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KURZFASSUNG

KURZFASSUNG

Die Glykosylierung gilt als kritisches Qualitdtsmerkmal fir die Herstellung von rekombinanten
Biopharmazeutika wie monoklonalen Antikérpern — jedoch nicht fur virale Impfstoffe. Die Antigene des
Influenza-A-Virus (IAV), Hamagglutinin (HA) und Neuraminidase (NA), haben mehrere potentielle N-
Glykosylierungsstellen. In der Vergangenheit wurden starke Auswirkungen auf Virulenz und
Immunogenitdat in Abhangigkeit der Veranderung der Mikro- und Makroheterogenitit der N-

Glycosylierung nachgewiesen.

Friheren analytischen Verfahren fehlt jedoch die Fahigkeit, sowohl die fein-strukturelle Glykan
Information (spezifische Struktur der Oligosaccharose), als auch die Position eines Glykans auf dem
Glykoprotein (Ortsspezifitat) parallel zu identifizieren. Um diese Informationen zu erhalten, wurden in
dieser Arbeit zwei Flissigchromatographie-gekoppelte Massenspektrometrie-basierte Methoden
kombiniert. Zusatzlich wurde zur Identifizierung aller potenziellen N-Glykosylierungsstellen der IAV-
Glykoproteine, eine neu entdeckte , Glyko“-Spezifitat des Enzyms Flavastacin validiert, die zu einer
spezifischen Spaltung am C-Terminus von N-glykosyliertem Asparagin fiihrt. Somit konnte die Anzahl
identifizierter  Glykosylierungsstellen  optimiert  werden.  Dariber hinaus wurde die
Flissigchromatographie mittels porésem graphitisierten Carbon mit einem nach der Sidule geschaltetem
zusatzlichen Fluss mit 100% Acetonitril bestiickt, da aufgrund der hohen Oberflachenspannung des
wassrigen Puffers die Bildung von Tropfchen erfolgte. Dies flihrte zu einem stabilen Spray und somit zu
einer verbesserten Signaldetektion von freien N- und O-glykanen, insbesondere bei geringerer
Retentionszeit. Dadurch wurden die Anzahl und die Qualitdt von identifizierten fein-strukturellen

Glykanen optimiert.
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Die Kombination beider Erfindungen ermdoglichte die umfassende N-Glykosylierungsanalyse beider IAV-
Antigene und damit eine kombinierte Charakterisierung der spezifischen N-Glykan-Strukturen
(Verlinkung, Verzweigung, Art des Epitopes) der viralen Antigene sowie deren N-Glykan-Mikro- und
Makroheterogenitdten. Dieser Arbeitsablauf wurde mit dem IAV Stamm A/PR/8/34 H1N1 getestet,
welcher in zwei verschiedenen “Madin-Darby Canine Kidney” (MDCK)-Zelllinien vermehrt wurde,

namlich einer adhdrenten und einer suspensions MDCK-Zelle-Linie.

Die Analyse der viralen Antigen-Glykosylierung beider Wirtszelllinien fiihrte zu dhnlichen N-Glykanen,
jedoch mit unterschiedlichen relativen Haufigkeiten der einzelnen N-Glykan-Strukturen. Eine detaillierte
Analyse der HA-N-Glykan-Mikroheterogenitat zeigte im Vergleich zur HA Stammregion eine Zunahme
der N-Glykan-Variabilitat und -Komplexitat fir N-Glykosylierungsstellen, die ndher an der Kopfregion des
Molekiils liegen. Im Gegensatz dazu wurde festgestellt, dass NA ausschlieRlich an der Stelle N73 N-
glykosyliert ist. Weiter wurde gezeigt, dass fast alle N-Glykan-Strukturen am Kern fucosyliert waren
(meistens in Kombination mit einer Antennen-Fucosylierung. N-Glykan Strukturen am HA und NA-
Antigen waren ausschlieRlich hybrid- und komplexartige Strukturen, welche teilweise mit alpha-
verknipften Galactosen (Galili-Epitop) sowie Epitopen der Blutgruppe H Typ 2 und der Blutgruppe A
terminiert sind. Mit Galili-Epitopen dekorierte Strukturen sind in menschlichen Zellen nicht zu finden
und kénnten daher im Zusammenhang mit einem Influenza Impfstoff zu einer erh6hten Immunogenitat
fihren und als eine Art Adjuvans fungieren. Eine bessere Charakterisierung der N-glykosylierung von
viralen Antigenen durch diesen Arbeitsablauf generiert umfassende Datensatze, welche in Kombination
mit Tierversuchen beziiglich der Immunogenitat, eine Evaluierung der Bedeutung der Glykosylierung von

viralen Proteinen als Qualitatsattribut in der Impfstoffherstellung ermdglichen.
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ABSTRACT

Glycosylation is considered as a critical quality attribute for the production of recombinant
biopharmaceuticals such as monoclonal antibodies — but not for viral vaccines. The influenza A virus
(IAV) antigens hemagglutinin (HA) and neuraminidase (NA) have multiple potential N-glycosylation sites.
In the past, strong effects on virulence and immunogenicity upon alteration of the N-glycan micro- and

macroheterogeneity were demonstrated.

Previous analytical methods lack the ability of providing both, the fine structural glycan information
(specific structure of the oligosaccharose) and the location of a glycan on the glycoprotein (site-
specificity). Here, two liquid chromatography coupled to mass spectrometry (LC-MS) based methods
were combined to obtain all this information from the glycoproteins. Additionally, to identify all
potential N-glycosylation sites of the IAV glycoproteins, a newly identified “glyco”-specificity of the
enzyme flavastacin was found resulting in a specific cleavage of the C-terminus of N-glycosylated
asparagine. This optimized the number of detected glycosylation sites. Furthermore, porous grafitized
carbon (PGC)-LC was equipped with a post-column make-up flow of 100% acetonitril, because the high
surface tention of the aquatic buffer system resulted in the formation of droplets. This resulted in a
more stable spray and therefore in an increased MS signal detection of released N- and O-glycans,
especially at lower retention time. Thereby the number and quality of identified fine-structural glycans

was optimized.

Combining both approaches enabled the comprehensive N-glycosylation analysis of both IAV antigens
and provided a detailed characterization of the viral antigen N-glycan structures (linkages, branching,

type of epitopes) and of the N-glycan micro- and macroheterogeneities. This workflow was tested with
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the IAV strain A/PR/8/34 HIN1 propagated in two different Madin-Darby Canine Kidney (MDCK) cell

lines, namely an adherent MDCK cell line and its corresponding suspension cell line.

Viral antigen glycosylation of both host cell lines resulted in similar N-glycan patterns, but with different
relative abundances of the individual N-glycan structures. Detailed analysis of the HA N-glycan
microheterogeneity showed an increase of the N-glycan variability and complexity for N-glycosylation
sites located closer to the head region of the molecule. In contrast, NA was found to be exclusively N-
glycosylated at site N73. In general, almost all N-glycan structures were found to be core-fucosylated
(mostly in combination with an antenna-fucosylation). Furthermore, HA and NA N-glycan structures
were found to be exclusively hybrid- and complex-type structures, to some extent terminated with
alpha-linked galactoses (Galili-epitope) as well as blood group H type 2 and blood group A epitopes.
Galili-epitope decorated structures cannot be found in human cells and could therefore lead to
increased immunogenicity, functioning as a sort of adjuvant in combination with an influenza vaccine. A
better characterization of viral antigen N-glycosylation by using this workflow resulting in very
comprehensive data sets, that, together with animal studies on immunogenicity, will allow evaluating

the importance of viral protein glycosylation as a quality attribute in vaccine manufacturing.
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MOTIVATION

1. MOTIVATION

Infectious diseases are one of the major causes of death, with the most cases leading to respiratory
diseases, diarrhea, Acquired Immune Deficiency Syndrome (AIDS), tuberculosis and malaria [1]. Viral
infections can be treated in some cases with antiviral drugs (class of drugs that can inhibit a specific type
or a wide range of viruses) or prevented via vaccination — the presentation of viral antigens to the

human immune system to build up resistance against the virus.

In this thesis the influenza A virus (IAV) is used, a virus known for leading to several pandemics in the
past with the most severe in 1918 known as the Spanish Flu. Influenza viruses have the ability to change
the structure of the major antigens hemagglutinin (HA) and neuraminidase (NA) via antigenic drift and
shift. Therefore, adaptive immunity via vaccination can be ineffective against evolving influenza virus
strains. To overcome this, annually adjustment of the vaccine (comprising the major circulating influenza

A and influenza B strains) and vaccination of the recommened population must be achieved.

Most influenza vaccines are produced in embryonated chicken eggs, but also animal cell-based and
recombinant vaccines propagated in insect cell lines are licensed and applied to humans. Defined animal
cell-based systems are more efficient compared to traditional egg-based systems, because of a more
flexible and faster production of vaccines. One major limiting factor in animal cell-based vaccine
production is the surface of the cultivation system when using adherent cells. To enhance the capacity
of the cultivation system by increasing the amount of cells producing viruses, suspension cell-lines are of
increasing interest for the biopharmaceutical industry. In addition they are considered for the transition
from batch/fed-batch cultivation to more efficient semi-continuous production systems. Furthermore,
upscaling processes of suspension cell-lines is more capable compared to adherent cell lines and they

can be operated in high cell density cultivation processes.
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Influenza A virus belongs to the class of enveloped viruses, which are surrounded by a lipid membrane.
This membrane incorporates the two major antigens and glycoproteins HA and NA. The glycosylation
(oligosaccharide linked to the protein backbone) of HA and NA was demonstrated to influence the
virulence and immunogenicity of influenza viruses [2-4]. However, until now, analytical studies only
provided glycan fingerprints showing differences between e.g. different cell lines. To unveil the
importance of the glycosylation of viral antigens, new methods and workflows need to be established
suitable to identify the structure of the attached glycans (including detailed information about linkages,
branching and anomericity (type of geometric variation found at certain atoms) of a glycan). In addition,
the position of the glycan linkage to the protein backbone needs to be examined. Currently, it is not
possible two answer both questions with a single method. Site-specific glycoproteomics elucidates the
locus of a glycan composition to the glycoprotein, but lacks most of the fine structural information.
Glycomic analysis of released glycans enables the possibility to gain structural information of the target

glycome, but the link to a specific locus of the glycoprotein is lost.

The target of this work was to combine both pieces of information by establishing a comprehensive
workflow combining two state-of-the-art LC-MS based methods to enable fine structure and site-specific
glycoanalysis of viral antigens. First, enzymes had to be identified to generate glycopeptides with
appropiate amino acid lengths and single N-glycosylation sites for site-specific analysis. Furthermore, the
LC-MS setup for fine-structural glycomic analysis using nano-instrumentation had to be optimized, to
increase the robustness of the method. Finally, the method established was proved to detect not only
smaller glycans at lower retention times (tR) e.g. O-glycans, but enabled also a better separation of
glycans at higher tR, which resulted in a higher identification rate of different glycan structures (isomers)
from glycans with the same molecular mass. As application, the HA and NA glycosylation of the 1AV

strain A/Puerto Rico/ 8/34 H1N1 propagated in two Madin-Darby Canine Kidney (MDCK) cells (adherent
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MDCK.ADH and suspension MDCK.SUS2) was analyzed to characterize variations in glycosylation of HA

and NA due to the different producing cell lines.
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2. BACKGROUND

This chapter is about the main forms of protein glycosylation and their biological meaning. Furthermore,
an excursus of state-of-the-art analytical methods in the field of glycomics and glycoproteomics is given,
explaining the advantages and drawbacks of the different methods and demonstrating in consequence
the approach of the here developed new workflow. Afterwards, the biological background of influenza A
virus, including the structure, diversity and replication cycle is described. Subsequently, different kinds
of influenza vaccines and production systems are introduced. Finally, the importance of influenza virus

antigen glycosylation is addressed.

2.1. Glycoproteins

This section comprises the meaning of glycobiology, including glycan structures as well as protein
glycosylation, followed by a short overview of state-of-the-art analytical methods to elaborate the

structure and the location of a glycan on a protein.

2.1.1. Glycobiology: from sugar to biological function
Glycobiology comprises the structure of mono- to oligosaccharides, up to their function and importance
in biological systems. Monosaccharides are carbon-based ring-shaped organic compounds, resulting
from oxidation of polyhydric alcohols. They are forming the basis for oligosaccharides, also called
glycans (taken from the Greek word “glykos” for “sweet”) [5]. In Table 2-1 all monosaccharides utilized
in this work are depicted. These monosaccharides are the major building blogs of the human glycome
[5]. For the symbolic representation of monosaccharides and glycans in this work GlycoWorkbench was

used following the Symbol Nomenclature for Graphical Representations of Glycans (SNFG) [6].




BACKGROUND

Table 2-1: List of monosaccharides used in this work. lllustration according to Symbol Nomenclature for Graphical
Representations of Glycans [6].

Monosaccharide Abbreviation Symbol
Galactose” Gal O
Fucose” Fuc A
Mannose” Man @
N-acetylgalactosamine® GalNAc L]
N-acetylglucosamine® GIcNACc |
N-acetylneuraminic acid NeuAc L 4

*- hexose (Hex), #- deoxyhexose (dHex), §- N-acetylhexosamine (HexNACc),

The reaction of two monosaccharides takes place between the reduced end and the hydroxyl group of
both monosaccharides under loss of a water molecule (glycosidic bond) [7] (Figure 2-1). This
energetically unfavorable reaction is performed with the help of a respective glycosyltransferase and a
nucleotide sugar together with the dephosphorylation of two highly energetic adenotriphosphates.
Dependent of the individual position of the anomeric Cl-atoms, at equal stereochemistry we are talking
about an a- and at unequal stereochemistry about a B-configuration [7]. Therefore, the nomenclature
for the structural description of glycans comprises the involved monosaccharides, their conformation, as

well as the position of the individual C-atom of the glycosidic bond (e.g. B 1-4 in Figure 2-1).
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Figure 2-1: lllustration of a 8 1-4 glycosidic bond between two galactoses. Adapted from Hennig et al. 2009 [8].

In biological systems, glycans exist as free sugars and as conjugates with different macromolecules
(glycoconjugates). Glycoconjugates are, for example, glycoproteins and glycolipids. The modification of
lipids, or (co-)post-translational modification of proteins with sugars is called glycosylation [5]. All
glycans and glycoconjugates of an organism can be called glycome, which is highly divers between
different organisms depending on the host-specific repertoire of endoglycosidases and
endoglycosyltransferases (group of enzymatic proteins responsible for the specific cleavage and bond of

different glycans and linkages).

Analysis of glycans is very important for production of biopharmaceuticals (critical quality attribute
(CQA) for recombinant glycoproteins) as well as for medical applications (drugs) and diagnostics
(biomarker). The importance of glycosylation for different biological functions within the human body,

as well as associations to diseases, is illustrated in Figure 2-2.




BACKGROUND

biological function disease

Preventing proteolysis © :
\ Host-pathogen interaction ©

e.g. a1-4 galactose as receptor for
pathogenic E. coli

/

Biomarker for cancerous
diseases ?

e.g. P1-6 GleNAc, 02-6 sialicacid ...

Cell-cell, cell-matrix interaction ©
e.g. signal transduction, adhesion, cell
growth, initializing the adaptive immune
response

Increased bioactivity 4

. Congenitial disorder of
e.g. increased efficacy

glycosylation (CDG)

e.g. CDG1: 70% non-glycosylation of
transferrin results in neurological
disorder and other heavy symtoms

AN

Autoimmune diseases®

- - : e.g. complement-activation through the
Quality control of protein | defect of a1-6 galactosylation of oG
SyIIThESiS c ; leads to rheumatoid arthritis

Circulating glycoproteins ©
e.g. systemic half live time, biomarker
for chronical diseases

e.g. marker for the correct protein folding

' ' '
b e e mmmmmmmmmmmmmm e L e e e e '

Figure 2-2: Importance of glycobiology for the human organism (a)[9], (b)[10], (c)[11], (d)[12], (e)[13].

The efficacy and safety of recombinant glycoproteins (e.g. monoclonal antibodies (mAb) and hormones)
depends tremendously on the glycosylation. One example is the recombinant erythropoietin (rEPO). The
degree of sialylation (terminal binding of NeuAc) impacts the half-life time of rEPO [14] (higher degree of
sialylation results in an increased half-life time). Therefore, additional glycosylation sites decorated with
highly sialylated glycans were added to rEPO. To be able to intervene in this glycosylation process to
improve quality and function of biopharmaceutical products is the basis for the upcoming field of

glycoengineering, which covers the manipulation of glycosylation of a biopharmaceutical.

In medicine, for example, the glycosylation of surface proteins of cancer cells is analyzed for diagnostic

and therapeutic purpose. Different glycan structures as surface antigens can be used as highly specific
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biomarkers [9]. Furthermore, these structures are suitable targets for antibody-based therapeutic

strategies [15].

Glycobiology helps to understand different biochemical processes in the human organism. Especially for
immunological reactions the human glycome (glycans and glycoconjugates of an organism) has a great
importance [13]. For example, several glycoproteins on the surface of endothelial cells assist the
targeted immigration of circulating cells to the location of an inflammation through the interaction of
glycans to specific receptors. Another example is the binding of pathogens via surface glycoproteins and
the resulting contribution to the activation of the innate immune response via cell-cell interactions
mediated via glycan structures [13]. Another example of the importance of glycoconjugates is the ABO
blood group system. This system relies on specific blood group antigens (terminal structures of glycans,
Figure 2-3) that can be found predominantly on red blood cells, but also, for example, on epithelial cells
(like MDCK cells) [16]. Blood group antigens are described to have an impact in infectious diseases,

multifactorial diseases as well as cancer via glycan structure mediated interactions [17].

al-3 al-3
01-2 a1-2 A—CO

A B O/H

Figure 2-3: Blood group antigens. lllustration of the three blood group antigens A (left), B (middle) and O/H (right) that are
mainly known as specific epitopes on red blood cells.

2.1.2. Glycan structures
Glycan structures bear a higher variability compared to peptide sequences. They build up branched
complex structures from different core structures (Figure 2-4) with a variety of terminal modifications.

Besides the monosaccharide composition of a glycan, the structural linkages are essential for the binding
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abilities and biological functions [5]. Terminal monosaccharides of a glycan structure are called non-
reducing end. The other end of a glycan (e.g. binding site to a protein) is called reducing end [5]. In
Figure 2-4 some basic structures of N- and O-glycans are illustrated. N-glycans consist of a core structure
of two GIcNAc (chitobiose core) and three Man (trimanosyl core) [7]. Based on the modification of the
trimanosyl core, we differentiate among three different types of N-glycans: Oligomannose type,
complex type and hybrid type (Figure 2-4). Oligomannose type structures have branched linkages of up
to nine Man on both alpha linked Man of the trimanosyl core. Complex type N-glycans have a much

higher variability of possible monosaccharide compositions compared to oligomannose type.

N-Glycan-structures O-Glycan-structures

Ser/Thr

N-Glycan-

corestructure Core-

Core 1 Core 2

Core 4

Oligomannose Complex Hybrid

Figure 2-4: Exemplary structures of N- and O-glycans. For N-glycans, the three different types are shown. For O-glycans, the
four main structures of the eight mucine-type core-structures are illustrated. Adapted from Varki et al. (2017) [5]. According to
the SNFG nomenclature [6].

When a GIcNAc (complex, hybrid) or a Man (oligomannose, hybrid) binds to one of the a-linked Man this
results in a so called antenna. These antennas can be further terminal modified with different
monosaccharides (depends on the host specific repertoire of endoglycosidases and
endoglycosyltransferases). Besides di-antennary complex type structures (occupation of both terminal
mannoses of the trimanosyl core) the core structure can be decorated with up to four antenna.

Furthermore, the first GIcNAc of the chitobiose core can be fucosylated (core fucosylation, a1-6 linkage
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in mammalians). Antennaries can be fucosylated as well. Hybrid type N-glycan structures have the

characteristics of both, oligomannose and complex type N-glycans [5].

Mucin type O-glycans can be grouped in eight different core-structures [5]. The only similarity is the
GalNAc bound to the serine or threonine AA. The core structure is defined based on the different
bindings of Gal, GIcNAc and GalNAc [5]. These core structures can be further terminal modified.

2.1.3. Protein glycosylation: N- and O-glycosylation
Proteins are glycosylated via a covalent bond of a glycan structure to a protein sequence. Besides
numerus other types of protein glycosylation, the focus in the following one will only be on the two

most prominent forms in eukaryotes, the so called N- and O-glycosylation [7].

N-glycosylation of proteins starts via pyrophosphate binding of dolichol to the inner surface of the
endoplasmic reticulum. The initial structure GlcsManyGIcNAc, is build up via different
chitobiosyldiphosphodolichol beta-mannosyltransferases. This structure is post-translationally linked to
the amino group of the asparagine with the consensus sequence (NXS/T(C/V); X # P) of the protein via
the oligosaccharyltransferase [7]. At this stage the correct folding of the protein is controlled [11].
Further modifications of the N-glycan happen in the Golgi apparatus. Thereby, the initial structure
GlcsMansGIcNAC; is trimmed down to the core structure MansGIcNAc; (Figure 2-4) via exoglycosidases

and further build up co-post-translational via glycosyltransferases [7].

Mucin-type O-glycans are build up stepwise to a protein sequence via sequential enzymatic transfer of
individual monosaccharides in the Golgi apparatus. Therefore, GalNAc binds to the hydroxyl group of
predominantly serine or threonine (preferential in the vicinity of proline or aliphatic amino acids (AAs)).
Exemplarily for the core 1 structure (Figure 2-4) the O-glycan is further build with a B1-3 glycosidic bond

of Gal to GalNAc in the Golgi apparatus[5]. Overall, there are eight different core structures.

10
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Glycoproteins can have one single (like most mAbs) but also multiple glycosylation sites (like hormones
or viral proteins). The difference of glycan structures at a single glycosylation site at the same
glycoprotein is called microheterogeneity. Macroheterogeneity describes the occupancy (yes (grade) /

no) of the different glycosylation sites of a glycoprotein [18].

The functional importance of site-specific glycan structures is rarely described. One example are
congenital disorders of glycosylation (CDG)s that can be differentiated in two types. CDGs of type 1 are
genetic malfunctions resulting in the partly or complete non-glycosylation of a specific glycosylation site
of a specific glycoprotein. CDGs of type 2 result in an incomplete terminal modification of glycans and

therefore in truncated glycan structures [10].

2.2. Analytics in glycobiotechnology

The analysis of glycoproteins can be divided into the fields of glycan- (glycomic) and glycoprotein-
(glycoproteomic) analysis. Glycomics is the conjugate independent analysis of the glycome (entirety of
glycans) in a global systemic approach or of an individual protein [18]. State-of-the-art analytical
techniques allow the fine-structural glycomic analysis in high throughput with high resolution and
software-assisted data evaluation [19, 20]. But glycomics of glycoproteins lacks the information of
micro- and macroheterogeneity [18], which can only be obtained by MS-based glycoproteomic

approaches.

2.2.1. Glycomics

This paragraph is partly adapted from Pralow et al. (2020) [20].

The vital role glycans have in biotechnology and biology makes it ever more important to characterize
and understand glycan structures in the context of such complex bio(techno)logical processes [5, 21,

22]. Glycosylation is a non-genomic template-driven co- and posttranslational modification of glyco-

11
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conjugates. To analyse non-linear oligosaccharide structures confers a level of complexity that
emphasizes the need to use high-resolution analytical techniques rather than referring to
transcriptomes or genomes to effectively profile such molecules [23, 24]. By definition, a glycomic
investigation is aimed at characterizing the entire glycan population in a heterogeneous biological
sample. This is not a trivial exercise as a glycomic profile can contain structures differing in linkages,
branching and anomericity [5, 25]. Furthermore, glycans can exist in either neutral or charged forms, for
instance due to carrying a combination of sialic acids as well as further modifications such as sulfation or

phosphorylation [5, 26-29].

Usually, glycan release is performed via enzymatic digestion using peptide N-glycosidase F (PNGase F).
PNGase F is an amidase able to cleave the binding between GIcNAc and the asparagine residue of an N-
glycosylation. During this cleavage asparagine is deamidated to aspartic acid and its molecular mass is

shifted by 1 Da [30].

Central to high-performance glycoanalysis are the advances made in ultra/high-performance liquid
chromatography (U/HPLC) [31-33], capillary electrophoresis (CE) [34-38] and mass spectrometry (MS)
[39-43], which now enable the extensive structural analysis of released glycans. Analytical techniques
primarily employed include hydrophilic interaction liquid chromatography with fluorescence detection
(HILIC-FLD) [31, 32], liquid chromatography coupled with electrospray ionization (tandem) mass
spectrometry (LC-ESI-MS(/MS)) [40, 41, 43, 44], matrix assisted laser desorption/ionization with time-of-
flight MS(/MS) (MALDI-TOF(/TOF)-MS(/MS)) [42, 45, 46] and more frequently also multiplexed capillary
gel electrophoresis with laser-induced fluorescence detection (xCGE-LIF) [2, 35-37, 47-51]. To increase
sensitivity or facilitate quantitation, glycans can undergo chemical modification such as permethylation
[46, 52, 53], esterification [42] or numerous fluorescent labelling like 2-aminobenzamide [54-56], 2-

anthranilic acid [57], procainamide [58], RapiFluor-MS [59] and 8-aminopyrene-1,3,6-trisulfonic acid

12
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trisodium salt [36-38]. Each of these modification techniques affects certain properties of glycans such
as their hydrophilicity (HILIC), electrokinetic mobility (CE), composition (MS), as well as their
fragmentation behavior (MS/MS). Complete characterization of co-eluting glycan structures or glycan
isomerism (same molecular mass of different glycan structures) requires additional orthogonal methods

such as sequencing via exoglycosidase digestion [48-50, 60, 61].

