity of spectra having

chemical shifts.

De Gelder and co-authors [16] proposed a general equation (Equation 4. 2) to
express spectral similarity, Sy, that is based on a cross-correlation function, cg,

weighted with a weighting function w(A), and normalized with the product of two

auto-correlation functions, ¢y and ¢,y

Jw(@)cpg(a)da
wa(A)cff(A)dA-f w(d)cgg(4)da

Spg = (Equation 4. 3)

where

crp(B) = [ F()f(x + Ax) dx;
Cog() = [ g(x)g(x + Ax) dx;
crg(A) = J F(x)g(x + Ax) dx.

When applied to our IR spectral comparison problem, cgis an auto-correlation
function of the reference spectrum, c, is auto-correlation function of the analyte
(cleaved sugars) spectrum, and cy is the cross-correlation function. The triangular

weighting function with a width [ was chosen for our analysis.

Table 4.2 presents the cross-correlation method results for the similarity between
the spectra of the doubly protonated standard and the cleaved sugars, calculated using

a triangular weighting function with a width [ = 2 cm™. The weighting function width

was chosen empirically.

Table 4.2 The results of the cross-correlation coefficient method applied to the

spectra of each corresponding pair between the standard and the cleaved sugars.

GO(cleaved) | GOF(cleaved) | G1F(cleaved) G2F(cleaved)

GO

0.9901 0.9598 0.9764 0.9656
(standard)
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GOF
0.9748 0.9896 0.9791 0.9683
(standard)
G1F
0.9738 0.9567 0.9973 0.9915
(standard)
G2F
0.9657 0.9613 0.99 0.9966
(standard)

The similarity between the standard and the cleaved sugars, as measured by the
weighted cross correlation method, are the following: 99 % for GO, 98.9 % for GOF,
99.7 % for G1F, and 99.7 % for G2F. Similarly to the dot product, the cross correlation
method fails to distinguish between G1F and G2F spectra.

4.3.3 Correlation coefficient method

The correlation coefficient method provides the degree of similarity between two

data vectors (Equation 4.3).

The correlation coefficient (r) between two vectors X and y is defined as

r= % ; (Equation 4.3)
where
cov(x,y) = Xita(x; = X)(y; = 9);
var(x) = Xitq (x; — %)%
var(y) = XiL1(vi — )%
and:
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It can be seen that the vectors have to be normalized on the total number of

points.

Geometrically, this method can be perceived as the cosine of the angle between
the two mean-centered vectors. The correlation method is closely related to the dot
product. However, the covariance is the mean corrected dot product, and the squared
correlation coefficient (R?) is the covariance corrected by the standard deviation. This
approach is one of the most commonly used methods to determine spectral similarity.
Varmuza et al. compared different approaches for searches in an IR database, and in

his study the correlation coefficient performed the best [17].

Table 4.3 presents the cross-correlation method results that show the similarity

between the spectra of the doubly protonated standard and the cleaved sugars.

Table 4.3 The results of the cross-correlation coefficient method applied to the

spectra of each corresponding pair between the standard and the cleaved sugars.

GO (cleaved) | GOF(cleaved) | G1F(cleaved) G2F (cleaved)
GO
0.9599 0.9178 0.8777 0.8627
(standard)
GOF
0.8973 0.9772 0.8993 0.9008
(standard)
G1F
0.9103 0.9279 0.9884 0.9603
(standard)
G2F
0.8649 0.8819 0.9642 0.9831
(standard)

The similarity between the standard and the cleaved sugars, as measured by the
correlation coefficient, are the following: 95.9 % for GO, 97.7 % for GOF, 98.8 % for
G1F, and 98.3 % for G2F. It provided the best results for the comparison of spectral
similarity among all the sugars in terms of correctly identifying the best match
between the spectra of cleaved sugars and references. Nevertheless, the correlation

coefficient between the spectra of G1F and G2F is still relatively high (96%) due to
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the similarity between their overall spectra that do not contain sufficiently distinctive
features in the weakly hydrogen-bonded OH stretch region (3450-3550 cm™). However,
if we use only the free OH stretch region (3580-3700 cm™) for comparison, then the
resulting correlation coefficient between G1F and G2F is just 91.2%.

It is important to note that in cases where the spectral correlation between two
species is high, the ATD can also be used to distinguish them. The spectra of Figure
4.8 were measured without selecting any part of the ATD which produced significantly
complex cryogenic IR spectra that were somewhat difficult to treat with spectra
comparison methods. When selecting certain peaks in the ATD, sharper spectra
having considerably more structure can be obtained as shown in Figure 4.7. This needs

to be done only in cases where non-mobility-resolved spectra are highly correlated
4.4 New perspectives on studying Rituximab

Of ongoing interest is a demonstration that our technique can be applied to
glycans from different therapeutic proteins and mAbs. For this reason, we chose to
study released glycans from Rituximab, which is a major pharmaceutical component
of the drug Rituxan™/[18]. Rituximab is a chimeric mAb used to treat autoimmune
diseases, including rheumatoid arthritis and types of cancer, such as non-Hodgkin
lymphoma, and chronic lymphocytic leukemia [19,20]. Here, we start with a
comparison of the GOF glycan. Figure 4.10 shows mass spectra obtained for the GOF
standard compared with that for GOF cleaved from TNFR-Fc studied previously and
for GOF cleaved from Rituximab. Similarly to the mass-spectrum of the cleaved GOF
from TNFR-Fc, the mass spectrum of the cleaved GOF from Rituximab predominantly
exhibits the doubly protonated form. However, the mass spectrum itself shows some

remaining impurities from peptides.
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a) Standard
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Figure 4.10 Comparison of ton adducts of GOF produced in positive ESI mode.
a) standard, b) released of TNFR-Fc, c) released of Rituximab.

We then recorded the cryogenic IR spectrum of the cleaved GOF from Rituximab
and compared it to those of the GOF standard and GOF cleaved from TNFR-Fc
without ion mobility selection, shown in Figure 4.11. The spectrum of the GOF cleaved
from Rituximab has distinctive well-resolved transitions in the free OH stretch region
(3580—3700 ¢cm™) that can be used as a fingerprint for its identification. Spectra of
the reference and cleaved GOF have a good agreement in both the band positions and
intensities. The correlation coefficient between each corresponding pair (97.7 % for
the standard (Figure 4.11 a) and the cleaved sugar from TNFR-Fc (Figure 4.11 b)
and 96.6 % for the standard (Figure 4.11 a) and the cleaved sugar from Rituximab
(Figure 4.11 ¢)) confirms the feasibility of using a spectroscopic database to identify
them. As we mentioned above, the subtle differences between the reference spectra
and those of the released glycans likely arise from slight differences in their

conformational distributions.
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a) Standard

b) Cleaved from TNFR-Fc

c) Cleaved from Rituximab
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Figure 4.11 Cryogenic IR-spectra of doubly protonated GOF a) standard (grey),
b) released GOF from TNFR-Fc (blue), ¢) from Rituximab (red).

This preliminary data shows a great promise of applicability of our technique to
study cleaved sugars from different biologics. We are confident that our research will
serve as a base for future studies on the consistency of glycosylation in novel

therapeutics.

4.5 Conclusions and future perspectives

In this chapter, we have demonstrated that the combination of ultrahigh-
resolution IMS based on SLIM technology together with cryogenic vibrational
spectroscopy can unambiguously identify N-linked glycans cleaved from a therapeutic
protein using a database approach. This study serves as a proof of principle that the
sensitivity, speed, and resolution should be sufficient for large-scale N-glycan
characterization and identification. This approach should simplify basic research and

process development for novel therapeutics and biosimilar products. Our technique is
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very promising and could eventually result in the development of a commercial

instrument that is simple to operate.

While our technique is extremely versatile, there are several challenges remaining
to be solved. One of the most important tasks is to increase throughput. Multiplexing
spectroscopy strategies, such as Hadamard Transform, should make our measurements

even more suitable for incorporation into analytical workflows.
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Chapter 5 Strategy to distinguish

positional isomers of N-glycans™

This chapter describes preliminary data on a promising strategy to distinguish
and identify positional isomers of N-isomeric glycans for which standards are not
commercially available. This strategy includes a chemoenzymatic synthesis and a
combination of ultra-high resolution ion mobility together with cryogenic ion

spectroscopy.

5.1 Distinguishing positional isomers of N-glycans is

a challenge

N-glycosylation is one of the most ubiquitous and complex post-translational
modifications of eukaryotic cell proteins. N-glycans are involved in numerous
pathological and physiological processes, such as cell adhesion, immune response, and
tumor invasion [1-4]. Moreover, N-glycans with immense structural variety affect the
regulation of the diverse protein functions, including folding, protein-protein
interactions protein trafficking, etc [5,6]. The identification of isomeric N-glycans is
particularly important in the biopharmaceutical industry since N-glycosylation is a
critical quality attribute (CQA) of a drug [7-9].

As discussed in Chapter 1, N-linked glycans are both structurally diverse and
complex to analyze. Their structural diversity arises from the intricate glycan
biosynthesis that requires a large number of enzymes and precursors [10,11].
Consequently, glycosylation heterogeneity is affected by host cell type and culture
environment, including pH, dissolved oxygen, stirring rate, and temperature [12,13].
Glycan complexity comes from diversity in monosaccharide composition, in the

linkages between them, and branching.

The Gal monosaccharide unit is particularly important in the pathological

response, as it is involved in the activation of inflammatory reactions in rheumatoid

This Chapter is partially based on the material that is in preparation for publication.
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arthritis [14,15]. Moreover, galactosylation is crucial for biopharmaceutical
development [16-18]. Recent studies have shown that the terminal Gal residues on
G1F(6) and G1F(3) attached to Fc of mAbs are associated with effector functions of
mAbs [19]. The terminal Gal residue of the Man «1-6 arm of Fc-glycans has a
significant impact on complement-dependent cytotoxicity (CDC) and binding
activities. As a result, the evaluation of the consistency of galactosylation in N-glycan

structures is often required to guarantee the quality of mAbs.

The complete discrimination of positional isomers of N-glycans is currently a
challenging frontier of glycomics. Several different methods have been implemented to
distinguish and identify positional isomers of released N-linked glycans with terminal
Gal. They include a combination of selective enzymatic digestion or synthesis together
with high-resolution proton NMR spectroscopy and LC-MS/MS [20,21].

Current approaches to distinguish positional isomers of N-glycans include
capillary electrophoresis [22,23], and specialized LC-MS techniques [24-27] with a
derivatization step in their workflows. Despite the great potential of these hyphenated
techniques, they have some drawbacks. Established glycan workflows often involve a
derivatization step to label the glycans with a fluorescent tag as they do not contain
a natural chromophore or fluorophore. This improves sensitivity and enables
quantification, but is expensive and can lead to rearrangement/sialic acid loss.
Moreover, without the reference standards, LC and CE methods cannot provide any
structural information. As an alternative to chromatographic and electrophoretic
technologies, ion mobility spectrometry (IMS) [28,29] is used to study positional
isomers of asymmetric N-glycans with different terminal galactose positions. Sugita
and coworkers applied IM-MS coupled with hydrophilic interaction liquid
chromatography (HILIC) to study positional isomers of N-glycans [28]. Additionally,
Pallister et al. demonstrated the ability to distinguish isomeric glycans and
glycopeptides applying a high-throughput LC-FLR-IMS-MS workflow [30]. However,
the relatively low IMS resolution can limit the separation of glycan isomers with subtle
structural differences. The identification of unlabeled positional isomers of N-glycans

remains a daunting challenge, as the standards are not readily available on the market.

Here, we demonstrate the power of using ultrahigh-resolution IMS and cryogenic,

messenger-tagging IR spectroscopy to distinguish positional isomers of N-glycans with
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different terminal galactose positions. Since the pure positional isomers are not
available on the market, we synthesize G1F(6) from G1 using a human enzyme 1,6-
fucosyltransferase (FUTS) [31]. Subsequently, the arrival-time distributions and
cryogenic infrared fingerprints of G1F(6) are compared to a commercially available
mixture of G1F positional isomers. An analogous set of data was also obtained for the

G1 positional isomers.