Beside these more established analytical methods for glycan analysis, emerging technologies like porous
graphitized carbon liquid chromatography coupled to MS(/MS) (PGC-LC-MS) and ion-mobility mass
spectrometry (IM-MS) are utilized more frequently. Glycan analysis using PGC-LC coupled with negative
ion mode MS detection and MS/MS fragmentation is gaining traction as a method for comprehensive
MS-based glycoanalysis [40, 41, 62-70]. Very little modification of the released native glycan is required
(compared to the previously mentioned more established analytical methods) other than reduction of
the anomeric ring of the glycan’s reducing end. The analysis produces information-rich data from
chromatographic separation of even isobaric N- and O-glycans on the PGC column (even further
compared to HILIC columns [71]). Additional MS/MS fragmentation and detection in negative ion mode
can yield diagnostic fragment ions of rich information owing to cross-ring fragments, which can be used
to confirm a glycan’s topology, branching and monosaccharide linkages [41, 72-74]. Both neutral and
negatively charged glycans can be detected using negative ion polarity MS [73-75]. The mechanism
behind glycan separation using PGC columns remains unclear. Therefore, the prediction of glycan
structure-specific tR using in silico models is not possible [76]. Compared to the more established glycan
analysis methods, automation and therefore high throughput sample analysis using PGC-LC-MS is not
possible, so far, due to missing normalization standards and validated analysis software. However,
decent glycan retention libraries and elution order rules exist to assist the manual data analysis [77-80].

Because PGC-LC has the ability to resolve isomeric glycan structures in combination with gaining fine-
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structural information using negative mode MS/MS, PGC-LC-MS(/MS) was the method of choice to

obtain an optimized workflow for the comprehensive analysis of glycans from IAV glycoproteins.

2.2.2. Glycoproteomics
In the past decades, the field of site-specific glycoprotein analysis methods has grown tremendously and
emphasized the importance of protein glycosylation analyses with respect to micro- and
macroheterogeneity. So far, the method of choice for site-specific glycoproteomics is the analysis of
specifically or unspecifically digested glycoproteins via LC-MS. In addition, a glycopeptide enrichment
can be performed prior to analysis, i.e. by HILIC-solid phase extraction (SPE) [18] that will be portrayed

later on.

2.2.2.1. Digestion of glycoproteins
This paragraph is partly adapted from Pralow et al. (2017) [81].

Crucial for identifying glycopeptides is a suitable protein digest. The most used enzyme is the serine-
protease trypsin, which cleaves specific N-terminal at the alkaline AAs lysine and arginine [82]. Because
of the high specificity of trypsin, the variability of originated peptides is low, facilitating automated
(glyco-) protein searches and quantification of glycopeptides [83]. However, tryptic glycopeptides can be

too large (> 20 AA) to be analyzed by MS or carry multiple glycosylation sites.

In addition to tryptic digestion of glycoproteins, sequential treatment with other proteases is used to
overcome low charge density and sequence constraints of glycopeptides with a large peptide moiety

(Table 2-2).
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Table 2-2: Overview of proteases used for mass spectrometry-based protein analysis.

Endopeptidase Type Specificity

AspN (e.g. Flavastacin) Metalloendoprotease Aspartic Acid (N-terminal)
Chymotrypsin Serine protease I:f::;?;; ;ir:ztophane,
GluC Serine protease Aspartic Acid, Glutamic Acid
Lys C Serine protease Lysine

Proteinase K Serine protease hydrophilic AA

Trypsin Serine protease Arginine, Lysine

The endoproteinase AspN is a zinc metalloendoproteinase produced in Pseudomonas fragi (Boehringer
Ingelheim, Uniprot: Q9R4J4), which selectively cleaves peptide bonds N-terminal to aspartic acid [84].
AspN is also known for N-terminal cleavage at cysteine and glutamic acid [85, 86]. Its primary use in
glycoproteomic experiments so far, has involved the cleavage of deamidated asparagine after N-glycan
release by PNGase F to assess N-glycan presence and location [87]. Flavastacin (New England Biolabs,
Uniprot: Q47899), which is produced in Flavobacterium menigosepticum, has been described to behave
similar to the AspN from Pseudomonas fragi [88, 89]. Therefore, it is also called AspN, despite its quite
different AA sequence and thus, protein identity. However, both proteins belong to the family of

metalloendoproteases.

Unspecific proteases like the serine-protease proteinase K are able to resolve glycosylation sites that
cannot be uncovered by trypsin because of its non-selective cleavage specificity for aromatic and
aliphatic AAs [90]. However, because of unspecific cleavage behavior, the identification of glycopeptides
is more difficult and a single glycosylation site can have multiple redundant peptide moieties [91].

Analysis time using search engines is increased and quantification is more difficult.
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A protein digest can be performed in-gel or in-solution. In-gel digest has a lower risk of sample
contamination but the workflow is time and sample consuming [92, 93]. In-solution digest can be
automatized and has lower hands-on time. But the digest can be affected by contaminants (e.g. salts,
detergents) [92]. An alternative to both methods is the filter-aided sample preparation (FAST) approach,
which was used in this thesis. With a molecular weight cut-off (MWCO) of 10 kDa, the filter allows to
pass contaminants (like salt) and molecules with a low molecular weight (like peptides). Intact proteins
retain on the filter unit. Therefore, the desalting and removal of contaminants can be achieved.
Furthermore, after proteolytic digest, peptides can pass the filter and intact proteins or enzymes are
retained on the filter unit [92].
2.2.2.2. LC-MS measurement of glycopeptides

The technique of choice for site-specific glycopeptide analysis is (LC)-MS(/MS). Analysis of biomolecules
using MS can be broken down to two ionization techniques, MALDI and ESI. Both can comprise different
pre-separation techniques (e.g. LC, CE), ion fragmentation units, e.g. collision induced dissociation (CID),
higher energy collisional induced dissociation (HCD), electron-transfer dissociation (ETD) and mass
analyzers/detectors, e.g. ion-trap (IT), orbitrap (OT), TOF. The classic MALDI-TOF-MS has a high mass
accuracy and allows the analysis within a wide mass range. Because of its robustness, workflows for the
analysis of glycans and glycopeptides using MALDI-TOF-MS are often used in the biopharmaceutical

industry [20, 94].

In this work, LC-ESI-MS was used exclusively that will be more explained in detail. Compared to MALDI-
TOF-MS, LC-ESI-MS bears a higher sensitivity and has a more soft ionization mechanism, avoiding
possible post-ionization decay of e.g. sialic acids [91, 95]. Because of the on-line separation of the
analyte using LC prior to MS, more complex samples can be analyzed compared to solely MS

instrumentation [96]. One major drawback in the analysis of glycopeptides using MS is the missing
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information of the glycan structure. Only partial structural information of a glycopeptides glycan moiety

can be obtained using the ratio of specific fragment ions [97] or separating fragment ions via IM [98].

Separation of (glyco-) peptides prior to MS analysis is performed predominantly on a reversed-phase
(RP) column based on the different hydrophobicity of the molecules [99]. The stationary phase of RP
columns consists mostly of silica gel modified with octadecyl-carbon chain (C18) [18] or others, e.g. C8
or phenyl. The sample is loaded on the stationary phase via an aqueous mobile phase. Peptides bind via
ion pairing to the stationary phase. Using a binary continuous elution gradient (mixture of aqueous and
organic mobile phase), with an increasing organic proportion, the hydrophobicity is increased and
peptides from lower to high hydrophobicity are released from the stationary phase [99]. RP is not able
to separate glycopeptide isomers (same peptide sequence, same glycan composition, but different
glycan structure, e.g. branching, linkage). Other phases like HILIC or PGC can separate isomeric
structures, but are normally used for the separation of released glycans [20]. Prior to peptide
separation, most setups (especially when using nano instrumentation) use trap columns (same phase as

the separation column) to desalt and concentrate the sample [100].

Glycopeptide analysis in this work was performed using an Orbitrap Elite MS. Here, the eluting peptides
are directed to a nanospray needle. The nanospray ionization is performed with a low flowrate and
needs less sample compared to conventional ESI [101]. After ionization, the samples are directed to the
mass analyzer (IT and OT). Precursor ions can be selected for fragmentation using a collision gas
(helium). Usually, CID has limitations when fragmenting glycopeptides. When analyzing peptides without
post-translational modifications, CID fragmentation results in b- (N-terminus) and y-ions (C-terminus) of
a peptide sequence (Figure 2-5) [102]. Glycopeptides are predominantly fragmented at the glycosidic
bonds into B- (non-reducing end) and Y-ions (reducing end) providing information about the

monosaccharide-composition of a glycan and the peptide mass, but often lacks b- and y-peptide moiety
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fragment ion series of the glycopeptides for sequence verification [103-105]. An alternative
fragmentation method is ETD. Peptides are fragmented into c- (N-terminus) and z-fragment ions (C-
terminus) (Figure 2-5), while the glycosylation of a glycopeptide stays intact. Therefore, this method
provides information about the peptide sequence and the glycosylation site [18, 106]. In this work, HCD
fragmentation was performed. Because of the adjustable normalized collision energy (NCE), HCD
generates peptide-specific b- and y-ions and provides information about the glycan composition and the
peptide sequence [97]. However, due to the neutral loss of the glycan moiety, B- and Y-ion series are
underrepresented [107, 108]. Finally, specific fragment ions allow the identification of N- and O-
glycopeptides and provide information rich data with high confidence in identification when using

automated glycopeptide analysis software [83, 97, 109].
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Figure 2-5: Nomenclature of fragment ions derived from a peptide sequence [110].

Fragment ion spectra of glycopeptides can be identified based on specific oxonium ions (B-fragment
ions, Figure 2-6). Oxonium ions used for glycopeptide identification are listed in Table 2-3. To identify
the glycan composition, specific mass differences among glycopeptide fragment ions (Y-fragment ions)

are used [91, 111].
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Figure 2-6: Specific B-fragment ions of an N-glycopeptide with the corresponding monoisotopic masses. Illustration according
to the symbol nomenclature for graphical representations of glycans [6].

Table 2-3: Monoisotopic masses of oxonium ions. lllustration according to the symbol nomenclature for graphical
representations of glycans [6].

Monosaccharide/ Polysaccharide  Monoisotopic mass Symbol
[M+H]*
Gal O
Man 163.05 P
GalNAc O]
GlcNAG 204.08 ]
Fuc 147.06 A
Neu5Ac 292.10 ®
Gal-GIcNAc 366.13 o8 |
Gal-GIcNAc-Fuc 512.19 . :
Neu5Ac-Gal 454.15 O
Neu5Ac-Gal-GIcNAc 657.23 g |
Neu5Ac-Gal-GIcNAc-Fuc 803.29 -4 :
Oz n )
Man-Man-GIcNAc 528.18
oon
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Different software tools exist to assist the manual annotation of glycopeptide fragment ion spectra via
(semi-)automated pipelines for glycopeptide LC-MS/MS data processing. The open source software
glyXtoolMS [83] (detailed description in the Methods and Materials section) and one of the leading
commercial software for MS-based glycoprotein analysis, called Byonic from ProteinMetrics, were used
in this thesis [112, 113].
2.2.3. Enrichment strategies for glyco(-conjugate) analysis

Enrichment of glycopeptides and released glycans with depletion of non-glycopeptides, impurities and
salts is crucial. Because of the glycan microheterogeniety, glycopeptides can have a low relative
abundance. Additionally, because of the hydrophilic glycan moiety, glycopeptides ionize less efficient
compared to non-glycosylated peptides. Therefore, it is necessary to perform a glycopeptide enrichment

step prior to MS analysis [18, 114].

Most common strategies for glycopeptide and glycan enrichment are lectin and HILIC based [18, 114].

For glycans, PGC-SPE was used in this work.

Lectins are a group of proteins specifically binding to glycans. Therefore, lectins can be used for
identification or fractioning via selectively binding specific glycan structures [115, 116]. However,
because of the heterogenic binding abilities, lectins are not suited to enrich equally complex mixtures of
very different glycopeptide or glycan fractions [18]. Hydrophilic molecules bind to HILIC material.
Therefor, HILIC is well suited for the enrichment of glycans and glycoconjugates. There are many
different commercial phases on the market providing highly selective enrichment. However, because of
the low hydrophilicity, small glycans attached to peptide moieties with many hydrophobic AAs are often

lost during the enrichment step [117].
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2.3.Influenza A virus

Influenza viruses belong to the family of orthomyxoviridae and comprise four different genera, divided
into influenza A, B, C [118] and recently described D virus [119]. Only influenza A and B viruses are
known to cause seasonal epidemics, whereby only IAV can occasionally cause pandemic outbreaks and
is responsible for the main hospitalizations each year. Further classification of IAVs into subtypes relies
on the antigenic properties of their two surface glycoproteins HA (H1 to H16) and NA (N1 to N9). Four
influenza pandemics occurred in the last century with the most severe in 1918 (H1N1, Spanish influenza)

causing over 50 million deaths [120].

2.3.1. Structure

Influenza virions have a spherical to polymorphic shape with a diameter of 80-120 nm surrounded by a
lipid membrane [121, 122]. A schematic illustration of IAV is given in Figure 2-7. Inserted into the
membrane and exposed to the outside are two glycoproteins HA (major antigen) and NA. Also
embedded in the lipid membrane is the matrix protein 2 (M2). Under the membrane a shell is built by
the matrix protein 1 (M1), providing strength and rigidity to the lipid membrane. Influenza A and B
virions have eight negative-sense single-strand ribonucleic acid (RNA) segments, encoding for the viral
proteome. These RNA segments are packed as a viral ribonucleoprotein (vVRNP) in complex with non-
structural protein 1 (NP), polymerase acidic protein (PA), polymerase basic protein 1 (PB1) and
polymerase basic protein 2 (PB2). As this thesis focuses on the analysis of the surface proteins HA and

NA, detailed information about these proteins is given in the next paragraph.
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Figure 2-7: Schematic illustration of IAV. IAV is surrounded by a lipid membrane embedding the three potential surface
glycoproteins hemagglutinin (HA, major antigen), neuraminidase (NA), as well as matrix protein 2 (M2). The matrix protein 1
(M1) protein is located inside the viral membrane; the viral genome consists of eight negative-strand RNA segments packed as a
ribonucleoprotein in complex with non-structural protein 1 (NP), polymerase acidic protein (PA), polymerase basic protein 1
(PB1) and polymerase basic protein 2 (PB2). lllustration modified from Hedestam et al. 2008 [123].

2.3.2. Surface antigens - hemagglutinin and neuraminidase
Influenza viruses infect over a billion people around the world and account for approximately half a
million deaths per year [124]. Due to antigenic changes, influenza viruses are a major threat for
pandemics as well as epidemics [125]. HA is the major antigen in the seasonal influenza virus. It is a
homotrimeric surface glycoprotein and plays a key role in terms of pathogen-host interactions. Each
protomer of HA contains a receptor-binding site (RBS) in the head domain that binds to sialylated glycan
receptors on the host cell surface. Many residues of the RBS are conserved among influenza A and B
HAs. However, major structural changes can be observed among natural circulating strains. The
specificity of the RBS in humans influenza virus is a2,6-linked sialic acid and for avian influenza virus

a2,3-linked sialic acid [126].
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The glycosylation of HA (Figure 2-8 A) is known to affect the virulence by modulating virus receptor
binding [127], stimulating the host immune response [2, 128] and masking antigenic sites [129].
Glycosylation of the homotetrameric surface glycoprotein NA (Figure 2-8 B) influences virus entry [130],

release [131] and neurovirulence [132].

Figure 2-8: Three dimensional structure of IAV glycoproteins HA (A) and NA (B). For HA, one monomer is colored in cyan (HA1)
and green (HA2). One monomer of NA is colored in cyan. Exemplary, the potential N-glycosylation sites of the colored monomers
are highlighted in magenta. Adapted from Butler and Reichl et al. 2019 [133].

The number of potential N-glycosylation sites among different influenza viruses is rather variable for HA
and more or less conserved for NA [134]. In this thesis, influenza A/PR/8/34 H1N1 virus was used, which
displays six potential N-glycosylation sites at the HA protein (Figure 2-8 A, five at the HA1 (cyan) and one

at the HA2 (green) domain) and five at the NA protein (Figure 2-8 B, please note, not all potential N-

glycosylation sites of NA are illustrated because of model limitations). Both, HA and NA, have main
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functions in the infection of host cells and release of virions, therefore, the replication cycle of 1AV is

described briefly next.

2.3.3. Replication cycle
IAV infects host cells by attachment of the HA RBS to surface glycoconjugates containing sialylated
epitopes [135, 136]. Afterwards, IAV uses the sialidase function of NA to liberate nonproductive HA
associations and to identify the proper sialylated receptor on the host cell surface [137]. This receptor
remains unknown so far. However, the HA-mediated binding to this receptor triggers endocytosis of the
virion into the host cell. Trafficking through the cell to the endosome activates the M2 channels (active
at low pH) which causes a change of the three-dimensional structure of HA to expose the fusion peptide
[138, 139]. Because of the acidification, VRNPs are released from M1 followed by transfer to the host

cytoplasm, followed by HA-mediated fusion [140].

The fusion of the viral-endosomal membrane requires cleavage of HA into its domains HA1 and HA2
[141] and multiple steps, which are comprehensively reviewed by Harrison (2015) [142] and White and
Whittaker (2016) [143]. Through cleavage of HA the fusion peptide is exposed in the N-terminus of HA2
and inserts into the endosomal membrane while the C-terminus is anchored in the viral membrane.
Folding of the HA2 trimer brings both membranes close to each other, followed by a collapse into a six-
helix bundle, initiating the fusion of both membranes. However, the complete process remains to be not

fully understood till today.

Next steps are the IAV genome trafficking to the host cell nucleus, followed by replication and
transcription of the vRNA as well as the assembling and trafficking of the vVRNPs before budding and
release [144-147]. According to the focus of this thesis, the assembly of the virus membrane proteins

HA, NA and M2 is described in more detail. Al membrane proteins are synthesized by ribosomes
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associated with the endoplasmic reticulum (ER) membrane. The N-terminus of HA and M2 and the C-
terminus of NA are translocated into the ER lumen [148]. At this point, the glycoproteins HA, NA are
glycosylated at multiple N-glycosylation sites (M2 has also a potential N-glycosylation site, which was
not described to be glycosylated, so far) [5, 134]. One of the main functions of glycosylation at this stage
is to support the folding efficacy of HA and NA by recruiting lectin chaperons and an associated
oxidoreductase [149, 150]. HA trimerizes from three individual monomers, while NA tetramerizes from
two co-translationally formed dimers [150]. The fusion incompetent form of HA (HAOQ) is activated by
cleavage into its subunits HA1 and HA2 in the trans-Golgi network and plasma membrane [151]. N-

glycosylation of HA and NA can be (co-)post-transcriptional modified with monosaccharides in the Golgi

[5].
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2.4. Influenza vaccines

There are three different types of influenza vaccines approved in the United States by the U.S. Food and
Drug Administration (FDA): egg-based (e.g. Vaxigrip Tetra®), cell-based (Flucelvax®) and recombinant
(FluBlock®) flu vaccine. Recently, the European Medicines Administration (EMA) approved also a
recombinant flu vaccine Supemtek” from Sanofi for 2022/2023 besides egg- and cell-based flu vaccines
[152]. Candidate vaccine viruses (CVVs) are chosen by authorities (World Health Organization (WHO)
and the Committee for Medicinal Products for Human Use (CHMP) to the EMA for each influenza season

and either comprise two A and one B strain (trivalent) or two A and two B strains (quadrivalent) [153].

The majority of influenza vaccines is produced in embryonated chicken eggs, representing from the
point of view of glycan research a wide mixture of glycan structures from different cell types and cell
lineages. Egg-based flu vaccines can be inactivated (killed) or live attenuated (weakened, usually used
for nasal spray application). Moreover, influenza vaccines are also produced under more defined
conditions by using mammalian cell lines, such as MDCK (e.g. Flucelvax) or African green monkey kidney

cells (Vero) (Baxter, not available anymore).

IAV sampled from infected humans can be adapted to propagation in embryonated chicken eggs.
Therefore, HA from such egg-adapted IAV can have amino acid mutations close to the receptor-binding
site [154] resulting in lower antibody titers. Studies have shown that cell-based flu vaccines provide a
better protection compared to standard-dose egg-based vaccines [3]. Furthermore, cell-based flu
vaccines production is faster and more flexible compared to egg-based production systems and does not
rely on the supply of pathogen-free eggs for vaccine production, being an advantage in the event of a
pandemic. Cells used for production are “banked” (ensuring the very same cell is used to avoid changes

in cell growth and/or production behavior as well as different product properties) and ensure a stable
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supply. Although adherent cells often show higher cell-specific yields (i.e. product molecules produced
per cell), scale-up can be technically very challenging and suspension cells are considered the preferred
process option. The third group, the recombinant flu vaccines, has only the major antigen HA. Insect cell
lines are used to express recombinant HA (rHA) (Flublock) [155]. Via insertion of the specific HA DNA to
a host cell using Baculovirus, rHA is produced. This process is the fastest compared to egg- and animal
cell-based production systems because it does not rely on the adaption of a vaccine virus to eggs or the
production cell line. However, because of the genetically modifications, recombinant vaccines undergo
more strict critical quality attributes (CQAs), especially in terms of glycoanalysis, compared to egg- and

cell-based flu vaccines [156, 157].

Emerging methods for viral vaccine production are based on genome level. SARS-CoV-2 vaccines were
recently released in 2020/2021, comprising new technologies like mRNA vaccines (Biontech/Pfizer,
Moderna) and viral vector vaccines (e.g. Astrazeneca). Instead of the recombinant antigen, the genetic
information to produce the antigen in the human itself is injected. Similar technology is expected to be

approved in the future for flu vaccines as well [158, 159].
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2.5.The importance of the glycosylation of influenza A virus proteins on vaccine
preparations

This paragraph contains parts adapted from Pralow et al. (2021) [160].

After introducing influenza viruses as well as glycomics and glycoproteomics, finally the importance and
analysis of glycosylation for influenza virus and its vaccine will be portrayed in this paragraph.
Glycosylation of the stalk region appears in all HA from different strains [161] and is described to bind
chaperons in the ER and contribute to the HA trimer assembly [162]. Emerging pandemic IAV viruses
mostly begin with a low degree of glycosylation of the head region, which increases as the strain
circulates seasonally because the AA residues mutate rapidly to evade antibody recognition [163].
However, AAs that are shielded by N-glycans seem to mutate at a lower rate compared to AAs of more
exposed regions [164]. The increase of N-glycosylation sites on the HA head region over time implies a
correlation of HA glycosylation with antigenicity and immunogenicity. However, only few information is
available regarding the specific IAV glycan fine-structures and the mechanism behind their interaction

with antibody responses.

Glycosylation of the HA head domain can interfere with receptor binding and/or membrane fusion
[165]. IAV evades the immune response by decreasing the affinity of neutralizing antibodies through
allosteric effects caused by mutations in the AA sequence (predominantly in the head domain of HA)
[166]. Mutations can increase the avidity of HA for the host sialic acid receptor, which might cause 1AV
to bind host cells more avidly than competing antibodies [167]. Furthermore, such mutations result in N-
glycosylation sites. Occupied glycosylation sites in the head domain of HA can also block antibody
binding and therefore impact antigenicity [168, 169]. Antigenicity changes based on HA site-specific

glycosylation are rarely described because HA inhibition assays are more complicated to be interpreted
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due to the lower receptor binding avidity caused by additional glycosylation sites [168]. A mutation that
increases receptor avidity can also have a negative impact, as the viral fitness (ability to propagate)
relies on the balance of receptor binding as well as membrane fusion and the release of virions from the
cell. Increasing the receptor binding avidity could disturb this balance and cause a decrease of released
virions. However, HA head domain glycans can support viral fitness by balancing the increased receptor
binding avidity of an AA mutation [170]. A drawback of additional HA head domain glycosylation is the
increased binding of lectins (e.g. surfactant protein-D (SP-D) and mannose binding lectins) of the innate
immune system to glycans linked to HA, compromising the viral fitness through inactivation of IAV [171,
172]. Furthermore, increasing glycosylation can negatively impact the assembly of HA trimers [165].
However, such interactions depend on the specific glycan structures, including a variety of different

epitopes exposed to different binding sites, with different binding efficacy and affinity.

The importance of glycosylation changes with a switch from the wild type virus to the vaccine protein
glycosylation. In this case, glycosylation can be used to optimize vaccine’s efficacy. Increasing interest of
cross-reactive IAV vaccines with mono- or non-glycosylated proteins evolves in the scientific community,
pointing into the direction of an IAV vaccine, capable of providing protection against different IAV
strains [173-175]. As an alternative, several studies also demonstrated the ability to modulate the
virulence of IAV or the immunogenicity of influenza vaccines by addition and removal of N-glycosylation
sites, especially in the head region of HA [169], or by selecting certain host cell systems to produce
specific N-glycan patterns [2, 176]. Addition of sites to the head region of A/Hong Kong/1/68 (H3N2) HA
resulted in increased sensitivity to SP-D in vitro and attenuated virulence in mice [177] whereas removal
of sites from the globular head region of HA1 from H3N2 (A/Beijing/353/89) and HIN1 (A/Brazil/11/78)
led to resistance to neutralization by SP-D and increased virulence in mice [178, 179]. Interestingly,

addition of N-glycans to the globular head region of HA of the mouse-adapted IAV PR/8/34 (H1N1) virus,
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which lacks N-glycans on the head region of its HA [166], resulted in sensitivity to SP-D and attenuated
virulence in mice [178]. Other studies show differences in antigenicity and immunogenicity of influenza
vaccines based on the structure and type of the attached N-glycans. Complex-type N-glycosylated HA
produced in mammalian cells (also MDCK cells [2]) is described to induce higher antibody titers than HA
produced in insect cells, which features oligomannose-type N-glycans [2, 3]. The Galili-epitope bears the
potential to trigger immunogenicity and therefore vaccine efficacy. This was demonstrated on alpha-
galactosyltransferase negative mice. The treatment with IAV carrying in-vitro alpha-galactosylated
complex N-glycans (propagated in embryonated chicken eggs) led to an increased immunogenicity

compared to the control group treated without alpha-galactosylation [180].

The advent of powerful glycoanalytical techniques has recently enabled investigators to perform
comprehensive glycosylation studies including both, the characterization of all glycan compositions
present at one glycosylation site (microheterogeneity) and the determination of the glycosylation site
occupancy (macroheterogeneity) of influenza virus glycoproteins [181-185]. Furthermore, in-depth
structural analysis of the influenza virus N-glycome can be performed. xCGE-LIF technology was applied
to establish an N-glycome “fingerprint” of HA and other viral proteins derived from influenza A/PR/8/34
virus propagated in adherent and suspension MDCK cells [37, 186]. Hussain et al. used IM-MS to identify
N-glycans of two H3N2 and one HIN1 IAV strain propagated in adherent MDCK Il cells [187]. Recently,
She et al. 2020 used nano-PGC-LC-MS(/MS) to identify sulfated complex-type N-glycans derived from
IAV propagated in different host cells (including MDCK cells) [188]. Harvey et al. (2018) showed MS-
based glycan and glycopeptide analysis of different IAV strains and characterized rHA produced in
different expression systems such as mammalian cells (e.g. MDCK, Madin-Darby bovine kidney (MDBK),
human embryonic kidney 293 (HEK293)), insect cells (e.g. High Five, express SF+, sf21), tobacco plants

and embryonated chicken eggs [184]. There are a few studies combining the compositional analysis of
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the IAV glycome and glycoproteome [181, 182, 189, 190]. However, to this date, no fine structural
analysis including information about topology, branching and monosaccharide linkages of released N-
glycans derived from IAV in combination with the site-specific analysis of IAV glycoproteins has been
performed. Without such a detailed structural N-glycan analysis, however, it is not possible to elucidate
immunogenic epitopes. Based on information about micro- and macroheterogeneity of glycans, the
topology of the glycosylated viral protein can be derived and used to elucidate details regarding the
access of antibodies to the surface of viral antigens. As all these aspects are strongly determined by the
host cell system [35], fine structural N-glycan analysis together with corresponding immunogenic studies
could help to identify host cell candidates providing advantages regarding antigenicity and
immunogenicity of viral antigens [2, 3, 176, 191]. In contrast, compositional analysis only provides
information about glycan masses summarizing different amounts of monosaccharides (e.g. Hex, HexNAc,
dHex). Therefore, the aim of this work is to create a comprehensive LC-MS-based workflow which
allowes to obtain site-specific glycopeptide information and information about the fine-structure of
glycans. These information can be combined to have site-specific and fine-structural information of a

single glycan attached to an IAV glycoprotein.
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3. MATERIALS AND METHODS

In this chapter, all materials and methods are described. A detailed list of all used chemicals,
consumables and instruments is given in the appendix section (A. Materials). An overview of the main
workflow established is illustrated in Figure 3-1. First, the mammalian cell culture and influenza virus
infection is described. Furthermore, virus harvest, inactivation and the relative protein quantification are
elucidated. The glycomics part of the workflow comprises the N-glycan release, enrichment,
measurement using nano-PGC-LC-MS(/MS) and data analysis. Regarding the latter, the established post-
column make-up flow (PCMF) is described in more detail. In the glycoproteomics part, beside sample
preparation, measurement and data analysis, the newly identified specificity of the proteolytic enzyme

flavastacin is focused on.

Proteolytic digestion Manual/
using a solely/sequential Glycopeptide semi-
digestion with trypsin enrichment via nano-RESECHEHIRES automated
and FLAVASTACIN HILIC-SPE analysis

L

o N . Virus Harvest using
Determination of the protein G I
copéentration “m  centrifugation

Influenza H1IN1 A/PR8
propagated in
DCKgys0, and MDCK,

N-glycan
N-glycan release
gy enrichment via nano-PGC-LC-MS(/MS) Manua.ll
using PNGase F analysis
. carbon-SPE
+ reduction

+ ion-exchange
chromatography

Figure 3-1: Workflow. Comprehensive analysis of the glycosylation of hemagglutinin (HA) and neuraminidase (NA) from |1AV
PR/8/34 (HIN1) propagated in two mammalian cell lines.
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This chapter is adapted from Pralow et al. (2017) [81], Nguyen-Khuong and Pralow et al. (2018) [192]

and Pralow et al. (2021) [160].

3.1.Cell lines, cell cultivation and virus infection

Cell lines, cell cultivation and virus infection used in this thesis was adapted from previous work [193,
194]. Briefly, MDCK.ADH cells (European collection of authenticated cell cultures (ECACC), No.
84121903) were cultivated in Glasgow Minimum Essential Medium (GMEM, Gibco Invitrogen, No.
22100-093), supplemented with 10 % (v/v) fetal calf serum (FCS).q) and 1 % (v/v) peptoneq (MC33, Lab
M Limited). For infections experiments, MDCK.ADH cells were cultivated in triplicates in GMEM
supplemented with 5.5 mmol/L glucose(q (7509, Roth), 47 mmol/L NaHCOs@q (HNO1, Roth) and 0.2%
(v/v) peptonepq. The MDCK.SUS2 cell line was generated by adaptation of MDCK.ADH cells (kindly
provided by Prof. K. Scharfenberg, University of Applied Sciences Emden/Leer) and cultivated in
biological duplicates in chemical defined medium SMIF8 PGd 2x (protein- and peptide-free; Gibco,
through contact with Prof. K. Scharfenberg) with addition of 23.8 mmol/L NaHCOs3(q), 85.6 mmol/L
NaClag), 0.1% (w/v) Pluronic-F68, 0.001%. (w/v) ethanolamine (98%), 1.6 mmol/L L-glutamic acid, 20.3
mmol/L D-(+)-glucose, 4 mmol/L glutamine and 4 mmol/L pyruvate [193]. Cells were infected with
human 1AV PR/8/34 (HIN1) (no. 3138, Robert Koch Institute), in-house-generated adherent MDCK-
derived viral stock, 5.17 x 10® TCIDso /mL, HA titer of 2.63 logio HA units/100 uL) with a multiplicity of
infection of 0.025 and 2 x 107 units trypsin (27250-018, Gibco) per cell. Vented shaker flasks with a
volume of 250 mL (MDCK.SUS2) or 850 cm? roller bottles (MDCK.ADH; both VWR) were used for all
infection experiments. 72 h post infection, supernatants containing released virus particles were

harvested and subsequently purified.
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3.2.Virus harvesting, purification and inactivation

Virus particles were harvested from the cells via g-force step-gradient centrifugation as described before
[36, 195]. This involved pelleting of the cell culture supernatant with three centrifugation steps: (I. 300 x
g, 4°C, 20 min; II. 4.000 x g, 4°C, 35 min; Ill. 10.000 x g, 4°C, 45 min). After each step, the supernatant
was collected for further centrifugation. After a final ultracentrifugation step (100.000 x g, 4°C, 90 min),
the pellet was resuspended in 50 pL 100 mM Tris-HCLaq) buffer with 5% SDS (w/v) and incubated for 10

min at 56°C for inactivation using a thermomixer (Eppendorf).

3.3.Protein concentration assay

The protein concentration of the purified IAV harvest was determined using the QuantIT protein assay

(Q33210, Life technologies), following the assay instructions from the supplier.

3.4. N-glycan analysis: Sample preparation, measurement and data analysis

3.4.1. Chemicals, solvents and buffers
Bovine fetuin (F2379-100MG), PNGase F (P7367), potassium hydroxide (KOH, 484016-1KG),
dithiothreitol (DTT, D5545-5G), iodoacetamide (IAA, 11149-25G), ammonium bicarbonate (ABC, 09830-
500G), sodium borohydride (NaBH4, 71320-100G), acetic acid (49199-50ML-F), ammonium acetate (A-
1542) and acetonitrile (ACN, LC-MS Grade > 99.5%, 34967) were all purchased from Sigma-Aldrich. Urea
was obtained from AppliChem (A1049). Methanol LC/MS-grade was purchased from Fisher Scientific
(10031094). All buffers and solutions were prepared with deionized and purified water (dH,0) using a
Milli-Q water purification system (18.2 MQ-cm™ at 25°C, total organic carbon of 3 ppb) from Merck

Millipore. For LC-MS solvents, water was further purified using an LC-Pak Polisher from Merck Millipore.
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3.4.2. N- and O-glycan release
N- and O-linked glycan release for MS analysis was adapted from methods previously described [40, 43,
196]. One hundred microgram (100 pg) of bovine fetuin (Chapter 4.2), as well as 100 ug of IAV proteins
(Chapter 4.3) were dissolved in 200 pL of 8 M urea buffer (0.05 M ABCaq) pH 8.5; ureajaq)). The denatured
and dissolved sample was transferred to a filter unit (Nanosep® Omega™ with polyethersulfone
membrane, MWCO 10 kDa; PALL Life Sciences) [92]. The sample was centrifuged at 14.000 x g for 10
min at standard room temperature (RT). Afterwards, 30 puL of 10 mM DTT (in urea(q) was added to the
sample and incubated at 56°C for 20 minutes using an Eppendorf ThermoMixer). The solution was then
centrifuged (17.000 x g, 10 min, RT) before 30 pL of 55 mM IAA (in urea(q) was added and incubated at
RT for 20 min in the dark. The sample was then washed three times with 100 pL 50 mM ABCaq) followed
by centrifugation (17.000 x g, 10 min RT). The denatured, reduced and alkylated protein on top of the

filter membrane was finally reconstituted in 50 pL of 50 MM ABC(aq).

The N-linked glycans were released by adding 1U of PNGase F reconstituted in PBS (pH 8.0) to the filter
unit containing the reduced and alkylated protein. Samples were incubated overnight at 37°C using a
temperature-controlled incubator (Titramax 1000 with Incubator 1000, Heidolph Instruments). The
released N-glycans were harvested by washing and centrifuging the filter unit at 14,000 x g for 10 min at
RT in three steps as followed: Centrifuging the supernatant, washing and centrifuging with 50 uL 50 mM
ABCaq) + 5% ACN (v/v) and washing and centrifuging with 50 uL 50 mM ABC.q). The flow-through was
collected and pooled. Glycosylamines were removed from the reducing terminus of the glycans by
adding 10 uL of 100 mM ammonium acetate at pH 5 (final concentration 15 mM) for 60 min at RT.
Approximately 150 pL flow-through was collected and dried in a vacuum centrifuge (RVC 2—33 CDplus,

ALPHA 2-4 LDplus, Martin Christ). The N-glycans were reduced with 20 puL of 1 M NaBH4 in 50 mM
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KOHaq) at 50°C for 3 h. The reduction was quenched with 1 ulL acetic acid and the N-linked glycan alditols

were desalted as described below.

Following the N-glycan release, O-linked glycans were released by aspirating the glycoproteins on top of
the filter membrane and then conducting reductive B-elimination by incubating overnight with 20 pL of
0.5 M NaBH. in 50 mM KOH,q) at 50°C. Again, the reduction was quenched with 1 pL acetic acid and also

the O-linked glycan alditols were desalted as described below.

3.4.3. Desalting and enrichment of glycans
The separate fractions of N- and O-glycans were desalted using cation exchange columns comprising 30
uL of a methanolic slurry of AG50W-X8 cation-exchange resin (142-1431, BioRad) packed on top of a 20
uL C18 StageTip Frit (SP201, Thermo Fisher Scientific). Residual borate was removed by addition of 50 pL

methanol followed by drying under vacuum. This was repeated 5 times.

Further clean-up of IAV samples was achieved via PGC-SPE using 5 ul of a 80% ACN,q+0.1% TFA.q slurry
of Carbograph (1769, Grace) packed on top of a 20 pL C18 StageTip Frit. The SPE was performed in the
following steps, each three times using 10 pl, respectively, followed by centrifugation using a table
centrifuge (Eppendorf): I. Wash with 50% ACN,q+0.1% TFA,q; Il. Equilibration with 0.1% TFA,; lll. Load 10
pl (=1 pg/ul) N-glycans resuspended in 0.1% TFA,q and repeat in total three times by pipetting the
permeate on top of the tip, IV. Wash with 0.1% TFA,q, V. Elute with 50% ACN,q+0.1% TFA.q. The eluate
was dried in a vacuum centrifuge (RVC 2—33 CDplus, ALPHA 2-4 LDplus, Martin Christ GmbH) and

resuspended in 10 pul 0.1% TFA,q.

For bovine fetuin, each separate N- and O-glycan fraction was dissolved in 25 pL dH,0, respectively.
Finally, both fractions were pooled. Ten microliters (10 pL) of released glycans (equivalent of 20 ug of

bovine fetuin) were aliquoted (final concentration 2 pug/uL) and stored at -20°C.
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3.4.4. N-and O-glycan measurement by nano-PGC-LC-MS(/MS)
For LC separation an UltiMate 3000 RSLCnano system from Thermo Fisher Scientific was used. Five
microliters (5 pL) of a glycan sample were loaded isocratically through a nanoViper 20 pL FS/PEEK-
sheathed sample loop on a Hypercarb PGC (Hypercarb Kappa, 320 um x 3 cm, 35005-030315, Thermo
Fisher Scientific) trap column via 100% loading buffer A (10 mM ABCaq)) with a flow rate of 7 uL/min for
5 min. Afterwards, the loaded trap column was switched in-line with the analytical nano-column
(Hypercarb Kappa, 75 um x 10 cm, 35003-100065, Thermo Fisher Scientific). The separation was
performed at a flow of 0.9 uL/min by using a gradient of buffer A (10 mM ABC(.q) and buffer B (10 mM
ABCaq) + 90% ACN (v/v)). Specifically, separation was performed using the following multi-step binary
gradient: 5-9% buffer B till 17 min, 9-56% buffer B till 65 min, 56-90% buffer B till 90 min and 5% buffer B

90-100 min.

To improve the electrospray stability, both the nano-PGC-LC gradient flow and the isocratic PCMF (100%
ACN) were combined using a T-piece (SC901, Thermo Fisher Scientific). The PCMF was pumped from a
glass syringe (500 pL; Hamilton) with 2 pL/min using the integrated syringe pump of the LTQ Orbitrap
Elite mass spectrometer (Thermo Fisher Scientific). Both, the nano-LC flow and the PCMF were
transferred to the T-piece, each via a NanoViper capillary (20 um inner diameter (InD), 1/32” outer
diameter (OD), 650 mm length, 6041.5275, Thermo Fisher Scientific) and the resultant mixed flow was
directed to a electropolished stainless steel spray needle (Nano-bore emitter, 30 um InD, 1/32” OD, 40
mm length, ES542, Thermo Fisher Scientific) via a NanoViper capillary (75 um InD, 1/32” OD, 550 mm

length, 6041.5760, Thermo Fisher Scientific). The sheme for this setup is illustrated in Figure 3-2.
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20 ym ID
fused silica capillary

30 um ID
Electropolished Stainless
Steel Emitter

0.9 pL/min gradient flow: 75 pm ID
Buffer A: NH4CO3 fused silica capillary
Buffer B: 90% ACN + 10% NH4CO3 >

2 pL/min gradient flow:
Buffer A: 100% ACN
500 pL Hamilton Syringe

20 um ID
fused silica capillary

Figure 3-2: Schematic of the PCMF setup. The post-column nano-flow is supplemented with an additional capillary flow of 100%
ACN via a T-piece. The combined flow is directed to a 30 um ID stainless steel electrospray needle via a 75 um ID fused silica
capillary. Adapted from Nguyen-Khuong and Pralow et al. (2018) [192].

The eluting glycans were measured on an LTQ Orbitrap Elite mass spectrometer from Thermo Fisher
Scientific using a Nanospray Flex™ source (Thermo Fisher Scientific) in negative ion mode with a
capillary voltage of 2.7 kV. Glycans were fragmented using HCD at a NCE of 75 with an activation time of
0.1 ms. The top 5 most intensive precursor ions with a charge state >1 were chosen for fragmentation.
The mass range for MS and MS/MS was 150-2000 m/z. For bovine fetuin, these settings were used in

both setups, with and without PCMF.
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3.4.5. Analysis of PGC-LC-MS(-MS) data from releases glycans
Data files of bovine fetuin were analyzed manually using Xcalibur (Version 2.2, Qual Browser, Thermo
Fisher Scientific). Acquired MS scans were analyzed and a list of monoisotopic masses corresponding to
glycans was sent to ExPASy GlycoMod (http://web.expasy.org/glycomod) to retrieve a list of possible
matching glycan compositions. The compositions and glycan structures were confirmed by manually
annotating the MS/MS fragment ion spectra of each glycan structure, also considering diagnostic ions

that are characteristic for certain glycan epitopes.

MS datasets obtained from the IAV N-glycan analysis of each cell line and their biological replicates
(three MDCK.ADH and two MDCK.SUS2) were inspected manually. Specifically, deconvoluted precursor
masses were submitted to ExPASy GlycoMod (free online tool: https://web.expasy.org/glycomod/) and
UniCarb-DB to calculate possible N-glycan compositions. The fine-structure of N-glycans was identified
based on the manual annotation of specific fragment ion spectra with diagnostic cross-ring fragment
ions [41, 75]. Identified structures of different N-glycan isomers were additionally secured based on

their retention behavior [76].

3.5. Glycopeptide analysis: Sample preparation, measurement and data analysis

3.5.1. Chemicals, solvents and buffers
The proteins bovine serum albumin (BSA; A3912-100G) and lactotransferrin from human milk (hLTF;
L4894-5MG) were purchased from Sigma-Aldrich. Enzymes used for proteolytic digestion were trypsin
(trypsin sequencing grade modified, V5111) from Promega, endoproteinase AspN [flavastacin [81]]
(AspN, P8104S) from New England Biolabs and PNGase F (P7367) from Sigma-Aldrich. KOH (484016-
1KG), DTT (D5545-5G), IAA (11149-25G), ABC (09830-500G) and ACN, LC-MS Grade > 99.5%, 34967)

were all purchased from Sigma-Aldrich. Urea (A1049), Tris-HCL (A3452) and calcium chloride (A46899)
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were from AppliChem and trifluoroacetic acid (TFA, 28904) was purchased from Thermo Fisher
Scientific. All chemicals were in the highest grade available. All solvents for LC-MS were MS grade. All
buffers and solutions were prepared with deionized and purified water using a Milli-Q water system
(18.2 MQ-cm at 25°C, total organic carbon of 3 ppb) from Merck Millipore. For LC-MS solvents, water

was further purified using the LC-Pak Polisher from Merck Millipore.

3.5.2. Proteolytic digestion via filter-aided sample preparation
BSA and hLTF (Chapter 4.1), as well as proteins from IAV (Chapter 4.3) were digested proteolytically
using a modified version of the FASP method [92]. Briefly, 100 ug of each protein were applied to a filter
unit (Nanosep® Omega™ with polyethersulfone membrane, MWCO 10 kDa; PALL Life Sciences). Samples
were treated with urea buffer(misnay (8 M urea in 0.1 M Tris-HClaq) pH 8.5; AppliChem), followed by
reduction with 40 mM DTTq and alkylation with 55 mM 1AA,q) — each dissolved in 50 mM ABC buffer(aq).
Each filter unit was washed three times with urea bufferrisnay and three times with ABC buffer(aq).
Proteins were digested proteolytically with trypsin using an enzyme/protein ratio of 1:30 (w/w).
Samples were incubated overnight at 37°C and 350 rpm using a temperature controlled incubator
(Titramax 1000 + Inkubator 1000, Heidolph). Digests were collected by centrifugation. Filter units were
washed twice, first using 50 uL ABC bufferaq with 5% ACN, then using 50 uL dH,0; in between
samples were centrifuged. The flow through was kept along with the digest, in order to be dried by

vacuum centrifugation.

After tryptic digestion, approximately 20 ug peptides were reconstituted in 20 pl 1x AspN reaction
buffer (New England Biolabs; 50 mM Tris-HCL, 2.5 mM Zinc Sulfate, pH 8.0). Afterwards AspN
(Flavastacin) was added (enzyme/protein ratio 1:20) to the peptide solution and incubated overnight at
37°C as recommended by the supplier. The enzyme reaction was stopped via centrifugation trough a

filter unit (same as described above). The flow through (tryptic digests, as well as the sequential digests
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with trypsin and AspN (Flavastacin) were dried by vacuum centrifugation and reconstituted in 0.1%u)

TFA(q) prior to LC-MS(/MS) measurements.

3.5.3. Enrichment of glycopeptides
Glycopeptides derived from IAV were enriched using a HILIC-SPE method developed by Selman et al.
(2011) [197] and modified by Hoffmann et al. (2018) [97]. A 20 uL pipette tip was stuffed with cotton to
the 10 ul marking. The SPE was performed in the following steps, each three times using 10 pl,
respectively, followed by centrifugation using a table centrifuge (Eppendorf): I. Wash with 0.1% TFA,; 1.
Equilibration with 83% ACN,q+0.1% TFA,q; lll. Load 10 pl (=1 pg/ul) N-glycans resuspended in 83%
ACN,+0.1% TFA,q and repeat in total three times by pipetting the permeate on top of the tip, IV. Wash
with 83% ACN,q+0.1% TFA,q, V. Elute with 0.1% TFA,q. The eluate was dried in a vacuum centrifuge (RVC

2—-33 CDplus, ALPHA 2-4 LDplus, Martin Christ GmbH) and resuspended in 10 pl 0.1% TFA,q.

3.5.4. N-glycopeptide measurement by RP-LC-MS(/MS)
For all measurements, an UltiMate 3000 Rapid Separation LC system from Thermo Fisher Scientific was
used. Samples (= 500 ng) were loaded isocratically on a trap column (Acclaim PepMap®100, 100 um x 2
cm nanoViper C18, 5 um, 100 A, Thermo Fisher Scientific) via 100% loading buffer A (98%x) dH-0,
2%n) ACN, 0.05%) TFA) with a flow rate of 7 pL/min within the first 5 min. Afterwards, the loaded
trap column was switched in line with the separation column (Acclaim PepMap®RSLC, 75 um x 25 cm
nanoViper C18, 2 um, 100 A, Thermo Fisher Scientific), with a nano-flow rate of 0.3 pL/min of 4% nano
buffer B (10%x) dH20, 10%) trifluoroethanol (TFE), 80%wx) ACN, 0.1%x) formic acid (FA)) and nano
buffer A (98%n) dH20, 2% ACN, 0.1 %) FA). The separation was performed by a multi-step binary
nano A/B gradient: 4-55% nano buffer B till 80 min, 55-90% nano buffer B till 100 min, 90% nano buffer

B till 110 min and 4% nano buffer B 110-150 min.
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The eluting peptides were measured on an LTQ Orbitrap Elite mass spectrometer from Thermo Fisher
Scientific using a Nanospray Flex ™ source in positive ionization mode with a capillary voltage of -2.7 kV.
Peptides and glycopeptides were fragmented using HCD with NCE of 35 with an activation time of 0.1
ms. The five most intense precursor ions with a charge state >1 were chosen for fragmentation. The

recorded mass range for MS was 350-2000 m/z and for MS/MS 150-2000 m/z.

3.5.1. Analysis of RP-LC-MS(/MS) data from N-glycopeptides
The MS(/MS) data from BSA and hLTF were imported into Proteome Discoverer (Version 1.4, Thermo
Fisher Scientific) and searched against UniProt-KB/SwissProt database (542258 sequences; downloaded
January, 2014) using MASCOT (Version 2.5, Matrix Science). The MS(/MS) data were screened against an
unspecific in-silico digestion of the mammalian taxonomy database with the fixed modification of
cysteine with carbamidomethyl, variable deamidation of asparagine and variable oxidation of
methionine. The precursor ion mass tolerance was set to 5 ppm and the fragment ion mass tolerance to
0.02 Da. The protein relevance threshold was set to 20 and the peptide cut off score to 10. The target

false discovery rate for peptide hits was set to 0.01 (strict setting and to 0.05 as relaxed setting).

Manual glycopeptide analysis from hLTF and IAV glycoproteins was performed according to Pralow et al.
(2017) [81] and Hoffmann et al. (2018) [97]. All acquired MS/MS spectra were manually screened for
specific oxonium ions ([M+H]*: HexNAc m/z 204.08 , HexNAc;Hex; m/z 366.14, HexNAc;Hex;dHex; m/z
512.20, HexNAc;Hex, m/z 528.19). Oxonium ions of sialic acid are not supposed to be detected in IAV
glycoprotein samples, because of the presence of NA in the samples. Therefore, the oxonium ion [M +
H]* NeuAc-H,O m/z 274.10 was only used for hLTF. After the classification of each glycopeptide
fragment ion spectrum, the mass of the peptide moiety (Mp) for each fragment ion spectrum was
determined based on a specific fragment ion pattern: Peptide mass minus ammonia [Mp + H*-NHs]",

peptide mass [Mp + H*]*, peptide mass plus %*X-ring cleavage of the innermost GIctNAc [Mp + H + 92X
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GIcNAc]* and peptide mass plus innermost GIcNAc [Mp + H + GIcNAc]* (only for N-glycopeptides, for O-
glycopeptides [Mp + H + %2 X GIcNAc]* is missing) [97]. The putative peptide masses from IAV
glycoproteins were searched against an in-silico digestion of HA (Uniprot accession number P03452), NA
(Uniprot accession number P03468) and M2 (Uniprot accession number P06821), using ExPASy FindPept

(free online tool https://web.expasy.org/findpept/). For hLTF, the Uniprot accession number P02788

was used. Variable modifications were the carbamidomethylation of cysteine and the oxidation of
methionine. N-terminal carbamidomethylation was imitated by subtracting 57 Da from unknown
predicted peptide masses. The precursor mass error was set to 10 ppm and an unspecific digestion was
performed to take missed cleavages as well as unspecific cleavage products into account. The resulting
peptide sequences were screened for possible N-glycosylation consensus sequences. To confirm the
predicted peptide sequence, an in-silico fragmentation of the predicted peptide sequences was
performed using MS-Product from ProteinProspector (v 5.16.0) (free online tool:
http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msproduct). Specific b- and y-ions of
the in-silico fragmented predicted peptide sequence were compared with MS/MS fragment ions derived
from the measured spectra and manually annotated with a maximum mass error of 10 ppm. By
subtracting the determined peptide mass from the monoisotopic singly charged glycopeptide precursor
mass, the mass of the putative glycan moiety was calculated. This mass was then screened for possible
N-glycan compositions using ExPASy GlycoMod and UniCarb-DB. The mass error was set to 10 ppm and

variable modifications were the carbamidomethylation of cysteine and the oxidation of methionine.