5.2 Chemoenzymatic synthesis of asymmetric N-

glycans

The structures of G1 and G1F glycans are shown in Figure 5.1. For G1 and G1F,
the Gal unit can be added either to the ol,6-arm, forming G1(6), or to the al,3-arm,
producing G1(3). Different commercial suppliers sell G1 and G1F glycans as a mixture
of two positional isomers with a terminal galactose sitting on Man o1,6- or Man o1,3-
arms. High purity isomers G1F(6) and G1F(3) are generally unavailable for purchase
on the market due to the extreme difficulty of their production. The main strategies
to produce asymmetrically branched N-linked glycans include releasing them from
natural sources and undergoing chemical and/or chemoenzymatic synthesis and
purification [32,33]. It is challenging to isolate sufficient amounts of N-glycans from
their natural sources due to their low abundance and complexity. Synthetic methods
for the production of N-Glycans require advanced synthetic chemistry skills,
associated infrastructure and are therefore difficult to scale up to industrial quantities.
Positional isomers of G1F and G1 purchased from manufactures who claimed to have
high purity samples were found to contain a mixture of multiple isomers, highlighting

the challenges faced in procurement of the same.

For this study, GI1F and GI1 standards were purchased from Dextra
Laboratories (UK). Those standards represent a mixture of two positional isomers.
All standards were reconstituted in water/acetonitrile (70:30) to a concentration of
80 uM prior to analysis. The stock solutions were further diluted using
water /acetonitrile (70:30) to obtain 5-20 pM analyte solutions. To promote formation

of the sodiated adducts of glycans, we added 3-5 pL of 46 pM of sodium acetate.
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B GicNAC
G1
@ Man
O aal
OBT G1F

A Fuc
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Figure 5.1 Representative structures of G1 and GI1F investigated in this thesis.

In this work, we performed the enzymatic synthesis of the positional G1F(6)
isomer from G1 using the FUT8-catalyzed reaction (Figure 5.2) [31,34]. FUTS is a
highly specific enzyme that can add o-1,6-linked fucose to N-glycans [35]. The general
mechanism to form an ol,6-linkage is the following: the fucosyl moiety is relocated
from the donor sugar nucleotide GDP-B-L-Fucose to the 6-hydroxy group of the
innermost GlcNAc of the acceptor with inversion of the anomeric configuration. The
acceptor, which in our case is G1(6), has to contain an unsubstituted GleNAc residue
at the ol,3-arm to be recognized by the enzyme [31], and thus the reaction will

specifically fucosylated the G1(6) positional isomer to yield G1F(6).

GDP-B-L-Fucose

FUT8

Fucose
GDP T

Figure 5.2 Enzymatic reaction catalyzed by FUTS.

The chemoenzymatic reaction by FUT8 was carried out in 50 pL total volume,
containing 25 pL of MES buffer (100 mM, pH 7.0), G1 substrate (270.5 pM), 7.5 pL
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of guanosine 5’-diphospho-B-L-fucose sodium salt (GDP-L-Fucose) (0.54 mM), and
6 uL. of FUTS8 (0.12 mg/mL). Reactions were incubated at 37 °C. To determine the
optimal incubation time of the reaction, samples were collected at 1, 2, 3, 4, 6, 8, 16
and 48 h. The reactions were then quenched by boiling for 5 min, and subject to LC
analysis and purification. For that, we monitored the efficiency of the enzymatic
reaction with a UPLC (ACQUITY™ H-Class Plus, Waters, UK) coupled to
Micromass Q-TOF Premier (Waters, UK). We used a Waters XBridge BEH amide
column (130 A, 3.5 pum, 4.6 x 150 mm) at 0.5 mL/min at 60°. A gradient elution
(%A 36-44% within 20 min) was performed with Solvent A (100 mM ammonium
formate, pH 4.5) and Solvent B (Acetonitrile). The conversion efficiency (see Table
5.1) was calculated as % = Product peak area/ (Product peak area 4+ Substrate peak
area) x 100.

Table 5.1. Conversions were monitored by LC.

G1F(6)
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

Our assumption is that you start with a 50/50 mixture of the positional isomers
of G1. Since we are producing only one of the positional isomers, the conversion
efficiency should be less than 50%. According to the results in Table 5.1, the best
incubation time of the reaction was 16h. It can be seen from Table 5.1 that G1(3)
could start reacting to form the G1F(3) impurity, which leads to a larger conversion
rate, more than 57%, after 48 h. For this reason, we chose 16h as the optimal

incubation time of the reaction, assuming that G1F(6) is exclusively formed.
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Figure 5.3 shows typical mass spectra obtained for the G1, G1F standards, and
the enzymatic reaction after 16 h using our LC system. These mass spectra
demonstrate a predominance of the [M + H| * and [M + Na| * forms. The observed
predominant forms in LC set-up differ from the main species observed in our set-up
due to several factors, including instrumental factors, acid-base chemistry in solution

and in the gas phase, molecular conformations and the solvent composition.

[G1+H]*
a) G1 standard

[G1+Na]*

Sl

+
b) G1F standard [G1F+H]
[G1F+Na]*

L A A .AA.L o

¢) Enzymatic reaction
[G1+H] *

[G1F+H]*

[G1F+Na]"

1400 1450 1500 1550 1600 1650 1700
m/z

Figure 5.3 Typical mass spectra for a) G1 standard, b) G1F standard, and c)
the enzymatic reaction of G1 after 16 h.

A typical chromatogram for the studied glycans is shown in Figure 5.4. As our
LC method cannot baseline resolve the eluted peaks, we analyzed them as a mixture
of likely remaining donor G1(3) and product G1F(6). The fractions for each glycan
were collected for 40 s and were further analyzed with our technique that combines

ultrahigh-resolution IMS with cryogenic, messenger-tagging, IR spectroscopy.
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G1

G1F(6)

4 6 8 10 12 14
Retention time / min

Figure 5.4 Typical chromatogram of the conversion of G1 to G1F(6) after 16h

using our LC system. Glycans elute as one peak.
5.3 Identification of positional N-glycan isomers

Here, the power of using ultrahigh-resolution IMS and cryogenic, messenger-
tagging, IR spectroscopy is demonstrated by distinguishing isomeric asymmetric N-
glycans with different terminal galactose positions that were synthesized. This
subchapter contains preliminary results. Further work is being conducted by a

subsequent student.

We studied G1 and GIF glycans in their doubly sodiated form, since
complexation with sodium tends to simplify the ATD and improves the resolution of

the IR spectra (see Appendix D).

Figure 5.5 shows the ATDs and the cryogenic spectra of each ion mobility peak
of the G1F standard. Five sharp peaks were observed after three SLIM cycles (Figure
5.5 a). These five peaks correspond to isomers with different rotationally averaged
cross-sections, which could arise from either of the positional isomers, different

conformers of isomers, or G1F molecules with different sodium binding sites.
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Cryogenic IR spectra of the most intense peaks in the ATD of G1F are shown in
Figure 5.5 b. The infrared spectra have sharp, distinct features in the free OH stretch
region (3580—3700 cm™) and broad transitions in the weakly hydrogen-bonded OH
stretch region (3450—3550 cm™), except for the first ion mobility peak depicted in red,
which has sharp features throughout the spectrum. These spectra constitute a

fingerprint by which one can identify G1F, although it is a mixture of positional

isomers.
[G1F+2Na]* overall
a) b)

34 st peak

M .
36 40 44 48 52
Arrival time / ms 5t peak

3450 3500 3550 3600 3650 3700 3750
Infrared wavenumber / cm'1

Figure 5.5 Arrival time distribution of doubly sodiated G1F of m/z 835.8 Th
shown on the left, three cycles (5.27 m). The cryogenic IR spectrum of mobility-
separated drift peaks is shown on the right (grey, red, blue, green, yellow and violet

trace for overall, first, second, third, fourth and fifth peak respectively).

The two positional isomers of G1F could be very different in their mobility. For
example, the first peak in the ATD depicted in red differs in drift time from the fifth
peak in violet by about 15%. It indicates that the red peak has a more compact shape,
while the fifth is more elongated, likely with a different hydrogen—-bonding pattern.
Studies from Clemmer’s group has shown that that folding of o1-3 arm leads to small
ATDs, and the backfolding of the «l-6 arm to the core chitobiose is commonly
observed to lead to elongated structures [36]. This would suggest that the first peak
in the ATD might correspond to the G1F(3) isomer and the last to G1F(6). Moreover,
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the spectrum of the first ATD peak exhibits very sharp and distinct features
comparing to that of the fifth drift peak, which could be rationalized by differences in
its binding of the sodium cations and its hydrogen-bonding pattern. For the first peak,
the conformations may be locked through interactions with sodium cations, leading
to fewer peaks in the free OH region. For the fifth peak, one would expect the
reduction of steric hindrance between the monosaccharide subunits and the metal ions
to enhance their relative conformational flexibility. This might create a wide range of
potentially accessible low energy conformations. In addition to the data
from Figure 5.5, the flexibility of the 1-6 linkage has been well documented by other
experimental, computational, and structural studies [37-39]. This increased flexibility
is due to having three rotatable torsional angles, while other glycosidic linkages
contain only two. However, the spectrum of G1F without ion mobility separation
strongly resembles that of the most compact structure (red spectrum in Figure 5.5 b).
This is due, in part, to the fact that the tagging efficiency of the first peak was greater
than for the other species. One might expect that this is linked to the preferential
binding of the tag to the sodium sites that are more accessible in the more compact

glycan.

The data of Figure 5.6 below compares the ATDs of the G1F standard (grey)
with that of what is presumably G1F(6) produced by the selective enzymatic reaction.
The ATDs of the G1F standard (Figure 5.6, top) has five peaks, whereas G1F(6)
(Figure 5.6, bottom) has three major peaks with some minor peaks. The data suggest
that the second, the fourth, and the fifth peaks in the ATD of the mixture correspond
to the G1F(6) isomer, while the first and the third peaks feature can be attributed to
the G1F(3) isomer. These conclusions are in agreement with previous studies from the

Clemmer group on N-glycans [10].

90



Chapter 5. Strategy to distinguish isomeric N-glycans

G1F mixture

28 32 36 40 44 48 52 56
Arrival time / ms

Figure 5.6 Comparison of the ATDs of the G1F standard in grey and the product
G1F(6) after the enzymatic reaction in red after three SLIM cycles.

To further assess the identification of the positional isomers, cryogenic spectra
without ion mobility selection were recorded for both the G1F standard and G1F(6),
shown in Figure 5.7. The spectra are again distinctive in the free OH region. From
this data one can conclude that the major contribution to the overall G1F cryogenic
spectrum in grey comes from the cryogenic spectrum of the first peak in the ATD
(Figure 5.5 b). The cryogenic spectra of the fifth peak in the ATD strongly resembles
the overall spectrum of the G1F(6) product.
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G1F mixture

3450 3500 3550 3600 3650 3700 3750
Infrared wavenumber / cm ™’

Figure 5.7 Comparison of the cryogenic IR spectra without ion mobility selection
of the G1F standard in grey and the formed G1F(6) after the enzymalic reaction in

red.

As a next step for the complete assignment of the ATD peaks to the positional
isomers of G1F glycan, cryogenic spectra of each peak in the ATD of the synthesized
G1F(6) will be recorded and compared with their respective standards. This work is

being performed by another student.

While G1F is generally one of the most abundant in mAbs or in therapeutic
proteins, G1 is one of the least abundant of these biologics. Our approach can also

distinguish G1 positional isomers.