Based on the results of the manually annotated reference data set of IAV glycoproteins (first replicate of
each sample type), other biological replicates were analyzed using an in-house-developed software
glyXtool™s for the semi-automated analysis of glycopeptide MS data. This software was developed by

Pioch et al. (2018) and is available online on GitHub (https://github.com/glyXera/glyXtoolMS) [83]. The
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mass error was set to 10 ppm and an unspecific digestion was performed to take missed cleavages as
well as unexpected cleaved products into account. Variable modifications were the
carbamidomethylation of cysteine and oxidation of methionine. The software compares defined
possible N-glycan/peptide combinations with the identified monoisotopic glycopeptide precursor
masses. MS/MS fragment ion spectra of matching glycopeptide precursor are further automatically
annotated with b- and y-ions of possible glycopeptide sequences. It also performs a glycopeptide scoring
based on the recognition of glycan-specific oxonium ions in the MS/MS fragment ion spectra. After data
processing, results of identified glycopeptides were manually confirmed or discarded based on the

coverage of specific b- and y-ions in the corresponding fragment ion spectra

3.5.2. Relative quantification of N-glycopeptides
Site-specific relative quantification of N-glycopeptides derived from IAV glycoproteins was performed
using Byonic and Byologic (ProteinMetrics). A reference dataset of each sample was analyzed (first
replicate of each sample type). The mass error was set to 10 ppm and 30 ppm for precursors and
fragment ions, respectively. An unspecific digestion was performed to take missed cleavages as well as
unexpected cleavage products into account. Variable modification was oxidation of methionine.
Carbamidomethylation of cysteine was set as fixed modification. The mammalian N-glycome database
provided from Byonic, which includes all N-glycan compositions identified from the N-glycomic analysis,
was used for variable modification of N-glycosylation sites. Based on the N-glycoproteomic analysis, the
percentage number of all individual N-glycan compositions of each HA and NA N-glycosylation site was
determined from the sum of the extracted ion chromatogram (EIC) peak area of each multiply charged
(>1) precursor signal relative to the sum of all N-glycopeptide signals of the respective N-glycosylation

site.
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3.6. Graphical illustration

The molecular structure of HA was modeled using the protein data bank (PDB) entry number 1RU7. To
model the molecular structure of neuraminidase, the Swiss-Model template ID 5hug.1 was used. For

model processing and design the open source software UCSF Chimera Version 1.10.2 was utilized [198].
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4. RESULTS AND DISCUSSION

This chapter consists of three parts. In the first part, the finding of a new specificity of a proteolytic
enzyme, as well as its evaluation for N-glycoproteomic analysis is demonstrated. Next, the development
of a PCMF for stable and efficient nano-PGC-LC-MS(/MS) analysis of released glycans is described.
Finally, both methods are applied to perform a comprehensive fine-structural and site-specific N-glycan

analysis of IAV propagated in two different MDCK cell lines.

4.1.Improvement of the glycoproteomic toolbox with the discovery of a unique
C-terminal cleavage specificity of flavastacin for N-glycosylated asparagine

This chapter is adapted from Pralow et al. (2017) [81].

4.1.1. Introduction
For every N-glycoproteomic analysis workflow, numerous parameters have to be adjusted optimally. In
particular, proteolytic digestion using sequential steps and the selection of specific enzymes is important
to overcome common problems, e.g. the analysis of large N-glycopeptides (with low charge density
and/or sequence constraints) or N-glycopeptides with multiple glycosylation sites. Here, a new approach
for the proteolytic digestion of glycoproteins by using flavastacin, a protease that was found to cleave
specifically at the C-terminus of N-glycosylated asparagine is shown. The glycoprotein hLTF and the non-
glycosylated protein BSA were used as model proteins to demonstrate this newly identified cleavage
specificity. According to the manufacturer’s recommendation, flavastacin works only on peptides
smaller than 50 AAs. Therefore, hLTF and BSA were first treated with trypsin before flavastacin was

added (see Materials and Methods).
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The hLTF is a well-characterized glycoprotein present in human milk, saliva, tears, nasal secretions and
other body fluids [199], which contains three potential N-glycosylation sites (Niss, Nag7 and Nesz). The
sites Nis¢ and Nag; were described to carry complex-type mostly core-fucosylated and sialylated N-
glycans and also N-acetyllactosamine (LacNAc) extensions [200]. For site Nes2, N-glycosylation was
recently confirmed [97]. The theoretical tryptic  N-glycopeptides of hLTF are
(R)PFLN15e WTGPPEPIEAAVAR(F) (1964.0155 Da) (with a commonly missed cleavage site due to proline:
(R)TAGWNVPIGTLRPFLN1ssWTGPPEPIEAAVAR(F) (3229.7036 Da)), (R)TAGWNIPMGLLFN4;QTGSCK(F)
(2036.9812 Da) and (R)Nes2GSDCPDK(F) (834.3178 Da). These peptides consist of 18/(30), 19 and 8 AAs,
respectively. The large peptide moieties of the sites Nisg and Nag7 in combination with an N-glycosylation

can reach masses, which are unsuitable for N-glycoproteomic analysis [91].
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4.1.2. Results and discussion
N-glycoproteomic analysis of flavastacin-generated hLTF N-glycopeptides revealed that all
N-glycopeptides feature the N-glycosylated asparagine at the C-terminus, while the N-terminus was
either a tryptic or an unspecific cleavage site. In addition, the generated N-glycopeptides were shorter
compared to a solely tryptic digest. The identified N-glycopeptides for the N-glycosylation sites Nisg and
Nis7 were 4-16 and 4-13 AAs long, respectively (see Table 4-1). No N-glycopeptide was detected for the
N-glycosylation site Ngs2 [200]. No further enrichment of glycopeptides prior to MS analysis was
performed, since the digestion strategy together with a long separation gradient and a high-resolution
MS measurement resulted in a comprehensive coverage of glycopeptides as shown in Figure 4-1. The
eluting N-glycopeptides are depicted by extracted ion chromatograms of MS/MS spectra containing
glycan-specific oxonium ions: m/z 204.087 HexNAc [M+H]*), m/z 274.093 (NeuAc-H,0 [M+H]*) and m/z
366.141 Hex+HexNAc [M+H]*). The unspecific cleavage specificity due to flavastacin resulted in
redundant N-glycopeptide signals over the elution time range with peptide moieties of different length.

This can be a disadvantage for the analysis of more complex glycopeptide samples.

Table 4-1: Manually annotated N-glycopeptide sequences of human lactotransferrin (hLTF) from MS(/MS) spectra of nano-
RP-LC-ESI-OT-MS?(HCD) measurements after sequential digestion of hLTF with trypsin and flavastacin. CAM -
carbamidomethylation; MSO - methionine S-oxidation. Adapted from Pralow et al. (2017) [81].

N-Glycosylation Site Experimental/Observed mass [Da] Theoretical mass [Da] A Mass [Da] Peptide Position Modifications tR [min]
860.4960 860.4990 0.003 (G)TLRPFLN(W) 150-156 25.07
1127.6620 1127.6570 -0.005 (V)PIGTLRPFLN(W) 147-156 40.09
1226.7230 1226.7260 0.003 (N)VPIGTLRPFLN(W) 146-156 41.54
1755.9520 1755.9540 0.002 (R)TAGWNVPIGTLRPFLN(W) 141-156 42.17
1340.7680 1340.7680 0.000 (W)NVPIGTLRPFLN(W) 145-156 42.93

497 856.4950 856.4961 -0.001 (N)IPM(-48)GLLFN(Q) 490-497 M(CAM) (-105) 30.11
506.2990 506.2970 -0.002 (G)LLFN(Q) 494-497 32.10
563.3210 563.3190 -0.002 (M)GLLEN(Q) 493-497 36.07
1385.7223 1385.7246 -0.002 (R)TAGWNIPM(-48)GLLFN(Q) 485-497 M(CAM) (-105) 39.58
920.4930 920.4910 -0.002 (N)IPMGLLFN(Q) 490-497 MSO 39.95
904.4950 904.4960 0.001 (N)IPMGLLFN(Q) 490-497 45.56
791.4110 791.4120 0.001 ()PMGLLFN(Q) 491-497 47.45
694.3590 694.3590 0.000 (P)MGLLFN(Q) 492-497 53.33
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Figure 4-1: Base peak ion-chromatogram (BPC) and oxonium ion related extracted ion-chromatograms (EIC) of MS(/MS)
spectra of nanoRP-LC-ESI-OT-MS?(HCD) measured hLTF after sequential digestion with trypsin and flavastacin. Starting from
the top: BPC of MS spectra (grey), EIC of MS/MS spectra of HexNAc within the m/z range 204.086-204.088 [M+H]* (red), EIC of
MS/MS spectra of NeuAc-H,0 within the m/z range 274.092-274.094 (green), EIC of MS/MS spectra of HexHexNAc within the
m/z range 366.139-366.143 (blue). The ion-chromatograms are illustrated in the time range 10.64-60.95 min. The accepted
mass error of the EIC of the specific oxonium ions is 5 ppm. Signals listed in Table 1 are marked using asterisks. Adapted from
Pralow et al. (2017) [81].

To illustrate the unique cleavage specificity of flavastacin, two examples for annotated MS/MS spectra
of the N-glycopeptide containing sites Nag7 (Figure 4-2A) and Nise¢ (Figure 4-2B) are shown. Both
N-glycopeptides have the N-glycosylated asparagine at the C-terminus and the tryptic cleavage site at

the N-terminus. For the site Nag;, the fragment ion spectrum of the N-glycopeptide

TAGWNIPM*GLLFNgg; with the N-linked glycan HexsHexNAcisdHex;NeuAc; (precursor ion: m/z

1184.1659 [M+3H]*) is depicted, along with the corresponding peptide ion 1385.7266 [M+H]* (see
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Figure 4-2A). The example for the fragment ion spectrum of site N4g7 shows a neutral loss of 105 Da,
related to a carbamidomethyl-methionine residue (see Figure 4-2A). This neutral loss from a
carbamidomethylated methionine has been described only rarely in literature [201]. Without the
awareness of a carbamidomethylation of methionine, only a neutral loss of 48 Da would be recognized,
which can mistakenly also be interpreted as a side chain loss of methionine sulfoxide. However, due to
the specific digestion strategy involving both trypsin and flavastacin, in combination with high-resolution
LC-MS, the identification of such unlikely modifications is also possible. For site Nis¢, the fragment ion
spectrum of the N-glycopeptide = TAGWNVPIGTLRPFLNise with  the  N-linked  glycan
HexsHexNAcsdHex;NeuAc; (precursor ion: m/z 1321.2479 [M+3H]?*) is depicted (see Figure 4-2B) as well
as the corresponding peptide ion 1755.9515 [M+H]*. Both fragment ion spectra are dominated by the b-
ion series, oxonium ions (B-ions) and the aforementioned fragmentation pattern: [peptide - NH; + H*];

[peptide + H*] and [peptide + GIcNAc + H*] (Figure 4-2).

50



RESULTS AND DISCUSSION

1184,501184.84
100. z=3  z=3 A
204.0873
. Z=
1007 380 118517
] [=4 Z=.
§ 118_4.1
Se0] 23
o
i 1185.50
240 z=3
k<t
g 1185.84
20 2531 186.17
]\ z=3
0
1184.5 1185.5 1186.5
- m/z
geo il tral loss of
e 66.1405 neutra 0ss 8
2557 z=1 * carbamidomethyl
3 7 o i -methionine
;50E i/ ! 657.21334 y. residue (-105 da)
= = Z= 11 -
5457 * 528.1918 b 1416.7249 T
® -H,0 721 7403732 u z=1 - g
407 274.0028 ‘ =1 oea017 Peptide Peptide
357 g Vi | V7 7=l 13857266 1735.9229
E 596.2878 u =1
307 z=1 | Vs -
3 o / NH, 1059.5754 5
7=
Y7 1173.6163 ]
292.1036 b, bs | 17263837 | gadl4sos =1 NH Peptide
4161959530.2375 | 271 Peptide 15838447
= z= 10 z=
. 993 5165 . 1368.6998
109 C z=1 | by 12 z=1
] 464.2671 643Z.=31224 oy 1106.60271253,6714 Peptide  Peptide
57 { \ \ L [z | z" | \ 14687621 1791,9391 1955.0460
N 11 4RO PR P P TR T ; L b LA Lzl zz1
0 B B s e A Anaas st Thrh—t T LARinanaan nanes R A e e M ]
200 400 600 800 1000 1200 1400 1600 1800 2000
m/z
1321.92 B
100, T
1321.58
20;151867 7=3 | 1322.25
1003 80 78
| [}
| o
957 . 5
El E60: 132259
/ 3 jeazs 2=3
240;
"] n n 2 1322.92
[_VJszM Yio Vs Ya s 7=3
] 2 * @20
e 1323.25
53 [(R) TA[G_N[E}[I\L PIG[’I}L{_}[&PF[L}NHE)-(W) 23132359
| — Z=
i By By By by by by bobyg Biby, by 0 A
by 13215 1322.5 13235
230.1126 miz
© z=1 = | ]
£ " Via
e 366.1395 1786.9486 ¥
3 z3 z=1 Yis
< N -NH, 1857.9360
® E/! + ;3 Peptide z=1
g a 1857.9360 17389310
& 5281018 657.2334 =1
% 7= 10 Peptide
* o
H,0 ) l by 11276581 1755.9515
= =
27;‘;01923 512.11944 530‘21358 -NHS/b
T z=. = Y10/ P11 bys
b, b,, 15 L
‘ & 1416192 P 1266.6953 1623.9174 Peptide
292.1030 z=1 bg z=1 z=1 E 1959.0343
= z=1
839.4362
z= . Y10
be \ Yo : 16958037
\ %.
629.30308 \ 1330.7323 Yio
2P, o 1838.9880
57 Z_l/ g 980.0093 1210.6991 Z71 1533.8091 7=
B 693,3458 0.0 Py 2= | ﬁ
S L LUl | 2T I, N | TN ik
0 A i s B i A e L B e o A s ma e b i)
200 400 600 800 1000 1200 1400 1600 1800 2000
m/z

Figure 4-2: Fragment ion spectra of nanoRP-LC-ESI-OT-MS?(HCD) measured hLTF N-glycopeptides after sequential digestion
with trypsin and flavastacin. (A) For site N4o7 the fragment ion spectrum of the N-glycopeptide sequence TAGWNIPM*GLLFN 497
with the N-linked glycan HexsHexNAc,dHexi:NeuAc; and the corresponding precursor ion m/z 1184.1659 [M+3H]3* is shown. The
* indicates the carbamidomethylation of methionine. (B) For site N1ss the fragment ion spectrum of the N-glycopeptide sequence
TAGWNVPIGTLRPFLN;s6 with the N-linked glycan HexsHexNAc,dHex,NeuAc; and the corresponding precursor ion m/z 1321.2479
[M+3H]3* is shown. N-glycan structures and oxonium ions are illustrated according to the Symbol Nomenclature for Graphical
Representations of Glycans [6]. The b-ion series are highlighted in green, the y-ion series in red and the B-ions in blue. The
isotopic patterns of the precursors are shown at the upper right corner. Adapted from Pralow et al. (2017) [81].
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Analysis of flavastacin-generated BSA peptides revealed primarily tryptic cleavage at the C-terminus (34
of 37 peptides) and tryptic and unspecific cleavage at the N-terminus (13 tryptic, 24 unspecific
cleavages). Twelve peptides had tryptic cleavages at both termini (Table 4-2). For the non-glycosylated
BSA no flavastacin-generated peptides were detected with an asparagine at the C-terminus, which
correlates to observations for non-glycosylated asparagines of the N-glycosylated hLTF (see
Supplementary Table A1-1). To check for possible unspecific cleavages of the tryptic digest and its
influence on the flavastacin digest, identified peptides of solely tryptic digested BSA (Supplementary
Table A1-2) and hLTF (Supplementary Table A1-3) were examined. Here, almost exclusively, specific
cleavages were identified in the tryptic digests of BSA and hLTF. This strongly suggests that the observed
N-glyco-specific cleavage of hLTF, as well as the unspecific cleavage of BSA and hLTF of the combined

digest (trypsin and flavastacin) can only be linked to the activity of flavastacin.

Whilst it has been described that flavastacin has specificities towards the N-terminus of aspartic acid,
glutamic acid and cysteine, a unique cleavage specificity of flavastacin for the C-terminus of N-
glycosylated asparagine was found, which was not explored up to now. All manually annotated hLTF N-
glycopeptide related peptide sequences are listed in Table 4-1 (other identified non-glycosylated
peptides are listed in Supplementary Table A1-1). Every single hLTF N-glycopeptide sequence has been
cleaved at the N-glycosylated asparagine at the C-terminus — independent of the N-glycoform attached
to the respective N-glycosylation site. In addition, the N-terminus is a tryptic or an unspecific cleavage
site. Based on the manually annotated peptide sequences and the database-assisted MASCOT search, no
strict N-terminal cleavage of aspartic acid could be observed, neither for BSA nor for hLTF (Table 4-1,

Table 4-2 and Supplementary Table A1-1).
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Table 4-2: Proteome Discoverer results of a nano-RP-LC-ESI-OT-MS?(HCD) measurement after sequential digestion of BSA with
trypsin and flavastacin. MASCOT search against unspecific in-silico digestion of mammalian taxonomy (UniProt-KB/SwissProt
database). Peptide sequences with the N-terminal cleavage of aspartic acid or deamidated asparagine (as indicated from the
supplier of flavastacin) are highlighted in red. Adapted from Pralow et al. (2017) [81].

Sequence #PSM Modifications MH+ [Da] lonScore AM [Da]
(K)TVMENFVAFVDK(C) 2 N5(Deamidated) 1400.67510 107 -0.002
(R)MPCTEDYLSLILNR(L) 2 C3(Carbamidomethyl) 1724.82927 98 -0.005
(K)LGEYGFQNALIVR(Y) 42 N8(Deamidated) 1480.77873 98 0.004
(K)LGEYGFQNALIVR(Y) 13 1479.79204 97 0.000
(K)TVMENFVAFVDK(C) 9 1399.69121 93 -0.001
(K)TVMENFVAFVDK(C) 1 M3(Oxidation) 1415.68498 93 -0.003
(K)VPQVSTPTLVEVSR(S) 4 1511.84062 86 -0.002
(P)CTEDYLSLILNR(L) 3 C1(Carbamidomethyl) 1496.73870 83 -0.002
(R)RHPEYAVSVLLR(L) 6 1439.81028 82 -0.002
(M)ENFVAFVDK(C) 7 1068.53703 77 0.001
(R)KVPQVSTPTLVEVSR(S) 2 1639.93723 76 -0.001
(K)DAFLGSFLYEYSR(R) 2 1567.73613 76 -0.007
(E)YGFQNALIVR(Y) 6 N5(Deamidated) 1181.63017 75 -0.001
(G)EYGFQNALIVR(Y) 5 N6(Deamidated) 1310.67229 74 0.000
(M)ENFVAFVDK(C) 2 N2(Deamidated) 1069.51872 71 -0.001
(K)LGEYGFQNAL(I) 2 1111.54180 68 0.000
(K)KQTALVELLK(H) 13 1142.71416 68 -0.000
(Y)FYAPELLYYANK(Y) 1 1491.75029 68 -0.002
(K)LVNELTEFAK(T) 1 N3(Deamidated) 1164.61382 65 -0.001
(E)DYLSLILNR(L) 4 1106.62212 63 0.002
(K)DAIPENLPPLTADFAEDK(D) 2 1955.95671 60 -0.003
(S)TPTLVEVSR(S) 1 1001.56133 57 -0.001
(K)HLVDEPQNLIK(Q) 2 1305.71526 57 -0.001
(RJHPEYAVSVLLR(L) 2 1283.70691 56 -0.004
(P)EYAVSVLLR(L) 3 1049.59648 56 -0.003
(E)YAPELLYYANK(Y) 1 1344.68120 55 -0.002
(Q)VSTPTLVEVSR(S) 1 1187.66106 55 -0.002
(F)LGSFLYEYSR(R) 3 1234.60918 55 -0.001
(N)FVAFVDK(C) 2 825.44951 55 -0.001
(N)LPPLTADFA(E) 7 944.50633 54 -0.001
(A)IPENLPPLTA(D) 5 1064.59661 54 -0.002
(Y)APELLYYANK(Y) 1 1181.61870 54 -0.001
(T)ALVELLK(H) 1 785.51219 54 -0.001
(E)YAVSVLLR(L) 2 920.55394 52 -0.002
(K)LVNELTEFAK(T) 1 1163.62810 52 -0.003
(Q)TALVELLK(H) 3 886.55974 48 -0.001
(G)FQNALIVR(Y) 1 960.56017 47 -0.002
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Flavastacin shows a clear specificity for the C-terminus of N-glycosylated asparagine Nissand Nag7 in hLTF
(illustrated in Figure 4-3). Due to the presence of multiple N-glycosylation sites and the well-described
complex-type N-glycan structures, hLTF is a very suitable glycoprotein to demonstrate this newly found

specificity of flavastacin.

Trypsin Trypsin Trypsin

XXXRTAGWNVPIGTLRPFLN;seWTGPPEPIEAAYV AR XXX
XXXR FXXX

Additional unspecific
cleavage by flavastacin

TAGWNVPIGTLRPFLNsWTGPPEPIEAAV AR
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Figure 4-3: Specificity of flavastacin for the C-terminus of N-glycosylated asparagine. The amino acid sequence of the tryptic N-
glycopeptide of hLTF with the N-glycan HexsHexNAcsdHexiNeuAc; linked to N-glycosylation site N156 is shown. The scissors
symbolize trypsin; the shield stands for cleavage inhibition of trypsin due to proline (P). Flavastacin is symbolized by a pick and
its specific C-terminal cleavage of N-glycosylated asparagine, as well as its unspecific N-terminal cleavages are shown. The N-
glycan structure is illustrated according to the Symbol Nomenclature for Graphical Representations of Glycans [6]. Adapted from
Pralow et al. (2017) [81].

In contrast to previous work [88, 89], specificity of flavastacin for the N-terminus of aspartic acid could
not be confirmed, neither for hLTF nor for BSA. However, it was demonstrate, that the sequential

combination of trypsin and flavastacin for protein digestion successfully cleaves the N-glycoprotein hLTF
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in well annotatable N-glycopeptide sequences. Interestingly, in contrast to unspecific digestion
strategies using proteinase K or pronase, flavastacin works as an “N-glyco-specific” proteolytic enzyme
(specific for N-glycosylated asparagine at the C-terminus). This property improves data quality as well as
data analysis and therefore facilitates N-glycoproteomics significantly. However, the unspecific cleavage
due to flavastacin at the N-terminus results in the distribution of redundant N-glycopeptide signals with

peptide moieties of different length.

Overall, this finding improves the glycoproteomic toolbox and helps to overcome common problems in
N-glycoproteomics, i.e. the presence of too large N-glycopeptides with too many AAs and/or too many
N-glycosylation sites for LC-MS analysis. Despite the fact that this specificity of flavastacin and its
cleaving mechanism need to be examined also for other glycoproteins (as well as for more complex
(glyco-) protein mixtures like IAV glycoproteins (Chapter 4.3)) and in particular for other types of
glycosylation (like high-mannose-type, hybrid-type and O-glycosylation), the use of flavastacin will
already be beneficial for glycoscience now, as it allows researchers to dig faster and deeper into N-

glycoproteomes.
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4.2.Improvement of electrospray stability in negative ion mode for nano-PGC-
LC-MS glycoanalysis via post-column make-up flow

This chapter is adapted from Nguyen-Khuong and Pralow et al. (2018) [192].

4.2.1. Introduction
With the ever-increasing interest to develop methods with higher sensitivity, there is significant interest
in transitioning MS-based glycomics analysis to nano-scale instrument architecture (nano-LC and nano-
ESI). This is due to the significantly lower flow rate and sample dilution within nano-LC columns and the
superior ionization and sampling rate of nano-ESI [202, 203]. Unlike capillary flow-adapted source
sprayers, the architecture of standard nano-source sprayers does not rely on a nebulizer to facilitate the
desolvation of the liquid. Instead, electrospray efficiency is functionally dependent on the potential

gradient between the electrospray tip and the orifice [202, 203].

In this section, an easy-to-use setup is described, which enables the analysis of reduced native glycans
via nano-PGC-LC-ESI-MS(/MS) in negative ion mode. From our observations, periodical droplet forming
attended by intermittent corona discharge events occurred at the nano-electrospray needle. This was
particularly the case during periods of high aqueous buffer content of the nano-PGC-LC elution gradient.
In an effort to improve the spray, an organic PCMF is introduced to enhance the electrospray stability

and to improve the overall performance of the analyses.

4.2.2. Results
The motivation of this work is based on the observation that during the periods of high agueous content
of the standard nano-PGC-LC elution gradient, the spray stability was compromised. As depicted in
Figure 4-4, instances of inconsistent nano-ESI occurred whereby periodic droplets formed on the spray

needle associated with intermittent corona discharge events. These droplets dissipated away from the
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orifice of the mass spectrometer, causing signal drop-outs in ionization- and sampling-rate, i.e. a
breakdown of the ion current (see zoom-in Figure 4-5). As a result of the unstable nano-ESI, detection
and fragmentation of the analytes was impaired. This is demonstrated in the BPC of pooled fetuin N-
and O-glycans as displayed in Figure 4-5A. It is further emphasized in Figure 4-6A, where the EIC of all
selected (glycan) ion traces are repeatedly interrupted by such signal drop-outs. These signal drop-outs
were in sync with the formation of the droplets. In particular, during the early periods of the nano-LC
gradient (with high aqueous content) the signal was deleteriously affected. This is demonstrated during
the elution of small O-glycans at the beginning of the gradient (Figure 4-5A, EIC 675.25% and EIC
966.34%). It should be emphasized that for both nano-PGC-LC-ESI-MS(/MS) setups (with and without
PCMF), there was an efficient separation of the glycans under the given elution gradient, but without
PCMF, the eluting glycans accumulated into the droplets growing at the needle tip. Thus, without PCMF,
in addition to the spray instabilities, also the chromatographic separation was affected post-column. At
lower extent, this occurred also during the later periods of the nano-LC gradient (with higher organic

content; see Figure 4-6A, EIC 1111.39% and EIC 1439.51%).

et e s
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Figure 4-4: Comparison of the spray stability during elution when using nano-PGC-LC-ESI-MS(/MS) in negative ion mode. A)
Image of the needle and the nano-source. A droplet forms and is released periodically. B) Due to the supplementation with a
PCMF of 100% ACN, no droplet is forming anymore and a stable electrospray is achieved. Adapted from Nguyen-Khuong and
Pralow et al. (2018) [192].
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Figure 4-5: Comparison of the BPC of eluted N- and O-glycans released from bovine fetuin with (A) and without (B) PCMF
supplementation. The recovery of smaller alditols such as O-glycans (like, HexNAciHex;NeuAc; and HexNAciHex:NeuAcs) can be
observed, while still the larger N-glycans (like, HexNAcsHexsNeuAc, HexNAcsHexsNeuAcs, HexNAcsHexsNeuAcy) are recovered
after the PCMF implementation, as well. Using PCMF, no breakdown of the BPC ion trace occurs anymore (zoom-in). Symbolic
representations of N-glycan structures were drawn using GlycoWorkbench Version 1.1, following the Symbol Nomenclature for
Graphical Representations of Glycans [6]. Adapted from Nguyen-Khuong and Pralow et al. (2018) [192].