Figure 5.8 demonstrates the ATDs and the cryogenic spectra of each mobility
peak of the G1 standard. The five peaks are observed after two SLIM cycles after
enrichment (Figure 5.8 a). We detect other minor peaks between the fourth and the
fifth peaks related to ions of slightly different three-dimensional structures.
Furthermore, the obtained cryogenic IR spectra of the most intense peaks in the ATD
for G1 are shown in Figure 5.8 b. The infrared spectra are similar to those for G1F in
that they have sharp, distinct features in the free OH stretch region (3580—3700 cm™)
and broad transitions in the weakly hydrogen-bonded OH stretch region
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(3450—3550 cm™). The more compact form of the glycan corresponding to the green

peak in the ATD leads to a sharp vibrational spectrum in both regions.
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Figure 5.8 Arrival time distribution of doubly sodiated G1 of m/z 762.8 Th
shown on the left, two cycles after enrichment (2.95 m). The cryogenic IR spectrum

of mobility-separated drift peaks is shown on the right (grey, green, blue, violet, red

and yellow trace for overall, first, second, third, fourth and fifth peak, respectively).

Figure 5.9 demonstrates the advantage of ultrahigh-resolution ion mobility for
comparing the G1 standard to the remaining G1 after 16 h of the chemoenzymatic
reaction, which could be the G1(3) isomer remnant. The ATD for the G1 standard
(Figure 5.9, bottom) exhibits five distinct peaks that are not fully resolved, while that
for the remaining G1 (Figure 5.9, top) shows a similar shape, but with only three
distinct peaks. This data confirms that the second, the third and the fourth peaks in
the ATD might correspond to the G1(3) isomer, and the first peak and the fifth peaks
for the G1 standard could correspond to the G1(6) isomer.
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Figure 5.9 Comparison of the ATDs of the G1 standard in grey and the

remaining G1(3) after the enzymatic reaction in blue.

To explore this further, we recorded cryogenic IR spectra of the G1 standard and

the remaining G1 without ion mobility selection, shown in Figure 5.10. The spectra

differ in some vibrational bands, such as 3615 cm™, 3637 cm™, 3670 cm™ in the free

OH region, and some differences were observed in the weakly hydrogen-bonded region.

Our data shows that the spectra are distinctive.

G1 mixture

3450 3500 3550 3600 3650 3700
Infrared wavenumber / cm’
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Figure 5.10 Comparison of the cryogenic spectra of the G1 standard in grey

and the remaining G1(3) after the enzymatic reaction in blue.

We then recorded cryogenic IR spectra of each peak in the ATD of the remaining
G1 and compared them to the respective G1 standard, shown in Figure 5.11. The
spectrum of each ATD peak has unique well-resolved transitions in the free OH stretch
region (3580—3700 cm™) that can be used for identification. The IR spectra of the
second peak in the ATD of reference and remaining G1 (Figure 5.11 a) generally
match in both the position and intensity of the vibrational bands, with only slight
differences due to the low signal of the tagged ion intensity for the remaining GI.
Spectra of the third peak (Figure 5.11 b) and the fourth peak (Figure 5.11 ¢) in the
ATD of the reference and remaining G1 show a nearly perfect match in both the band
positions and intensities. This result showed that the second, the third and the fourth
peaks in the ATD correspond to the G1(3) isomer, and the first peak and the fifth
peaks for the G1 standard correspond to the G1(6) isomer. However, one question can
remain; if these results correspond to the enzymatic reaction after 16h, it might mean
that the G1(6) can be present as an impurity in the remaining G1 sample. Future
studies, such as performing a similar analysis of the remaining G1 after 48h of

chemoenzymatic reaction, are recommended to further validate these findings.
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Figure 5.11 Comparison of cryogenic spectra of a) the G1 mixture in blue and
the remaining G1(3) in grey after the enzymatic reaction of the first sliced ATD peak,
b) the G1 mizture in purple and the remaining G1(3) in grey after the enzymatic
reaction of the second sliced ATD peak second, ¢) the G1 mizture in red and the

remaining G1(3) in grey after the enzymatic reaction of the third sliced ATD peak.

5.4 Conclusions and future perspectives

Our results demonstrate that the combination of SLIM-based ion mobility
separation with cryogenic vibrational spectroscopy provides diagnostic glycan
fingerprints to distinguish positional isomers of glycans. We used a chemoenzymatic
approach using the FUT8 enzyme for the selective synthesis of G1F(6), which we

employ as a standard for assigning the positional isomers of G1F to peaks. These
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results constitute an excellent initial step toward isomeric identification. Work is
ongoing to collect the cryogenic spectral signature of each ion mobility peak of the
synthesized glycans, which will further strengthen our conclusions. We also plan on
applying this powerful technique for determining the difference in the ratio of the
individual G1F positional isomers from mAbs that have been produced from two
different cell lines: CHO and HEK-293. This work provides an approach to identify
positional isomers in standards which are not commercially available, it further allows
monitoring of the consistency of galactosylation in N-glycans cleaved of mAbs. These
findings pave the way towards a reliable and effective technique for bioanalytical

applications.
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Conclusions and future perspectives

This thesis discusses the essential aspects of the database approach that we
created using glycan standards. This approach enables glycan identification together
with all its possible isomers by the combination of ultrahigh-resolution IMS based on
SLIM technology together with cryogenic, messenger-tagging, IR spectroscopy. The
results shown in Chapter 4 demonstrate the utility of the approach using numerous
examples. Our ultimate goal is to create a user-friendly database that contains mass,
ion mobility, and vibrational fingerprint spectra for each existing N-glycan similarly
to those measured in Chapter 4. For glycans for which we do not have standards, we
can use enzymatic strategies [1] together with collision induced dissociation techniques
on the SLIM-IMS platform [2] to reconstruct parent glycan structures and include

them in the database.

We showed in a systematic study in Chapter 4 that the combination of ultrahigh-
resolution IMS based on SLIM technology together with cryogenic, messenger-tagging,
IR spectroscopy can unambiguously identify N-linked glycans released from a
therapeutic protein, such as Etanercept, using the targeted database approach. This
study serves as a proof of principle that our approach has sufficient sensitivity, speed,
and resolution for large-scale N-glycan characterization and identification. This
approach should simplify basic research and process development for novel
therapeutics and biosimilar products. Also, our technique could eventually lead to the

development of a user-friendly, commercial instrument.

While our approach is powerful, several challenges remain that need to be solved.
One of the priority tasks is to increase the throughput of our technique, as there are
~82’000 known glycans [3]. Multiplexing spectroscopy strategies, such as the
Hadamard Transform, are ways forward and will help make our measurements even
more suitable for incorporation into existing analytical workflows. Also, software for
autonomous glycan identification using a spectroscopic database will also be necessary

to eradicate the need for routine but labor intensive analyses. While Chapter 4



presents a work in progress, it demonstrates that our technique applies to the analysis

of therapeutic proteins and mAbs.

In Chapter 5, we addressed the issue of distinguishing positional isomers of N-
glycans that are not commercially available. For that, we synthesized one of the N-
glycan isomers that is not available on the market using a highly specific enzyme. We
developed and adapted an optimized enzymatic strategy for the efficient synthesis of
core-fucosylated asymmetric N-glycans. Our results demonstrated that our technique
provides diagnostic glycan fingerprints to distinguish the isomeric glycan species. In
future experiments, we will record each cryogenic spectral signature of each ion
mobility peak of the synthesized glycans to confirm our conclusions about their
structures. Moreover, we plan to distinguish the positional isomers of N-glycans that
are cleaved from the identical mAb created in CHO and HEK cell lines using our

technique.

Even though numerous challenges remain, our technique has great potential to

become a broadly accessible technique to facilitate the current glycan analyses.
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Chapter 6 Glycan quantification

The development of reliable analytical methods for glycan analysis requires not
only identification but also quantification. For example, it is essential for monitoring
glycan changes that can be possibly associated with disease progression. However,

current techniques can only partially provide the required information.

The section 6.1 summarizes isomeric glycan complexity and provides an overview
of current methods to quantify glycans. Moreover, the main validation parameters
that need to be considered to become a reliable, quantitative analytical method are
described. Section 6.2 describes the experimental set-ups that we have used to attempt
the quantification of glycans, including a detailed description of the tandem mass
spectrometer for cryogenic ion spectroscopy. The ion mobility spectrometer coupled
to a cryogenic trap and TOF is briefly introduced here, having been described in detail
in Chapter 3. Section 6.3 outlines the results of the quantitation of glycan mixtures.
Here, we describe the attempts to quantify the glycan mixtures and discuss the current

limiting factors together with the possible solutions.

6.1 The problem of glycan quantification

As described in Chapter 1, the inherent isomeric complexity of glycans poses a
daunting analytical challenge. This challenge arises from the fact that isomeric glycans
can strongly vary in monosaccharide composition, connectivity, and branching. It has
been estimated that the amount of all possible linear and branched isomers of a

hexasaccharide is greater than 1x10" [1].

An ideal analytical technique for glycans should both distinguish the isomeric
structure and provide a relative, if not absolute, measure of its concentration in an
analyzed sample. We have demonstrated that our technique is sensitive and rapid
enough to analyze glycans cleaved of biological samples. However, our long-term goal

is to be able to both identify and quantify mixtures of isomeric oligosaccharides.



Chapter 6. Glycan quantification

Current methods to identify glycans have been described in detail in Chapter 2.
Here, we cover strategies that are employed for glycan quantification. These strategies
normally use separation and mass spectrometric techniques, including capillary
electrophoresis, liquid chromatography (different types), MALDI-MS, and ESI-MS[2—
4]. Additionally, Hoffman et al. demonstrated the possibility of semi-quantitative
analysis for relatively small glycans using IMS-MS [5].

Quantification can be divided into two types: absolute and relative/or semi
quantitative. Absolute quantification allows one to obtain the precise sample
concentrations for individual glycans, whereas relative quantification shows only a
percentage/ratio of the normalized glycan content. Absolute quantification is
challenging, since samples are usually studied independently by comparison of LC or
MS data, where subtle qualitative and/or quantitative differences are frequently
neglected. Since the composition of individual glycans has a significant impact on
glycan function, absolute glycan quantification is biologically relevant and provides

an overview of pathological change in glycosylation pattern.

Glycans generally require derivatization with a UV/ fluorescence label for their
detection after separation using chromatographic or electrophoretic separation
methods [6,7]. These labeling strategies allow the conversion of the detected signals
to the absolute concentration of glycans by using a calibration curve [8]. However,
derivatization requires additional experimental steps in the workflow, during which

time sample loss and loss of glycan modifications might occur [6-8].

Developments in MS instrumentation reported absolute quantitation [8,9]. While
modern MS techniques allow the detection of glycan ions in the low-femtomole
range [10], the matrices used in MALDI-MS can strongly affect the ability to quantify
glycans [9]. In addition, the formation of multiple metal adducts and the presence of

different charge states of the same glycan can make quantitation more difficult.

Relative quantitation using HPLC/CE methods with UV/ fluorescence detection
is done by comparison of the relative peak areas, which correspond directly to their
relative concentrations [11-13]. However, there are significant drawbacks linked with

the derivatization step required for these methods.
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Other popular methods of relative glycan quantitation are based on LC/CE-MS.
In these methods, the peak areas of extracted ion chromatograms (EIC) of glycan ions
can be obtained over the range of identified glycans. Later, their relative abundances
can be determined and denoted either as a ratio of the total glycan EIC areas [14] or
normalized with respect to the most intense peak [15]. Making the weak assumption
that glycans have identical ionization efficiencies over different runs in different
samples, and that the relative intensities can be compared. Slight inaccuracies might
occur due to discrepancies in the experimental run, for example even minor differences
in the glycan elution patterns may skew the relative ionization efficiencies. Stable
isotope glycan quantification can be performed to overcome those issues by spiking
isotope enriched standards into the sample or by labeling the entire glycan mixture
with a heavy-isotope tag. Some well-known labels include incorporating *C, or “N
hydrazide on the reducing terminus [16-18] or permethylation of the hydroxyl groups
(using "“CHS3I or *CH2DI for example)[19]. However, the resolution of the instrument
should be high. The drawback is that the labeling limitation still exists.

6.1.1 Parameters for method validation

To become a quantitative analytical method, the method must satisfy certain
validation criteria. Although not all of the validation criteria are relevant for all types

of experiments, standard validation characteristics to be considered are [20,21]:

1) selectivity (specificity),

2) linearity,

4
5
6) limit of detection (LOD) and limit of quantitation (LOQ).

)
)
3) dynamic range,
) accuracy,
)

precision,

Selectivity refers to the ability of the validated method to analyze a certain
analyte in any type of mixture without interference with other compounds in the
mixture. The selectivity must be validated by showing the absence of interference

peaks with respect to impurities and the matrix.

The linearity of an analytical method is the ability to obtain within a certain

working range, data that is proportional to the concentration in the sample, either
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directly or using a precise mathematical fit. The linearity is typically evaluated by
plotting the signal height or peak area with respect to the concentration of standard
analyte solutions. The criterion of linearity is normally a high correlation coefficient
(r) of 0.99. If. r is < 0.99, an explanation must be provided of how accurate calibration
is to be maintained. Additionally, in experiments where a non-linear response is
intentionally applied, an explanation must be provided. Linear range can be found
from the linearity assessment experiments. The range of an analytical method is the
interval from the lower to the upper concentration of analyte with a sufficient level of

accuracy, precision, and linearity. The working range is part of the full linear range.

Accuracy is defined as the difference between the expected and the accepted
reference value within the confidence intervals, expressed as a percentage. Accuracy
and precision together determine the total error of the analysis. For example, accuracy
can be estimated by analyzing a sample with a known concentration (control) and
comparing this value with the true value of a blank matrix of interest. It should be

measured at least nine times over a minimum of three concentrations.

Precision is a measure of statistical variability. It includes any random errors that
occur in the experiments [20]. It consists of three parts: repeatability, intermediate
precision, and reproducibility. Repeatability is the precision of measurement under
the same conditions over a short period of time. Intermediate precision expresses
variations within the same laboratory, such as different analysts, different days, etc.
Reproducibility (ruggedness) shows the precision between laboratories performing the

same experiment.

Precision is normally expressed as the relative standard deviation (RSD) of an
analytical results obtained from independently prepared control standards. Precision
is a concentration-dependent parameter, it is measured at the lower, middle, and

upper parts within the working range.

An important aspect of our experimental approach is to make reproducible
measurements under the same conditions with the same distribution of three-
dimensional conformers of glycan in the gas phase. Improving these measures will
allow us to identify glycans in mixtures by comparing their recorded mass, ATD, and

infrared spectrum with our database [22].
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Ion mobility spectrometry and cryogenic ion spectroscopy show that ions can
have multiple stable gas—phase conformers, some of which can be kinetically
trapped [23,24]. To simplify the experiment and exclude the possibility of different
conformer distributions in different experiments, all the conformations are annealed
in the gas phase to the lowest energy structures so that one is always measuring the

ATD and vibrational spectra of the same conformational distribution.

It is important to consider the laser fluence, which is defined as the optical energy
delivered per unit area. Because the sensitivity is proportional to the fluence, it should
be optimized to provide the highest sensitivity while avoiding saturation of the
oscillators with the highest absorption cross-sections. Samples should be irradiated
homogenously to have the same IR fluence at different points of the ion cloud. All

this needs to be done in a reproducible manner.

Limit of detection (LOD) is the lowest possible amount of analyte in a sample
which can be detected but not quantified. Signal-to-noise (S/N) is 3:1.

Limit of quantification (LOQ) is the lowest amount of analyte in a sample which
can be quantified with acceptable accuracy and precision. LOQ is determined by the
analysis of samples with known exact concentrations of analyte in each. S/N is 10:1
or better. To identify suitable precision, the calculated relative standard deviation
percent of the precision of 6 repetitive injects is plotted with respect to the

concentration.

6.2 Experimental methods

This section describes the experimental set-ups that have been used to attempt
the quantification of glycans. The chapter provides detailed description of the tandem
mass spectrometer for cryogenic ion spectroscopy. The ion mobility spectrometer
coupled to a cryogenic trap and TOF is briefly introduced here but was described in
detail in Chapter 3.

6.2.1 Tandem mass-spectrometer for cryogenic spectroscopy

Experiments have been performed on a home-built tandem mass-spectrometer

coupled with a cryogenic octupole ion trap (Figure 6.1) [25]. The main components of
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this machine are a nESI source, a cryogenic multipole ion trap, and a mass-selective

ion detection system.

quadrupole deflector

quadrupole

quadrupole
octupole deflector

mas
< /

P
nanospray
source

quadrupole octopole ion trap
IR laser deflector at3.5K

Figure 6.1 Schematic of the tandem mass spectrometer for cryogenic IR

spectroscopy.

Singly-charged glycan ions are formed by a nESI source (Proxeon, ES070, Odense,
Denmark) by spraying the sample solution in a continuous mode with a spray voltage
of 1.2-1.8 kV. The emitters used for the experiments are metalized borosilicate
gold/palladium-coated needles (Thermofisher, Germany). The needle is inserted into
a 0.5 mL Eppendorf reservoir filled with ~150 pL of the sample solution. The details
of the sample preparation will be provided in the subsequent sections. The needle is
filled with the sample solution by slightly pressurizing it with nitrogen. The
electrosprayed ions are then introduced into the first vacuum stage (~2 mbar) through
a metal capillary. After exiting the capillary, the ions are focused into an
electrodynamic ion funnel, which accumulates them prior to injection into the next
pumping stage. The ion funnel is composed of a stack of ring electrodes that gradually
decrease in diameter along its length to a minimum of 1.5 mm [3]. Additionally, a
small DC electrode, so-called jet disrupter, is installed ~2 ¢m from the funnel entrance
to disrupt the jet of neutral species and large droplets from proceeding directly to the
next pumping stage [26]. An RF potential applied to electrodes is superimposed on a
DC gradient along the axis of the funnel. This design of the ion funnel makes the
signal more stable and allows to focus and accumulate the divergent beam of ions
coming from the capillary. However, some collisional activation might occur due to

the small aperture at the end of the funnel [27].

After exiting the funnel, ions are accumulated and pre-trapped in a two stage-

hexapole ion trap (10°-10° mbar). Trapping in the hexapole allows matching the
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continuous nESI with the pulsed trapping in the cryogenic ion trap and the duty cycle
of the pulsed laser. To store and release packets of ions, we change the voltage applied

to the exit electrode from high to low.

The ions are then ejected from the hexapole and mass-selected by a quadrupole
mass-filter (Q1) with an m/z range up to 2000 Th (Extrel, Pittsburgh, PA). After
exiting Q1, the ions enter an electrostatic quadrupole deflector (Extrel), which diverts
the ions 90° toward an octupole ion guide (Extrel). The quadrupole mass filter and
quadrupole deflector are housed in the same differential pumping stage
(~2x10—8 mbar). The ions are guided through the RF octupole before being deflected
90° using a second quadrupole deflector and moved through a stack of five tube lenses,
which are used to focus and decelerate the ions, before they enter a cold octupole ion
trap maintained at ~4 K by a closed cycle helium cryostat (Sumitomo, SRDK-408D-
W71D, Tokyo). The nominal trap temperature is measured by a silicon diode
(Lakeshore, DT-670B-CU, Westerville, OH) [28].

Before the ions enter the trap (~ 1-2 ms), helium is pulsed into the trap for ~
200-400 ps. This timing allows for the helium to cool via collisions with the cold trap
housing. The incoming ions undergo collisions with the cold He, which decelerates

them and cools them to ~ 10 K [29].

In our experiments, we use messenger-tagging spectroscopy previously described
in Chapter 3. Here, the He-tagged ions are irradiated every other trapping cycle (5 Hz)
by a single IR pulse from a tunable optical parametric oscillator (OPO). When the
OPO light is in resonance with a vibrational transition of the analyte, IR radiation is
absorbed and then redistributed among its vibrational modes, leading to detachment
of the weakly bound tag. The IR spectrum is obtained by monitoring the depletion of
the signal at the tagged-ion mass as a function of the OPO wavenumber in a laser-
on/laser-off experiment, which allows us to normalize the spectra to any long-term

fluctuations in the parent ion signal.

Ions ejected from the cryogenic trap are bent 90° once more by a third quadrupole
bender to be analyzed by a second quadrupole mass filter (Extrel). Ions are then
detected in counting mode by first impinging on a conversion dynode (DeTech, 402-

A-H) biased at -5 kV, which generates electrons. These electrons are drawn into a
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channel electron multiplier, the entrance of which is biased at —1.9 kV, with the exit
is at ground potential. After amplification, the resulting electron pulses are detected,

and the data further transferred to our data collection computer.

6.2.2 Ion mobility spectrometer coupled to a cryogenic trap
and TOF

For our work on quantitation, we have also performed ion mobility experiments.
The machine in which these experiments were done has been described in Chapter 3,

using the SLIM board shown in Figure 3.5.

Briefly, glycan ions are generated by a nESI source and introduced into the first
vacuum stage through a stainless-steel capillary. After exiting the capillary, the ions
enter an ion funnel trap (IFT), where they are focused and accumulated into packets.
These packets are ejected from the IFT and transported into the SLIM device.
Subsequently, m/z selection occurs in a quadrupole mass filter. Arrival time
distributions are acquired by detecting the m/z-selected ions on a channeltron
detector. The data are acquired using a WaveSurfer MXs-B Oscilloscope (Teledyne
LeCroy SA, Switzerland) and processed using in-house control software written in

Labview.

6.3 Quantification of glycan mixtures
6.3.1 Sample preparation and notation

We performed a series of experiments on disaccharides and trisaccharides to test
our ability to do quantitative analysis of glycans. The samples were purchased from
Carbosynth Ltd (United Kingdom) and used without further purification. The glycan
purity is certified at a minimum of 90%. For each disaccharide and trisaccharide

species, we prepared a solution of 50:50 LC grade methanol and nuclease-free water.

The structures of carbohydrates presented in this chapter are shown in Figure
6.2 using the SNFG nomenclature and notation. In panel a) we demonstrate the
structures of the isomeric disaccharides that differ in glycosidic linkage type and
monosaccharide sequence. Panel b) shows two isomeric trisaccharides that differ by

the type glycosidic linkage (o / B) between the first two monosaccharide units. Panel
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¢) demonstrates the structures of the sugars that have been used to study the

ionization efficiency.

K B0 GalNAca(1-3)Gal or Sugar A
DFQ GalNAcB(1-3)Gal or Sugar B
Oa_BD Gala(1-3)GalNAc or Sugar C

b)

OWOW. Globotriose

4’Galactosyllactose

%

Ba B4
c) .
.ﬁ’ Mana(1-2)Man
[-0O-—@  GaNAca(1-3)Galp(i-4)Glc
x 34
O+ GalB(1-4)GIcNAc  or Sugar E

Figure 6.2 Schematic representations of the investigated carbohydrates using the
SNFG nomenclature together with the notation. The quantitation experiments on
isomeric disaccharides (panel a); The quantitation experiments on isomeric

trisaccharides (panel b); The ionization efficiency experiments (panel c).

6.3.2 Quantifying vibrational spectra of disaccharide

mixtures

To become a routine analytical technique, our approach should be able to
quantify the components in mixtures of various complexity. Initial studies to quantify
vibrational spectra were carried out using mixtures of disaccharides (Figure 6.2, panel
a). We prepared all combinations of these disaccharides and measured their
vibrational spectra, shown in Figures 6.3-6.6. All the measurements have been done
under the same conditions on the same day. Moreover, each of the vibrational traces
plotted on the figures listed below was an average of three vibrational spectra with

identical power of the OPO.
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We first measured vibrational spectra of two disaccharides: sugars A and B of
Figure 6.3 a and b. Solutions of 75 uM of each sugar with 1 equivalent of NaCl salt
were electrosprayed into our setup. We then recorded vibrational spectra of A/B
mixtures 1:1 (Figure 6.3 ¢) and 2:1 ( Figure 6.3 g) ratios, respectively. We then
compared the experimental spectra to the synthetic ones ( Figure 6.3 ¢ and g)
constructed from summing the individual spectra weighted by their respective

concentrations. We then show the difference spectra (Figure 6.3 d and h).