58



RESULTS AND DISCUSSION

To decrease the aqueous content throughout the analysis without compromising the chromatographic
separation of the glycans, a PCMF was implemented in between column and sprayer, as explained in the
Materials and Methods section. Three different capillary dimensions (20, 50 and 75 um) were tested as
the capillary to deliver the flow from the T-piece to the electrosprayer. It was observed, that using the
20 um and 50 um ID capillaries for the outlet (Figure 4-4) would still produce signal breakdowns caused
by the formation of a droplet that would not desolvate properly (data not shown). A 75 um ID capillary
was the smallest capillary which would allow for a proper mixing of the column flow and the PCMF prior
to electrospray. The slightly bigger ID of the electropolished stainless steel spray needle (30 um, for
capillary and tip) compared to the ID of common fused silica needles (20 um for capillary and 10 um at

the tip) fitted better to the 3-fold increased flow rate.

With the application of a PCMF of neat organic solvent (100% ACN), the spray was stable throughout the
entire nano-LC run (see Figure 4-4B), i.e. from high aqueous to high organic content of the gradient
(Figure 3B & zoom-in). With the application of the PCMF, a better signal stability and better peak shapes

and hence better BPC and EIC were achieved (see Figure 4-5B & Figure 4-6B).

59



RESULTS AND DISCUSSION

A 6000000%

4000000 miz 1439.51%
2000000;

0
6000000+

4000000% 5.
200000(@ m/z 1111.39
ol - I | [ WYY | I TP B

800000+
6000004

4000003 1-
MOE m/z 966.34

O:_ — —— e ol - S . J.._..___.-.._.‘ - . . -
20000005
1500000

10000003 m/z 675.251-

5000003

Intensity

0 3 rr +p+rr 1. | rrr.rnrprrrrrr|1rrrrtrrrtrrrJrrr.rrrrJrrrrr1r1rrrJ1 17171
20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
Time (min)

B 6000000
4000000
2000000

0
6000000

tee

E;}un m/z 1439.51% | |
*IZ}.H miz 1111.39°
- A A

‘ Hﬁ}? miz 966.34
A - .

6O miz675.25"

4000000
2000000
0
800000
600000
400000

200000
0
2000000

1500000
1000000

500000
e

0 (L L L L L L L L L L L L DL L T [ 111 1T 1 [ T 1T [ T 1T TrrrJirrrij
20 22 24 26 28 30 32 34 36 38 40 42 44 48 48
Time (min)

ity

Intensi

el bbb pevr b b b pre bbby

Figure 4-6: Comparison of the EIC of selected masses corresponding to N- and O-glycans released from bovine fetuin before
(A) and after (B) PCMF supplementation. With PCMF, the EIC ion traces of the different N- (m/z 1439.51% and 1111.39%) and O-
glycans (966.34% and 675.25%) are significantly improved with good nano-PGC-LC separation of their isoforms. Adapted from
Nguyen-Khuong and Pralow et al. (2018) [192].

60



RESULTS AND DISCUSSION

Table 4-3 reports the glycan compositions, their spectra copy numbers and tR, which were observed and
confirmed via MS/MS interrogation with and without PCMF. Without PCMF not a single spectrum could
be counted for O-glycans, eluting at early time points of the gradient when the aqueous content was
high. For the N-glycans, eluting at later time points of the gradient with lower aqueous content, a
significantly lower spectral copy number was obtained compared to the results achieved with PCMF. In
fact, with PCMF, the spectral copy numbers of the glycans were improved by a factor of at least two for
the majority of the fetuin glycans. Taken with the results in Table 4-3, one can summarize that at nano-
flow, the detection of glycans, particularly those at low abundance, as well as the resolution of such

peaks is severely compromised without using PCMF.
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Table 4-3: N- and O-glycan compositions released from bovine fetuin detected via nano-PGC-LC-ESI-MS(/MS) with and
without the use of a PCMF. Comparison of the spectra copy numbers (count of MS/MS fragment spectra of each precursor
(glycan) ion [M-2H]?) corresponding to the glycan compositions found between the two analytical measurements. Note that
there is no spectral copy number for the O-glycan 675.25%, because of the missing doubly charged precursor. Adapted from

Nguyen-Khuong and Pralow et al. (2018) [192].

. spectra copy MS/MS | tR [min] (with
fielveaniamnesitens numbers 155 confirmed | PCMF)
NO
PCMF PCMF
(Hex)3 (HexNAc)3 (NeuAc)3 + (Man)3(GIcNAc)2 57 299 | 2880.0205 YES 38.59, 193'2‘9;' 42.35,
(Hex)2 (HexNAc)2 (NeuAc)2 + (Man)3(GIcNAC)2 52 156 | 2223.7788 YES 34.57,37.99, 40.73
(Hex)3 (HexNAc)3 (NeuAc)2 + (Man)3(GIcNAC)2 33 70 |2588.91724 YES 36.52, 38.24, 39.88
(Hex)2 (HexNAc)2 (NeuAc)3 + (Man)3(GIcNAc)2 20 41 |2514.86639 YES 3548, ‘Z’g%é' 38.54,
(Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)2 + 36.27,37.63, 38.98,
1 2734.97094 YE
(Man)3(GIcNAc)2 8 3 34.9709 S 40.51
(Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)2 + 34.54, 36.47, 39.83,
1 1 2 . 1 YE
(Man)3(GIcNAc)2 > 9 369.83618 S 45.93
(Hex)2 (HexNAc)2 (NeuAc)1 + (Man)3(GIcNAc)2 13 28 |1932.68396 YES 32.84, i‘;éﬁ’ 39.36,
(Hex)2 (HexNAc)3 (NeuAc)2 + (Man)3(GIcNAc)2 6 5 2426.86084 YES 37.8
(Hex)2 (HexNAc)2 (Deoxyhexose)1 (NeuAc)l +
(Man)3(GIcNAC)2 3 2 2078.73754 YES 32.32,34.99, 38.26
(Hex)4 (HexNAc)2 (Deoxyhexose)1 +
(Man)3(GIcNAC)2 2 5 | 2111.7461 YES 36.9, 41.75, 45.02
(Hex)3 (HexNAc)3 (NeuAc)4 + (Man)3(GIcNAC)2 1 232 |3171.07884 YES 41.72, 44.6, 46.64
(Hex)3 (HexNAc)3 (Deoxyhexose)1 (NeuAc)3 +
(Man)3(GIcNAC)2 31 3026.06762 YES 40.98, 43.97
(Hex)2 (HexNAc)3 (Deoxyhexose)1 (NeuAc)1 + 34.46, 37.96, 44.8,
- 2281.73242 YE
(Man)3(GIcNAc)2 8 81.73 > 51.27
(Hex)1 (HexNAc)2 (Deoxyhexose)l +
- 7 1625. YE 1
(Man)3(GIcNAc)2 625.59606 > 33.13
(Hex)1 (HexNAc)1 (NeuAc)1 + (Man)3(GIcNAc)2 - 6 1567.55468 YES 31.97,35.43
(Hex)2 (HexNAc)2 (Deoxyhexose)l +
- 1787.64942 YE .97
(Man)3(GIcNAc)2 6 87.649 > 339
(HexNAc)2 (Deoxyhexose)1 + (Man)3(GIcNAc)2 - 1463.54456 YES 30.95, 32.25
(Hex)1 (HexNAc)2 (NeuAc)1 + (Man)3(GIcNAc)2 - 1770.63586 YES 32.26, 35.67
(Hex)3 (HexNAc)2 (Deoxyhexose)l +
- 2 1949.7 2 YE 2.87 4
(Man)3(GIcNAc)2 949.7009 > 32.87,3545
(Hex)2 (HexNAc)2 + (Man)3(GIcNAc)2 - 1 | 1641.5879 YES 31.7
.. spectra copy MS/MS tR [min] (with
Ceelveieompeslions numbers 1A confirmed PCMF)
NO
PCME PCMF
(Hex)1 (HexNAc)1 (NeuAc)2 - 17 966.35 YES 27.93
(Hex)1 (HexNac)1 (NeuAc)1 - - 675.25 NO 24.12
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4.2.3. Discussion
The identification of glycans using nano-PGC-LC-ESI-MS(/MS) with subsequent detection of the mass and
fragmentation in negative ion mode is a powerful glycoanalytical tool. This is centered around the ability
of the technique to not only allow to characterize both N- and O-glycans, but also to separate isobaric
structures using PGC and to detect native sialylated and neutral structures in one run. Negative ion
polarity detection of fragment ions is diagnostic for certain types of branching, linkage and thus central
to identifying glyco-epitopes. Central to the detection of glycans in negative polarity is the use of basic
buffers, which deprotonate the analytes and increase their propensity for MS-detection in negative ion
mode. This methodology for glycan analysis has already been described in detail, for analytical- [204]

and capillary- [40, 65, 76, 205, 206], but not much for nano-scale PGC-LC-ESI-MS(/MS) [43].

For analytical- and capillary-scale LC-MS, a coaxial addition of sheath gas and/or liquid is standard, as the
gas assists nebulization and evaporation/desolvation of the droplets and the added organic liquid
reduces their surface tension [207-211]. For nano-scale LC-MS, usually flow rates and spray-tip
diameters are much smaller, hence no sheath gas/liquid is required to form a stable nano-electrospray

[212-216].

For nano-PGC-LC, the only commercially available columns are from Thermo Fisher Scientific (see
Materials and Methods). Compared to common reversed-phase nano-LC columns with a typical
maximum flow rate of 0.3 L, the nano-PGC-LC columns are usually operated at about a three times
higher flowrate. When coupling these columns at 0.9 puL/min to MS in negative ion mode with the nano-
spray source from Thermo Fisher Scientific (see Materials and Methods), repeating spray instability was
observed, which is described to occur at higher propensity in negative ion mode [217, 218]. As
illustrated in the results section, the ion traces of the analytes are detrimentally compromised without

augmentation of the spray with an appropriate organic solvent. Most significant improvement of the
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electrospray was reached during the early gradient periods of high aqueous content (Figure 4-5 and

Figure 4-6).

This sheath/make-up flow ESI-setup is commonly used in analytical and capillary scale LC-MS solutions,
yet to our knowledge has not been applied to a nano-PGC-LC-ESI-MS(/MS) approach, operated in
negative ion mode. A similar solution to improve ESI for nano-scale LC-MS, is for example, the
CaptiveSpray nanoBooster™ (Bruker Daltonics, Germany) that is also used for glycomic investigations
with nano-PGC-LC-ESI-MS(/MS) in negative ion mode [43]. Staples et al. (2010) has described another
solution, but for a nano-Chip-based format applied to HILIC-ESI-MS(/MS), analyzing glycosaminoglycans
[219]. Ni et al. (2013) used a similar approach using fluorid-mediated negative ion-mode microchip PGC-

LC-MS to analyze released N-glycans [220].

The demonstrated approach can be easily applied to any conventional nano-U/HPLC-ESI-MS(/MS) setup
with an additional (syringe) pump, a T-piece and a respective spray needle, adjusted to the increased
flow rate. The approach is modular and thus allows the user to adjust and replace any part as well as to
individually optimize the setup to the given instrumentation. Based on this pilot study, further work is
necessary to fully elaborate the robustness and sensitivity of the approach. Following the trend within
the analytical community towards more sensitive nano-flow and nano-spray LC-MS technologies, the
use of complementary organic solvents for PCMF might be useful to any analyte class that requires

negative ion detection, for example (oligo-)nucleotides, metabolites or (glyco-)lipids.
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4.3. Comprehensive N-glycosylation analysis of the IAV proteins HA and NA from
adherent and suspension MDCK cells

This chapter is adapted from Pralow et al. (2021) [160].

4.3.1. Introduction
In this section, a comprehensive MS-based workflow was established, i.e. a combination of
glycoproteomic and glycomic data allowing to link compositions to possible glycan structures. This
enabled, in some cases, a site-specific structural analysis of glycoproteins. For glycomic analysis, nano-
PGC-LC-MS(/MS) equipped with a PCMF (Chapter 4.2) was used. This method can ascertain information-
rich data as it makes use of information derived from the chromatographic separation (which even
allows separation of isobaric N- and O-glycans on the PGC column [76]) and information derived from
MS/MS fragmentation patterns acquired in negative ion mode (unique and characteristic patterns that
provide structural glycan information). The latter contain cross-ring fragments, which can be used to
confirm the topology, branching and monosaccharide linkages of a glycan [72, 74, 75]. N-glycopeptides
(derived from digestion with trypsin and flavastacin (Chapter 4.1)) were measured on a nano reversed-
phase LC (nano-RP-LC) coupled to MS/MS. Data acquisition was followed by manual and semi-
automated analysis of HCD-generated N-glycopeptide fragment ion spectra using glyXtool™® [83], an in-

house-developed glycopeptide analysis software and the search engine Byonic [113].

This workflow was challenged by analyzing both, the “fine-structure of the whole IAV N-glycome” (N-
glycomics) and the “site-specific glycan compositions of the IAV glycoproteins” (N-glycoproteomics,
mainly HA and NA) propagated in two closely related cell lines — MDCK.ADH, an adherent cell line and

MDCK.SUS2, a suspension cell line derived thereof. Furthermore, we investigated whether adaptation to
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growth in suspension would impact the glycan pattern of the viral envelope proteins HA and NA

regarding alterations of N-glycan micro- and macroheterogeneity.

4.3.2. Results
In Figure 3-1, the established workflow is illustrated. Virus harvests were purified via g-force step-
gradient centrifugation to obtain whole virus particle fractions without contaminating cell debris as
described previously [36, 195]. In the next step, the virus was inactivated using SDS and the protein
concentration is determined. For glycomic analysis (bottom, Figure 3-1), the N-glycans were released
using PNGase F, followed by reduction of the reducing end of the N-glycans and clean-up via ion-
exchange-SPE. Furthermore, N-glycans were enriched via PGC-SPE and analyzed using nano-PGC-LC-
MS(/MS) equipped with a PCMF [192] followed by manual data analysis. For glycoproteomic analysis
(top, Figure 3-1), viral proteins were digested using trypsin and flavastacin [81] followed by glycopeptide
enrichment using hydrophilic interaction chromatography (HILIC)-SPE [97]. Subsequently, glycopeptides

were measured using nano-RP-LC-MS(/MS) [97] and analyzed manually as well as semi-automatically.

4.3.2.1. Characterization of influenza N-glycans fine-structure
First, a list of IAV protein N-glycan structures of all samples was established to compare the N-glycome
of 1AV proteins propagated in MDCK.ADH and MDCK.SUS2 cells. In a next step, this list was used for
subsequent N-glycoproteomic analysis. Analysis of the viral N-glycome was performed using nano-PGC-
LC-MS(/MS) [40, 43, 72]. Here, nano-PGC-LC-MS(/MS) was used for the analysis of N-glycans derived
from virus glycoproteins to confirm rich data sets derived from chromatographic separation (separation
of isobaric glycans) [76] and MS/MS fragmentation (i.e. specific cross-ring fragment ions) [72, 74]. Please
note, that despite virus particle purification and concentration, detection of a small amount of glycans
from host cell glycoproteins was to be expected, due to attachment and/or incorporation of host cell

proteins into the viral membrane [221].
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To demonstrate the performance of this method, exemplarily, isomeric N-glycans that were found for
virus particles expressed in both cell lines are displayed in Figure 4-7. To facilitate understanding and
assignments in figures and tables, N-glycan structures are labelled using a unique glycan-composition ID
in Supplementary Table A2-1). The EIC of the N-glycan (Hex)2 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2
(m/z 994.86%) indicated the presence of four peaks - each an isomeric structure: (i) core fucosylated,
galactosylated biantennary with a bisecting GIcNAc (30 min, C21), (ii) galactosylated, biantennary with
an outer arm Fuc (3-arm), terminated with an GalNAc (3-arm) (31 min, C22), (iii) core fucosylated, alpha-
galactosylated, triantennary glycan (35 min, C23) and (iv) core fucosylated, galactosylated, triantennary
glycan (35.5 min, C24). In this example, C21, C22 and C23 were detected in both samples (Figure 4-7A
and B). The fourth structure (C24), however, was only detected for virions produced in MDCK.SUS2 cells
(Figure 4-7B). Using only compositional or partly structural information obtained from conventional
glycomic measurement methods, i.e. HILIC with fluorescence detection optional coupled to MS (HILIC-
FLD-MS) and MALDI-TOF-MS, this qualitative difference would have been missed. Only the combination
of a suitable N-glycan separation method that includes isobaric structures and the online detection of
fine-structural information using nano-PGC-LC-MS(/MS), allowed such a fine-structural N-glycome

analysis in a single measurement.
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Figure 4-7: Separation of N-glycan isomers using nano-PGC-LC-MS(/MS). EIC of the N-glycan composition (Hex)2 (HexNAc)3

(dHex)1 + (Man)3(GIcNAc)2 (m/z 994.86%) derived from IAV propagated in (A) MDCK.ADH and (B) MDCK.SUS2 cells. Symbolic
representations of N-glycan structures were drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for
Graphical Representations of Glycans [6]. Linkage legend is given in the upper right corner. Adapted from Pralow et al. (2021)

of the fine-structure of the detected N-glycans, the identity of isomers was
confirmed by manual annotation of their MS/MS fragment ion spectra. Specific (cross-ring-) fragment
ions were used to confirm the fine-structure of the annotated N-glycan isomers from Figure 4-7 as
illustrated exemplarily in Figure 4-8. In this instance, a combination of different fragment ions found in
the MS/MS fragment ion spectra were used to identify e.g. the presence of either core or antenna
fucosylation, the presence of Gal-alpha-(1,3)-Gal (Galili)-epitopes or bisecting structures. For example,
the fragment ion m/z 350% can be found in the core-fucosylated N-glycan structures depicted in Figure

4-8 (A, C and D), but is missing in the antenna-fucosylated structure depicted in Figure 4-8 (B), thus
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serving as a diagnostic fragment ion to identify core fucosylation. The detection of (cross-ring-)
fragments also facilitated identification of the architecture of glyco-epitopes, such as the combination of
the fragment ions m/z 383 and 586%, which together indicated the presence of a Galili-epitope (Figure
4-8C). Furthermore, structural differentiation of the N-glycan C22 was achieved due to the observation
of the specific diagnostic fragment ion for GalNAc-Gal(Fuc)-GlcNac (m/z 773%, Figure 4-8B). In addition,
antenna fucosylation of the 3-arm Gal was identified using the fragment ions m/z 325%, 570" and 773%
(Figure 4-8B). In addition, the D-ion could be used to distinguish the arm specificity of the glyco-epitope.
For example, the 688 ion enabled to distinguish the presence of a terminal Gal on the 6-arm of the C22

glycan, as opposed to the 3-arm epitope GalNac-Gal(Fuc)-GlcNac (Figure 4-8B).
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Figure 4-8: Negative ion mode HCD fragmentation of different N-glycan isomers. MS/MS fragment ion spectra of different N-
glycan isomers with the mutual glycan composition (Hex)2 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 (m/z 994.86%). Diagnostic
cross-ring fragment ions for the identification of specific N-glycan structures are illustrated. Symbolic representations of N-
glycan structures were drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical
Representations of Glycans [6]. Adapted from Pralow et al. (2021) [160].
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All identified N-glycan structures of the IAV N-glycome propagated in MDCK.ADH and MDCK.SUS2 cells
(all replicates) are listed in Supplementary Table A2-1. In total, 85 unique N-glycan structures from IAV
glycoprotein samples were identified based on tR and MS/MS fragment ion spectra analysis. Nine of
these structures did not have sufficient MS/MS information for structural annotation, therefore only

compositions are reported in this case.

There were 62 unique N-glycans detected in samples from IAV glycoproteins propagated in MDCK.ADH
cells and 70 in MDCK.SUS2 cells. All N-glycans detected were neutral, i.e. no sialylated structures were
found. The majority of N-glycans of both cell lines were complex-type with and without core- and
antenna-fucosylation. Interestingly, antenna fucosylation was mostly identified to be the glyco-epitope
Gal(Fuc)-GlcNAc (blood group H type 2, identified via the diagnostic fragment ions 409 and 427% [41,
64, 72]). In a lower abundance, also the glyco-epitope GalNAc-Gal(Fuc)-GIcNAc (blood group A,
identified by the diagnostic fragment ion m/z 773 [41, 72]), was detected in IAV derived from both cell
lines. In particular, the latter was found with a high relative abundance (Figure 4-9) and frequency
(Supplementary Table A2-1), especially in samples derived from MDCK.ADH cells. Apart from this, many
complex-type N-glycans with terminal alpha-galactosylation could be identified in IAV derived from both
cell lines (fragment ions m/z 341Y, 383% and 586% [41, 222]), with a slightly higher occurrence in
MDCK.ADH cells. Glycans eluting at earlier tRs are annotated as complex-type N-glycans carrying a
bisecting GIcNAc, again with a relative higher abundance in samples derived from MDCK.ADH cells. The
major structure identified in all the samples was the core-fucosylated three antennary complex-type N-
glycan C31, with a slightly higher abundance in samples derived from MDCK.SUS2 cells (Figure 4-9, tR
36-37 min). Besides complex-type N-glycans, also hybrid-type N-glycans were detected, partly carrying
core-/antenna-fucosylation (blood group H type 2) but also with the blood group A glyco-epitope

GalNAc-Gal(Fuc)-GIcNAc (Supplementary Table A2-1, Figure 4-7, Figure 4-8 & Figure 4-9). Oligomannose-
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type N-glycans were found in all samples, but with a much higher relative abundance in samples derived

from MDCK.ADH cells (Figure 4-9).
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Figure 4-9: Comparison of the most abundant N-glycan structures. Overlay of the base peak chromatogram (BPC) of the nano-
PGC-LC-MS(/MS) measurements of N-glycans derived from IAV propagated in MDCK.ADH (black) and MDCK.SUS2 cells (red). The
tR frame from 25-42 min is illustrated. The highest abundant N-glycan structure and the corresponding double negatively
charged molecular mass under each peak is depicted. Hex6 marks a signal from a polymer. Symbolic representations of N-glycan
structures were drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical Representations of

Glycans [6]. Adapted from Pralow et al. (2021) [160].

Overall, the results show a similar N-glycan pattern of the two surface proteins HA and NA from IAV
propagated in MDCK.ADH and MDCK.SUS2 cells. However, N-glycan analysis of both samples via xCGE-
LIF demonstrated that IAV samples derived from MDCK.ADH cells had a higher relative abundance of
signals at higher MTU” (referring to larger N-glycans). In contrast, IAV samples derived from MDCK.SUS2

had a higher relative abundance of signals referring to smaller N-glycan structures (Supplementary

Figure A2-1).
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4.3.2.2. Characterization of influenza glycopeptides

Besides a structural elucidation of the IAV N-glycome, a site-specific glycoproteomic analysis of HA and
NA from IAV propagated in MDCK.ADH and MDCK.SUS2 cells was performed. For in-depth
characterization of the micro- and macroheterogeneity of both proteins the in-house developed
software glyXtool™® was employed.

Figure 4-10 shows an MS/MS fragment ion spectrum of an N-glycopeptide derived from HA with the
precursor mass m/z 1036.4249% after a sequential digestion using trypsin and flavastacin [81],
respectively. The putative peptide mass m/z 973.4782% was identified based on the annotated
conserved fragment ion pattern (Hoffmann et al. 2018) [97]. The peptide sequence was verified by
annotation of specific b- and y-ions. Furthermore, glycan moiety-derived oxonium ions (B-ions) and
neutral-loss fragment ions (Y-ions) were annotated (nomenclature Domon and Costello [223]). The mass
of the N-glycan moiety was determined (neutral loss of 2133.7965 Da) and allowed the annotation of

the putative N-glycan composition (Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2.
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Figure 4-10: Site-specific glycopeptide analysis using nano-RP-LC-MS(/MS). Fragment ion spectrum of a HA N-glycopeptide
(from IAV propagated in MDCK.SUS2 cells), derived from a sequential proteolytic digestion using trypsin and flavastacin. The N-
glycopeptide sequence is (K)CQTPLGAIN303(S) with the linked N-glycan composition HexsHexNAcsdHexi;+MansGIcNAc; (precursor
mass: 1036.42493*). Amino acids highlighted in red indicate the carbamidomethylation of cysteine and the N-glycosylation of
asparagine. For the validation of the (glyco-)peptide sequence, specific b- (green) and y- (red), as well as B-(oxonium-, blue)
and Y-ions (peptide + glycan moiety) are annotated. The isotopic pattern of the precursor is located at the upper right corner.
Symbolic representations of N-glycan structures were drawn with GlycoWorkbench Version 1.1, following the Symbol
Nomenclature for Graphical Representations of Glycans [6]. Adapted from Pralow et al. (2021) [160].

A list of all identified peptide moieties for each N-glycosylation site of HA and NA is given in Table 4-4.
While the diversity of peptide moieties was rather low, we observed the occurrence of N-terminal
carbamidomethylation of peptides derived from HA as well as NA predominantly from IAV propagated in
MDCK.SUS2 cells. Using solely tryptic digestion resulted in the identification of N-glycopeptides only
from HA2 at the site N497 (not shown). In contrast, the sequential digestion with trypsin and flavastacin

enabled the identification of nearly all potential N-glycosylation sites of HA (N27/28, N40, N285, N303)
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and one site from NA (N73) (Table 4-4). However, site N497 was not detected. Please note that all
detected N-glycopeptide fragment-ion spectra are related to HA or NA. No host cell-related
glycopeptides were detected, except one O-glycopeptide belonging to bovine fetuin (medium

component).

Table 4-4: Identified (glyco)-peptide sequences of IAV surface glycoproteins hemagglutinin and neuraminidase. For each N-
glycosylation site, all identified (glyco)-peptide-moieties are listed. Furthermore, modified amino acids are underlined and the N-
glycosylation site is highlighted in bold. Adapted from Pralow et al. (2021) [160].