W a) sugarA [0

WWW b) sugarB Dﬁo
) A+B 1:1 experiment
e "%’ V N Wlb A+B 1:1 synthetic spectrum
VMMAMWWWWM d) difference spectrum
WWMW e) A+B 1:1 experiment
A+B 1:2.3 best fit synthetic spectrum
W%MWW‘ f) difference spectrum
g) A+B 2:1 experiment
A+B 2:1 synthetic spectrum
MWWM* h) difference spectrum
»MMWMW i) A+B 2:1 experiment
A+B 2:3.4 best fit synthetic spectrum
g Wbt Il ) difference spectrum

memmmm
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Infrared wavenumber / cm '
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Figure 6.3 Comparison of experimental and synthetic spectra of sugars A and

B (see details in the text). The spectra were recorded at 3.5 K using Helium as a

tagging gas.

In Figures 6.3 a and b, we show spectroscopic fingerprints of sugars A and B,
both at a concentration of 75 pM. Figure 6.3 ¢ shows the experimental spectrum of
1:1 mixture at the same concentration (black trace) along with the 1:1 sum of the
individual spectra (green trace). In Figure 6.3 d we display the difference spectrum of
a and b. Figure e shows the experimental (blue trace) and best fit synthetic (light-
brown trace) spectra of the same 1:1 mixtures, and f displays their difference. Figure

6.3 g displays the experimental spectrum (violet trace) and theoretical one (orange
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trace) for a 2:1 mixture (150 pM for sugar A and 75 pM for sugar B), and Figure 6.3
h shows their difference. Figure 6.3 i compares the experimental spectrum (violet
trace) and best fit synthetic spectrum (pink trace) for the same 2:1 mixture, and j

displays their difference.

These experiments, shown in Figure 6.3 ¢ and g, reveal that the experimental
spectra of the mixtures are reproduced by a linear combination of the individual
spectra with coefficients not equal to their relative concentration in solution. This is
demonstrated by the difference spectra in Figures 6.3 d and h (grey traces), which

show distinct features from the sugar A.

To obtain coefficients that do match the experimental spectra of the mixture A
and B, we employed an Ordinary Least Squares (OLS) method [33,34]. Briefly, we are
expecting to see the changes in the intensities for each band in IR spectra
proportionally to the concentration. Our spectrum is a vector (approximately 500
points, 0, 5 step) for each measurement. A general algorithm is following to fit IR

spectra:

For example, we have n known substances with f; (v) known spectra, i.e. i=1,2,
3,..,n - number of the spectrum. We make mixtures and obtain g spectra, which is a
linear combination of recorded spectra. We find the fitting coefficients aj,.., a,, which
can make g = ay - f; (V) + -+ ap, - f, (v); maximally close to g spectra, expressed as a

closeness ||g'-g|| .

We can solve it by projecting a vector into a subspace defined by a non-
orthogonal basis. The following scalar product aj = f fi(v) - f;(v)dv, where a;;
corresponds to all possible known spectra. This scalar product bj = 1] gWfj(v)dv,

where b; corresponds to all our spectra. We then obtain the following equation:
g = Yi a; - f;, which is equal to
JeW) - fiv)dv = Ef o [ (V) fi(v)dv = X} a; - a5 = by, where X' a; - a5 = b

This is a system of our equations what we need to solve to get a;. Our closeness

is expressed by

L (o) = f(e- 2P a} )2 dv,
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where g-calculated spectrum, a-coefficient to match the synthetic spectrum, f-

the recorded spectrum.

aL j j j j j j j j 1
2 = (1 (oo B h) L (o o)) where
i
j+1_ o oL,
o =0t 0, €.

We start from any af calculate for this value %. Based on the result we
i

calculate af, ... etc. We calculate until L < «.

The accuracy of the identification between the calculated and the measured IR

spectra is evaluated by applying the root-mean-square deviation (RMSD):

1
RMSD = \/ﬁ * 2220 (exp-Tsyntn)?;

where N-number of points (550 points), lexp- intensity of the recorded spectrum,

Isynth- intensity of the calculated spectrum.

The coefficients resulting in the lowest RMSD value were accepted (see Appendix
B, Tables B.1-B.2).

The results of the comparison of the experimental and the best fit synthetic
spectra are shown in Figure 6.3 e and i. The coefficients for sugar B were significantly
higher than that given by its concentration in solution. To illustrate this, Figure 6.3 e
demonstrates that the pink trace of the synthetically derived spectrum with an A: B
ratio of 1:2.3 instead of 1:1 matches the experimental (violet) trace almost perfectly.

The difference spectrum shown in Figure 6.3 f (grey trace) confirms this.

To investigate this further, we repeated the experiment with mixtures of different
compositions. Similar to the previous example, we measured individual vibrational
spectra of another set of disaccharides: sugar B (Figure 6.4 a) and sugar C (Figure
6.4 b). Solutions of the same 75 pM concentration of each sugar with 1 equivalent of
NaCl were used. After recording the individual spectra, we obtained vibrational
spectra of mixtures of the sugars B and C with 1:1 (Figure 6.4 ¢, blue trace) and 2:1
(Figure 6.4 g, red trace) ratios, respectively. We then compared the experimental

spectra to the synthetic ones (Figure 6.4 ¢, black trace; Figure 6.4 g, green trace) and
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plotted the difference spectra (Figure 6.4 d and h). Similar to the previous experiment
with sugars A and B, the measured spectra for the mixture of sugars B and C do not
agree well with the synthetic spectra using coefficients proportional to the
concentrations. The coefficient for sugar B in the best fit synthetic spectrum was a
factor of three higher than its relative concentration (Figure 6.4 e, orange trace). The
difference spectrum shown in Figure 6.4 f (grey trace) highlights this observation. For
a 2:1 concentration ratio, the coefficient needed for sugar B to reproduce the spectrum
of the mixture was 2.5 times higher than its relative concentration (Figure 6.4 i, light-
blue trace) in the best fit synthetic spectrum than in the experimental one (Figure
6.4 i, red trace). Figure 6.4 j demonstrates the difference spectrum between the
experiment and the calculated spectrum with the coefficients determined from the

least-squares fit, showing a near perfect correspondence.
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Figure 6.4 Spectroscopic fingerprints of sugars B and C. a) and b) individual
spectra of the sugars at a concentration of 75 uM. c)-f) miztures at a 1:1 concentration
ratio. g)-j) miztures at a 2:1 concentration ratio, with sugar B at 150 uM. The spectra

were recorded at 3.5 K using Helium as a tagging gas.
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The results from figures 6.3 and 6.4 suggest that different sugars have different
ionization efficiencies, which need to be explicitly taken into account for quantification
purposes. The ionization efficiency together with other possible parameters affecting

quantification will be discussed in detail in the following subchapters.

We then studied a mixture of sugars A and C. We first recorded individual
vibrational spectra (Figure 6.5 a and 6.5 b) at 75 pM with 1 equivalent of NaCl salt
and then spectra of mixtures of each sugar with a 1:1 ratio (Figure 6.5 c, red trace).
Figure 6.5 ¢ (light-blue trace) shows and the synthetic spectrum using a 1:1 weighting,.
Figure 6.5 d (grey trace) shows the difference spectrum, which is essentially
featureless. This would suggest that the scale factors for sugars A and C are essentially
the same. However if this were the case, the relative scale factors B vs. A and B vs. C
should be the same, which they are not (see Figures 6.4 and 6.5). Moreover, the
difference is greater than the uncertainty in the coefficients generated by the least-
squares fit. This indicates that sugars A and C have similar ionization efficiency, while

sugar B ionizes differently.

a) sugara [0

b) sugarc O]

c A+C 1:1 experiment
A+C 1:1 synthetic spectrum

Depletion fraction

ot Aodh il g ) difference spectrum
memwm

3200 3300 3400 3500 3600 3700
Infrared wavenumber / cm’'

Figure 6.5 Comparison of experimental and synthetic spectra of sugars A and

C (see details in the text). The spectra were recorded at 3.5 K using Helium as a

tagging gas.

We also investigated a mixture of all three sugars, each at a concentration of

75 pM (Figure 6.6). The measured vibrational spectrum of the 1:1:1 mixture is shown
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in Figure 6.6 d. We then compared the experimental spectrum with the synthetic one
(Figure 6.6 d, red trace) using a 1:1:1 weighting of the individual spectra. The
differences between the two spectra are clearly significant, as shown in Figure 6.6 e.
The re-calculated synthetic spectrum (Figure 6.6 f, red trace) using coefficients
determined by a least-squares fit of the measured spectrum of the mixture, matches
well to the experimental spectrum, as demonstrated by the difference spectrum in
Figure 6.6 g. This procedure yields optimum coefficients of 1:5:1 for A: B: C.
Analogous to the results from figures 6.3 and 6.4, this experiment highlights the
predominance of sugar B over sugars A and C in the mixture. Possible reasons for

this observation are discussed below.
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Figure 6.6 Comparison of experimental and synthetic spectra of sugars A, B
and C (see details in the text). The spectra were recorded at 3.5 K using Helium as

a tagging gas.

6.3.3 Quantifying vibrational spectra of trisaccharide

mixtures

In Figure 6.7 a and b, we demonstrate spectroscopic fingerprints of sugars A and
B, both at a concentration of 75 pM. Figure 6.7 ¢ displays the experimental spectrum

of 1:1 mixture at the same concentration (blue trace) along with the 1:1 sum of the
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individual spectra (green trace). Subsequently, we observed the analogous pattern for
trisaccharides that the recorded spectrum of the mixture is a linear sum of their
individual spectra with coefficients which differ from the expected experimental
values. In fact, some expected bands of globotriose were low in their intensity. In
Figure 6.7 d we show the difference spectrum of a and b. Figure 6.7 e shows the
experimental (blue trace) and best fit synthetic (light-brown trace) spectra of the
same 1:1 mixtures, and f displays their difference. From this observation, we concluded
that the contribution of the 4’galactosyllactose, depicted as A, to the mixture was
four times more than the contribution of the globotriose. This result might be related

to the suppression of globotriose in presence of the 4’galactosyllactose sugar.
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Figure 6.7 Comparison of experimental and synthetic spectra of sugars A and

B (see details in the text). The spectra were recorded at 3.5 K using Helium as a

tagging gas.

As we observed for mixtures of disaccharides, the similar tendency occurs for
trisaccharides. We investigated further a mixture with a ratio 2:1 to understand how

strong the suppression of globotriose is.

To investigate this further, we repeated the experiment with same mixtures of

different composition. Solutions of the same 75 pM concentration of each sugar with
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1 equivalent of NaCl were used. After recording the individual spectra (Figure 6.8 a
and b), we obtained vibrational spectra of mixtures with 2:1 (Figure 6.8 ¢, blue trace)
(Figure 6.8 ¢, pink trace) ratios, respectively. We then compared the experimental
spectrum to the synthetic one (Figure 6.8 ¢, pink trace) and plotted the difference
spectra (Figure 6.8 d, grey trace). Similar to the previous experiment with ratio 1:1
of sugars A and B, the measured spectra for the ratio 2:1 of the mixture A and B do
not agree well with the synthetic spectra using coefficients proportional to the
concentrations. The coefficient for sugar A in the best fit synthetic spectrum was a
factor of four higher than its relative concentration (Figure 6.8 e, light-blue trace).
Similar to the aforementioned observations, this experiment underlines the
predominance of 4’galactosyllactose over globotriose. Moreover, the same bands have

low intensities as in the previously discussed example (Figure 6.8 ¢, blue trace).
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Figure 6.8 Comparison of experimental and synthetic spectra for sugars A and

B (see details in the text). The spectra were recorded at 3.5 K using Helium as a

tagging gas.

It is worth noting that the experimental spectrum of the mixture with a 10:1
ratio (Appendix B, Figure B.1 ) was identical to the experimental spectrum of the

mixture with a 2:1 ratio. The synthetic spectra with an 8:1 ratio had a good agreement
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with both experimental (10:1 and 2:1) spectra. There is a clear indication of the

suppression limit of one of the listed sugars since they are both present in the mixture.

Generally speaking, we found that experimental spectra of the mixtures for
disaccharides and trisaccharides show a lower than expected contribution of intensities
from individual glycans. Sugars that differ in a type of glycosidic linkage (o / B)
between the first two monosaccharide units have different ionization efficiency [35-
37]. The glycans that have p glycosidic linkage dominate the ionization process over
the glycans with o glycosidic linkage (see Figure 6.6-6.8). Also, charge competition
between the analytes might take a place [38]. The tagging efficiency might differ for
each of the molecules [39,40]. However, the spectrum of the mixture of glycans with
different monosaccharide order: A and C is a linear sum with the coefficients
proportional to the experimental values. We hypothesize that different
monosaccharide order doesn’t alter the ionization efficiency, since the primary

monosaccharide content is unchanged.

Since our investigations so far have only been applied to a limited number of
examples, the findings might not be generalized to all the glycan types. Further
experiments on mixtures with different monosaccharide content and linkage should
bring more clarity to the overall picture. The next subsections discuss the possible

factors which limit the quantitation of the spectra collected on our set-up.
6.3.4 Identifying limiting factors
6.3.4.1  Electrospray
a) lonization efficiency

The formation of the ions via nESI is the first step in our experiments. Figure 6.9
shows mass spectra for disaccharides complexated with 1 eq. of Na™: sugar A with
three measurements (Figure 6.9, green, blue, and red traces, respectively), sugar B
(Figure 6.9, black trace) and their mixtures with ratios of 1:1 (Figure 6.9, pink trace)
and 2:1 (Figure 6.9, light-green trace). The intensities of sugar A are considerably
lower than for sugar B. As anticipated above, the predominance of the latter might
be related to its better ionization efficiency. Moreover, the intensity of the mixture

1:1 is higher than the intensity of the mixture 2:1. This observation can be linked to
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the increased amount of the sugar A, which has lower ionization efficiency than the
sugar B in the mixture. It is worth highlighting that each MS measurement of the
presented three for sugar A varies significantly. The intensity of sugar C (Figure 6.9,
brown trace) is lower comparing to sugar A and B. The intensity of the mixture A4C
(Figure 6.9, light-blue trace) has approximately same intensities as intensities of the
individual A and C sugars. However, the intensities of the B4C (Figure 6.9, violet
trace) and A+B+C (Figure 6.9, orange trace) mixtures are higher than for the
individual sugars. From these results, it is hard to withdraw the conclusions, given it
varies a lot. We could not study the variability of the intensity signal for each sugar
individually and in mixture since all species are isomers, and cannot be separated

using only MS.
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Figure 6.9 Mass spectra of disaccharides: sugar A (three traces in green, blue,
and red, respectively); sugar B (black); sugar C (brown); A and B miztures with 1:1
(pink) and 2:1 (light-green) ratios; B and C miztures (violet) with 1:1 ratio; A and C
miztures (light blue) with 1:1 ratio; A, B and C mixtures (orange) with 1:1:1 ratio.
Mass spectra were acquired with a 350-500 m/z range in positive ESI mode with a
0.5 m/z step size. Each spectrum used was the result of a 10-scan average to reduce

the effects of any intensity fluctuations in the ESI.

Table 6.1 summarizes the variability of electrospray ionization for various types
of carbohydrates (Figure 6.2, panel c¢) individually and in the mixtures with the

identical concentration (75 pM). This summary shows the clear differences from

125



Chapter 6. Glycan quantification

expected reduced intensities (ion counts) by 50% for binary mixtures and by 67% for
ternary mixtures. Moreover, different ionization efficiencies varying by order of
magnitude are observed. For example, B trisaccharide ionizes more efficiently than A
and C disaccharides. Additionally, A disaccharide is suppressed while mixed with
other carbohydrates. These results can be explained by a chemical structure of A
disaccharide which lacks the amide group, leading to lower ionization comparing to

other molecules.

Table 6.1 Intensities of carbohydrates (ion counts) in individual system, binary

and ternary miztures.

Carbohydrates (ion counts)
Type A B C
Individual 238 7020 725
In AB mixture 22 3999
In BC mixture 2083 222
In AC mixture 84 395
In ABC mixture 49 1999 209

We can conclude from the aforementioned observations that a major source of
unreliability and ion suppression is nESI ionization, since nESI responses can vary
significantly among different sugar analytes with identical solution concentrations.

This situation is no different than any mass spectrometry based detection technique.

However, despite numerous efforts to determine the exact mechanism of ion
generation in ESI, there is still incomplete knowledge to predict the ionization
efficiency of a selected compound in the ESI source. Numerous papers concluded that
the complexity of the ESI process is fundamental [19,36,41,42]. The MS signals in
general are known to vary from one day to another, due to variations in the ionization
source conditions, pressures, cleanliness of the ion optics, etc. And ionization efficiency
is affected by numerous factors, including ESI interface design, flow rate, solvent

composition, a poorly cut nanospray emitter, and analyte properties (pKb, logD, etc.),
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presence of other compounds that can compete or interfere with the ionization of

analyte that results in fluctuations in nESI response [41,42].

It was not possible to investigate the effect of each of the listed factors on our
carbohydrate mixtures. However, we created a plan to modify the current set-up that
might improve the ionization efficiency and spray stability. We plan on using the
SLIM device to separate analytes from other compounds before detection. This
implementation will eliminate the presence of undesired compounds before MS
detection. Moreover, the most effective nESI operation requires the optimization of
the interface for the significantly smaller sample infusion rate, more facile droplet
desolvation, and the lower electrospray current [43]. To achieve spray stability and
enhance ionization efficiency, we plan to install a commercial ion source together with

a heated capillary inlet and the flow and pressure controller.

Several studies suggest using an internal standard (IST) for each of the analytes
in the mixtures [44-46]. With an internal standard, one can determine the amount of
the analyte by the response factor (intensity ratio of IST and analyte). For example,
one of the most popular choices are isotopomers (isotopically labelled with **C, D, *N)
which have identical ionization efficiency [4,7,47]. These molecules are ideal candidates

since we study native carbohydrates.
b) Competition for charge

The charge competition effects on the ESI process happen in the presence of a
mixture with high analyte concentrations [48]. To investigate the charge (Na')
competition, solutions having equimolar concentrations of sugars A and B were
prepared with different amounts of the NaCl salt. Figure 6.10 shows mass-spectra and
cryogenic spectra of A + B mixture with different amount of Na* (leq, 2q, 3 eq) in
the solutions. The most intense peak in mass-scan corresponds to the mixture with
3 eq of Na' in the solution. However, the amount of the tag (410 m/z) for this mixture
is equal to the mixture with 1 eq of Na*. This means that tagging efficiency is the
best for the mixture with the least amount of sodium. The least abundant in mass

spectrum belongs to the mixture with 2 eq of Na™.

From cryogenic spectra, the results demonstrate that the intensities of bands are
higher in 3280-3400 cm™ for 2 eq of Na, it might be an indication that the sugar A has
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access to the charge. However, the spray is more unstable for 2 eq of Na (Figure 6.10,
red trace) than for 1 eq (Figure 6.10, light-green trace) which leads to worse S/N. The
mixture with 3 eq of Na' (Figure 6.10, violet trace) demonstrates overall lower
intensities of the bands comparing to other analytes. This result might indicate that
excessive concentrations of salt lead to ion suppression that masks ion signal.

a) 2200+

2000
1800

1600 A+B, 1 eq of Na+

1400 — A+B, 2 eq of Na+

. — A+B, 3 eq of Na+

1000
800
600 :

400 -

200 4

0 N -

Intensity (ion counts)

b) m/z

0.1 m ‘ |"‘,' IH lll l[

0.0 i | ' 1"” ’- ) |

wf TR T

-0.2

Depletion fraction

32|00 ' 33I00 ' 34I00 ' 35I00 ' 36I00 l 37I00
Infrared wavenumber / cm-!
Figure 6.10 a) Mass-spectra and b) spectroscopic fingerprints of miztures for
sugar A and sugar B at a concentration of 75 uM with 1 equivalent (light-green trace),
2 equivalents (red trace), 3 equivalents (violet trace) of NaCl salt. The spectra were

recorded at 3.5 K using Helium as a tagging gas.

We can conclude that better spraying solution, such as the mixture with 3 eq of
Na™ leads to suppression of band intensities. It might be explained by either saturation

of the channeltron detector or poor overlap of the ion cloud with the IR beam.
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However, it leads to better S/N since a large amount of ion provides a better statistic.
Moreover, the low-intensity peaks provide the highest band intensities, but the S/N
decreases a lot. Additionally, sodium chloride is a nonvolatile salt. ESI-MS, however,
is incompatible with many nonvolatile salts which leads to spray instability. Volatile
components such as ammonium acetate/formate and acetic/formic acid can be used

instead.
6.3.4.2  Tagging efficicency

Tagging efficiency is another aspect to consider while developing a robust
technique for bioanalytical applications. The conversion rate of untagged ions into
tagged ions is defined mainly by the temperature of the ions and the number density

of the tag molecules [39)].

Figure 6.11 demonstrates the tagging efficiency of different isomeric glycans. For
the sugar A, the tagging efficiency varies from 19 to 28%; for B 31%, and the sugar
C 7%. These results suggest that the tagging efficiency depends on an analyte and the
ion density in the cold ion trap. The predominance of the efficiency for sugar B can
be a reason why we mostly observed sugar B in the IR spectra while mixed with the
other two sugars. The observations suggest that the band intensities are inversely
proportional to ion count. Thus, the high ion count of the tagged sugar B doesn’t
overlap with the OPO IR beam efficiently, and the tagged ions from other sugars can
be suppressed. Additionally, Scutelnic observed that the He-tagging efficiency
monotonously increases as a function of the ion storage time in the octupole trap [32].
Consequently, the density of ions in a trap is limited by the space-charge effect
(~10" cm™ [49]), which does not lead to any measurable depletion of the light flux.
Consequently, it is critical not to saturate the trap with ions and record the spectra
in the same conditions, including gas and temperature of the trap. Another factor that
might be considered is the magnitude of the absorption cross-sections for different

types of molecules.
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Figure 6.11 Mass spectrum of the disaccharides A (red, green, blue traces), B
(black trace), and C (burgundy trace) representing the He tagging efficiency.

Another example of trisaccharides is shown in Figure 6.12. The derived tagging
efficiencies are 43.5% for 4’galactosyllactose and 32.3% for globotriose. The higher
tagging efficiency for 4’galactosyllactose results in its predominance in the overall

spectrum of mixtures containing this sugar (see Figure 6.7-6.8).
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Figure 6.12 Mass spectra of the trisaccharides demonstrating the He tagging
efficiency.
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Tagging efficiency is one of the factors to consider while creating a glycan
database since it can vary among the glycan molecule and can also contribute to a
different sugar-dependent scale factor. One should include the tagging efficiency values

in the database for quantitation and deconvolution purposes.