Protein Site Peptide Sequence Modification Spectrum

Hemagglutinin N27/28 (A)DTICIGYHANN(S) (C) Supplementary
Carbamidomethylation Fig. A2-2

(A)DTICIGYHANN(S) (@]
Carbamidomethylation
(D)

Carbamidomethylation

N40 (N)STDTVDTVLEKN(V) Supplementary
Fig. A2-3
N285 (R)GFGSGIITSN(A) Supplementary
Fig. A2-4
(R)GFGSGIITSN(A) (N-terminal)

Carbamidomethylation
(G)SGIITSN(A)

N303 (K)CQTPLGAIN(S) (@] Figure 4-10
Carbamidomethylation

(K)CQTPLGAIN(S) (C)
Carbamidomethylation
(Q) NHs loss
(Q)TPLGAIN(S)
N497 (R)NGTYDYPK(Y) Supplementary
Fig. A2-5
Neuraminidase N73 (K)DTTSVILTGN(S) Supplementary
Fig. A2-6
(K)DTTSVILTGN(S) (D)

Carbamidomethylation

In Supplementary Table A2-2, all N-glycopeptides detected for HA and NA are listed. All detected site-

specific N-glycan compositions were putative complex- or hybrid-type N-glycan structures (see N-glycan
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analysis). The glycoproteomic analyses of the biological replicates showed high similarity in their base-
peak chromatograms (BPC), with only moderate differences in the relative abundance of selected peaks.
IAV propagated in MDCK.ADH showed even less variation in relative peak abundancy (Supplementary
Figure A2-7) compared to IAV propagated in MDCK.SUS2 (Supplementary Figure A2-8). N-glycopeptides
were only considered if they were verified on MS as well as MS/MS level; missing MS/MS information
for low- abundant N-glycopeptides can explain small discrepancies between the biological replicates.

In Figure 4-11, the structure of HA, it’s potential glycosylation sites, as well as the N-glycan compositions
detected is visualized. As mentioned before, HA is the major antigen of IAV and each monomer
comprises the two domains, HA1 and HA2. Whereby HA1 forms mainly the head region with the
receptor binding site and HA2 forms the stem region (Figure 4-11). The HA1 of IAV strain PR/8/34
(HIN1) has five potential N-glycosylation sites (N27/28, N40, N285 and N303), all located at the stem
region. Starting from the bottom of the stem region, N27/28 in IAV samples derived from MDCK.SUS2
and MDCK.ADH cells carried potentially three- and four-antennary complex-type N-glycans, or N-glycans
with LacNAc extensions (based on the structural N-glycan analysis shown before). In addition, 1AV
propagated in MDCK.SUS2 cells displayed some compositions referring to di-antennary N-glycan
structures. Furthermore, IAV from MDCK.SUS2 cells had a remarkable high amount of the (Hex)3
(HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 composition at N27/28. All structures were exclusively
fucosylated (core- and/or antenna-fucosylated). To some extent, possible alpha-galactosylated
structures could be detected (higher variability in IAV from MDCK.ADH cells). Please note that the
vicinity of the two N-glycosylation sites N27 and N28 does typically not allow to specifically link an N-
glycan moiety to one or the other site. Therefore, both sites were referred to as a single locus.
Nevertheless, due to the specific cleavage behavior of the proteolytic enzyme flavastacin, our results

suggest N28 to be exclusively N-glycosylated but N27 not carrying any N-glycans. For N40, we could not
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identify any N-glycosylation in IAV from MDCK.ADH cells and only one N-glycan composition (Hex)3
(HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 in IAV from MDCK.SUS2 cells. Compared to the high
microheterogeneity of the other N-glycosylation sites of HA1 (Figure 4-11), this finding might indicate a
poor accessibility of N40 in the three dimensional space of HA. At the site N303 tri-, as well as tetra-
antennary structures (or structures with LacNAc extensions) dominated. IAV derived from MDCKS.SUS2
cells also displayed various compositions referring to di-antennary N-glycan structures. All
corresponding structures carried an antenna and/or core-fucosylation and to some extent Galili-
epitopes (especially in IAV from MDCK.ADH cells). The closest site to the HA1 head region, N285, carried
similar N-glycan compositions to N303. For IAV derived from MDCK.ADH cells the variability of different
N-glycan compositions, especially potentially alpha-galactosylated complex type (or hybrid-type
structures based on the aforementioned structural N-glycan analysis) N-glycans could be observed. In
IAV derived from MDCK.SUS2 cells, a higher variability of potential di-antennary N-glycan structures was
found.

HA2 has only one potential N-glycosylation site at N497. Our analysis revealed only the composition
(Hex)3 (HexNAc)4 (dHex)1 + (Man)3(GIcNAc)2 for IAV from MDCK.SUS2 cells and the compositions
(Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 and (Hex)3 (HexNAc)3 (dHex)2 + (Man)3(GIlcNAc)2 for IAV
from MDCK.ADH cells.

Overall, N-glycopeptide analysis of HA propagated in MDCK.SUS2 and MDCK.ADH cells showed an
increased variability, as well as complexity of N-glycosylation at sites closer to the head region of the
antigen. MDCK.ADH cells seem to produce IAV particles with HA displaying a higher variability and
complexity of N-glycans as MDCK.SUS2 cells that is in accordance with Himmerling et al. 2017 [186]. In
general, all N-glycan structures exhibited antenna and/or core fucosylation. In 1AV from MDCK.ADH

cells, many observed compositions might refer to alpha-galactosylated structures.
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Figure 4-11: Graphical illustration of the trimeric IAV antigen HA. The molecular structure of HA was modeled using the PDB
entry number 1RU7. For model processing and design the open source software UCSF Chimera Version 1.10.2 was utilized. HA1
(cyan) and HA2 (green) of an HA monomer are highlighted. N-glycosylation consensus sequences are shown in magenta and
labeled with the corresponding N-glycosylation site. The site-specific N-glycan compositions of HA propagated in MDCK.SUS2
and MDCK.ADH cells are illustrated on the right site. For each site, the five most abundant N-glycan compositions are relatively
quantified in a pie diagram. The remaining low abundant N-glycans are summed in a 6t piece. Symbolic representations of N-
glycan structures were drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical
Representations of Glycans [6]. Adapted from Pralow et al. (2021) [160].
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In Figure 4-12, the structure of NA is shown. NA is a tetrameric antigen carrying five potential N-
glycosylation sites. N44, N58 and N73 in the hypervariable stalk region and N131 and N220 in the head
region (please note that the hypervariable stalk region is not completely visualized in Figure 4-12
because of model limitations due to missing protein sequences). Our analysis revealed only N73 to be N-
glycosylated. In contrast to HA, possible di-antennary complex structures were the most dominant N-
glycans. In 1AV derived from MDCK.ADH cells, a possible hybrid type N-glycan structure had a high
abundancy. Comparable to HA, most of the N-glycan compositions at NA were antenna- and/or core-
fucosylated and to some extent a-galactosylated. As for HA, MDCK.ADH cells seemed to provide a higher
variability and complexity of N-glycan compositions compared to MDCK.SUS2 cells. Finally, for the third
IAV glycoprotein M2, no N-glycosylation could be detected. In addition, no O-glycopeptides derived

from HA or NA could be detected.
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Figure 4-12: Graphical illustration of the tetrameric IAV antigen NA. The molecular structure of NA was modeled using the
Swiss-Model template ID 5hug.1. For model processing and design the open source software UCSF Chimera Version 1.10.2 was
utilized. An NA monomer is highlighted in cyan. N-glycosylation consensus sequences are shown in magenta and labeled with
the corresponding N-glycosylation site. The site-specific N-glycan compositions of NA propagated in MDCK.SUS2 and MDCK.ADH
cells are illustrated on the right site. For each site, the five most abundant N-glycan compositions are relatively quantified in a
pie diagram. The remaining low abundant N-glycans are summed in a 6t piece. Symbolic representations of N-glycan structures
were drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical Representations of Glycans [6].
Adapted from Pralow et al. (2021) [160].
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4.3.2.3. Assembling of structural and site-specific N-glyco analysis results
Datasets from the fine-structural N-glycan and the site-specific N-glycopeptide analysis can be
assembled to achieve comprehensive structural and site-specific N-glycan information. Exemplarily, in
Figure 4-11 at the site N285 (closest to the head region) of HA propagated in MDCK.ADH cells, (Hex)5
(HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 (dark blue) is a N-glycan composition with a high relative
abundancy. When looking up the N-glycan list (Supplementary Table A2-1), we see for the putative N-
glycan composition only one fine-structural entry providing evidence of a three antennary double alpha-
galactosylated core-fucosylated complex-type N-glycan (C45). Another example is the high abundant
potential hybrid-type N-glycan (Hex)2 (HexNAc)1l (dHex)1 + (Man)3(GIcNAc)2 located at N73 at NA
propagated in MDCK.ADH cells (Figure 4-12). As before, in the fine-structural N-glycan list
(Supplementary Table A2-1), only one entry for this composition exists: A hybrid-type N-glycan carrying
a blood group H type 2 epitope at the 3-antenna (HO1). In case of (Hex)2 (HexNAc)2 (dHex)2 +
(Man)3(GIcNAc)2, the highest abundant N-glycan composition located on N73 on NA propagated in
MDCK.SUS2 cells, two entries exist in the IAV N-glycan list (Supplementary Table A2-1): The complex-
type N-glycan with two antennary, a core-fucosylation and a blood group H type 2 epitope at the 3-
antenna (C17), as well as the hybrid-type N-glycan with a core-fucosylation and a blood group A epitope
at the 3-antenna (H09). Both structures were annotated in IAV from MDCK.SUS2 cells. For IAV from

MDCK.ADH cells, only the complex-type N-glycan structure was detected.
4.3.3. Discussion

Most reports dealing with N-glycomic/N-glycoproteomic analysis of IAV antigens up to now lack a fine-

structural analysis of N-glycans and provide only compositions or partly structural information.

In this thesis, | report about a comprehensive site-specific (N-glycoproteomics) and fine-structural (N-

glycomics) analysis of N-glycans derived from the proteins of IAV PR/8/34 (HIN1) propagated in
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MDCK.ADH and MDCK.SUS2 cells. The viral proteins studied comprise the whole IAV proteome, with HA
and NA as the most relevant IAV surface glycoproteins in influenza vaccine production. For the first time,
a comprehensive fine-structural analysis of the IAV whole N-glycome using nano-PGC-LC-MS(/MS), in
combination with site-specific N-glycopeptide analysis was performed that enabled the establishment of
a fine structural list of the whole virus N-glycome. This list was subsequently used as a starting point to
link these structures to N-glycan compositions from the site-specific N-glycoproteomic analysis. Finally,
site-specific N-glycan microheterogeneity was mapped to the three-dimensional structure of the HA, as
well as the NA molecule. Unexpectedly, N-glycans decorated with potentially immunogenic epitopes

(Galili-epitope, blood group H type 2 and blood group A) could be identified.

4.3.3.1. Novel methods used for influenza N-glycan analysis
In previous work only xCGE-LIF was used for IAV N-glycomic analysis [2, 35-37, 47]. However, due to
complexity of the IAV glycosylation, additional experiments such as sequential exoglycosidase digestion

followed by repeated xCGE-LIF measurement are required for fine-structural analysis.

In this thesis, released N-glycans from IAV antigens propagated in MDCK.ADH and MDCK.SUS2 cells were
analyzed by nano-PGC-LC-MS(/MS). Nano-PGC-LC-MS(/MS) allows fine-structural analysis of glycans by
the separation of isobaric structures followed by additional structural analysis via negative ion mode
fragmentation generated marker ions [72, 224]. Compared to xCGE-LIF-based glycoanalysis, nano-PGC-
LC-MS(/MS) has limitations in terms of throughput and reproducibility [76, 80] (see, for example, the tR
difference of structure C43 in IAV derived from both cell lines, Figure 4-9). However, the glycan nano-
PGC-LC-MS(/MS) BPCs of the replicates of IAV propagated in MDCK.ADH cells (Supplementary Figure A2-
9) as well as MDCK.SUS2 cells (Supplementary Figure A2-10) show similar peak profiles with only

moderate differences in the relative peak abundances.
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Furthermore, interpretation of nano-PGC-LC-MS(/MS) data is rather challenging. Established glycomic
methods are way more standardized and are provided with suitable databases. On the other hand, for
example, xCGE-LIF measurements are more sensitive compared to MS and can detect N-glycans of very

low abundancies.

Nevertheless, glycans have different ionization and fragmentation efficacies and when using MS-based
analysis, preferable high abundant signals are chosen for fragmentation. Therefore, it is still possible to

miss some unknown glycan structures in the analysis.

Monitoring micro- and macroheterogeneity of glycoproteins is of increasing interest. The trend in the
biopharmaceutical industry towards manufacturing of more complex recombinant glycoproteins with
multiple glycosylation sites (compared to the less complex mAbs with a single glycosylation site)
requires not only a glycoanalysis on a global level (e.g. HILIC-FLD-MS, xCGE-LIF, MALDI-TOF-MS, PGC-LC-
MS), but also on a protein structure-related site-specific level. In recent years enormous progress took
place in optimizing the sample preparation and pushing LC-MS instrument-specific parameters to an
optimal outcome [184]. Apart from the workflow, the “design” of the proteolytic digestion of the
glycoproteins is essential. Normally, a tryptic digestion is preferred because of the high specificity. But
sometimes N-glycan consensus sequences are located in peptide sequences, which carry multiple
glycosylation sites or contain too many AAs to be readily analyzed by MS when using trypsin. Here, using
unspecific enzymes like proteinase K or pronase allows to uncover such glycosylation sites, but results in
a high redundancy of unique glycopeptides with different peptide-moieties.

The N-glycoproteomic analysis in this thesis features a sequential digestion workflow using the
proteases trypsin and flavastacin [81, 97]. Because of the missing vicinity of a tryptic cleavage site to
most of the potential N-glycosylation sites of HA and NA, using only trypsin was not efficient enough to

perform a site-specific N-glycopeptide analysis, since the peptide moiety had too many AAs and/or
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multiple consensus sequences for N-glycosylation. Flavastacin is cleaving the C-terminus of N-
glycosylated asparagine, generating well analyzable N-glycopeptides, enabling the identification of all
IAV HA1 N-glycosylation sites. In contrast to other unspecific enzymes used for the glycoproteomic
analysis of 1AV antigens (e.g. chymotrypsin, endoproteinase AspN, proteinase K, pepsin, Glu-C) [181,
182, 184], the “glyco”-specific cleavage behavior of flavastacin reduce the amount of redundant peptide

moieties and increase confidence for peptide sequence identification.

Losing N-glycopeptide signals referring to site N497 of HA after flavastacin treatment can be explained
by the tryptic cleavage site N-terminal to the glycosylated asparagine that was generated. The peptide
sequence after tryptic digestion was (R)NGTYDYPK(Y) resulting in (R)N(G) after flavastacin treatment.
Because of their low hydrophobicity, N-glycopeptides with only asparagine as peptide moiety might
have been lost in our LC setup (hydrophobic loading onto the RP trap-column with the flow-through
directed to waste).

Despite the availability of commercialized software (e.g. Byonic (ProteinMetrics), ProteinScape (Bruker
Daltonic)) that enable a fully automated N-glycoproteomic analysis, it is still necessary to validate
automated identifications manually. Because of the “black box” nature of such software, possible
identifications can be lost when the search space is not properly defined. The recently published
software glyXtool™® performs a semi-automated analysis, providing not only tools for manual validation,
but also enabling the manual annotation of not or wrongly identified MS/MS spectra [83]. Therefore, in
this thesis, glyXtool™ was used for the N-glycoproteomic analysis of the biological replicates. To
challenge this analytical workflow we used IAV particles propagated in two closely related cell lines.
Some N-glycan structures/compositions were detected in the N-glycoanalysis, but were not detected as
an N-glycopeptide, neither derived from AV glycoproteins HA, NA, or M2, nor derived from

glycoproteins of the cell line or the medium (e.g. from bovine origin). This might be due to the fact that
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the abundance of various N-glycopeptides with the same N-glycan composition was too low for
detection and fragmentation in the glycopeptide analysis. After N-glycan release, however, they
assembled to one single high abundant N-glycan signal that can be detected in the N-glycomic analysis.
Furthermore, we cannot exclude that a small amount of low abundant N-glycopeptides of IAV (or
remaining host cell glycoproteins) were not identified at all by our workflow.

Recently published work on IAV glycosylation used only LC-MS-based site-specific glycopeptide analysis
[183, 189, 225, 226], or in combination with MALDI-TOF-MS-, [181, 190, 227] respectively, HILIC-MS-
based [182] analysis of released N-glycans. In addition, more complex viral glycoproteins like the
envelope glycoprotein of HIV [228-230] with up to 30 glycosylation sites and the SARS-CoV-2 spike
protein [231] were recently characterized. The HIV glycoprotein was investigated by site-specific
glycopeptide analysis via LC-MS and compositional analysis of its released glycans using HILIC-FLD and
IM-MS. The SARS-CoV-2 spike-protein was analyzed using only LC-MS-based site-specific glycopeptide
analysis. As LC-MS—based site-specific analysis of glycoproteins lacks structural information of glycans
(except for some partial glycan structural information that can be gained by using IM-MS [98] or by
analyzing the ratio of specific fragment-ion intensities of glycopeptide MS/MS spectra [97]), additional
glycomic analysis is necessary for the fine-structural elucidation of the glycans, as performed in this
thesis. In contrast to standard MS-based glycomic approaches like MALDI-TOF-MS and HILIC-MS, (nano-
JPGC-LC-MS(/MS) analysis allows to obtain more structural information of glycans but is more laborious.
In particular, as data analysis is mainly manual, (nano-)PGC-LC-MS(/MS) requires quite some expertise
and has limitations to identify large glycan structures with very high molecular masses (e.g. glycan
structures beyond the xCGE-LIF peaks >430 MTU” in the IAV N-glycan fingerprints in Supplementary
Figure A2-1). Performing additional glycomic analysis by nano-PGC-LC-MS(/MS) enabled to differentiate

between complex- and hybrid-type N-glycans as well as between antennary and bisecting GIcNAc. More
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important, N-glycan structures with terminal blood group epitopes (A, B and H, Supplementary Table
A2-1)) and non-human epitopes like the Galili-epitope could be structurally elucidated and identified.

Without additional fine-structural N-glycan analysis, such information would have been missed.

4.3.3.2. Influenza antigen glycosylation
Comparing glycome-/glycoproteome data among influenza virus-related studies is problematic for
several reasons: I.) Proteins of different IAV strains are hard to compare with each other because of
their variable structure, as well as the number and location of potential N-glycosylation sites. 1l.) Besides
embryonated chicken eggs (undefined mixture of different cells), a high number of possible host cells
are used for IAV propagation, with a significant impact on IAV N-glycan structures. 1ll.) Recombinant IAV
antigens derived from mammalian or insect cell lines originate from a totally different environment
compared to antigens incorporated into a lipid bilayer membrane of an intact IAV (e.g. no inclusion into
a lipid bilayer, no vicinity of NA). As a result, the N-glycome of the recombinant antigens can include N-
glycan structures that are biological impossible to obtain for intact IAV (e.g. sialylated epitopes [176]).
IV.) The choice of cultivation medium and the number of passages and adaption time of the cell line can
affect the glycosylation machinery of the host cell system and therefore the N-glycosylation pattern of
IAV antigens. V.) Different analytical approaches in glycomics and glycoproteomics bear different
information content regarding IAV glycosylation. VI.) Despite virus purification, cellular (host cell (glyco-)

proteins) as well as animal-derived (medium components) contaminants can be found.

To give a short overview of the results of similar studies: An et al. (2019) analyzed the N-glycome of IAV
H1N1 propagated in MDCK cells using MALDI-TOF-MS and observed mainly oligomannose-type (84%)
and smaller proportions of complex-type (15%) and hybrid-type (1%) N-glycans [181]. Beside complex-
type N-glycans, site-specific glycopeptide analysis revealed high abundant oligomannose-type N-glycans

linked to the stalk region of HA from IAV H1N1 [181]. Khatri et al. (2016) analyzed the N-glycome of IAV
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HIN1 propagated in embryonated chicken eggs using HILIC-MS. They identified a low degree of
oligomannose-type (<6%) and hybrid-type (= 9%) N-glycans, but a high amount of highly complex-type
N-glycans (=85%). The site-specific glycopeptide analysis showed predominantly highly complex-type N-
glycans linked to the stalk region, except for site N303, which was mostly decorated with oligomannose-
type N-glycans [182]. Similar findings were already published earlier [2, 35]. She et al. (2017) performed
a site-specific glycopeptide analysis of two high-yield candidate reassortant vaccines (NIBRG-121xp and
NYMC-X181A) propagated in eggs [183]. Based on compositional data, the authors could identify
complex- and oligomannose-type N-glycans. Beside this, also sulfated complex-type N-glycans were
detected at HA and NA (but not in our study). Very recently, the authors did nano-PGC-LC-MS(/MS)
analysis to confirm the sulfated glycan structures. Finally, they could identify sulfated complex N-glycans

on glycoproteins derived from IAV propagated in eggs and MDCK cells [188].

In this study, N-glycan analysis of the purified whole virus lysate revealed oligomannose-, hybrid-, as
well as complex-type N-glycan structures (with and without antenna- and/or core-fucosylation).
Structures with antenna fucosylation were identified to consist of the epitopes blood-group H type 2 (in
accordance with the annotation of An et. al (2019), who refers the partly structural annotation to the
known N-glycan processing pathways in MDCK cells [181]) and blood-group A. To some extent structures
with bisecting GIcNAc were identified. Compositions suggesting hybrid-type structures but also complex-
type structures with Galili-epitopes could be successfully analyzed and confirmed. MDCK cells (especially
MDCK.ADH) are of high interest for the cell based vaccine production. Adherent cells are difficult to
scale up and to handle in high cell density cultures; however cell lines growing in suspension can
overcome such limitations. To stress the glycomic/glycoproteomic workflow and to obtain further
insights into the impact of cell line adaptation to growth in suspension on viral antigen composition, a

detailed comparison of the site-specific and structural glycosylation pattern of viral proteins propagated
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in MDCK.ADH and MDCK.SUS2 cells was performed. As expected, both cell lines showed a similar
qualitative N-glycan pattern. However, relative abundances of individual N-glycan structures differed.
Notable, the amount of oligomannose-type N-glycans was reduced in IAV from the serum-free
MDCK.SUS2 cell cultures compared to IAV propagated in MDCK.ADH cells. In part, this could result from
animal-derived medium components (fetal calf serum (FCS), lab M peptone), used to supplement the

GMEM medium for cultivation of MDCK.ADH cells.

All potential N-glycosylation sites of HA were identified to be glycosylated with core-fucosylated
complex and/or hybrid-type N-glycans. Complex-type N-glycosylated HA produced in mammalian cells is
described to induce higher antibody titers than HA produced in insect cells, which features
oligomannose-type N-glycans [3]. HA of IAV PR/8/34 (H1N1) has all N-glycosylation sites at the stem
region and no N-glycosylation site at the head region close to the receptor binding site. However, we
observed an increase of N-glycan variability and complexity at sites closer to the head region of HA
(N285 and N303). The compositions of the N-glycans suggest multiantennary and/or LacNAc extended
epitopes (based on the fine-structure N-glycan analysis) on these sites. To some extent, their high
molecular mass N-glycans might have the ability to shield or cover the head region of HA and might be
more exposed and recognizable to the immune system. Therefore, differences in antigenicity and

immunogenicity of HA derived from both cell lines cannot be excluded.

For NA, we found only N73, one out of five potential N-glycosylation sites, to be glycosylated. This site is
located at the stem region of NA. The site-specific N-glycopeptide analysis revealed a similar picture as
the results from HA. N-glycans attached to NA, however, had lower complexity (mostly two antennary
structures). Again, mainly antenna- and/or core-fucosylated complex-/hybrid-type N-glycans were

identified.
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Based on data, N-glycans with immunogenic epitopes like Galili-epitope, blood-group H type 2 and
blood-group A are also suggested to be more abundant close to the head region (more dominant in IAV
from MDCK.ADH cells). For vaccines, the Galili-epitope bears the potential to trigger immunogenicity
and therefore vaccine efficacy. This was demonstrated on alpha-galactosyltransferase negative mice.
The treatment with IAV carrying in-vitro alpha-galactosylated complex N-glycans (propagated in
embryonated chicken eggs) led to an increased immunogenicity compared to the control group treated
without alpha-galactosylation [180]. Recently, Galili et al. (2020) addressed the potential to amplify
immunogenicity of prospective SARS-CoV-2 vaccines by glycoengineering the coronavirus glycan shield
to present Galili-epitopes [232]. The different blood group epitopes detected on IAV antigens (HA and
NA) might also have an effect on the immunogenicity or vaccine efficacy. Unfortunately, so far, no

immunogenic study for such specific blood-group epitopes on IAV vaccines is available.

The identification of non-human glyco-epitopes like a-Gal, might challenge the interpretation of animal
trials. Exposing N-glycans is part of the main strategies of IAV to evade the host’s immune system [129].
Most animal studies for vaccines are performed in mice and ferrets, which encode, in contrast to
humans, the alpha-galactosyltransferase. Therefore, depending on the IAV vaccine production system,
the outcome of immunological studies might not reflect the immunogenicity of the IAV vaccine in

humans.

As described in the introduction, several studies discuss the manipulation of 1AV vaccine glycosylation
(by depleting or shortening the glycans [173-175], adding specific glycan structures [176-179] or by
adding/removing specific glycosylation sites [169]). The trend to produce rHA vaccines (e.g. Flublock
[233, 234]) could take advantage of such glycoengineering ideas. The production of specific
immunogenic epitopes in combination with addition or removal of N-glycosylation sites of HA plus the

lack of membrane and NA (enabling sialylated eptiopes), might contribute to the efficacy of a vaccine.
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Overall, comprehensive glycoprofiling of IAV proteins might be more requested to interpret findings of
animal trials and might gain more importance in the future to better understand antigenicity and

immunogenicity of IAV strains expressed in different host systems.
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5. CONCLUSIONS

Not only glycosylated biopharmaceuticals such as recombinant proteins but also viral antigens with
multiple N-glycosylation sites and different types of glycosylation are of significant importance in the
pharmaceutical market. Although regulatory authorities do not ask for a glycan analysis of antigens from
virus particles used for vaccine manufacturing yet, this might come one day. In particular, as the number

of licensed viral vaccines and the number of manufacturing technologies increases.