For our technique, in case of lacking the separation step priory to the
quantification, saturation spectroscopy can be used to get the amounts of different
isomers. For that, a unique transition of one isomer can be saturated and depleted
fully by laser. From the amount of depletion, the quantity can be obtained. This

process can then be repeated for other isomers in the mixture.
6.3.4.3 Linearity of a channeltron

To test the degree of correlation between the observed signal and the linearity of
the channeltron response, we measure the ratio of the C isotope peak to the
monoisotopic peak. The rough estimation of the isotope ratio of the sodiated adduct
of the sugar A is provided since the resolution of the quadrupole is relatively
low ~ 250. The ratio of the *C isotope peak to the monoisotopic peak is consistent
with the expected isotope ratio (0.1595) only when the number of detected ions < 100
ions (Figure 6.13). Thus, an ion packet with more than 100 ions leads to greater
deviation from linearity and hence a greater deviation from the expected isotopic ratio.
Scutelnic reported the same observations for a dipeptide (GlyTrpH") in his thesis [32].
This can be a limiting factor for quantitation since we cannot estimate the ion
abundances precisely. One needs to correct the measured ion counts while doing
quantification. MCP detection coupled with high resolution MS analyzer can improve

the experiments abilities with respect to quantification.
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Figure 6.13 Ratio of the measured **C isotope peak to the monoisotopic peak of
[A+ Na] * sugar.

6.3.4.4 Other parameters

All the spectra should be recorded in a regime of linear IR beam power
dependence and under the same experimental conditions (power, alignments, etc.).
The linearity of the measured IR spectra is maintained due to the low fluence of the
IR OPO beam. To exclude the possibility of bands saturation and non-linearity of the
IR beam, we measured the IR power dependence of transitions of the sugar A
(3386 cm™) and B (3535 cm™) in a mixture, shown in Figure 6.14. The linearity is
across the entire range of the OPO power. These results highlight the consistence of

the conditions for spectroscopy experiments.
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Figure 6.14 The OPO power dependence for transition of sugar A (3386 cm™)

and transition sugar B (3535 em™) in a mizture.

Additional parameters, such as discrimination of different masses due to RF

frequency/ amplitude do not affect the results since the analytes are isomers.
6.3.5 Parameters for method validation

Knowing the limitations of our approach, we performed several experiments to
evaluate few validation characteristics. These results would serve as a reference for

future implementations in our multidimensional approach.
6.3.5.1 Precision

Figure 6.15 demonstrates repeatability (intra-day precision) of the experiment on
sugar A under the same conditions over a short time. The results demonstrate
significant variabilities in mass spectra (Figure 6.15 a) that lead to fluctuations in IR

spectra (Figure 6.15 b).

According to ICH guidelines, the accepted RSD for the standards is up to 5%.
However, it is strongly dependent on the application, field of studies, the

concentration, and the complexity of the analyte.
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Figure 6.15 The repeatability precision validation for sugar A (75 uM) a) mass
spectra b) IR spectra.

Table 6.2 presents the values of RSD of the peak heights in mass spectra that
correspond to the untagged (m/z=406) and the tagged (m/z=410) sugar A molecule;
and the values of RSD of the depletion fractions of the band transitions in the IR
spectrum. We used three replicate of the experimental run at a test
concentration 75 pM. The repeatability varies from 8.5 to 19.8 % in mass spectrum,

and from 5 to 18.9 % in the cryogenic spectrum.

Table 6.2 Repeatability precision (%RSD) for the sugar A (75 uM) for IR

spectrum and mass spectrum
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Infrared Module of the depletion Std RSD,
. Average L
wavenumber fraction deviation %
0.199
3267 0.225 0.232 0.036 15.4
0.270
0.403
3354 0.418 0.423 0.022 5.2
0.446
0.553
3386 0.456 0.476 0.070 14.6
0.418
0.455
3651 0.368 0.379 0.072 18.9
0.313
Std RSD,
m/z Area Average deviation 9
0.084
406 0.108 0.106 0.021 19.8
0.126
0.130
410 0.142 0.142 0.012 8.5
0.154

The RSD values of the area of the integrated peak were worse than for the peak
heights since S/N and the quadrupole resolution obfuscate the defined peak area (See
Appendix B, Table B.3, Table B.4).

Additionally, we evaluated the intermediate precision for the ten experimental
measurements of the sugar A (75 uM), which results in ~ 65% for MS and 26 % for
IR spectroscopy (see Appendix B, Table B.6). According to ICH, RSD ~ 15% (20%
near the limit of quantification) is acceptable. Since the results are unsatisfactory, our
laboratory must establish a quality control for all quantitative tests. The quality
control can be performed by quantifying a known reagent with a known concentration
before an actual experiment. Evaluating each test run in this way allows us to

determine if the obtained results are accurate and reliable.
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We evaluated the precision for a pentapeptide SDGRG (80 uM) that ionizes more
efficiently that the sugar A (see details Appendix, Table B.7). The repeatability (RSD)
is 5— 9% for mass spectra and 2— 5% for IR spectra for the same individual performing
the same experiment over a short time. Intermediate precision (RSD) is 55% if
different people perform the same experiment on the same day. To improve the RSD
of the aforementioned validation parameters, a needle cutting robot coupled to the

nESI is required.
6.3.5.2  Dynamic range, linearity, LOD and LOQ
a) Tandem mass-spectrometer

To further evaluate our approach, we need to estimate the linearity of calibration
curves, including LOD and LOQ. For the estimation, the stock solution (2.6 mM) of
the sugar A was prepared in water/methanol (1:1, v:v). Stock solution was diluted to
yield the concentrations (conc.) of 5000, 1000, 500, 150, 25, 10, 1, 0.5 uM. To achieve
constant experimental conditions, we performed our measurements with constant
settings with three repetitions (see Appendix B, Table B. 8). We extracted the
406 m/z ion in the mass spectrum. The peak height is related to the concentration of
the sample. Figure 6.16 demonstrates the dynamic range of our approach in a range
of concentrations 0.5-1000 pM for sugar A with RSD from 3 to 14%. The results show
that saturation occurs after 150 pM. At higher concentrations, the excess charge on
the surface of the droplets can become limiting that leads to the loss of linearity.
Moreover, the co-eluting compounds can influence the ionization process (the so-called

matrix effect) and lead to the decrease or loss of linearity.
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Figure 6.16 Dynamic range of our approach in a range of 0.5-1000 pM.

To avoid saturation, Figure 6.17 demonstrates the linear dynamic range from
1 to 150 uM concentration with RSD from 3 to 8%. The linearity of the calibration
curve is usually expressed through the coefficient of correlation, R, or coefficient of
determination, R?. However, the R? value for our calibration curve is 0.88979 since

our approach provides the signal fluctuations that need to be corrected.
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Figure 6.17 Linecar dynamic range of our approach in a range of 1-150 pM.

To correct the fluctuations of the signal, we used the proportion of XIC and TIC
as a signal response instead of a single XIC in a mass spectrum (see Appendix, Table
B.9). Figure 6.18 determines the linear dynamic range from 1 to 150 pM concentration
with RSD from 2 to 10%. The R? value for the calibration curve is 0.97414 that
highlights the improvement in linearity of the curve. These implementations make it
broadly applicable for analytical purposes. The obtained values of the proportion of

XIC and TIC should be used in the future experiments.
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Figure 6.18 Dynamic range of our approach in a range of 1-150 uM using a
corrected instrumental response (XIC/TIC).

The LOD value was calculated using a 1/x-weighted linear regression of the
expected concentration and corresponding peak height counts. Subsequently, the 1/x-
weighted regression residual standard deviation was multiplied by 3, then subtracted
by the y-intercept, and finally divided by the slope. The LOQ was calculated similarly
to the LOD, except that the residual standard deviation was multiplied by 10 instead
of 3. The estimated LOD was 11 pM, the estimated LOQ is 33 uM for the tandem

mass spectrometer [50].
b) The SLIM

We recommended the SLIM technique as a possible solution for the quantitation.
Since the previously described results related to the earlier work were done on a
tandem mass spectrometer, we performed similar experiments on the linear dynamic
range estimation together with LOD and LOQ values. For the estimation, the stock
solution (2.6 mM) of the sugar A was prepared in water/methanol (1:1, v:v). Stock
solution was diluted to yield e concentrations (conc.) of 1000, 500, 150, 25, 10,
1, 0.5 uM (see Appendix B, Figure B.3). To achieve constant experimental conditions,

we performed our measurements with constant settings. Extraction of the drift-time
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distribution of the 406 m/z ion showed two separate drift times, each of which
corresponded to one of the two isomers. The peak height under the drift-time
distribution is related to the concentration of the sample. Figure 6.19 demonstrates
the dynamic range of the SLIM approach in a range of concentrations 0.5-1000 pM
for sugar A with RSD from 2 to 8 %. The results demonstrate the saturation which
appears after 150 pM, including the matrix effect.

1.0 ——
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0.4

Peak height / ion counts
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D.O vt be vy b by b by vt byt by

0 200 400 600 800 1000
Concentration / pM

Figure 6.19 Dynamic range of the SLIM approach in a range of 0.5-1000 pM.

To estimate the linear dynamic range, Figure 6.20 demonstrates the results.
The R? value of the calibration curve for the sugar A is 0.968689. These results are
comparable to the ones on the tandem mass-spectrometer. The estimated LOD
is 2.6 pM, the estimated LOQ is 8.2 uM for the SLIM apparatus. These results show
promise that semiquantitative analysis will be possible using an ion mobility

spectrometer coupled to a cryogenic trap and TOF.
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Figure 6.20 Linear dynamic range of our approach in a range of 0.5-150 uM.

6.4 Conclusions and future perspectives

The method demonstrated in this thesis to quantify the mixtures has some
limitations. The first is the electrospray, including the spray instability and ionization
efficiencies of analytes. The second is tagging efficiency that is revealed to be different
for each molecule. Since we are planning on creating a database, we should include
the tagging efficiency together with the temperature of the trap and the tagging gas
to overcome these limitations. Another limitation is the non-linearity of the
channeltron response which requires a new MS detection scheme to address. These
limitations are evidence of the difficulty of precise quantitation. Given that our results
were only a preliminary attempt to quantify mixtures and precise quantification is
difficult, these findings provide insight into how the experimental design might be

improved to facilitate it.

To improve the ionization efficiency, the stability of the spray should be provided
using a commercial electrospray with an ability to control all the necessary parameters
including needle cutting set-up. To minimize the confounding effect of ionization
efficiency differences, the quantification of an analyte with MS usually requires

comparison to an internal standard that has a similar structure to the analyte (its

141



Chapter 6. Glycan quantification

stable isotopologue). MS response of the analyte should be corrected to the MS
response of the internal standard. The internal standard is added at the earliest step
possible during sample preparation and is analyzed simultaneously with the analyte.
Additionally, the SLIM module will enable separation of the analyzed mixture from
any impurities that might affect analysis. The TOF mass analyzer with a higher mass
resolution should help to make fast and more precise measurements of the signal
response. Knowing the tagging efficiency of the molecules, these values can be used as

coefficients for correcting the resulting IR spectra.

This research will therefore serve as a base for future studies on glycan
quantitation once the improvements that were identified in this thesis have been
realized. All these findings and the solutions to the issues identified should be taken

into account and tried on larger sample sizes.
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Chapter 7 Metal complexes of glycans

The database approach for glycans has been presented in detail in Chapter 4.
The use of cryogenic vibrational spectroscopy for glycan identification requires the
development of this spectroscopic database. Our experiments have previously been
conducted exclusively on sodiated or protonated carbohydrate species, however, it was
unclear if we can use cryogenic infrared spectra of any other metal adducts of glycans
for their unambiguous identification. In this chapter, we present a study demonstrating
that cryogenic spectra of any alkali metal adducts of oligosaccharides are structured
enough to be used as fingerprints for building the database. We present several
examples, including disaccharides and N-glycansapplying SLIM-based ion mobility

and cryogenic ion spectroscopy.

7.1 Sample preparation

Disaccharides were purchased from Carbosynth Ltd (UK) and N-glycans from
Dextra Laboratories (UK). The glycan purity is certified at a minimum of 85 %, and
all were used without further purification. The metal salts were chlorides of lithium
(Li(I)), sodium (Na(I)), potassium (K(I)), rubidium (Rb(I)), cesium (Cs(I)),
magnesium (Mg(II)), calcium (Ca(Il)), and barium (Ba(Il)). All the salts were
purchased from Sigma-Aldrich (USA). Aqueous 1 mM stock solutions of disaccharides
were diluted with water/methanol (v/v, 50/50) to yield a 150 pM analyte solution.
To ensure metal adduction, 50 uM of each metal salt was added to each disaccharide
sample before analysis. For N-glycans, the solutions were prepared in a 30:70 solution
of water/acetonitrile to yield a 20-30 pM analyte solution. All solvents were HPLC
grade.