Well-integrated technologies for N-glycan analysis (e.g. XCGE-LIF, HILIC-FLD, MALDI-TOF-MS) are
optimized for the profiling of mAbs, other recombinant proteins (e.g. hormones) and vaccines. Those
methods have a high resolution and a very low detection limit. Furthermore, they allow the
establishment of high(er) throughput measurement platforms and the identification and quantification
of N-glycan isomers. While LC-MS is the method of choice when it comes to site-specific glycopeptide

analysis, it lacks the option to separate glycan isomers and provide structural information of glycans.

The aim of this thesis was to establish a comprehensive LC-MS workflow, capable to uncover both, the
fine structural information of a glycan, as well as its location on a protein. This workflow was used to
analyse the glycosylation of glycoproteins (mainly HA and NA) from IAV propagated in two closely

related mammalian cell lines (MDCK.ADH and MDCK.SUS2 cells).

For the site-specific glycopeptide analysis, the choice of enzyme used for glycoprotein cleavage into
suiteable glycopeptides is cruicial. Specific enzymes like trypsin tend to result in glycopeptides with a
peptide moiety with too many amino acids or multiple glycosylation sites. This results into the loss of
possible glycopeptide signals and/or can make the data analysis more complicated. On the other hand,
unspecific enzymes like pronase or proteinase K generate smaller glycopeptides, but do not follow strict

cleavage rules, which results in longer data analysis time and redundant glycopeptide signals (because of
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multiple peptide moieties of a single glycosylation site), which could also lead to the loss of smaller
signals. Screening for other enzymes for an optimized cleavage of IAV glycoproteins, Flavastacin was
identified to cleave specifically C-terminal N-glycosylated asparagine, while the N-terminus is cleaved
unspecifically. The enzyme was evaluated using the glycoprotein hLTF. Using this enzyme for the analysis
of 1AV glycoproteins resulted in a much higher amount of glycopeptide signals from very different
glycosylation sites compared to trypsin alone. Overall, this protease helps to digest proteins with no
tryptic cleavage sites close to the glycosylation site and assists (semi-)automated glycopeptide analysis

software because of the “glyco-specific” cleavage behavior.

Glycomic analysis using nano-PGC-LC instrumentation was disturbed because of low spray efficacy
through droplet formation, leading to instable measurements. The droplet formation was caused
because by a high aquos content in the LC buffer system. Therefore, a PCMF with 100% ACN was
attached to the system to increase the organic content of the buffer without affecting the PGC
separation efficacy. This decreased the surface tension and resulted in a stable nano-spray, which
improved the signal intensity, fragment ion spectra quality as well as identification rate of detected

glycans (especially smaller glycans at early tR) tremendously.

Previous studies analyzed different IAV in several expression systems. However, a combination of site-
specific glycopeptide analysis and fine stuctural glycan analysis was still missing. Combining the
aforementioned established methods, a comprehensive workflow was designed that allowed to
combine site-specific glycopeptide information with fine structural glycan information. While the N-
glycosylation pattern of the IAV glycoproteins HA and NA propagated in MDCK.ADH and MDCK.SUS2
cells was similar, it displayed differences in relative abundances of individual N-glycan structures. Fine

structural glycan analysis revealed specific glycan epitopes like the blood group H type 2 and the blood
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group A epitope. Furthermore, a high degree of the immogenic Galili-epitope was found on HA and NA

of IAV produced in both cell lines (especially in MDCK.ADH).

All potential N-glycosylation sites of HA were shown to be glycosylated wth an increasing complexity and
variability of glycosylation at sites closer to the head region (antigen binding site). HA from both cell
lines was mainly decorated with high molecular mass N-glycan structures with up to four antennaries.
For NA, only one potential N-glycosylation site (N73) was identified. In contrast to HA, N-glycan

structures were smaller with mostly two antennaries.

Combining both, site-specific as well as fine structural glycan analysis, allowed to analyse the specific
glycan structure at a specific glycosylation site. But this was only the case for glycan compositions (linked
to the specific molecular mass of a glycan moiety) with only a single identified mass isomer. Not for
compositions with multiple glycan mass isomers. However, for the ladder, this workflow provided the
potential glycan structures located at a specific glycosylation site of a protein. Therfore, this work shows
successfully the combination of LC-MS based methods for a site-specific and fine structural glycan

analysis of viral glycoproteins.
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6. OUTLOOK

Glycosylation analysis of virus particle-derived antigens (not recombinant proteins) is not a CQA in the
biopharmaceutical industry, yet. Recent studies might indicate that the glycosylation of viral antigens
influences the antibody response [164]. This might result in less vaccine efficacy and more severe
diseases like in young adults infected with the 2009 H1N1 [235]. Therefore, the monitoring of vaccine

antigen glycosylation might be important in future vaccine production.

The workflow established in the scope of this thesis enables a very complex in-depth explorative
glycosylation analyses, but demand a high level of expertise and cost intensive instrumentation. Such
complex glycan analysis workflow might not be feasible for routine production, but is very important for
research and development and in-depth antigen characterization. In addition, interpretation of

antigenicity and immunogenicity of vaccines, based on their antigen glycosylation, will be facilitated.

There are different possibilities to further optimize the presented workflow. One option is to add an
additional separation step prior LC-MS measurement. Using a standard SDS-gel, sufficient to separate
the 1AV glycoproteins by their molecular mass, could isolate specific glycoproteins. These proteins could
be transferred to a western blot membrane followed by an N-glycan release [40]. Therefore, specific
glycan fine structures could be linked to specific IAV glycoproteins. However, such additional sample

preparation step could potentially decrease the signal intensity in LC-MS.

Another option would be using an unspecific digestion of the IAV glycoproteins using pronase as
described by Stavenhagen et al. 2015 [236]. Therefore, the amount of AAs attached to the glycan moiety
could be small enough to still pass the PGC column, but large enouth to provide site-specific
information. Measurement and fragmention in negative ion mode could simultaniosly provide fine-

structural information. Accordingly, using LC-MS instrumentation in combination with different
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fragmentation techniques as well as different NCEs would allow providing fine-structural as well as site-

specific information within a single LC-MS measurement.

The finding that a-galactosylated N-glycan structures in HA as well as NA of IAV are found for both,
MDCK.ADH and MDCK.SUS2 cells, might harbor the potential of modulating antigenicity and
immunogenicity of cell-derived compared to eggs-derived vaccines [180, 182, 237]. To elucidate possible
effects of non-human glycan epitopes identified for IAV antigens in terms of vaccine efficacy, further
structure-function-relation as well as animal studies of influenza virus produced in different host cells
need to be performed. For animal studies, the individual potential glycome of the animal as well as the
potential glycome of the tested vaccine need to be taken into account, as specific glycan epitiopes on

viruses could influence the immunogenicity in the different animals.

More method and technology developments will be seen in the future with the potential to analyze
glycan fine structure, site-specificically, in a single run, without the need of a comprehensive orthogonal
analysis. Such measurements would provide specific fine structural information for each site-specific
glycopeptide signal, independent of the amount of different glycan isomers in the sample. Especially IM-
MS was demonstrated to bear the potential to identify epitopes on small glycopeptides [20, 238].
However, IM-MS lacks the potential to provide detailed fine structural information of the glycan moiety
from glycopeptides. Nevertheless, further development of IM-MS instrumentation in combination with
different fragmentation techniques and pre-separation techniques like PGC-LC might meet the

requirement of a real fine structural site-specific glycan analysis.
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APPENDIX

A. Supplementary information

A.1. Improvement of the glycoproteomic toolbox with the discovery of a unique
C-terminal cleavage specificity of flavastacin for N-glycosylated asparagine

Supplementary Table A.1-1: Proteome Discoverer results of a nanoRP-LC-ESI-OT-MS2(HCD) measurement after sequential
digestion of hLTF with trypsin and flavastacin. MASCOT search against unspecific in-silico digestion of mammalian taxonomy
(UniProt-KB/SwissProt database). Peptide sequences with the N-terminal cleavage of aspartic acid or deamidated asparagine
(as indicated from the supplier of flavastacin) are highlighted in red. Adapted from Pralow et al. (2017) [81].

Sequence #PSM Modifications MH+ [Da] lonScore AM [Da]
AVTLDGGFIYEAGLAPYK 2 1884.96916 118 -0.005
VTLDGGFIYEAGLAPYK 2 1813.93694 115 0.000
ADAVTLDGGFIYEAGLAPYK 8 2071.03203 115 -0.005
DVTVLONTDGNNNEAWAK 3 1988.93157 106 0.001
GEADAMSLDGGYVYTAGK 3 1804.80339 105 -0.002
DAMSLDGGYVYTAGK 3 1547.70452 96 0.000
PFLNWTGPPEPIEAA 3 N4(Deamidated) 1639.79436 94 -0.006
MSLDGGYVYTAGK 2 1361.63091 92 -0.009
LNWTGPPEPIEAAVAR 3 N2(Deamidated) 1721.88347 85 -0.002
AMSLDGGYVYTAGK 4 1432.66716 85 -0.011
SLDGGYVYTAGK 6 1230.59307 82 -0.007
KGGSFQLNELQGLK 8 1518.81743 82 -0.010
GGSFQLNELQGLK 7 1390.73186 81 -0.001
SDTSLTWNSVK 4 N8(Deamidated) 1238.58220 81 -0.008
KGGSFQLNELQGLK 5 N8(Deamidated) 1519.80046 78 -0.011
QLFGSPSGQK 2 1048.54045 77 -0.002
DGAGDVAFIR 6 1020.50469 77 -0.006
PVAAEVYGTER 1 1191.59941 76 -0.001
DGGFIYEAGLAPYK 4 1500.73662 73 0.000
GGSFQLNELQGLK 2 N7(Deamidated) 1391.71404 73 -0.003
(LIDGGYVYTAGK(C) 4 1030.48296 72 -0.001
IYEAGLAPYK 2 1124.59172 70 -0.007
LRPVAAEVYG 1 1074.58684 70 -0.007
LDGGYVYTAGK 4 1143.56816 69 -0.002
TAGWNVPIGTLRPF 3 1528.82671 67 0.000
(L)NWTGPPEPIEAAVAR(F) 3 N1(Deamidated) 1608.80254 67 0.001
THYYAVAVVK 2 1150.62476 63 -0.001
RSDTSLTWNSVK 2 1393.70500 63 -0.002
LRPVAAEVYGTER 4 1460.78345 63 -0.002
(L)DGGFIYEAGL(A) 1 1041.48467 63 -0.004
(L)DGGFIYEAGLAPY(K) 1 1372.63616 62 -0.006
TAGWNVPIGTLR 8 1284.70586 61 0.000
LNWTGPPEPIEAAVAR 2 1720.90019 60 -0.002
LRPVAAEVY 1 1017.56499 60 -0.008
VPIGTLRPF 2 999.59953 59 0.001
EPIEAAVAR 4 955.51976 59 -0.001
WTGPPEPIEAAVAR 1 1493.77837 59 0.004
YYGYTGAFR 9 1097.49968 59 -0.005
SDTSLTWNSVK 2 1237.59917 58 -0.007
EDAIWNLLR 3 N6(Deamidated) 1130.58367 57 0.000
TAGWNVPIGTLRP 1 1381.75627 57 -0.002
GPQYVAGITNLK 1 1260.68547 57 -0.009
TAIQNLR 1 815.47423 56 0.001
VAGITNLK 1 N6(Deamidated) 816.48180 54 -0.001
VAGITNLK 9 815.49779 54 0.001
YVAGITNLK 1 978.56163 53 0.000
VPIGTLRPFL 5 1112.68254 51 0.000
(W)NVPIGTLRPFL(N) 1 1226.72600 51 0.000
VAGITNLKK 3 943.59502 49 0.001
LAVAVVR 2 727.48247 49 -0.000
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Supplementary Table A.1-2: Proteome Discoverer results of a nanoRP-LC-ESI-OT-MS?(HCD) measurement after digestion of
BSA with trypsin. MASCOT search against unspecific in-silico digestion of mammalian taxonomy (UniProt-KB/SwissProt
database). Adapted from Pralow et al. (2017) [81].

Sequence #PSM Modifications MH+ [Da] lonScore AM [Da]
LGEYGFQNALIVR 642 1479.79180 112 -0.004
KVPQVSTPTLVEVSR 86 1639.93987 110 0.000
KVPQVSTPTLVEVSR 6 Q4(Deamidated) 1640.92436 110 0.003
MPCTEDYLSLILNR 6 M1(Oxidation); 1740.82976 108 0.000
C3(Carbamidomethyl)
VPQVSTPTLVEVSR 2 Q3(Deamidated) 1512.82854 104 0.002
MPCTEDYLSLILNR 1 C3(Carbamidomethyl) 1724.83562 96 0.001
TVMENFVAFVDK 7 1399.69560 93 0.003
TVMENFVAFVDK 14 M3(Oxidation) 1415.68877 93 0.002
LGEYGFQNALIVR 12 N8(Deamidated) 1480.78032 92 0.006
VPQVSTPTLVEVSR 9 1511.84307 90 0.000
RHPEYAVSVLLR 44 1439.81119 90 -0.001
DAFLGSFLYEYSR 616 1567.74260 82 0.000
YICDNQDTISSK 3 C3(Carbamidomethyl) 1443.64311 80 0.001
GLVLIAFSQYLQQCPFDEHVK 9 C14(Carbamidomethyl) 2492.27080 77 0.006
DAIPENLPPLTADFAEDK 17 1955.96416 76 0.004
LVNELTEFAK 705 1163.63213 75 0.001
DAIPENLPPLTADFAEDK 2 N6(Deamidated) 1956.95293 75 0.009
HLVDEPQNLIK 652 1305.71573 73 0.000
FYAPELLYYANK 21 1491.75286 71 0.001
PQVSTPTLVEVSR 1 1412.77715 70 0.003
RHPYFYAPELLYYANK 5 2045.03081 69 0.003
LKPDPNTLCDEFKADEK 6 C9(Carbamidomethyl) 2019.96952 69 0.000
LFTFHADICTLPDTEK 3 C9(Carbamidomethyl) 1907.92160 68 0.001
KQTALVELLK 13 1142.71428 68 0.000
AFLGSFLYEYSR 3 1452.71758 68 0.002
LGEYGFQNAL 2 1111.54143 66 0.000
FYAPELLYYANK 1 N11(Deamidated) 1492.74236 66 0.006
DAIPENLPPLTADFAEDKDVCK 3 C21(Carbamidomethyl) 2458.18448 66 0.004
SHCIAEVEK 3 C3(Carbamidomethyl) 1072.51055 60 0.000
LGSFLYEYSR 2 1234.61003 60 0.002
DDSPDLPK 4 886.41557 60 0.000
HPYFYAPELLYYANK 6 1888.93045 58 0.004
HPEYAVSVLLR 9 1283.71208 57 0.001
VSTPTLVEVSR 2 1187.66374 56 0.001
SQYLQQCPFDEHVK 1 C7(Carbamidomethyl) 1778.82256 54 0.006
KQTALVELLK 2 Q2(Deamidated) 1143.69890 54 0.000
DAIPENLPPLTADFAEDKD 1 2070.98711 54 0.000
RPCFSALTPDETYVPK 3 C3(Carbamidomethyl) 1880.92327 53 0.005
LKPDPNTLCDEFK 1 C9(Carbamidomethyl) 1576.77104 53 0.003
QTALVELLK 2 Q1(Deamidated) 1015.60143 52 -0.002
HPYFYAPELLYYAN 1 1760.83354 52 0.002
FKDLGEEHFK 30 1249.61954 52 0.002
QTALVELLK 1 1014.61962 51 0.000
PNTLCDEFK 1 C5(Carbamidomethyl) 1123.50969 51 0.001
RHPEYAVSVL 1 1170.62676 50 0.000
SHKDDSPDLPK 3 1238.60154 48 0.000
LVNELTEFAK 1 N3(Deamidated) 1164.61833 47 0.004
SLHTLFGDELCK 1 C11(Carbamidomethyl) 1419.69524 46 0.002
HPYFYAPELLYY 1 1575.75444 46 0.003
AEFVEVTK 6 922.48815 46 0.001
KLVTDLTK 2 917.56658 45 0.000
LSQKFPK 1 847.50133 42 -0.002
SEIAHR 1 712.37370 41 0.000
LVTDLTK 13 789.47087 41 0.000
YLYEIAR 7 927.49590 40 0.001
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Supplementary Table A.1-3: Proteome Discoverer results of a nanoRP-LC-ESI-OT-MS?(HCD) measurement after digestion of
hLTF with trypsin. MASCOT search against unspecific in-silico digestion of mammalian taxonomy (UniProt-KB/SwissProt
database). Adapted from Pralow et al. (2017) [81].

Sequence #PSM Modifications MH+ [Da] lonScore AM [Da]
ADAVTLDGGFIYEAGLAPYK 1015 2071.03203 142 -0.003
AVTLDGGFIYEAGLAPYK 14 1884.96941 118 -0.005
GEADAMSLDGGYVYTAGK 48 M6(Oxidation) 1820.79863 117 -0.002
IDSGLYLGSGYFTAIQNLR 102 2088.08208 116 -0.002
TLDGGFIYEAGLAPYK 6 1714.86785 115 -0.001
DVTVLONTDGNNNEAWAK 10 1988.93132 111 0.000
ESTVFEDLSDEAER 30 1626.71208 105 0.001
YLGPQYVAGITNLK 1126 1536.84294 104 0.000
CLAENAGDVAFVK 2 C1(Carbamidomethyl) 1393.67656 100 -0.002
IDSGLYLGSGYFTAIQNLRK 6 2216.16996 100 -0.001
ADAVTLDGGFIYEAGLAPY 10 1942.94328 90 -0.002
LGSGYFTAIQNLR 4 1439.76567 87 0.001
KGGSFQLNELQGLK 56 1518.82707 87 0.003
VPPRIDSGLYLGSGYFTAIQNLR 6 2537.34977 86 -0.001
LADFALLCLDGK 6 C8(Carbamidomethyl) 1335.69707 85 0.000
YLGPQYVAGITNLK 4 Q5(Deamidated) 1537.82891 85 0.003
SGLYLGSGYFTAIQNLR 1859.96196 84 -0.003
SVNGKEDAIWNLLR 10 N3(Deamidated) 1615.84221 83 -0.002
AMSLDGGYVYTAGK 10 M2(Oxidation) 1448.67143 83 -0.001
SLDGGYVYTAGK 12 1230.60100 82 -0.001
YLGPQYVAGITNLKK 28 1664.93682 81 0.000
KGGSFQLNELQGLK 32 Q6(Deamidated) 1519.80997 81 0.000
DSPIQCIQAIAENR 6 C6(Carbamidomethyl) 1614.78862 77 -0.002
SVNGKEDAIWNLLR 2 1614.86150 77 0.002
GGSFQLNELQGLK 32 1390.73210 77 0.001
PVAAEVYGTER 7 1191.60002 76 -0.001
RSDTSLTWNSVK 8 1393.70696 75 0.000
DGAGDVAFIR 40 1020.51061 74 0.000
GGFIYEAGLAPYK 8 1385.71037 74 0.000
GGSFQLNELQGLK 21 N7(Deamidated) 1391.71709 72 0.000
LRPVAAEVYGTER 484 1460.78545 72 0.001
THYYAVAVVKKG 27 1335.74089 71 -0.001
IYEAGLAPYK 4 1124.59795 70 -0.001
GAGDVAFIR 4 905.48308 66 -0.001
SSQEPYFSYSGAFK 12 1597.71636 65 -0.001
YYGYTGAFR 117 1097.50408 64 0.000
TGPPEPIEAAVAR 12 1307.69414 64 -0.001
RPVEGYLAVAVVR 6 1428.83183 64 0.000
THYYAVAVVK 76 1150.62493 63 0.000
THYYAVAVVKK 10 1278.71782 61 -0.003
SDTSLTWNSVK 6 1237.60454 61 -0.001
LKQVLLHQQAK 22 1305.79851 59 -0.001
VPSHAVVAR 38 935.54033 57 0.000
RPVAAEVYGTER 2 1347.70329 57 0.002
EDAIWNLLR 14 1129.59892 56 0.000
TAIQNLR 4 815.47435 56 0.001
KYLGPQYVAGITNLK 12 1664.93680 56 0.000
DGGYVYTAGK 2 1030.48345 53 -0.001
QLNELQGLK 2 1042.58916 52 0.000
YVAGITNLK 2 978.56017 52 -0.002
FQLFGSPSGQK 307 1195.60991 52 0.000
RKPVTEAR 6 956.56316 51 0.000
LRPVAAEVY 5 1017.57176 50 -0.001
DSAIGFSR 18 852.41979 50 -0.001
YLGPQYVAGITN 6 1295.66326 49 0.000
SFQLNELQGLK 4 1276.68999 49 0.000
PSHAVVAR 11 836.47368 47 0.000
MDKVER 1 M1(Oxidation) 793.38671 47 -0.001
GGYVYTAGK 2 915.45488 47 -0.002
FSYSGAFK 3 906.43413 47 -0.001
THYYAVAVVKKGG 9 1392.76201 46 -0.001
TAGWNVPIGTLR 4 1284.70500 46 -0.001
SAIGFSR 2 737.39324 46 -0.001
SPKFQLFGSPSGQKDLLFKD 4 2239.17917 46 0.003
FFSASCVPGADK 2 C6(Carbamidomethyl) 1285.58806 46 0.000
KSEEEVAAR 6 1018.51573 44 -0.001
GEADAMSLDGGYVY 5 M6(Oxidation) 1463.59929 44 0.000
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Sequence #PSM Modifications MH+ [Da] lonScore AM [Da]
QVLLHQQAKFGRN 5 1538.85440 44 -0.001
QVLLHQQAK 36 1064.61968 40 0.000
GPQYVAGITNLKK 1 1388.78960 38 0.000
YAVAVVK 1 749.45525 35 0.000

A.2. Comprehensive N-glycosylation analysis of the IAV proteins HA and NA
from adherent and suspension MDCK cells

Supplementary Table A.2-1: Viral N-glycome list of influenza A virus (IAV) produced in MDCK.ADH and MDCK.SUS2 cells. All N-
glycan fine-structures of IAV are listed as illustrations. For each structure, the corresponding glycan-composition, ID, double
negatively charged molecular mass ([M-2H]2) and retention time (tR) (of one representative dataset) is given. Furthermore, for
all five N-glycan samples (n=3 for IAV propagated in MDCK.ADH cells and n=2 for IAV propagated in MDCK.SUS2 cells) the
number of samples with the detected structure is shown. The ID was established based on the N-glycan type (M = high mannose,
C = complex and H = hybrid, X = not identified) and the N-glycan mass (numbered from low to high molecular mass). Symbolic
representations of N-glycan structures were drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for
Graphical Representations of Glycans [6]. Adapted from Pralow et al. (2021) [160].

CfH Galili-epitope IZHTBlood group A epitope

o Blood group B epitope T Blood group H epitope

tR

N-Glycan Composition ID [M-2H]-2 MDCKAD MDCK.SUS Structure
(min) H cell 2 cell

(Hex)2 + (Man)3(GlcNAc)2 MOl  617.22 3238 3 2

(Hex)3 + (Man)3(GlcNAc)2 M02  698.24 29.8 3 2

(Hex)1 (HexNAc)1 (dHex)1 +

(Man)3(GIcNAC)2 co1 710.76 36.8 0 2

113



APPENDIX

(Hex)2 (HexNAc)1 +

(Man)3(GleNAQ)2 co2 71876 29.3 ;)I o

mﬁ;ﬁ?ﬁ&fgg:}; ¥ 03 73122 30.1 ?h_‘

(?Q?S)é?éiimf{ Co4 73927 30.7 O ?_-_._‘
(HexNAc)3 + (Man)3(GIcNAc)2 €05  759.78 25.4 ?.—N

(Hex)4 + (Man)3(GIcNAc)2 Mo03 779.26 29.4 O- %

(Hex)?l\/([gg‘;\l(‘é‘aibg‘glzex)l ¥ HOl 79132 310 ;

Ug&’g%g?gﬁ’z?;; HO2 79977 309 O

Co/f 799.78 318 ;
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(Hex)1 (HexNAc)2 (dHex)1 +

(Man)3(GIcNAc)2

(Man)3(GleNAC)2 C06 81230 332 8 ? 8 : -
(T&’gf)g?gi‘c%‘fg)z; C07 82030 316 ?’H
(H&j{‘%?égfﬁ;’c‘))zl * co8 83281 28.7 ?h{
AN w0 o v O?NA‘
(Hex)5 + (Man)3(GlcNAc)2 M04 86028  29.4 &.—H
(Hex)a\gi‘g‘ﬁéﬁég‘g{z‘e")z ¥ HO3 86481 336 ;
(Hex)3 (HexNAc)1 (dHex)1 + HO4 872.81 328 }“
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HO5 87281 333

HO6 87281 339

(l?&?:)glggim%g* HO7 88081  33.
(HeX)% N(Iglgé“(fé% Igi)Hzex)z * Cl10 88532 345
(HeX)? 1\/(123?(%21%1 g)“zex)l * HO8 89332 300
C11 89332 340

(Hex)3 (HexNAc)2 + c12 90132 31.0

(Man)3(GIcNAc)2
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(Man)3(GIcNAc)2

C13 901.32 33.6 §
(Hex)1 (HexNAc)3 (dHex)1 +
(Man)3(GIcNAC)2 C14 913.84 29.7
(Hex)2 (HexNAc)3 + N
(Man)3(GIcNA)2 C15  921.83 27.8 o
Cl6  921.84 28.7 C{O O ?' -
(Hex)6 + (Man)3(GlcNAc)2 MO5 941.31 29.6 I :
(Hex)2 (HexNAc)2 (dHex)2 +
(Man)3(GIcNAC)2 HO09 966.31 31.8
C17 966.35 35.2 §
(Hex)3 (HexNAc)2 (dHex)1 + H10 97434 305 }'
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C18 974.35 35.4 3 2 ’/ :
(Hex)4 (HexNAc)2 +
(Man)3(GIcNAC)2 C19 982.3 34.5 0 2
(Hex)1 (HexNAc)3 (dHex)2 +
(Man)3(GIcNAC)2 C20 986.86 32.0 3 0
(Hex)2 (HexNAc)3 (dHex)1 +
(Man)3(GIcNAC)2 c21 994.85 30.1 3 2
C22 994.86 31.2 3 2 §
C23 994.87 35.0 3 2
C24 994.87 35.5 0 2
(Hex)3 (HexNA)3 + €25 100286 343 3 2

(Man)3(GIcNAc)2
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(Hex)7 + (Man)3(GlcNAc)2 M06  1022.34 30.5 2
(Hex)2 (HexNAc)4 +
(Man)3(GIcNAC)2 C26 1023.37 285 2
(Hex)2 (HexNAc)2 (dHex)3 + -
(Man)3(GlcNAC)2 X01 1039.38 37.2 0 No sufficient data
(Hex)3 (HexNAc)2 (dHex)2 + A
(Man)3(GIcNAC)2 Cc27 1047.37 36.5 0 ()/
(Hex)4 (HexNAc)2 (dHex)1 +
(Man)3(GlcNAC)2 C28 1055.38 36.9 2
(Hex)2 (HexNAc)3 (dHex)2 +
(Man)3(GIcNAC)2 C29 1067.85 325 2
C30 1067.89 335 2 g
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(Hex)3 (HexNAc)3 (dHex)1 +

(Man)3(GIcNAC)2 C31 1075.87 36.4 3 2
C32 1075.89 31.9 3 0
(Hex)2 (HexNAc)4 (dHex)1 +
(Man)3(GIcNAC)2 C33 1096.40 31.0 3 2
(Hex)3 (HexNAc)4 +
(Man)3(GIcNAC)2 C34 1104.41 29.2 0 2
C35 1104.41 34.4 0 2
(Hex)2 (HexNAc)3 (dHex)3 + -
(Man)3(GIcNAC)2 X02 1140.92 36.6 3 0 No sufficient data
(Hex)3 (HexNAc)3 (dHex)2 + C36 1148.87 321 3 0 o
(Man)3(GIcNAc)2 ' : C&—
C37 1148.92 37.5 3 2

N

(Hex)4 (HexNAc)3 (dHex)1 +
(Man)3(GlcNAC)2 C38 1156.86 37.6 3 d

(Hex)2 (HexNAc)4 (dHex)2 +

(Man)3(GIcNAC)2 X03 1169.43 333 3 2 No sufficient data
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(Hex)3 (HexNAc)4 (dHex)1 +

(Man)3(GlcNAc)2 €38 117741 313 »O- :}‘h
2x
€39 117742 325 % }.—N
C40  1177.43 33.7 E&
20~
C41 117744 36.4 N @ :%-h
(Hex)4 (HexNAc)4 +
(Man)3(GIcNAQ)2 C42  1185.42 34.7
(Hex)3 (HexNAc)3 (dHex)3 +
(Man)3(GIeNA)2 €43  1221.95 41.0
(Hex)4 (HexNAc)3 (dHex)2 +
(Man)3(GIeNA)2 C44  1229.94 38.7
(Hex)5 (HexNAc)3 (dHex)1 +
(Man)3(GIcNAQ)2 C45  1237.92 38.7 O/
(Hex)2 (HexNAC)4 (dHex)3 + X04 124246 387 No sufficient data

(Man)3(GIcNAc)2
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(Hex)3 (HexNAc)4 (dHex)2 +

(Man)3(GIcNAC)2 C46 1250.46 33.7 :
2O~
C47 1250.46 35.0 ?_
(Hex)4 (HexNAc)4 (dHex)1 +
(Man)3(GIcNAC)2 C48 1258.44 36.4
C49 1258.45 39.2
(Hex)5 (HexNAc)4 + .
(Man)3(GIcNAC)2 X05 1266.44 32.8 No sufficient data
(Hex)4 (HexNAc)3 (dHex)3 + ZXA
(Man)3(GIcNAC)2 C50 1302.98 41.8 ()/
(Hex)5 (HexNAc)3 (dHex)2 + L
C51 1310.97 38.9
(Man)3(GlcNAc)2 2x()/
(Hex)6 (HexNAc)3 (dHex)1 + -
(Man)3(GIcNAC)2 X06 1318.97 39.8 No sufficient data
(Hex)3 (HexNAc)4 (dHex)3 + cs2 1323.49 39.0

(Man)3(GIcNAc)2
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(Hex)4 (HexNAc)4 (dHex)2 +

i

(Man)3(GIcNAC)2 C53 1331.49 35.2
(Hex)5 (HexNAc)4 (dHex)1 +
(Man)3(GIcNAC)2 C54 1339.48 34.0 ()/
(Hex)3 (HexNAc)5 (dHex)2 +
(Man)3(GlcNAC)2 C55 1351.99 31.8
21‘
(Hex)4 (HexNAc)4 (dHex)3 + y
(Man)3(GIcNAC)2 C56  1404.52 40.7 =0
(Hex)5 (HexNAc)4 (dHex)2 + -
(Man)3(GIcNAC)2 X07 1412.51 36.0 No sufficient data
(Hex)3 (HexNAc)5 (dHex)3 + A
(Man)3(GlcNAC)2 C57 1425.03 34.9 o-
(Hex)4 (HexNAc)5 (dHex)2 + -
(Man)3(GIcNAC)2 X08 1433.02 359 No sufficient data
(Hex)5 (HexNAc)5 (dHex)1 +
(Man)3(GlNA)2 C58 144101 398 o
(Hex)7 (HexNAc)4 (dHex)1 + X09 150154 345 No sufficient data

(Man)3(GIcNAc)2
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Supplementary Table A.2-2: Site-specifc glycopeptide analysis of influenza A virus glycoproteins propagated in MDCK.SUS2
and MDCK.ADH cells using nano-RP-LC MS(/MS). All identified N-glycopeptides for each site are listed. For MDCK.ADH (n=3)
and MDCK.SUS2 (n=2) cells, the number of samples is specified, in which a respective N-glycopeptide could be detected. N-
glycan compositions highlighted in red, could not be identified in the N-glycomic analysis. Adapted from Pralow et al. (2021)

[160].
MDCK.ADH MDCK.SUS2
Protein Site N-glycan Composition
cell cell

Hemagglutinin N27/28 (Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 2 2
(Hex)4 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 3 2

(Hex)4 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2 3 2

(Hex)5 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 3 /

(Hex)5 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2 2 /

(Hex)3 (HexNAc)3 (dHex)2 + (Man)3(GlcNAc)2 3 2

(Hex)3 (HexNAc)4 (dHex)2 + (Man)3(GIcNAc)2 3 2

(Hex)4 (HexNAc)3 (dHex)2 + (Man)3(GlcNAc)2 3 /

(Hex)4 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2 3 /

(Hex)5 (HexNAc)3 (dHex)2 + (Man)3(GIcNAc)2 3 /

(Hex)5 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2 3 /

(Hex)6 (HexNAc)4 (dHex)2 + (Man)3(GIcNAc)2 1 /

(Hex)3 (HexNAc)3 (dHex)3 + (Man)3(GIcNAc)2 2 /

(Hex)3 (HexNAc)4 (dHex)3 + (Man)3(GIcNAc)2 3 /

(Hex)4 (HexNAc)3 (dHex)3 + (Man)3(GlcNAc)2 3 /

(Hex)3 (HexNAc)5 (dHex)3 + (Man)3(GIcNAc)2 / 2

N40 (Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2 / 2

N285 (Hex)7 (HexNAc)4 (dHex)1 + (Man)3(GIcNAc)2 2 /

(Hex)2 (HexNAc)2 (dHex)1 + (Man)3(GlcNAc)2 / 2

(Hex)2 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2 / 2

(Hex)3 (HexNAc)2 (dHex)1 + (Man)3(GIcNAc)2 / 2
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(Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2
(Hex)4 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)4 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2
(Hex)5 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)5 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2
(Hex)5 (HexNAC)5 (dHex)1 + (Man)3(GlcNAc)2
(Hex)6 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)6 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)2 (dHex)2 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)3 (dHex)2 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)3 (dHex)2 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)5 (dHex)2 + (Man)3(GlcNAc)2
(Hex)4 (HexNAc)3 (dHex)2 + (Man)3(GIcNAC)2
(Hex)4 (HexNAc)4 (dHex)2 + (Man)3(GIcNAC)2
(Hex)5 (HexNAc)3 (dHex)2 + (Man)3(GlcNAc)2
(Hex)5 (HexNAc)4 (dHex)2 + (Man)3(GIcNAC)2
(Hex)6 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)4 (dHex)3 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)3 (dHex)3 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)4 (dHex)3 + (Man)3(GIcNAC)2
(Hex)3 (HexNAc)5 (dHex)3 + (Man)3(GlcNAc)2
(Hex)4 (HexNAc)3 (dHex)3 + (Man)3(GlcNAc)2

(Hex)4 (HexNAc)4 (dHex)3 + (Man)3(GIcNAc)2
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(Hex)5 (HexNAc)4 + (Man)3(GIcNAc)2

N303

(Hex)7 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2
(Hex)1 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)2 (dHex)1 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)2 (dHex)1 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2
(Hex)4 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2
(Hex)4 (HexNAc)4 (dHex)1 + (Man)3(GIcNAc)2
(Hex)5 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)5 (HexNAc)4 (dHex)1 + (Man)3(GlcNAc)2
(Hex)6 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2
(Hex)2 (HexNAc)2 (dHex)2 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)3 (dHex)2 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)4 (dHex)2 + (Man)3(GIcNAC)2
(Hex)3 (HexNAc)3 (dHex)2 + (Man)3(GIcNAC)2
(Hex)3 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)5 (dHex)2 + (Man)3(GIcNAC)2
(Hex)4 (HexNAc)3 (dHex)2 + (Man)3(GIcNAC)2
(Hex)4 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2
(Hex)4 (HexNAc)5 (dHex)2 + (Man)3(GIcNAc)2
(Hex)5 (HexNAc)3 (dHex)2 + (Man)3(GIcNAc)2
(Hex)5 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2

(Hex)3 (HexNAc)3 (dHex)3 + (Man)3(GlcNAc)2
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(Hex)3 (HexNAc)4 (dHex)3 + (Man)3(GIcNAc)2
(Hex)3 (HexNAc)5 (dHex)3 + (Man)3(GIcNAc)2

(Hex)4 (HexNAc)4 (dHex)3 + (Man)3(GlcNAc)2

Neuraminidase

N497

N73

(Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)3 (dHex)2 + (Man)3(GlcNAc)2

(Hex)3 (HexNAc)4 (dHex)2 + (Man)3(GIcNAc)2

(Hex)1 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)1 (dHex)1 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)2 (dHex)1 + (Man)3(GlcNAC)2
(Hex)2 (HexNAc)3 (dHex)1 + (Man)3(GIcNAc)2
(Hex)3 (HexNAc)2 (dHex)1 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)3 (dHex)1 + (Man)3(GlcNAc)2
(Hex)4 (HexNAc)2 (dHex)1 + (Man)3(GIcNAc)2
(Hex)1 (HexNAc)3 (dHex)2 + (Man)3(GIcNAc)2
(Hex)2 (HexNAc)1 (dHex)2 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)2 (dHex)2 + (Man)3(GIcNAc)2
(Hex)2 (HexNAc)3 (dHex)2 + (Man)3(GIcNAC)2
(Hex)2 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)2 (dHex)2 + (Man)3(GlcNAc)2
(Hex)3 (HexNAc)3 (dHex)2 + (Man)3(GIcNAC)2
(Hex)3 (HexNAc)4 (dHex)2 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)2 (dHex)3 + (Man)3(GlcNAc)2
(Hex)2 (HexNAc)3 (dHex)3 + (Man)3(GIcNAc)2
(Hex)2 (HexNAc)4 (dHex)3 + (Man)3(GIcNAc)2

(Hex)3 (HexNAc)4 (dHex)3 + (Man)3(GlcNAc)2
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Normalized Signal Intensity
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Supplementary Figure A.2-1: Overlay of xCGE-LIF fingerprints (normalized electropherograms) of APTS labeled N-glycans
derived from influenza A virus (IAV) propagated in MDCK.ADH and MDCK.SUS2 cells. Adapted from Pralow et al. (2021) [160].
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Supplementary Figure A.2-2: Site-specific N-glycopeptide analysis using nano-RP-LC-MS(/MS). Fragment ion spectrum of a HA
N-glycopeptide, derived from a sequential proteolytic digestion using trypsin and flavastacin. Amino acids highlighted in red
indicate the carbamidomethylation of cysteine and the N-glycosylation of asparagine. For the validation of the (glyco-)peptide
sequence, specific b- (green) and y- (red), as well as B-(oxonium-, blue) and Y-ions (peptide + glycan moiety) are annotated. The
isotopic pattern of the precursor is located at the upper right corner. Symbolic representations of N-glycan structures were
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drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical Representations of Glycans [6].
Adapted from Pralow et al. (2021) [160].
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Supplementary Figure A.2-3: Site-specific N-glycopeptide analysis using nano-RP-LC-MS(/MS). Fragment ion spectrum of a HA
N-glycopeptide, derived from a sequential proteolytic digestion using trypsin and flavastacin. Amino acids highlighted in red
indicate the carbamidomethylation of cysteine and the N-glycosylation of asparagine. For the validation of the (glyco-)peptide
sequence, specific b- (green) and y- (red), as well as B-(oxonium-, blue) and Y-ions (peptide + glycan moiety) are annotated. The
isotopic pattern of the precursor is located at the upper right corner. Symbolic representations of N-glycan structures were
drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical Representations of Glycans [6].
Adapted from Pralow et al. (2021) [160].
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Supplementary Figure A.2-4: Site-specific N-glycopeptide analysis using nano-RP-LC-MS(/MS). Fragment ion spectrum of a HA
N-glycopeptide, derived from a sequential proteolytic digestion using trypsin and flavastacin. Amino acids highlighted in red
indicate the carbamidomethylation of cysteine and the N-glycosylation of asparagine. For the validation of the (glyco-)peptide
sequence, specific b- (green) and y- (red), as well as B-(oxonium-, blue) and Y-ions (peptide + glycan moiety) are annotated. The
isotopic pattern of the precursor is located at the upper right corner. Symbolic representations of N-glycan structures were
drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical Representations of Glycans [6].
Adapted from Pralow et al. (2021) [160].
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Supplementary Figure A.2-5: Site-specific N-glycopeptide analysis using nano-RP-LC-MS(/MS). Fragment ion spectrum of a HA
N-glycopeptide, derived from a proteolytic digestion using trypsin. Amino acids highlighted in red indicate the
carbamidomethylation of cysteine and the N-glycosylation of asparagine. For the validation of the (glyco-)peptide sequence,
specific b- (green) and y- (red), as well as B-(oxonium-, blue) and Y-ions (peptide + glycan moiety) are annotated. The isotopic
pattern of the precursor is located at the upper right corner. Symbolic representations of N-glycan structures were drawn with
GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical Representations of Glycans [6]. Adapted from
Pralow et al. (2021) [160].
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Supplementary Figure A.2-6: Site-specific N-glycopeptide analysis using nano-RP-LC-MS(/MS). Fragment ion spectrum of a NA
N-glycopeptide, derived from a sequential proteolytic digestion using trypsin and flavastacin. Amino acids highlighted in red
indicate the carbamidomethylation of cysteine and the N-glycosylation of asparagine. For the validation of the (glyco-)peptide
sequence, specific b- (green) and y- (red), as well as B-(oxonium-, blue) and Y-ions (peptide + glycan moiety) are annotated. The
isotopic pattern of the precursor is located at the upper right corner. Symbolic representations of N-glycan structures were
drawn with GlycoWorkbench Version 1.1, following the Symbol Nomenclature for Graphical Representations of Glycans [6].

Adapted from Pralow et al. (2021) [160].
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MDCK.ADH IAV glycoproteomics
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Supplementary Figure A.2-7: Base peak chromatogram (BPC) of the replicates from the nano-RP-LC-MS(/MS) glycopeptide
analysis of IAV propagated in MDCK.ADH. The upper figure shows the distribution of the relative abundance of selected peaks
from the replicates. The lower figure shows the BPC of the replicates and the numbers of the selected peaks. Adapted from
Pralow et al. (2021) [160].
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MDCK.SUS2 IAV glycoproteomics
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Supplementary Figure A.2-8: Base peak chromatogram (BPC) of the replicates from the nano-RP-LC-MS(/MS) glycopeptide
analysis of IAV propagated in MDCK.SUS2. The relative abundancies of respective peaks are illustrated. The upper figure shows
the distribution of the relative abundance of selected peaks from the replicates. The lower figure shows the BPC of the replicates
and the numbers of the selected peaks. Adapted from Pralow et al. (2021) [160].
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Supplementary Figure A.2-9: Base peak chromatogram (BPC) of the replicates from the nano-PGC-LC-MS(/MS) glycan analysis
of IAV propagated in MDCK.ADH. The relative abundancies of respective peaks are illustrated. The upper figure shows the

distribution of the relative abundance of selected peaks from the replicates. The lower figure shows the BPC of the replicates and
the numbers of the selected peaks. Adapted from Pralow et al. (2021) [160].
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MDCK.SUS2 IAV glycomics
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Supplementary Figure A.2-10: Base peak chromatogram (BPC) of the replicates from the nano-PGC-LC-MS(/MS) glycan
analysis of IAV propagated in MDCK.SUS2. The relative abundancies of respective peaks are illustrated. The upper figure shows
the distribution of the relative abundance of selected peaks from the replicates. The lower figure shows the BPC of the replicates
and the numbers of the selected peaks. Adapted from Pralow et al. (2021) [160].
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B. List of materials

Supplementary Table B-1: Standard proteins and enzymes

Title

Manufacturer

Bestellnummer

Albumin from bovine
serum

Sigma-Aldrich (Steinheim, Germany)

A3912-100G

Bovine fetuin

Sigma-Aldrich (Steinheim, Germany)

F2379-100MG

Endoproteinase AspN New England Biolabs (Frankfurt am Main, P8104S
Germany)
Lactoferrin from human | Sigma-Aldrich (Steinheim, Germany) L4894-5MG

milk

Peptide-N-Glycosidase F
from Elizabethkimga
miricola Proteomics
Grade

Sigma-Aldrich (Steinheim, Germany)

P7367-300UN

Trypsin Sequencing
Grade Modified

Promega (Mannheim, Germany)

V5111
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Supplementary Table B-2: Chemicals

Title Manufacturer Order number

2,2,2-Trifluoroethanol for Merck KGaA 8.08259.1000

synthesis (Mannheim, Germany)

Acetic acid Sigma-Aldrich (Steinheim, Germany) 49199-50ML-F

Acetonitril LC-MS Fluka Analytical Sigma-Aldrich 34967-1L

Chromasolv (Steinheim, Germany)

Ammonium acetate Sigma-Aldrich (Steinheim, Germany) A-1542

Ammonium Bicarbonat Fluka Analytical Sigma-Aldrich 09830-500G
(Steinheim, Germany)

Calcium chloride dehydrate | AppliChem A4689,0250

Molecular biology grade

(Darmstadt, Germany)

Di-Natriumhydrogen-
phosphat

Merck KGaA (Mannheim, Germany)

1.06585.5000

DL-Dithiothreitol Sigma-Aldrich D5545-5G
(Steinheim, Germany)
Ethanol 99.6 % H Carl Roth GmbH (Karlsruhe, Germany) 9065.6

Formic acid eluent additive
for LC-MS

Fluka Analytical Sigma-Aldrich
(Steinheim, Germany)

56302-10X1ML-F

GMEM | Gibco Invitrogen (Carlsbach, USA) 22100-093
HCI || Carl Roth GmbH (Karlsruhe, Germany) 4625.1
lodacetamide Sigma-Aldrich 11149-25G

(Steinheim, Germany)

Kaliumchloride

H Merck KGaA (Mannheim, Germany)

1.04935.5000

Kaliumdihydrogenphosphat

|| Merck KGaA (Mannheim, Germany)

1.04873.1000

Methanol LC/MS-grade H Thermo Fisher Scientific (Schwerte, Germany) 10031094

Natriumchloride | carl Roth GmbH (Karlsruhe, Germany) P029.3

Natriumhydroxid (NaOH) Sigma-Aldrich S$8045-500G
(Steinheim, Germany)

Sodium borohydride H Sigma-Aldrich (Steinheim, Germany) 71320-100G

Trifluoroacetic acid H Thermo Fisher Scientific (Schwerte, Germany) 28904

Tris-Hydrochlorid fiir die AppliChem A3452,1000

Molekularbiologie (Darmstadt, Germany)

Urea, SigmaUltra Sigma-Aldrich UO0631-1KG
(Steinheim, Germany)
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Supplementary Table B-3: Consumables

Title Manufacturer Order number
20 puL Sample Loop, Dionex (Amsterdam, Netherlands) 6820.0018
Polyetheretherketon (PEEK), WPS-

3000PL

Acclaim PepMap RSLC nano 75 um x || Dionex (Amsterdam, Netherlands) 164534

15 cm C18, 2 um, 100 Angstrom (A)

Acclaim PepMap100 100 um x 2 mm | Dionex (Amsterdam, Netherlands) 164564
C18, 5 um, 100A

AG50W-X8 cation-exchange resin Bio-Rad (Miinchen, Germany) 142-1431
C18 StageTip Frit Thermo Fisher Scientific (Waltham, USA)  SP201
Carbograph H Grace (Worms, Germany) 1769

epT.l.P.S. Reloads 0,1-10 pL

H Eppendorf (Hamburg, Germany)

0030073.401

epT.l.P.S. Reloads 1-10 mL

H Eppendorf (Hamburg, Germany)

0030073.363

epT.l.P.S. Reloads 2-200 uL

|| Eppendorf (Hamburg, Germany)

0030073.428

epT.l.P.S. Reloads 50-1000 pL

H Eppendorf (Hamburg, Germany)

0030073.460

Hypercarb Kappa, 320 umx3cm || Thermo Fisher Scientific (Waltham, USA)  35005-030315

Hypercarb Kappa, 75 um x 10 cm || Thermo Fisher Scientific (Waltham, USA)  35003-100065

LC-Pak Polisher H Merck Millipore (Darmstadt, Germany) LCPAKO001

Millipak 0,22 um H Merck Millipore (Darmstadt, Germany) MPGP04001

Nano-bore emitter, 30 um InD, Thermo Fisher Scientific (Waltham, USA)  ES542

1/32” OD, 40 mm length

Nanosep 10K OMEGA H Pall Life Science (Dreieich, Germany) FZ1356

NanoViper capillary (20 um InD, Thermo Fisher Scientific (Waltham, USA)  6041.5275

1/32” OD, 650 mm length

NanoViper capillary (75 um InD, Thermo Fisher Scientific (Waltham, USA)  6041.5760

1/32” OD, 550 mm length

Progard TL1CL2 Merck Millipore PROGTLCS1
(Darmstadt, Germany)

QuantlIT protein assay H Life technologies(Darmstadt, Germany) Q33210

Safe Lock 0.5 mL || Eppendorf (Hamburg, Germany) 0030120.094

Safe Lock 1.5 mL H Eppendorf (Hamburg, Germany) 0030120.086

Safe Lock 2.0 mL H Eppendorf (Hamburg, Germany) 0030121.023

SilicaTip | New Objective (Cambridge, USA) FS360-20-10-D-20

T-piece H Thermo Fisher Scientific (Waltham, USA)  SC901
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Supplementary Table B-4: Instruments and Devices

Instrument/ Device Title Manufacturer
Centrifuge H Galaxy Mini VWR (Darmstadt, Germany)
Centrifuge Heareus Tresco 17 Thermo Fisher Scientific
Centrifuge (Schwerte, Germany)
Centrifuge Avanti J-20XP Beckmann Coulter (Brea,
USA)
Chromatography System Ultimate 3000 Dionex (Amsterdam,
(Pumpe, Netherlands)
Flowmanager,
Autosampler)
Cooling trap Alpha 2-4L0 plus Martin Christ

Gefriertrocknungsanlagen
(Osterode, Germany)

Mass spectrometer

LTQ Orbitrap Elite

Thermo Fisher Scientific
(Bremen, Germany)

pH-meter Seven Multi Mettler Toledo (Hildesheim,
Germany)
Pump Chemistry Hybrid Vacuumbrand (Wertheim,

Pump

Germany)

Rotating vacuum concentrator

RVC 2-33 CO plus

Martin Christ
Gefriertrocknungsanlagen
(Osterode, Germany)

Scale Feinwaage Excellent Mettler Toledo (Hildesheim,
plus Germany)

Scale Classic plus Mettler Toledo (Hildesheim,
Germany)

Stirrer RCT basic IKA-Werke (Staufen,
Germany)

Thermomixer Thermomixer comfort Eppendorf (Hamburg,
Germany)

Ultracentrifuge

Optima TM LE-80K

Beckmann Coulter (Brea,
USA)

Vortex mixer Reax top Heidolph (Schwabach,
Germany)
Water purification system Elix 100 (No.: Merck Millipore (Darmstadt,
Z1LX550100) Germany)

Water purification system

Milli Q Reference A+

Merck Millipore (Darmstadt,
Germany)
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Supplementary Table B-5: Software

Title Manufacturer Version
Byonic and Byologic ProteinMetrics (Cupertino, USA)
Cromeleon Xpres Dionex (Amsterdam, Netherlands) 6.8

Excel Microsoft (UnterschleiRheim, Professional Plus
Germany) 2010

ExPASy GlycoMod Swiss Institute of Bioinformatics Online tool
(SIB) (Genf, Switzerland)

ExPASy-FindPept Swiss Institute of Bioinformatics Online tool
(SIB) (Genf, Switzerland)

GlycoWorkbench European Carbohydrates DataBase 1.1

(Hinxton, GroRbritannien)

glyXtool™s In-house developed by Pioch etal.  Free avaiable
(2018)

MASCOT | Matrix Science (London, UK) 2.5

MS-Product University of California, San Online tool
Francisco
(San Francisco, USA)

Power Point Microsoft (UnterschleiRheim, Professional Plus
Germany) 2010

Proteome Discoverer Thermo Fisher Scientific (Waltham, 1.4
USA)

UCSF Chimera University of California, San 1.10.2
Francisco

Xcalibur Thermo Fisher Scientific (Waltham, 2.2

USA)
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E. Supervised projects

E.1. Students

During the time this dissertation was accomplished, no student projects were supervised by the doctoral

candidate.

E.2. Other projects

e Supervision of the “Schilerpraktikum”

e Organization of the “Long Night of Science” for the BPE group
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