The SLIM-IMS parameters for the experiments were as follows: RF frequency
880 kHz; RF amplitude 100 V,,; TW amplitude 27 V; TW speed 600 m/s; He buffer

gas pressure of 3 mbar.
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7.2 Metal complexes of disaccharides

Before discussing the differences between the measured IR spectra, it is worth
mentioning how the presence of an alkali metal ion can impact the structure of a
disaccharide. The studied disaccharides have multiple OH groups and a single NH
group, which can form a hydrogen bonding (HB) network. This network will be altered
upon binding of a singly charged alkali metal, and it may change the overall structure

(folding and conformation) of the carbohydrate if many hydrogen bonds are affected.

We first describe how metal coordination affects the ion mobility and IR spectra
of a disaccharide GalNAca(1-3)Gal. Figure 7.1 shows the mass spectra obtained for
the disaccharide complexed with different metals. The mass spectra have been
recorded under the same conditions and on the same day, using the tandem mass-
spectrometer described in Chapter 6. A comparison of the relative intensities of mass-
spectra for the GalNAca(1-3)Gal shows the predominance of the singly sodiated
species (black trace in Figure 7.1), whereas the singly potassiated species (red trace)
are the least abundant. This might be related to the presence of sodium in the sample
itself or solvent glass containers. The low abundance of the potassiated species can be
linked to the competition between sodium and potassium in the solution (see
Appendix C, Figure C.1). We did not observe complexes with the alkaline earth metals
except for Ba (burgundy trace in Figure 7.1). Overall, the intensities of the alkali
metal complexes were much greater than complexes with doubly charged Ba, likely
because of the greater efficiency of desolvation of the singly charged alkali metal

complexes with respect to doubly charged alkaline earth complexes in the ESI.
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Figure 7.1 Mass spectra of the barium ion adducts (burgundy trace), protonated
ion adducts (light blue trace), lithium ion adducts (blue trace), sodium ion adducts
(black trace), potassium ion adducts (red trace), rubidium ion adducts (pink trace),

and cesium ion adducts (green trace) of GalNAca(1-3)Gal.

Figure 7.2 shows the ATDs of the alkali adducts of the GalNAco(1-3)Gal
obtained using a single SLIM cycle corresponding to a 1.8 m drift path. All recorded
ATDs exhibit one major peak. We can see that the most intense peak corresponds to
the sodiated adduct similarly to the mass spectra shown in Figure 7.1. As expected,
the size of the metal ion exerts a significant influence on the drift times of the
carbohydrate metal ion adducts. As a general trend, the drift times of these ions
increased as the size of metal ions increased. Interestingly, the drift time of the lithium
adduct of the sugar was shorter than that of singly protonated species. This can be
explained by a more compact shape of the carbohydrate with lithium since the sugar
can wrap around the metal [1]. Cancilla and coworkers also suggest that the overall
size of a metal ions adducts of carbohydrate depends not only on the ionic radius of
the metal ion but also on the preferred coordination of the metal combined with

thestructural flexibility of specific carbohydrate moieties [2].
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Figure 7.2 Arrival time distributions of the protonated ion adducts (light blue
trace), lithium ion adducts (blue trace), sodium ion adducts (black trace), potassium
ion adducts (red trace), rubidium ion adducts (pink trace), and cesium ion adducts
(green trace) of GalNAca(1-3)Gal, obtained using a single SLIM cycle corresponding
to 1.8 m drift path.

Figure 7.3 shows the cryogenic IR spectra for each of the metal ion adducts of
GalNAco(1-3)Gal using He as a messenger tag. All infrared spectra are relatively
simple and show distinct features in both the hydrogen-bonding and free OH stretch
regions. All of these IR spectra can serve as a fingerprint to identify this molecule.
Moreover, the IR spectral complexity is not affected by the identity of the metal

cation.

The spectral signatures of GalNAco(1-3)Gal coordinated with Li, Na, K, Rb, Cs,
and H are similar, suggesting that they have similar structures and most probably the
similar metal binding site. Three intense, well-spaced and broadened bands in the
hydrogen-bonded region, shown in yellow, are observed for each species together with
a cluster of bands in the free OH region, shown in blue. The most notable trend in

the alkali metal sequence from Li to Cs is the gradual blue-shifting of the low
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wavenumber bands. This gradual shift is most probably due to the effect of different
nature (e.g., atomic radius, charge density, polarizability) of each alkali metal ion.
Moreover, we hypothesize that compared to the protonated disaccharide (light blue
trace in Figure 7.3), the sugar with Li" exhibits a strong red-shift of the low
wavenumber bands (blue trace in Figure 7.3), most probably related to the weakening
of OH covalent bonds due to interaction with alkali metal ion. Preliminary results of
the quantum calculations to reveal the structures of the metal adducts of GalNAco(1-

3)Gal are presented in Appendix C.
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Figure 7.3 Cryogenic infrared spectra of the protonated and metal ion adducts
of the sugar GalNAca(1-3)Gal.

If we plot the frequencies of the low wavenumber bands versus the ionic radius
(Figure 7.4), it becomes clear that the different strength of the interaction between a
carbohydrate molecule and each of the five alkali metal ions translates into different
frequency shifts for OH and NH stretching modes, with Li and Cs ion adducts
introducing the largest and smallest shifts, respectively. This can be rationalized by
considering that the higher charge density of Li" is more effective in drawing electrons
from the carbohydrate molecule that, in turn, weakens the OH and NH bonds and

shifts the stretching frequencies more to the red compared to the other alkali ions.
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Figure 7.4 Comparative plot of the frequencies of the three low-wavenumber

bands versus ionic radii of the alkali metals [5].

The spectrum of GalNAco(1-3)Gal coordinated with Ba?" (Figure 7.3, burgundy
trace) showed two sharp, strongly displaced bands at low wavenumbers together with
a cluster of bands lying at higher wavenumbers. We hypothesize that most of the
vibrational bands that we observe correspond to free NH (3400 cm™) and nearly-free
OH (3570-3700 cm™) stretches, while other hydrogen-bonded OH stretches (if any)
were strongly red-shifted out of the measured IR frequency region due to strong

interaction with the doubly charged metal ion.

Another disaccharide that we studied using cryogenic vibrational spectroscopy is
the GalB(1-4)GlcNAc, which has the same mass as the GalNAca(1-3)Gal but differs
in the sequence, monosaccharide content, and the glycosidic linkage. As expected, all
IR signatures for this sugar, shown in Figure 7.5, differ significantly from the isomeric
GalNAca(1-3)Gal. However, similarly to GalNAca(1-3)Gal, the Li, Na, K, Rb, and
Cs ion adducts of the GalB(1-4)GlcNAc have similar spectral signatures, more
specifically, three highly-spaced bands at low wavenumber and multiple free OH
stretch bands at higher wavenumber. Our findings appear to have the same trend as
with GalNAca(1-3)Gal: a shift of three bands in the weakly hydrogen-bonding OH
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stretch region to the blue going from Li" to Cs*, suggesting that the alkali metal

binding energies are decreasing with an increase of the ionic radius.
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Figure 7.5 Cryogenic infrared spectra of the protonated and metal ion adducts
of the GalB(1-4)GlcNAc.

Our data confirms that all metal ion adducts can be used for carbohydrate
unambiguous identification since all the spectra exhibit well-resolved IR signatures.
The subsequent section also shows some examples for N-glycan complexed with

various metals.

7.3 Metal complexes of N-glycans

As we demonstrated in Chapter 4, multiple ion adducts of N-glycans, such as [M
+ 2H]*", [M + H + NaJ*", [M +H + KJ*", [M + 2NaJ*', and [M + Na + KJ*' are
formed by electrospray without addition of any sodium or potassium. For example,
Figure 7.6 shows a typical mass spectrum obtained for the GO N-glycan standard, for
which multiple metal complexes are observed. These observations can be explained
by the natural presence of Na and K salts in the sample itself or sample storage in

glassware, or using ESI borosilicate emitters for generating ions.
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Figure 7.6 Typical mass spectrum of ion adducts of GO N-glycan standard

formed in positive EST mode.

The cryogenic vibrational spectra of the most intense ion adducts of GO measured
without ion mobility selection are shown in Figure 7.7. Each spectrum in Figure 7.7
shows unique well-resolved transitions in the free OH stretch region (3580-3700 cm™)
that can be used for identification, regardless of the increased complexity of the
spectra compared to disaccharides (Figure 7.3). Moreover, Figure 7.7demonstrates
that the free OH region for these different adducts of the GO molecule is the most
informative. The observed differences between the spectra are most probably due to
slightly different geometries induced by protonation and sodium or potassium ion

binding.

Mobility-selected IR spectra are slightly sharper and more distinctive and, thus,
provide a more stringent spectroscopic fingerprint (see Chapter 4, Figure 4.6). The
aim of this chapter, however, was not to provide an exhaustive study of IR spectra of
all the possible conformations in the gas phase, and therefore the IMS selection was
not applied. Nevertheless, Figure 7.7 shows that even without IMS selection the
cryogenic vibrational spectra of various ion adducts of GO are resolved enough to be

used as fingerprints for its unambiguous identification.
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Figure 7.7 Cryogenic IR-spectra of [GO+2H[" (grey), of [GO+H+K/[** (red),
and of [GO+2Na/** (blue). Dashed lines are used to highlight the differences.

To further assess the applicability of various metal adducts for glycan
identification, we also studied Man5 N-glycan. Figure 7.8 shows a mass spectrum of
ion adduct species of Man5, including [M + H + Na]*" and [M +H + K|**, produced
by nESI. As we can see, Man5 does not form the doubly sodiated species if we do not
add extra sodium into the solution. Therefore, recording the IR spectra of other
predominant adducts for constructing our database is very useful if we would like to

analyze the glycan samples without adding extra sodium.
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Figure 7.8 Typical mass spectrum of ion adducts of Man5 N-glycan standard

formed in positive EST mode.

The comparison of the cryogenic vibrational spectra between [H-+Na|*" and
[H+K]*" adducts of Man5 glycan is shown in Figure 7.9. Similarly to GO, the spectra
of the [H+Na]*" and [H4+K]*" states differ in the intensities and band positions in the
free OH stretch region (3580-3700 cm™). Moreover, broader bands are observed in the
weakly hydrogen-bonding OH stretch region (3450-3550 cm™) which are still different
between the two species. Fach of the IR spectrum can serve as a fingerprint since both

cryogenic spectra present a large number of resolved IR transitions.
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Figure 7.9  Cryogenic  IR-spectra  of  [M5+H+Na/**(blue)  and
[M5+H+KJ* (yellow). Dashed lines are used to highlight the differences.

The next example corresponds to Man6 sugar that is larger than Man5 by one
mannose residue. Figure 7.10 demonstrates a mass spectrum of the Man6 N-glycan
standard. Several metal adducts are formed, including [M + H + Na]**, [M +H +
KJ**, [M + 2Na]**, and [M + Na + KJ**.
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Figure 7.10 Typical mass spectrum of ion adducts of Man6 N-glycan standard

formed in positive ESI mode.

We recorded cryogenic IR spectra of the four metal adducts, such as
[M-+H-+Na]**, [M+H+K]**, [M+2Na]**, and [M+Na+K]** of Man6 without ion
mobility selection, and the spectra are shown in Figure 7.11. The spectrum of each
metal adduct has unique well-resolved transitions in the free OH stretch region (3580—
3700 cm™') that can be used for identification of Man6 glycan. The spectrum of
[M+H+K]*" has broad bands in the weakly hydrogen-bonded O